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No more Standard Model guided searches
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what is not so.”
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We need a tool-driven revolution to take the data with utmost precision and discover new things!



Eternal questions
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• What is the world made of?  

• What holds it together?  

• What’s the origin of the universe? 

We aim at answering these questions in particle physics 

M.LIU
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• Our current answer 

• SM Symmetry structure: SU(2)xU(1)XSU(3) 

• Stringently tested with experimental data 

• Need massless particles to preserve the gauge 
structure 

• Higgs boson proposed

The Standard Model



The Large Hadron Collider

!4



The Higgs boson completes the SM
2012
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c

leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
√
s = 7 TeV and

√
s = 8 TeV data in the entire phase-space of the

analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relatively small contribution of a
SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].
The uncertainties on the lepton reconstruction and

identification efficiencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ψ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification efficiency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4ℓ = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4ℓ = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation efficiency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4ℓ = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4ℓ = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4ℓ distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.
The theoretical uncertainties associated with the sig-

nal are described in detail in Section 8. For the SM
ZZ(∗) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the effect of the PDF
and αs uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 160 GeV, the measured ZZ(∗) → 4ℓ
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(∗) yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg → ZZ(∗) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4ℓ , for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

√
s = 7 TeV

and
√
s = 8 TeV data. The signal expectation for a SM Higgs with

mH = 125 GeV is also shown.

4.4. Results
The expected distributions of m4ℓ for the background

and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined

6

H-> di-photons

H-> ZZ->4 L



Is that all?
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Remaining Puzzles
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In the theory itself: 

Fine tuned Higgs mass? 

…..

M.LIU

SM particles

H

mobs
2 =mbare

2 −
λ f
2

8π 2
Λ2

125 GeV 1019 GeVε*1019 GeV?

Planck scale
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SM particles

H

mobs
2 =mbare

2 −
λ f
2

8π 2
Λ2

125 GeV 1019 GeVε*1019 GeV?

In the theory itself: 

Fine tuned Higgs mass? 

Dynamical origin of the Higgs potential 

…..



Remaining Puzzles
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SM particles

H

mobs
2 =mbare

2 −
λ f
2

8π 2
Λ2

125 GeV 1019 GeVε*1019 GeV?

In the theory itself: 

Fine tuned Higgs mass? 

Dynamical origin of the Higgs potential 

… 

Experimental anomalies: 

What is dark matter/dark energy 

…..



Remaining Puzzles
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SM particles

H

mobs
2 =mbare

2 −
λ f
2

8π 2
Λ2

125 GeV 1019 GeVε*1019 GeV?

In the theory itself: 

Fine tuned Higgs mass? 

Dynamical origin of the Higgs potential 

… 

Experimental anomalies: 

What is dark matter/dark energy 

Neutrino masses/CP etc 

…..



Solutions? 
— Beyond the SM extensions 
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Supersymmetry
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• Symmetry between bosons and 
fermions, appealing theory addition  

• Dark matter candidate, Unifies 
gauge couplings, stabilized Higgs 
mass

M.LIU

SUSY and stop searchSearch for top partner: stop

• Stop mass is an important  
   parameter. 
—>A too heavy stop would 
make SUSY less appealing. 

• Collisions at 13 TeV  
   soon to come at the LHC

Q:$SUSY$is$like$a$zombie$theory,$how$can$we$kill$it?$
John$Allis:$Well,$don’t$discover$a$Higgs$that$is$125$GeV!$

Q&A$at$CERN$summer$school$in$Budapest.$2013

MOTIVATION 

!  SM hierarchy problem: Higgs mass driven toward MPlanck by large 
radiative corrections � largest contribution from top quark 

!  In SUSY: top squark cancels top quark contribution to �MH
2 

!  Top squarks are critical for SUSY solution to hierarchy problem 

!  “Natural” (not fine-tuned) solution requires light top squarks 
!  In R-parity conserving SUSY, top squarks are pair-produced and 

decay to stable neutralino LSP � large MET 

May 10th, 2013 SUS-13-011 Approval 5 

ΔmH
2 =

H!
H!Razor Combination with 1-Lepton MVA Search

• The combination of the 0-
lepton razor with the 1-lepton 
MVA search (SUS-13-011) 
yielded exceptionally strong 
limits on mstop 

• We would like to pursue this 
again in Run II. 

• See previous talks for 
discussion of the Run II 
hadronic razor search strategy

3

D. Anderson, 17/04/2015
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https://indico.cern.ch/event/368826/contribution/5/material/slides/0.pdf

• SUSY: theoretical framework established in 
1970’s. 

—>Symmetry between fermions and bosons as 
an extension to the SM.
—>Stabilizes higgs mass, dark matter 
candidate(lightest neutralino)… 

• Searches of third generation particles are 
important.

    —> Important parameter in SUSY.
    —> Stop is the lightest squark.

• Strongly produced.
   —> Larger cross section than electroweak 
production.
   —> Interesting early Run 2 analysis.

4

Stabilizes Higgs mass of 125 GeV: stop < 1 TeV



Supersymmetry
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• Important to search for stop with 
LHC Run-2 data: 8 TeV -> 13 TeV 
energy increase 

• 1L channel: my first analysis on 
CMS 

• Quickly probed to 1 TeV with all 
analyses combined.

M.LIU
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1970’s. 

—>Symmetry between fermions and bosons as 
an extension to the SM.
—>Stabilizes higgs mass, dark matter 
candidate(lightest neutralino)… 

• Searches of third generation particles are 
important.

    —> Important parameter in SUSY.
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• Strongly produced.
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production.
   —> Interesting early Run 2 analysis.
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Stabilizes Higgs mass of 125 GeV: stop < 1 TeV
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SUSY partners of the electroweak sector of much lower rate:  

3 to 5 orders of magnitude lower

SUSY electroweak sector: less probed
M.LIU



Review: Electroweak SUSY terminology

M.LIU



What are gauginos, Higgsinos and SLeptons ?
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• SUSY partners of the SM 
electroweak sector 

• U(1)-> Bino, SU(2)->Winos 

• Higgs-> Higgsinos 

• Leptons-> sleptons

M. Swiatlowski (UC) March 2, 2018
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Charginos and neutralinos
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• SUSY partners of the SM 
electroweak sector 

• U(1)-> Bino, SU(2)->Winos 

• Higgs-> Higgsinos 

• Leptons-> sleptons

M. Swiatlowski (UC) March 2, 2018
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Gauginos and higgsinos can be light
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• Possible SUSY spectrum as of today:  

• Heavy squarks and gluinos 

• Gauginos and higgsinos are light 

• Important to search for electroweak 
SUSY partners at the LHC!

M. Swiatlowski (UC) March 2, 2018
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56

Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV

~H~χ1

0
~χ1

±
~χ2

0

mass

~
t 1

~
t 2 ~

b1

~g

“Natural” SUSY Spectrum

Δm

• Depending on the mass scales of Bino/
Winos/Higgsinos:  

• lightest chargino/ neutralinos form 
different mass spectrums 

• Two main mass spectrums explored at the 
LHC:  Wino-like, Higgsino-like

M.LIU  4

❖ In R-parity conserved models, result in di-boson(W/Z/h/γ) associated with missing 
transverse momentum (Etmiss)

✦ Results in a final state of  WH/WZ in Wino Models.

❖ In GMSB model, mass degenerate

✦ Enhanced pair production of                

✦ Also produce a signature of diboson+missingEt.

✦ Results in a final state of ZZ/HZ/HH in higgino models.

2 3 Signal models and Monte Carlo simulation

The first class of models assumes chargino-neutralino (ec±
1 ec0

2) production. The chargino always44

decays to the W boson and the LSP, ec0
1. The second neutralino can decay to either of the Z or H45

bosons plus the LSP. We consider three choices for the ec0
2 decay: a branching fraction of 100%46

to Zec0
1 (WZ topology), a branching fraction of 100% to Hec0

1 (WH topology), and a branching47

fraction of 50% to each of these two decays. This model is depicted in Fig. 1 showing the48

two possible decays. The particles ec±
1 and ec0

2 are assumed to be wino-like states, while ec0
1 is49

assumed to be bino-like.50
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Figure 1: Chargino-neutralino pair production with the chargino decaying to the W boson and
the LSP and the neutralino decaying to either (left) a Z boson and the LSP or (right) a H boson
and the LSP.

The second class of models assumes neutralino-neutralino production. For the wino-like neu-51

tralinos the production cross section is very small, and thus we consider a specific gauge-52

mediated supersymmetry breaking (GMSB) model with quasi-degenerate higgsinos as next-53

to-lightest SUSY particles (NLSPs) and a gravitino (eG) as the LSP [42–44]. All of ec±
1 , ec0

2, and ec0
154

are assumed to be nearly degenerate in mass, such that in the production of any two of these,55

ec±
1 or ec0

2 decay immediately to ec0
1 and soft particles that do not impact the analysis, effectively56

yielding pair production of ec0
1 ec0

1. The cross sections for all of these processes are summed57

assuming these are higgsino-like states. The ec0
1 then decays to eG and either a Z or H boson,58

and we consider varying branching fractions from 100% Z to 100% H including intermediate59

values. The possible decays in this model are shown in Fig. 2.60
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Figure 2: A GMSB model with neutralino-neutralino pair production and the neutralinos de-
caying into gravitinos and (left) two Z bosons, (center) a Z and a H boson, or (right) two H
bosons.

Monte Carlo (MC) simulated samples are used in the various searches to estimate the back-61

ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63

ground samples are produced with the MADGRAPH5 AMC@NLO v2.2.2 generator [45] at64

leading order (LO) or next-to-leading order (NLO) accuracy in perturbative quantum chromo-65

dynamics (QCD), including up to one to four additional partons in the matrix element calcu-66
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Electroweak and Compressed SUSY LPC EventD. Olivito (UCSD)

Decays, without SleptonsDecays, without Sleptons

(~B)~χ1

0

~χ1

± (~W )~χ2

0

W Z/h

~χ1

0

~
G

Z/h/g

GMSB / GGM

Pair production signature: Diboson + MET
W(*), Z(*), Higgs, Photons

→ leptons, jets only from boson decays or ISR, photons
Need to combine analyses to cover all boson decays

56

Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV

~H~χ1

0
~χ1

±
~χ2

0

mass

~
t 1

~
t 2 ~

b1

~g

“Natural” SUSY Spectrum

Δm

Decays via bosons

Wino-like

Higgsino-like

Δm~ hundreds of 
MeV to 

tens of GeV

Typical mass spectrums of chargino-neutralinos

M.LIU
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Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV
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~χ2

0

mass

~
t 1

~
t 2 ~

b1

~g

“Natural” SUSY Spectrum

Δm

• Wino-like spectrum has larger cross 
section—> Let’s start looking here!
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• WH topology: less constrained from 8 TeV searches compared to WZ 

• In the WH topology: 1 lepton (e/μ)+bb: trigger on leptons and handle against 
backgrounds, large BF of H->bb (60%)

Why one lepton + bb +MET?
M.LIU  4

❖ In R-parity conserved models, result in di-boson(W/Z/h/γ) associated with missing 
transverse momentum (Etmiss)

✦ Results in a final state of  WH/WZ in Wino Models.

❖ In GMSB model, mass degenerate

✦ Enhanced pair production of                

✦ Also produce a signature of diboson+missingEt.

✦ Results in a final state of ZZ/HZ/HH in higgino models.
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Leptonic SUSY Meeting

Single Lepton AnalysisSingle Lepton Analysis
● Final state similar to existing 1l direct stop search
● Extend 1l stop analysis to cover this final state

— Use same triggers, object selections, etc
• And benefit from experience in understanding MET, Mt tails

— Have 2 fewer jets, additional handle in dijet mass: m(bb) = m(H)
• Natural control region inverting m(bb) 

Approved stop 1l analysis
SUS-13-011 Extension to this final state



 22

Search for Higgs peak in the kinematic tails

10

5 Results
Figure 5 shows the distributions of Mbb in data compared with the SM background prediction
after all signal region requirements except the Mbb selection. No significant deviations from
the predictions are observed. Table 2 shows the expected SM background yields in the signal
region compared to the observation.
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6 Interpretation
The results of this analysis are interpreted in the context of the simplified SUSY model de-
picted in Fig. 1, ec±

1 ec0
2 ! W±Hec0

1 ec0
1. The ec±

1 and ec0
2 are assumed to have the same mass, and

the branching fractions for the decays listed above are taken to be 100%. The W and Higgs
bosons are taken to decay according to their SM branching fractions. Cross section limits as a
function of the SUSY particle masses are set using a modified frequentist approach, employing
the CLs criterion and an asymptotic formulation [80–83]. Both signal regions are considered
simultaneously in setting limits. The production cross sections are computed at NLO plus
next-to-leading-log (NLL) precision in a limit of mass-degenerate wino ec±

1 and ec0
2, light bino

ec0
1, and with all the other sparticles assumed to be heavy and decoupled [84, 85].

The systematic uncertainties in the signal yield are summarized in Table 3. The signal models
with the largest acceptance uncertainties are those with Dm = mec0

2
� mec0

1
' mH. For these

models, the kinematic properties of the events are most similar to those from SM backgrounds,
and as a result, the acceptance is smaller than for models with larger Dm. For these models
with compressed mass spectra, the largest uncertainties in the signal yields arise from the jet
energy scale (up to 40%), Emiss

T resolution in fast simulation (up to 50%), and limited size of MC
samples (up to 60%). These uncertainties reach their maximal values only for models where
the acceptance of this analysis is very small and the sensitivity is similarly small. For models

SR

M.LIU

• Mbb: Higgs peak in the kinematic tails of MET 
etc, where SM processes fall off quickly 

• O(1) signal yields compared to backgrounds 

• Higgs mass sideband: Directly control ttbar 2L 
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https://arxiv.org/abs/1706.09933


150 200 250 300 350 400 450 500 550

 [GeV]
1
±χ∼ = m

2
0χ∼m

0

20

40

60

80

100

120

140

160

180

 [G
eV

]
10 χ∼

m

CMS
1
±χ∼2

0χ∼ →pp July 2018

 (13 TeV)-135.9 fb

H
+m

10
χ∼

 =
 m

1±
χ∼m

Expected
Observed

3l (WH)≥1709.05406, 2l SS + 
1706.09933, 1l (WH)

 (WH)γγ→1709.00384, H
1801.03957, combined (WH)

 23

• Probes chargino mass up to 500 GeV 
in the WH topology 

• 300 GeV improvement wrt 8 TeV reach 

• Dominates the sensitivity in the bulk.

WH(lνbb) + MET: pushing Wino limits
M.LIU

8 TeV

JHEP 03 (2018) 160  

https://arxiv.org/abs/1801.03957


No SUSY (or any other BSM physics which can 
enter our selections) found yet by ATLAS or 

CMS 
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Amazing predictions from the SM 
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A historical reflection: 

The development of the SM was driven by 
experimental anomalies: mesons/baryons… 

—The SM then guided our searches of fundamental 
particles 

M.LIU
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— BSM theory driven searches have large focus on 
kinematic tails (8 TeV->13 TeV) —> no anomalies  

   
— Have to be accompanied by stringent tests of the 

SM predictions to look for possible anomalies

M.LIU
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One way of doing this 
• Test rare processes: rare top (four top)/rare Higgs (H->μμ)…. 

• Directly benefit from the large LHC Run-2 dataset: 150fb-1 

M.LIU



My interest:  
Search for a very rare process in the 

electroweak sector: 

WWW production at the LHC 

 29
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Physics motivation for measuring WWW 
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Motivation for WWW

 2

Chang
UCSD FNALUCSB UNL BU NW

The process has a low cross section and has not been observed.
(ATLAS has an 8 TeV analysis with 1σ sensitivity. No 13 TeV result yet.)

The process has ample physics content
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This process has low cross section  
Requires Run 2 data @ 13 TeV to be studied



Sensitive to BSM contributions
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Doubly charged Higgs/axion-like particles, anomalous 
couplings coming from new physics beyond our kinematic 

reach

M.LIU
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Figure 35: The kinematic distributions in Mjj sideband validation region.
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Figure 36: Feynman diagrams for the production of a doubly charged Higgs boson with subse-
quent decays of H±± ! W±W±. Left: associated WH±± production, right: WW VBS produc-
tion.
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1 Introduction1

The production of events with three W bosons (labeled WWW in the following) with a total2

charge of ±1 in proton-proton (pp) collisions at the LHC is predicted by the standard model3

(SM). The process is sensitive to both triple gauge couplings (TGC) and to quartic gauge cou-4

plings (QGC), so the observation and study of this process provides an important new test5

of the electroweak sector. Figures 1(a)–(d) show some lowest-order Feynman diagrams for6

WWW production. The analysis presented here focuses on the electroweak production of7

WWW events. In particular, the associated production of the Higgs boson (H) with a W bo-8

son, with H decaying to W+W�, is taken to be part of the signal, while other (strong) processes9

like the production of ttW± are considered to be background. The non-resonant WWW pro-10

duction cross section is calculated to be 216 ± 9 fb [1], and after including the contribution of11

WH ! WWW(⇤) with one off-shell W boson [2], the total theoretical electroweak production12

cross section is 509 ± 13 fb. In this paper, the label WWW includes both types of production.13
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Figure 1: Tree-level Feynman diagrams for WWW production

A search for WWW production in 8 TeV pp collision data was reported by the ATLAS Collab-14

oration [3].15

The analysis presented in this paper is performed with a sample of pp collisions at
p

s = 13 TeV16

produced by the CERN LHC and recorded with the CMS detector in 2016; the integrated lumi-17

nosity for this sample is 35.9 fb�1.18

Events containing three W bosons can be classified by the number of charged leptons (electrons19

or muons only) in the final state: 41.7% contain no leptons, 42.4% contain 1 lepton, 9.6% have20

two leptons with opposite charge (OS leptons), 4.8% have two same-sign (SS) leptons, and21

1.6% of all events contain 3 leptons (3`). Backgrounds from QCD multijet, W+jets, DY+jets,22

and tt production are too large to allow a signal to be isolated except for the categories with23

two same-sign leptons (in which case the third W boson decays hadronically) and with three24

leptons. This search focuses on these two categories of events.25

New  
Physics

Sensitive to BSM contributions

 33

Doubly charged Higgs, anomalous couplings coming from new 
physics beyond our kinematic reach

M.LIU
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Figure 36: Feynman diagrams for the production of a doubly charged Higgs boson with subse-
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Theory prediction

WWW: low cross section 
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500 fb
@13 TeV
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My PhD thesis on ATLAS: 
First evidence of Wγγ using 8 TeV data



WWW: the “measurable” part is small… 
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Signal cross section / BR

3

Chang
UCSD FNALUCSB

Bai et al. PRD 95, 073005 (2017)
Dittmaier et al. arXiv:1705.03722

Target same-sign 2 lepton and 3 lepton final state

Total cross section is 216 fb at 13 TeV with K-factor ~1.8.
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Sig. BR
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:< 10 % of the total



Maximize the sensitivity 
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Figure 3: Comparison of the observed numbers of events to the predicted backgrounds in
the nine signal regions. The WWW signal shown is stacked on top of the background and is
based on the theoretical cross section. The lower panels show the ratio of WWW signal to the
background prediction.

Under the assumption that the signal is absent (i.e. does not occur), the 95% confidence level337

upper limit on the cross section is observed (expected) to be XXX fb (627 fb).338

(Observed significances, cross sections, limits are absent because the analysis is blinded.)339

8.2 Limits on anomalous quartic gauge couplings340

The interaction of four gauge bosons depicted in the fourth diagram of Fig. 1 exists in the SM341

and contributes to the production of the W±W±W⌥ final state. New physics beyond the SM342

could be manifested as an apparent change in the coupling constant associated with the four-343

boson vertex, i.e., in an anomalous quartic gauge coupling (aQGC). A description based on344

aQGCs is most appropriate when the scale for new physics L is much higher than the energy345

scale of the given process, in this case, W±W±W⌥ production characterized by the invariant346

mass of the three W bosons, ŝWWW.347

Anomalous couplings can be handled theoretically by extending the SM Lagrangian with the348

Operator Product Expansion [43]:349

L = LSM + Â
i

ci

L2Oi + Â
j

f j

L4Oj + · · ·

where O represents the higher-order dimension-6 and dimension-8 operators with coefficients350

ci and f j. The operators Oi are constructed out of SM fields and respect gauge invariance. The351

coefficients are considered to be unknown and treated as free parameters to be determined352

by the data. The following CP-conserving terms can be included in the non-SM part of the353

Lagrangian [44]:354

• 9 categories: varying 
sensitivity

Same Sign  
Mjj on W peak

SS

M.LIU

3L
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1 Introduction37

The production of W±W±W⌥ bosons within an event is a process predicted by the standard38

model (SM). Triple gauge couplings (TPC) and quartic gauge couplings (QGC) contribute to its39

production cross section, thus making the studies of this process one of the few channels, where40

these couplings can be tested. Thus, observing W±W±W⌥ production (in the following just41

WWW) is an important test of the Standard Model’s electroweak sector. The present analysis42

focuses on measuring the standard model cross section of WWW production, and not from the43

decay of other resonances. In particular, we consider ttW± as a background to be discriminated44

against. Associate production of Higgs plus W, with Higgs decaying to WW is reduced via45

kinematic cuts, but then allowed as part of the signal yield, i.e. not treated as a background.46

Figure 1 show the tree-level diagrams of the WWW production.47
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Figure 1: Tree-level diagrams of the WWW production.

The ATLAS collaboration has published an analysis of the 8 TeV pp data [1], while CMS has no48

public result on the WWW production.49

A WWW event can be classified by the number of charged leptons in its final state. Considering50

only the light-leptons, electrons or muons (including e and µ from t lepton decays), the final51

state composition of W±W±W⌥ events is as follows: 41.7% contain no leptons, 42.4% 1 lepton,52

9.6% have a lepton pair with different charge (OS leptons), 4.8% have a pair with equal charge53

(so called same-sign (SS) leptons), and 1.6% of all events contain 3 leptons. The pure WWW54

production cross section is calculated to be 216± 9 fb [2]. If we include the off-shell contribution55

of WH!WWW [3], the combined production cross section is 509 ± 13 fb.56

For most of these categories the backgrounds due to multijets, W+jets, DY+jets, and/or tt is too57

large, such that the signal of WWW cannot be discriminated against. Only the categories of SS58

leptons and 3 leptons provide good enough background rejection, that the signal can be visible59

above the background. Thus, this search focuses on these two channels.60

The analysis presented in this note investigates events containing either a the SS lepton pair or61

three leptons (electron or muons) from 2016 pp collision data collected by the CMS experiment,62

corresponding to an integrated luminosity of 35.9 fb�1.63

This note is structured as follows: First, the datasets and simulation samples are introduced in64

Sec. 2, followed by the definition of the physics objects in Sec. 3 and Triggers in Sec. 4. In Sec. 5,65

we lay out the strategy of the search for the SM production of WWW, including a description66

of our event selection. Section 6 introduces the SM backgrounds; their estimation methods,67

systematic uncertainties, and validation are then outlined in Sec. 7, 8, and 10. The systematics68

evaluated can be found in Sec. 11. Finally, the results and their interpretation are in Secs. 1269

and 13. The note concludes with a summary in Sec. 14.70
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• WH topology: less constrained from 8 TeV searches compared to WZ 

• In the WH topology: 1 lepton (e/μ)+bb: trigger on leptons and handle against 
backgrounds, large BF of H->bb (60%)

Why one lepton + bb +MET?
M.LIU  4

❖ In R-parity conserved models, result in di-boson(W/Z/h/γ) associated with missing 
transverse momentum (Etmiss)

✦ Results in a final state of  WH/WZ in Wino Models.

❖ In GMSB model, mass degenerate

✦ Enhanced pair production of                

✦ Also produce a signature of diboson+missingEt.

✦ Results in a final state of ZZ/HZ/HH in higgino models.

2 3 Signal models and Monte Carlo simulation

The first class of models assumes chargino-neutralino (ec±
1 ec0

2) production. The chargino always44

decays to the W boson and the LSP, ec0
1. The second neutralino can decay to either of the Z or H45

bosons plus the LSP. We consider three choices for the ec0
2 decay: a branching fraction of 100%46

to Zec0
1 (WZ topology), a branching fraction of 100% to Hec0

1 (WH topology), and a branching47

fraction of 50% to each of these two decays. This model is depicted in Fig. 1 showing the48

two possible decays. The particles ec±
1 and ec0

2 are assumed to be wino-like states, while ec0
1 is49

assumed to be bino-like.50
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Figure 1: Chargino-neutralino pair production with the chargino decaying to the W boson and
the LSP and the neutralino decaying to either (left) a Z boson and the LSP or (right) a H boson
and the LSP.

The second class of models assumes neutralino-neutralino production. For the wino-like neu-51

tralinos the production cross section is very small, and thus we consider a specific gauge-52

mediated supersymmetry breaking (GMSB) model with quasi-degenerate higgsinos as next-53

to-lightest SUSY particles (NLSPs) and a gravitino (eG) as the LSP [42–44]. All of ec±
1 , ec0

2, and ec0
154

are assumed to be nearly degenerate in mass, such that in the production of any two of these,55

ec±
1 or ec0

2 decay immediately to ec0
1 and soft particles that do not impact the analysis, effectively56

yielding pair production of ec0
1 ec0

1. The cross sections for all of these processes are summed57

assuming these are higgsino-like states. The ec0
1 then decays to eG and either a Z or H boson,58

and we consider varying branching fractions from 100% Z to 100% H including intermediate59

values. The possible decays in this model are shown in Fig. 2.60
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Figure 2: A GMSB model with neutralino-neutralino pair production and the neutralinos de-
caying into gravitinos and (left) two Z bosons, (center) a Z and a H boson, or (right) two H
bosons.

Monte Carlo (MC) simulated samples are used in the various searches to estimate the back-61

ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63

ground samples are produced with the MADGRAPH5 AMC@NLO v2.2.2 generator [45] at64

leading order (LO) or next-to-leading order (NLO) accuracy in perturbative quantum chromo-65

dynamics (QCD), including up to one to four additional partons in the matrix element calcu-66
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ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63
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Need to combine analyses to cover all boson decays
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Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379
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Leptonic SUSY Meeting

Single Lepton AnalysisSingle Lepton Analysis
● Final state similar to existing 1l direct stop search
● Extend 1l stop analysis to cover this final state

— Use same triggers, object selections, etc
• And benefit from experience in understanding MET, Mt tails

— Have 2 fewer jets, additional handle in dijet mass: m(bb) = m(H)
• Natural control region inverting m(bb) 

Approved stop 1l analysis
SUS-13-011 Extension to this final state
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• WH topology: less constrained from 8 TeV searches compared to WZ 

• In the WH topology: 1 lepton (e/μ)+bb: trigger on leptons and handle against 
backgrounds, large BF of H->bb (60%)

Why one lepton + bb +MET?
M.LIU  4

❖ In R-parity conserved models, result in di-boson(W/Z/h/γ) associated with missing 
transverse momentum (Etmiss)

✦ Results in a final state of  WH/WZ in Wino Models.

❖ In GMSB model, mass degenerate

✦ Enhanced pair production of                

✦ Also produce a signature of diboson+missingEt.

✦ Results in a final state of ZZ/HZ/HH in higgino models.
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bosons plus the LSP. We consider three choices for the ec0
2 decay: a branching fraction of 100%46

to Zec0
1 (WZ topology), a branching fraction of 100% to Hec0

1 (WH topology), and a branching47

fraction of 50% to each of these two decays. This model is depicted in Fig. 1 showing the48

two possible decays. The particles ec±
1 and ec0

2 are assumed to be wino-like states, while ec0
1 is49

assumed to be bino-like.50
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tralinos the production cross section is very small, and thus we consider a specific gauge-52
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Figure 2: A GMSB model with neutralino-neutralino pair production and the neutralinos de-
caying into gravitinos and (left) two Z bosons, (center) a Z and a H boson, or (right) two H
bosons.

Monte Carlo (MC) simulated samples are used in the various searches to estimate the back-61

ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63
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tralinos the production cross section is very small, and thus we consider a specific gauge-52

mediated supersymmetry breaking (GMSB) model with quasi-degenerate higgsinos as next-53

to-lightest SUSY particles (NLSPs) and a gravitino (eG) as the LSP [42–44]. All of ec±
1 , ec0

2, and ec0
154

are assumed to be nearly degenerate in mass, such that in the production of any two of these,55

ec±
1 or ec0

2 decay immediately to ec0
1 and soft particles that do not impact the analysis, effectively56

yielding pair production of ec0
1 ec0

1. The cross sections for all of these processes are summed57

assuming these are higgsino-like states. The ec0
1 then decays to eG and either a Z or H boson,58

and we consider varying branching fractions from 100% Z to 100% H including intermediate59

values. The possible decays in this model are shown in Fig. 2.60
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Figure 2: A GMSB model with neutralino-neutralino pair production and the neutralinos de-
caying into gravitinos and (left) two Z bosons, (center) a Z and a H boson, or (right) two H
bosons.

Monte Carlo (MC) simulated samples are used in the various searches to estimate the back-61

ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63

ground samples are produced with the MADGRAPH5 AMC@NLO v2.2.2 generator [45] at64

leading order (LO) or next-to-leading order (NLO) accuracy in perturbative quantum chromo-65

dynamics (QCD), including up to one to four additional partons in the matrix element calcu-66
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Pair production signature: Diboson + MET
W(*), Z(*), Higgs, Photons

→ leptons, jets only from boson decays or ISR, photons
Need to combine analyses to cover all boson decays

56

Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV
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~
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“Natural” SUSY Spectrum
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Decays via bosons
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UCSB-UCSD-FNAL July 26, 2013
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Leptonic SUSY Meeting

Single Lepton AnalysisSingle Lepton Analysis
● Final state similar to existing 1l direct stop search
● Extend 1l stop analysis to cover this final state

— Use same triggers, object selections, etc
• And benefit from experience in understanding MET, Mt tails

— Have 2 fewer jets, additional handle in dijet mass: m(bb) = m(H)
• Natural control region inverting m(bb) 

Approved stop 1l analysis
SUS-13-011 Extension to this final state

qq

Recovers off-shell W’s  

coming from Higgs decay



Backgrounds overview in signal region 
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Figure 3: Comparison of the observed numbers of events to the predicted backgrounds in
the nine signal regions. The WWW signal shown is stacked on top of the background and is
based on the theoretical cross section. The lower panels show the ratio of WWW signal to the
background prediction.

Under the assumption that the signal is absent (i.e. does not occur), the 95% confidence level337

upper limit on the cross section is observed (expected) to be XXX fb (627 fb).338

(Observed significances, cross sections, limits are absent because the analysis is blinded.)339

8.2 Limits on anomalous quartic gauge couplings340

The interaction of four gauge bosons depicted in the fourth diagram of Fig. 1 exists in the SM341

and contributes to the production of the W±W±W⌥ final state. New physics beyond the SM342

could be manifested as an apparent change in the coupling constant associated with the four-343

boson vertex, i.e., in an anomalous quartic gauge coupling (aQGC). A description based on344

aQGCs is most appropriate when the scale for new physics L is much higher than the energy345

scale of the given process, in this case, W±W±W⌥ production characterized by the invariant346

mass of the three W bosons, ŝWWW.347

Anomalous couplings can be handled theoretically by extending the SM Lagrangian with the348

Operator Product Expansion [43]:349

L = LSM + Â
i

ci

L2Oi + Â
j

f j

L4Oj + · · ·

where O represents the higher-order dimension-6 and dimension-8 operators with coefficients350

ci and f j. The operators Oi are constructed out of SM fields and respect gauge invariance. The351

coefficients are considered to be unknown and treated as free parameters to be determined352

by the data. The following CP-conserving terms can be included in the non-SM part of the353

Lagrangian [44]:354

• Real same sign 
contributions (Same-sign 
WW (EWK,QCD), ttW, DPS) 
and Charge flip 

• Lost lepton: WZ, ttV with 3 
real leptons —> dominating. 

• My focus: Non-prompt 
Lepton faked by hadronic 
jets (1L W+Jets, ttbar) 

• most challenging, poorly 
modeled in MC, needs 
full data-driven estimate 

M.LIU

3L

Same Sign  
Mjj on W peak

SS
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Figure 13: The MT distributions in the control region to ascertain scale factors for the prompt
lepton backgrounds. Events in the window of 80 < MT < 120 GeV are used to measure the
scale factors. (a) The MT distribution for single tight-SS electron events in the control region.
(b) The MT distribution for single tight-SS muon events in the control region. (c) The MT
distribution for single tight-3l electron events in the control region. (d) The MT distribution for
single tight-3l muon events in the control region.

8.1.3 Fake rate results and systematics499

The measured fake rate as a function of cone-corrected pT and h is shown in Fig. 16. The500

fake rate falls as the momentum of the leptons increase as expected. The measured fake rate501

is around 20 � 50% within the fake rate modeled by the QCD MC. The QCD scale, PDF, and502

JES are varied on the prompt lepton MC events to assess systematics on the prompt lepton503

background subtraction. The QCD scale and PDF variations are found to have negligible effect504

on the fake rate. As the prompt lepton background in the measurement region is estimated by505

extrapolating in Emiss
T and MT phase-space, The JES variations result in non-negligible effect506

in the prompt lepton background subtraction. The resulting changes in the fake rate due to507

JES variations are taken as a systematic and are included in the error bars in addition to the508

Estimate Non-prompt leptons 
M.LIU

QCD

Non-prompt bkg. estimation
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Chang
UCSD FNALUCSB UNL NW

➊ Measure “fake-
factor” from one 

lepton data events

➋ Select events 
with one lepton 

failing “tight” and 
apply “fake-factor”

Use “fake-rate method” to estimate non-prompt lepton

“Fake-factor” =

Muon

|η| < 1.6 |η| ≥ 1.6

Various 
“PT” bins

IsolationLooseTight

Sample of fake 
leptons from one 

lepton events
measure

measured result

Apply the fake-factor to data events

Fake-factor 
applied

• Data-driven 
estimate: 

• Step1: QCD 
enriched 
enriched region—
> tight-to-loose
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Figure 13: The MT distributions in the control region to ascertain scale factors for the prompt
lepton backgrounds. Events in the window of 80 < MT < 120 GeV are used to measure the
scale factors. (a) The MT distribution for single tight-SS electron events in the control region.
(b) The MT distribution for single tight-SS muon events in the control region. (c) The MT
distribution for single tight-3l electron events in the control region. (d) The MT distribution for
single tight-3l muon events in the control region.
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background subtraction. The QCD scale and PDF variations are found to have negligible effect504

on the fake rate. As the prompt lepton background in the measurement region is estimated by505
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Figure 13: The MT distributions in the control region to ascertain scale factors for the prompt
lepton backgrounds. Events in the window of 80 < MT < 120 GeV are used to measure the
scale factors. (a) The MT distribution for single tight-SS electron events in the control region.
(b) The MT distribution for single tight-SS muon events in the control region. (c) The MT
distribution for single tight-3l electron events in the control region. (d) The MT distribution for
single tight-3l muon events in the control region.
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fake rate falls as the momentum of the leptons increase as expected. The measured fake rate501

is around 20 � 50% within the fake rate modeled by the QCD MC. The QCD scale, PDF, and502
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Available isolation on the market

6

Chang
UCSD FNALUCSB UNL

The go-to isolation variable in CMS is the “relative isolation” variable

Lepton
charged 
hadrons

neutral 
hadrons photons

ΣPF cand’s PT in the cone – PU

Lepton PT
IsoRel =

Two variations possible:
➊ Change cone-size
      (typically 0.3 or 0.4)

➋ Change PU subtraction scheme
      (Effective area correction “EA” or ∆β correction “DB”)

Available isolation on the market

6

Chang
UCSD FNALUCSB UNL

The go-to isolation variable in CMS is the “relative isolation” variable

Lepton
charged 
hadrons

neutral 
hadrons photons

ΣPF cand’s PT in the cone – PU

Lepton PT
IsoRel =

Two variations possible:
➊ Change cone-size
      (typically 0.3 or 0.4)

➋ Change PU subtraction scheme
      (Effective area correction “EA” or ∆β correction “DB”)

Last presentation (Feb. 20)

5

Chang
UCSD FNALUCSB UNL

*See presentation by Hannsjörg Weber https://indico.cern.ch/event/706239/

Re-optimized a few cuts in the ID (details are in last presentation*)

PT,Ratio = PT,Lep / PT,JetClose-within-∆R<0.4
(If no jets found nearby, then PT,Ratio = 1)

The main change was the introduction of PT,Ratio variable
(Improved rejecting non-prompt muon rate by ~35%. Improvement is also significant in electron.)



Improved isolation definition 
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• Smaller cone-size: 0.4—>0.3 

• Add lepton candidates to Isolation 
calculation improves rejection: 
heavy flavor decay (B→D→2 leptons 
+ X), one of the leptons is selected 
as our good lepton.

M.LIU

10

(a) (b)

(c)

Figure 2: Prompt lepton versus non-prompt lepton efficiencies for various selections and def-
initions of the isolation criteria. Working points indicated as ”SS ID” and ”3L ID” refers to
lepton IDs for same-sign channel and three-lepton channel respectively. The isolation work-
ing points that the scale factors are provided by the POGs are indicated as well. (a) Prompt
central electron (i.e. |h| < 1.479) versus non-prompt electron efficiencies for various selections
and definitions of the isolation criteria. (b) Prompt forward electron (i.e. |h| � 1.479) versus
non-prompt electron efficiencies for various selections and definitions of the isolation criteria.
(c) Prompt muon versus non-prompt muon efficiencies for various selections and definitions
of the isolation criteria.

3.5 X background rejection for muons

Available isolation on the market
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Lepton
charged 
hadrons

neutral 
hadrons photons

ΣPF cand’s PT in the cone – PU

Lepton PT
IsoRel =

Two variations possible:
➊ Change cone-size
      (typically 0.3 or 0.4)

➋ Change PU subtraction scheme
      (Effective area correction “EA” or ∆β correction “DB”)

CMS official 



•2016 analysis presented at Moriond 
EWK. 

•Luminosity scaling gives ~3 σ for 
150fb-1 Run-2 data.  

•Constraints placed on Axion-like 
particles and anomalous 
couplings. 

•Actively improving the analyses: 
•Adding boosted signature.Neural 
network based lepton ID/Iso 

Expect the first evidence with full 
Run-2 dataset!
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Figure 2: Comparison of the observed numbers of events to the predicted backgrounds in
the nine signal regions. The WWW signal shown is stacked on top of the background and is
based on the theoretical cross section. The lower panels show the ratio of WWW signal to the
background prediction.

L = LSM + Â
i

ci

L2Oi + Â
j

f j

L4Oj + · · · (2)

where O represents the higher-order dimension-6 and dimension-8 operators with coefficients355

ci and fj. The operators Oi are constructed out of SM fields and respect gauge invariance. The356

coefficients are considered to be unknown and treated as free parameters to be determined357

by the data. The following CP-conserving terms can be included in the non-SM part of the358

Lagrangian [53]:359
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ŴµnŴ
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bn

D
µF

⇤
(7)

LM,7 =
⇥
(DµF)†
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1.78 σ (expected)/0.6 σ observed 
 with 2016 dataset 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-17-013/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-17-013/index.html


Some analyses need HL-LHC dataset 
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• 3000 fb-1 data expected at the HL-LHC 

• e.g. Higgsinos: Low cross section, 
challenging signatures 

• Δm~ tens of GeV : Soft decay products 

• Δm~ hundreds of MeV : Long-lived 
signatures 56

Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV
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“Natural” SUSY Spectrum
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M.LIU  4

❖ In R-parity conserved models, result in di-boson(W/Z/h/γ) associated with missing 
transverse momentum (Etmiss)

✦ Results in a final state of  WH/WZ in Wino Models.

❖ In GMSB model, mass degenerate

✦ Enhanced pair production of                

✦ Also produce a signature of diboson+missingEt.

✦ Results in a final state of ZZ/HZ/HH in higgino models.

2 3 Signal models and Monte Carlo simulation

The first class of models assumes chargino-neutralino (ec±
1 ec0

2) production. The chargino always44

decays to the W boson and the LSP, ec0
1. The second neutralino can decay to either of the Z or H45

bosons plus the LSP. We consider three choices for the ec0
2 decay: a branching fraction of 100%46

to Zec0
1 (WZ topology), a branching fraction of 100% to Hec0

1 (WH topology), and a branching47

fraction of 50% to each of these two decays. This model is depicted in Fig. 1 showing the48

two possible decays. The particles ec±
1 and ec0

2 are assumed to be wino-like states, while ec0
1 is49

assumed to be bino-like.50

p
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Figure 1: Chargino-neutralino pair production with the chargino decaying to the W boson and
the LSP and the neutralino decaying to either (left) a Z boson and the LSP or (right) a H boson
and the LSP.

The second class of models assumes neutralino-neutralino production. For the wino-like neu-51

tralinos the production cross section is very small, and thus we consider a specific gauge-52

mediated supersymmetry breaking (GMSB) model with quasi-degenerate higgsinos as next-53

to-lightest SUSY particles (NLSPs) and a gravitino (eG) as the LSP [42–44]. All of ec±
1 , ec0

2, and ec0
154

are assumed to be nearly degenerate in mass, such that in the production of any two of these,55
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Electroweak and Compressed SUSY LPC EventD. Olivito (UCSD)

Decays, without SleptonsDecays, without Sleptons
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Pair production signature: Diboson + MET
W(*), Z(*), Higgs, Photons

→ leptons, jets only from boson decays or ISR, photons
Need to combine analyses to cover all boson decays

56

Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV
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How do we enable physics at the HL-LHC? 

Make measurable what is not so: Instrumentation 

To set the scene, let’s review the LHC/HL-LHC operation plans

M.LIU



GROWING DATASET AT THE LHC  44

LHC nominal design
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COLLIDER ENVIRONMENT DRIVES DETECTOR UPGRADES  45

LHC nominal

• CMS Phase 0 detector designed 
for LHC nominal luminosity
5 % hit efficiency loss for Barrel 
Layer 1 @ 1.5*LHC nominal
Tracking efficiency drops to 80% 
at PU=40

• Phase 1 pixel detector with 
improved design installed in 
May 2017, will be taking data 
until the end of Run-3

M.LIU



• Need to cope with more challenging LHC 
environment in Run 2 & Run 3 (300 fb−1) until HL-
LHC upgrade (2023).

• Module designed to reduce dynamic inefficiency
• Digital readout chip (ROC). Faster readout. 

• Geometry design: ensure tracking and vertex 
quality

• Added layers, channels doubled 
• Services: reduce material budget

• CO2 cooling, DCDC powering, Service electronics 
out of tracker volume.

Phase 1 pixel detector design

 46

M.Liu 

The new pixel detector 
•  Installation during February/March 2017.  
•  A smooth transition was needed from installation to 

physics data taking: sensor technology, pixel size and 
module concept very similar. 

•  Move from analog to digital readout chip (ROC)          
� reduced buffer overflow, avoid hit inefficiency. 

•  Move closer to the beam (2.9 cm instead of 4.4 cm)     
� improve vertex reconstruction. 

•  Move from 3- to 4-hit coverage (one additional 
forward disk and barrel layer)              
� increase redundancy and track finding efficiency. 

•  New bi-phase CO2 cooling system 
•  Move service electronics further away from 

interaction point. 
 � reduce material budget/mass. 

2017/09/05 Hannsjörg Weber (Fermilab) 5 

upgrade 

Phase1 upgrade improvements !
•  Present detector designed for 1034cm-2s-1 and     

25ns bunch spacing!
•  Expect twice as much before LS3 (2024)!

–  50 pileup events, hit rates of ~600MHz/cm2!

Ø  Improve redundancy: from 3 to 4 layers (BPIX),   
from 2 to 3 disks on each end (FPIX); impacting 
tracking efficiency and purity!

Ø  Move closer to beam: improve vertexing and b-
tagging!

Ø  Avoid hit inefficiency of up to 16% due to buffer 
overflow in readout chip (ROC) with new digital 
ROC!

Ø  Reduce mass: use CO2 cooling instead of 
water-glycol!

!

8/4/16!Petra Merkel | CMS Phase1 Pixel Upgrade!4!

Katja Klein The Phase-1 Upgrade of the CMS Pixel Detector 3

So why upgrade?

Material budget
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Current pixel detector  
x Upgrade pixel detector

Tracking efficiency

ttbar sample, 50 pileup events

• Present pixel detector was designed for 1�1034 cm-2s-1 @ 25ns bunch spacing
• Expect 2�1034 cm-2s-1 and integrated luminosity of 500 fb-1 before LS3 (2024)
Æ 50 pile-up events at 25ns bunch spacing, and hit rates of | 600 MHz/cm2

Î Hit inefficiency of up to 16% due to buffer overflow in readout chip (ROC)
Î Low redundancy (3 layers) Æ impact on tracking efficiency and fake rate
Î Large material budget in sensitive tracking volume
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Phase-1 pixel institutions

12 December 2017
Performance of the CMS Phase 1 Pixel 

Detector - bora.akgun@cern.ch
8

Detector Construction & 
Commissioning 

BPIX 
assembly

FPIX 
assembly

• Several module production chains
• Single set of qualification criteria
• Results of module calibrations from test stands used 

as starting point for commissioning after installation
• Module production done in ~1 year

• Detector assemblies
• BPIX in Switzerland 

(PSI+Zurich)
• FPIX in US (Fermilab)

• After transportation to 
CERN full tests on the 
surface prior to 
installation 

For details: Poster ‘Construction and Commissioning of the 
CMS Phase 1 Pixel Detector’ by Miaoyuan Liu 

M.Liu 

!47

• US CMS institutions were 
responsible for constructing the 
forward part of the pixel 
detector. 

• Module production done at 
Purdue, Nebraska. Testing done 
at UIC, Kansas and Fermilab.

• Assembly and system testing 
done at Fermilab (SiDet) and at 
CERN (main site and P5) post-
transportation.



FPIX Phase I Upgrade Cooling!

23 May 2016!FPIX Laser Welding!4!

•  Six stainless steel CO2 cooling loops per Half Cylinder !
•  Supply! !Half Disk! !Return!

•  Eight welds per loop !
–  2 on Supply tube, 4 on Half Disk tube, 2 on Return tube!
–  48 welds per Half Cylinder!
–  192 welds in all of FPIX!

Half	Disks	

Interac(on	
Point	

Port	Cards	DC-DC	
Converters	Filter	

Boards	End	Flange	

Supply	Lines	
Return	Lines	

FPIX	HALF	CYLINDER	

Beam	Line	

CCU	

Ancillary	electronics	used	to	preheat	
CO2	from	liquid	to	two-phase	

M.Liu 
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Half cylinders and service electronics

PoS(ICHEP2016)741

CMS Forward Pixel Upgrade Electronics and System Testing Hannsjörg Weber

1. The CMS phase-1 pixel detector upgrade

The present CMS pixel detector will be replaced with an upgraded pixel system [1] in the
LHC year-end shutdown 2016/2017. The upgrade of the pixel detector has been designed to cope
with the higher luminosities expected in the coming years, and in particular after the next LHC
shutdown. The new upgraded detector will have higher tracking efficiency and lower mass with
four barrel layers and three forward/backward disks to provide a hit coverage up to |h |= 2.5. The
forward part of the pixel detector (FPIX) contains 672 pixel modules mounted on twelve half disks,
each disk made out of two rings. These disks are mounted on four mechanical half-cylinders, two
on each side of the interaction point.

2. Establishing a full readout chain for the forward pixel detector

The principle of the readout chain of the upgrade is largely unchanged from that of the current
detector. The system can be separated into two systems: A front-end part, comprised of pixel mod-
ules and readout and control electronics that are located on the half-cylinders inside the detector, as
well as a back-end part outside the CMS detector whose front-end electronics control the detector
via optical fiber connections. The on-detector readout electronics consist of three major parts: the
pixel module itself, readout boards called portcards, as well as a control and communication unit
(CCU board). The back-end infrastructure of the current pixel detector, based on the VME stan-
dard, will be replaced by a µTCA system. Both the portcards as well as the CCU board receive
clock and control data via optical fibers from front-end controller (FEC) boards located in a µTCA
crate, while the pixel data are sent to front-end driver (FED) boards located in the same crate. The
conversion from electrical to optical signals is performed on small converter boards connected to
the portcards.

While the FPIX modules are tested at a dedicated stand, both the portcards and CCU boards
are tested within the full readout chain. For this, a group of 14 pixel modules are connected to a
portcard at a time. The portcard itself is controlled by the CCU board using the I2C protocol. The
calibration signals from the FEC board go to the modules through the portcard. The pixel data are
sent via the portcard to a FED board. A portcard together with a 14 module stand, a CCU board,
and a µTCA crate are shown in Fig. 1.
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teststand

portcard
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Figure 1: Left: a portcard with 14 connected pixel modules, middle: a CCU board, right: a µTCA crate
containing FEC and FED boards.

1

CCU
• Portcard: 

• Distributes power and bias voltages, clock, trigger 
and calibration signals to modules. Programs 
Modules (TBM and ROCs)

• Electric/optical Converters mounted 
• Digital opto-hybrid (DOH): Optical—>Electrical
• Pixel opto-hybrid (POH): Electrical—>Optical

• CCU:Communication & Control Unit 
• uTCA crate hosting front-end controller/drivers.



FPIX assembly at Fermilab FPIX Detector Assembly!

8/4/16!Petra Merkel | CMS Phase1 Pixel Upgrade!8!

Outer Disk 1 Insertion

19 July 2016 S.Grünendahl – Pixel Phase 1 Integration 
Meeting 5

Inner Disk 1 Insertion

19 July 2016 S.Grünendahl – Pixel Phase 1 Integration 
Meeting 6

DCDC installation/testing 
•  This part is relatively trivial as the board is already assembled. Only installation. 
•  Test of each DCDC converter group by turning it off/on and reading out its power-status 

bit using the control mechanism through the CCU board. 

2016/7/19 Hannsjörg Weber (Fermilab) 12 

The cables in this 
region still need to 
be dressed. 

M.Liu 
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All four half-cylinders tested with full DAQ readout chain at Fermilab



• Half-disks taken off service half-cylinder 
in order to be transported to CERN  

• Half-disks are hand carried 


• Disks are mounted on half-cylinder at 
Tracker Integration Facility (TIF) at 
Meyrin site. 

• Detector checkout, identify and perform 
necessary repairs.


• Develop calibration procedure and DAQ 
software/firmware development.


• Transported after to cleanroom at P5 for 
final checkout pre-installation. 

• More details in my phase 1 pixel seminar.

Tracker integration facility (TIF)@CERN

M.Liu 
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System testing and commissioning

https://drive.google.com/file/d/1DmfAZAtxCWmtqDdXRc-_Mj3_nFO5fQyO/view?usp=sharing
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• Improved vertex resolution/tracking efficiency 
•    —>    : ~15% improvement in b-jet efficiency @ 1% mistag rate working point. 
• WH+MET analysis: ~25 to 30 % improvement for H->bb efficiency 

DeepFlavor

SIGNIFICANT IMPACT ON PHYSICS

UCSB-UCSD-FNAL July 26, 2013

9

Leptonic SUSY Meeting

Single Lepton AnalysisSingle Lepton Analysis
● Final state similar to existing 1l direct stop search
● Extend 1l stop analysis to cover this final state

— Use same triggers, object selections, etc
• And benefit from experience in understanding MET, Mt tails

— Have 2 fewer jets, additional handle in dijet mass: m(bb) = m(H)
• Natural control region inverting m(bb) 

Approved stop 1l analysis
SUS-13-011 Extension to this final state

M.LIU

Phase-0 Phase-1

C Jets



PLANS FOR THE HL-LHC  52
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300 fb-1 in 10 years LHC running

3000 fb-1 in 10 years



HL-LHC AND THE PILEUP CHALLENGE  53

Multiple pp collisions in the same beam crossing 
To increase data rate, squeeze beams as much as possible

M.LIU

Run 2: <PU> ~ 20-50 
Run 3: <PU> ~ 50-80 

HL-LHC: 140-200



AS A RESULT : DETECTORS GETTING MORE COMPLEX  54

• Detector becoming more complex.

M.LIU

CMS pixel #channels

Phase-0 66 M

Phase-1 123 M

Phase-2 2B



TRIGGER AND COMPUTING CHALLENGES @HL-LHC  55

• Detector becoming more complex: Increased 
data complexity with larger dataset

• Trigger and Computing challenges@ HL-LHC

M.LIU

Current: ~5 minutes per HL-LHC event

2027 estimate CPU:  
~ 3.5 Million cores

Today

Event 
 complexity

CMS pixel #channels

Phase-0 66 M

Phase-1 123 M

Phase-2 2B



Actively pursuing trigger upgrades and Computing solutions:

• Trigger: tracking and particle flow objects at CMS Level-1


• Offline: Parallelized and Vectorized Tracking Using Kalman 
Filters


Novel approach: Fast inference of Neural Networks for trigger 
and computing applications 

• Active exploration of Machine Learning applications in HEP.

M.LIU
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PROOF OF CONCEPT: SONIC
Services for Optimized Network Inference on Co-processors

 57

Question:  
How do we help with physics event data 

processing model with industry 
developments?


MS Brainwave: FPGA co-processors

M.LIU
Noname manuscript No.

(will be inserted by the editor)

FPGA-accelerated machine learning inference as a service for
particle physics computing
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ing resources both now and in the future. New het-
erogeneous computing paradigms on dedicated hard-
ware with increased parallelization, such as Field Pro-
grammable Gate Arrays (FPGAs), o↵er exciting solu-
tions with large potential gains. The growing applica-
tions of machine learning algorithms in particle physics
for simulation, reconstruction, and analysis are natu-
rally deployed on such platforms. We demonstrate that
the acceleration of machine learning inference as a web
service represents a heterogeneous computing solution
for particle physics experiments that requires minimal
modification to the current computing model. As ex-
amples, we retrain the ResNet-50 convolutional neural
network to demonstrate state-of-the-art performance
for top quark jet tagging at the LHC and apply a
ResNet-50 model with transfer learning for neutrino
event classification. Using Project Brainwave by Mi-
crosoft to accelerate the ResNet-50 image classifica-
tion model, we achieve average inference times of 60
(10) milliseconds with our experimental physics soft-
ware framework using Brainwave as a cloud (edge or
on-premises) service, representing an improvement by
a factor of approximately 30 (175) in model inference
latency over traditional CPU inference in current ex-
perimental hardware. A single FPGA service accessed
by many CPUs achieves a throughput of 600–700 infer-
ences per second using an image batch of one, compa-
rable to large batch-size GPU throughput and signifi-
cantly better than small batch-size GPU throughput.
Deployed as an edge or cloud service for the particle
physics computing model, coprocessor accelerators can
have a higher duty cycle and are potentially much more
cost-e↵ective.

Keywords particle physics, heterogeneous computing,
FPGA, machine learning
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6 Javier Duarte et al.

Fig. 3: A comparison of QCD (left) and top (right) jet images averaged over 5,000 jets.

Fig. 4: The ROC curves showing the performance of
the floating point and quantized versions (before fine-
tuning, after fine-tuning, and using the Brainwave ser-
vice) of the ResNet-50 top tagging model.

Model Accuracy AUC 1/"B("S = 30%)
Floating point 0.9009 0.9797 670.8

Quant. 0.8413 0.9754 414.6
Quant., f.t. 0.9296 0.9825 970.7
Brainwave 0.9257 0.9821 934.8

Brainwave, f.t. 0.9348 0.9830 999.6

Table 1: The performance of the evaluated models on
the top tagging dataset.

rameters and operations. However, it should be noted
that the best-performing models to date (ResNeXt50
and a directed graph CNN) [32,24] are within a factor
of a few in size with respect to the ResNet-50 model.
We emphasize here that this study is a proof-of-concept
for the physics performance and that there are many
other very challenging, computationally intensive algo-

rithms where machine learning is being explored. We
anticipate that for these looming challenges, the size of
the models will continue to grow to meet the demands
of new experiments.

3.3 Neutrino flavor identification at NOvA

Neutrino event classification can also benefit from ac-
celerating the inference of large ML models. In this
section, due to a lack of publicly available neutrino
datasets, we do not fully quantify the performance of
a particular model. Instead, we present a workflow to
demonstrate that this work is applicable beyond the
LHC.

We illustrate the type of classification task needed
for neutrino experiments by using simulated neutrino
events and cosmic data from the NOvA experiment.
NOvA pioneered the application of convolutional neu-
ral networks (CNN) in particle physics in 2016 by be-
coming the first experiment to use a CNN in a pub-
lished result [7,35]. In our study, we use transfer learn-
ing with ResNet-50 to distinguish between the di↵er-
ent detector signatures associated with various neutrino
interaction types and associated backgrounds. We ex-
tract features from neutrino interaction events using
the ResNet-50 featurizer (pre-trained using the Ima-
geNet dataset [36]) and retrain the final fully connected
classifier layers to perform neutrino event classification.
Specifically, 500,000 simulated neutrino events with cos-
mic data overlays were used for training, with the fol-
lowing five categories: charged current electron neu-
trino, charged current muon neutrino, charged current
tau neutrino, neutral current neutrino interactions, and
cosmic ray tracks. These events are highly amenable to
classification by CNN architectures such as ResNet-50.

TOP TAGGING USING BRAINWAVE SERVICE  58

Top VS QCD jets 
With pre-trained resnet50

Featurizer Classifier

Re-train: 
Fine-tune

Re-train 
With 2 labels 
Top vs QCD

M.LIU

Quantized model:
Brainwave’s implementation 
 of ResNet50 on FPGA



Tau neutrinoMuon neutrinoElectron neutrino

 59

• Primary goal of NOvA: measurement of neutrino oscillations via νμ→νe: Classifying neutrinos with 
ResNet50 (transfer learning)

• Potential application for DUNE event processing.

NuMI: Neutrinos at the Main 
Injector 
Long-baseline (anti-)neutrino  
oscillation experiment 
Two functionally identical detectors, 
optimized for νe identification 

Primary goal: 
measurement of 3-flavor 
oscillations via νμ→νμ and νμ→νe 

Other goals include:  
Searches for sterile neutrinos 
Neutrino cross sections 
Supernova neutrinos 
Cosmic ray physics

 29THE NOVA EXPERIMENT: NUMI OFF-AXIS   APPEARANCE EXPERIMENT
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oscillation experiment 
Two functionally identical detectors, 
optimized for νe identification 

Primary goal: 
measurement of 3-flavor 
oscillations via νμ→νμ and νμ→νe 

Other goals include:  
Searches for sterile neutrinos 
Neutrino cross sections 
Supernova neutrinos 
Cosmic ray physics
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quantify the performance of a particular model. However, it is important to discuss the applicability
of this work beyond LHC applications.

We illustrate the type of classification task needed for neutrino experiments by using simulated
data from the NOvA experiment. NOvA pioneered the application of convolutional neural networks
(CNN) in particle physics, by becoming the first experiment, in 2016, to use a CNN in a published
result [31, 32]. In this study, we used the pre-trained ResNet-5� model to distinguish between
the di�erent detector signatures associated with various neutrino interaction types and associated
backgrounds, by extracting features from neutrino interaction events with the featurizer and re-training
the final fully connected classifier layers to perform neutrino event classification. Specifically, 5⇥ 105

simulated neutrino events were used for training, with the following five categories: charged current
electron neutrino, charged current muon neutrino, charged current tau neutrino, neutral current neutrino
interactions, and cosmic ray tracks. These events are highly amenable to classification by convolutional
neural network architectures such as ResNet-5�.

We then applied the model to a separate test set of 150K neutrino events, and as a visual example,
we show three neutrino interaction type events in Fig. 6 that are selected with probability larger than
0.9. On the left (middle, right) is an example event originating from an electron (muon, tau) neutrino
charged current interaction. While the optimal use of machine learning to improve neutrino event
reconstruction and classification is an active area of research, the most successful approach thus far
employs convolutional neural network architectures, which work well with the homogeneous nature
of the neutrino detectors.
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Figure 6: Example visualizations of neutrino events correctly classified by our ResNet-5� model
with probability > 0.9: electron neutrino (left), muon neutrino (middle), and tau neutrino (right). The
top and bottom rows are the top and side views from the NOvA detector.

Current neutrino experiments, including NOvA and others, are potentially very exciting places to

– 9 –

APPLICATIONS NOT LIMITED TO LHC



Summary and outlooks
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• Data enables physics 

• Electroweak SUSY with WH +MET  and WWW analyses @ LHC Run2 @ 13 TeV 

• Instrumentation enables data 

• Keep up with LHC data rate and volume: 

• CMS Phase 1 pixel upgrade (completed). Fast machine learning inference for 
trigger/computing challenges. 

• Impacts the HL-LHC physics program: Higgsino searches, Di-Higgs, polarization 
component of same-sign WW scattering….

M.LIU
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We’ve collected only 5% of the LHC data. 

Let’s actively look for possible anomalies in  

LHC /HL-LHC datasets! 

Thanks!

M.LIU



Applications not limited to HEP 
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TRANSFER LEARNING: RESNET-50 FOR TOP TAGGING  63

Top VS QCD jets 
With pre-trained resnet50

Featurizer Classifier

Frozen
Re-train 

With 2 labels: 
Top vs QCD

• Quantized: MS’s 
implementation of ResNet 50 
on their FPGA co-processors 

M.LIU



Some processes need HL-LHC dataset (3000 fb-1) to be tested
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9. Decay channel combination and results 25

of the five decay channels are designed to be orthogonal thanks to the mutually exclusive re-
quirements in the objects used, or to have negligible overlap due to tight object identification
criteria and the separation and the efficient separation achieved by the multivariate methods
used. Systematic uncertainties associated to the same objects, such as the b tag efficiency un-
certainties, and to the same processes, including common backgrounds and the HH signal, are
correlated across the corresponding decay channels, while the others are left uncorrelated.

Table 6 summarises, for the five channels and their combination, the upper limit at the 95%
confidence level (CL) and the significance for the SM HH signal. The combined 95% CL upper
limit on the SM HH cross section amounts to 0.77 times the SM prediction, with a correspond-
ing significance of the signal of 2.6s. These results significantly improve over previous pro-
jections thanks to the dedicated optimisation of the analysis strategies to the HL-LHC dataset.
In comparison, the extrapolation to an integrated luminosity of 3000 fb�1 of the current Run II
combination, obtained with a dataset of 35.9 fb�1 collected at

p
s = 13 TeV [57], yields a pro-

jected SM HH significance of 1.8s neglecting all the systematic uncertainties.

Table 6: Upper limit at the 95% confidence level, significance, projected measurement at 68%
confidence level of the Higgs boson self coupling lHHH for the five channels studied and their
combination. Systematic and statistical uncertainties are considered.

Channel Significance 95% CL limit on sHH/sSM
HH

Stat. + syst. Stat. only Stat. + syst. Stat. only

bbbb 0.95 1.2 2.1 1.6
bbtt 1.4 1.6 1.4 1.3
bbWW(`n`n) 0.56 0.59 3.5 3.3
bbgg 1.8 1.8 1.1 1.1
bbZZ(````) 0.37 0.37 6.6 6.5

Combination 2.6 2.8 0.77 0.71

Prospects for the measurement of the lHHH coupling are also studied. Under the assumption
that no HH signal exists, 95% CL upper limits on the SM HH production cross section are
derived as a function kl = lHHH/lSM

HHH, where lSM
HHH denotes the SM prediction. The result

is illustrated in Fig. 9. A variation of the excluded cross section, directly related to changes in
the HH kinematic properties, can be observed as a function of lHHH. In the case of the bbWW
analysis, these changes largely impact the DNN discriminant distribution that is optimised for
the SM point. Parametrisation techniques, similar to those deployed in the Run II search, and
further optimisations can be envisaged at the HL-LHC to mitigate this effect and improve the
constraint on lHHH.

Assuming instead that a HH signal exists with the properties predicted by the SM, prospects
for the measurement of the lHHH are derived. The scan of the likelihood as a function of the kl

coupling is shown in Fig. 10. The projected confidence interval on this coupling corresponds
to [0.35, 1.9] at the 68% CL and to [�0.18, 3.6] at the 95% CL. The peculiar likelihood function
structure, characterised by two local minimums, is related to the dependence of the total cross
section and HH kinematic properties on kl, while the relative height of the two minimums
depends to the capability of the analyses to access differential mHH information. The total
HH cross section has a quadratic dependence on kl with a minimum at kl ⇡ 2.45, while the
kinematic differences for signals with kl values symmetric around this minimum are mostly
relevant in the low region of the mHH spectrum. Consequently, a partial degeneracy exists
between the kl = 1 value, that is assumed for the expected signal plus background modelling

CMS PAS: FTR-18-019

• 1500 lower than single Higgs production 

• Di-higgs production to measure the 
Higgs self-coupling—> direct probe of 
the Higgs potential.
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1 Introduction

Di-higgs boson production provides a crucial test of standard model (SM) electroweak symmetry breaking as
well as a search for new physics beyond the standard model (BSM). The CMS experiment [1] at the CERN
LHC has a suite of di-higgs searches which are disjoint and complementary across a large mass range and
parameter space.

Di-Higgs boson production can be categorized into resonant and non-resonant categories. SM di-Higgs
boson production is dominated by non-resonant gluon-gluon fusion production, as shown in Figure 1 (left).
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Which final state?

鏃 Phenomenologically rich set of 
final states 

鏃 One H→bb or H→WW decay 
required to keep BR high 
enough 
□ common techniques across 

analyses (e.g. b-tagging) + 
channel-specific challenges 

鏃 Complementarity of the 
channels 
□ similar sensitivity to 

non-resonant production 
□ different coverage in mX
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Figure 1: Dominant di-Higgs boson production diagrams via gluon-gluon fusion (left), possible di-Higgs
boson final states (right).

SM di-Higgs production provides insight into the nature of electroweak symmetry breaking through access
to the top-Higgs Yukawa coupling yt and the Higgs boson trilinear coupling �hhh, seen here in the Higgs
field potential:

V =
m2

h

2
h2 + �hhhvh

3 +
�hhhh

4
h4, �hhh = m2

h/(2v
2)

BSM models can lead to non-resonant and resonant di-Higgs production. Non-resonant production would
arise from anomalous couplings t = y0t/y

SM
t , � = �0

hhh/�
SM
hhh and up to 4 new contact interactions which

can lead to large modifications in production cross section and kinematic shapes. Resonant production
proceeds from BSM models where a new particle X decays to two Higgs bosons X ! HH.

The numerous decay possibilities of the Higgs boson leads to many di-higgs final state possibilities. All
the possible di-Higgs boson final states, along with the branching fractions to some final states are shown in
Figure 1 (right). Analyses are performed in final states which prioritize high branching fractions and clean
final states. All searches in CMS all have one Higgs boson decaying to two b jets, while the decay products
of the second Higgs boson vary. The final states considered are H(bb)H(bb), H(bb)H(��), H(bb)H(`⌫`⌫),
and H(bb)H(⌧⌧).

2 CMS Searches

2.1 H(bb)H(bb)

Di-higgs boson searches in the four b jet final state are performed for both resonant [2, 3] and non-resonant [4]
production with 2.3–35.9 fb�1. This final state has the benefit of the highest di-Higgs boson branching
fraction, paired with the challenge of a large multijet background. The resonant analysis is separated into
two categories: a 4-jet resolved search [2] and a 2-jet high mass boosted topology [3].

In the resolved search, a data-driven technique is used to estimate the multijet background. The 95%
confidence level (CL) limits in the resolved search can be seen in Figure 2.

The high-mass boosted search reconstructs each H(bb) system as a single high pT jet, with 105 <
Mj < 130. Jet substructure techniques and a double b-tagger MVA suppress backgrounds. The multijet
background is estimated using data sidebands in the double b-tagger and the invariant mass of the leading

1

http://cms.cern.ch/iCMS/analysisadmin/cadi?ancode=FTR-18-019


Examples of models explored at the LHC

 65

M.LIU

2 3 Event samples, reconstruction, and selection

p

p χ̃
0
2

χ̃
±
1

W±

χ̃
0
1

χ̃
0
1

H

Figure 1: Diagram corresponding to the SUSY simplified model targeted by this analysis, i.e.,
chargino-neutralino production, with the chargino decaying to a W boson and an LSP, while
the heavier neutralino decays to a Higgs boson and an LSP.

minosity of 35.9 fb�1 of pp collisions collected at a center-of-mass energy of 13 TeV with the47

CMS detector in 2016. The results are interpreted in the simplified SUSY model with chargino-48

neutralino production depicted in Fig. 1.49

2 The CMS detector50

The central feature of the CMS apparatus is a superconducting solenoid, 13 m in length and51

6 m in diameter, which provides an axial magnetic field of 3.8 T. Within the field volume are52

several particle detection systems. Charged-particle trajectories are measured with silicon pixel53

and strip trackers, covering 0  f < 2p in azimuth and |h| < 2.5 in pseudorapidity, where54

h ⌘ � ln[tan(q/2)] and q is the polar angle of the trajectory of the particle with respect to the55

counterclockwise beam direction. The transverse momentum, the component of the momen-56

tum p in the plane orthogonal to the beam, is defined in terms of the polar angle as pT = p sin q.57

A lead-tungstate crystal electromagnetic calorimeter and a brass and scintillator hadron calor-58

imeter surround the tracking volume, providing energy measurements of electrons, photons,59

and hadronic jets in the range |h| < 3.0. Muons are identified and measured within |h| < 2.460

by gas-ionization detectors embedded in the steel flux-return yoke of the solenoid. Forward61

calorimeters on each side of the interaction point encompass 3.0 < |h| < 5.0. The detector62

is nearly hermetic, allowing momentum imbalance measurements in the plane transverse to63

the beam direction. A two-tier trigger system selects pp collision events of interest for use in64

physics analyses. A detailed description of the CMS detector, together with a definition of the65

coordinate system used and the relevant kinematic variables, can be found in Ref. [39].66

3 Event samples, reconstruction, and selection67

3.1 Object definition and preselection68

Event reconstruction is based on the particle-flow (PF) algorithm [40, 41], which combines in-69

formation from the tracker, calorimeter, and muon systems to reconstruct and identify PF can-70

didates, i.e., charged and neutral hadrons, photons, muons, and electrons. To select collision71

events, we require at least one reconstructed vertex. The reconstructed vertex with the largest72

value of summed physics-object p2
T is taken to be the primary pp interaction vertex. The physics73

objects are the objects returned by a jet finding algorithm [42, 43] applied to all charged tracks74

associated with the vertex, plus the corresponding associated missing transverse momentum.75

The missing transverse momentum vector, ~pmiss
T , is defined as the negative vector sum of the76

momenta of all reconstructed PF candidates projected onto the plane perpendicular to the pro-77

products. The strongest limits from previous searches are
from combinations of results from the Large Electron
Positron collider (LEP) experiments [20–30]. The lower
bounds on direct chargino production from these results
correspond to mð χ̃"1 Þ > 103.5 GeV for Δmð χ̃"1 ; χ̃01Þ >
3 GeV and mð χ̃"1 Þ > 92.4 GeV for smaller mass
differences. For sleptons, conservative lower limits on the
mass of the scalar partner of the right-handed muon, denoted
μ̃R, are approximately mðμ̃RÞ ≳ 94.6 GeV for mass split-
tings down to Δmðμ̃R; χ̃01Þ≳ 2 GeV. For the scalar partner
of the right-handed electron, denoted ẽR, a universal lower
bound of mðẽRÞ ≳ 73 GeV independently of ΔmðẽR; χ̃01Þ
exists. Recent phenomenological studies have proposed to
probe compressed mass spectra in the electroweak SUSY
sector by using leptons with small transverse momentum,
pT, referred to as soft leptons [16,31–37].
A search for electroweak production of supersymmetric

particles in compressed mass spectra scenarios with final
states containing two soft same-flavor opposite-charge
leptons (electrons or muons) and a large magnitude
(Emiss

T ) of missing transverse momentum, pmiss
T , is presented

in this paper. The analysis uses proton-proton (pp) collision
data collected by the ATLAS experiment from 2015 and
2016 at the Large Hadron Collider (LHC) [38], correspond-
ing to 36.1 fb−1 of integrated luminosity at

ffiffiffi
s

p
¼ 13 TeV.

Figure 1 shows schematic diagrams representing the electro-
weakino and slepton pair production, as well as decays
targeted in this work. Same-flavor opposite-charge lepton
pairs arise either from χ̃02 decays via an off-shell Z boson
(denoted Z%) or the slepton decays. The Emiss

T in the signal
originates from the two LSPs recoiling against hadronic
initial-state radiation. Electroweakino signal regions are
constructed using the dilepton invariant massmll as a final
discriminant, in which the signals have a kinematic endpoint
given by the mass splitting of the χ̃02 and χ̃01, as illustrated in
Fig. 2. Slepton signal regions exploit a similar feature in the
stransverse mass mT2 [39,40]. This work complements the
sensitivity of existing ATLAS searches at

ffiffiffi
s

p
¼ 8 TeV

[41–44], which set limits on the production of winos that
decay via W or Z bosons for mass splittings of
Δmð χ̃"1 ; χ̃01Þ≳ 35 GeV, andΔmðl̃; χ̃01Þ≳ 55 GeV for slep-
ton production. Similar searches have been reported by the
CMS Collaboration at

ffiffiffi
s

p
¼ 8 TeV [45,46] and at

ffiffiffi
s

p
¼

13 TeV [47], which probe winos decaying via W or Z
bosons for mass splittings Δmð χ̃"1 ; χ̃01Þ≳ 23 GeV.
This paper has the following structure. After a brief

description of the ATLAS detector in Sec. II, the data and
Monte Carlo samples used are detailed in Sec. III.
Sections IV and V present the event reconstruction and
the signal region selections. The background estimation
and the systematic uncertainties are discussed in Secs. VI
and VII, respectively. Finally, the results and their inter-
pretation are reported in Sec. VIII before Sec. IX summa-
rizes the conclusions.

II. ATLAS DETECTOR

The ATLAS experiment [49] is a general-purpose
particle detector that surrounds the interaction point with
nearly 4π solid angle coverage.1 It comprises an inner

(a) (b)

FIG. 1. Diagrams representing the two-lepton final state of
(a) electroweakino χ̃02 χ̃

"
1 and (b) slepton pair l̃ l̃ production in

association with a jet radiated from the initial state (labeled j).
The Higgsino simplified model also considers χ̃02 χ̃

0
1 and χ̃þ1 χ̃

−
1

production.

FIG. 2. Dilepton invariant mass (mll) for Higgsino and wino-
bino simplified models. The endpoint of the mll distribution is
determined by the difference between the masses of the χ̃02 and
χ̃01. The results from simulation (solid line) are compared with an
analytic calculation of the expected line shape (dashed line)
presented in Ref. [48], where the product of the signed mass
eigenvalues (mð χ̃02Þ ×mð χ̃01Þ) is negative for Higgsino and
positive for wino-bino scenarios.

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from the IP
to the center of the LHC ring, and the y axis points upwards.
Cylindrical coordinates ðr;ϕÞ are used in the transverse plane, ϕ
being the azimuthal angle around the z axis. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ.
Angular distance is measured in units of ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2þðΔϕÞ2

p
.

Rapidity is defined by y ¼ 1
2 ln½ðEþ pzÞ=ðE − pzÞ(, where E is

the energy and pz is the longitudinal component of the momen-
tum along the beam direction.
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2 3 Signal models and Monte Carlo simulation

The first class of models assumes chargino-neutralino (ec±
1 ec0

2) production. The chargino always44

decays to the W boson and the LSP, ec0
1. The second neutralino can decay to either of the Z or H45

bosons plus the LSP. We consider three choices for the ec0
2 decay: a branching fraction of 100%46

to Zec0
1 (WZ topology), a branching fraction of 100% to Hec0

1 (WH topology), and a branching47

fraction of 50% to each of these two decays. This model is depicted in Fig. 1 showing the48

two possible decays. The particles ec±
1 and ec0

2 are assumed to be wino-like states, while ec0
1 is49

assumed to be bino-like.50

p
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0
1

Z

p

p χ̃
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±
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χ̃
0
1

χ̃
0
1

H

Figure 1: Chargino-neutralino pair production with the chargino decaying to the W boson and
the LSP and the neutralino decaying to either (left) a Z boson and the LSP or (right) a H boson
and the LSP.

The second class of models assumes neutralino-neutralino production. For the wino-like neu-51

tralinos the production cross section is very small, and thus we consider a specific gauge-52

mediated supersymmetry breaking (GMSB) model with quasi-degenerate higgsinos as next-53

to-lightest SUSY particles (NLSPs) and a gravitino (eG) as the LSP [42–44]. All of ec±
1 , ec0

2, and ec0
154

are assumed to be nearly degenerate in mass, such that in the production of any two of these,55

ec±
1 or ec0

2 decay immediately to ec0
1 and soft particles that do not impact the analysis, effectively56

yielding pair production of ec0
1 ec0

1. The cross sections for all of these processes are summed57

assuming these are higgsino-like states. The ec0
1 then decays to eG and either a Z or H boson,58

and we consider varying branching fractions from 100% Z to 100% H including intermediate59

values. The possible decays in this model are shown in Fig. 2.60
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Figure 2: A GMSB model with neutralino-neutralino pair production and the neutralinos de-
caying into gravitinos and (left) two Z bosons, (center) a Z and a H boson, or (right) two H
bosons.

Monte Carlo (MC) simulated samples are used in the various searches to estimate the back-61

ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63

ground samples are produced with the MADGRAPH5 AMC@NLO v2.2.2 generator [45] at64

leading order (LO) or next-to-leading order (NLO) accuracy in perturbative quantum chromo-65

dynamics (QCD), including up to one to four additional partons in the matrix element calcu-66
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Figure 8: The 95% CL upper limits on the production cross sections in the plane of mec±
1

and mec0
1

for the models of ec±
1 ec0

2 production with (upper) the WZ topology, (middle) the WH topology,
or (lower) the mixed topology with 50% branching fraction to each of WZ and WH. The thick
solid black (dashed red) curve represents the observed (expected) exclusion contour assuming
the theory cross sections. The area below each curve is the excluded region. The thin dashed red
lines indicate the ±1sexperiment uncertainty. The thin black lines show the effect of the theoretical
uncertainties (±1stheory) on the signal cross section. The color scale shows the observed limit at
95% CL on the signal production cross section.

Combination to cover full phase space
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❖ SUS-16-039: Multilepton: Same-sign 2L+ 3L

❖ SUS-16-034: OS 2L + MET + jets

❖ SUS-16-048: Soft-2lepton
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opposite to the pmiss
T vector. Events with 0 < mττ <

160 GeV are rejected. After the common and electro-
weakino SR selections in Table II are applied, this veto
retains 75% of the Higgsino signal withmð χ̃02Þ ¼ 110 GeV
andmð χ̃01Þ ¼ 100 GeV, while 87% of the Zð$Þ=γ$ð→ ττÞ þ
jets background is rejected.
After applying the common selection requirements

above, two sets of SRs are constructed to separately target
the production of electroweakinos and sleptons.
In electroweakino production, the two leptons originating

from Z$ → ll are both soft, and their invariant mass is
small. Because of the recoil of the SUSY particle system
against a jet from initial-state radiation, the angular separa-
tion ΔRll between the two leptons is required to be smaller
than 2.0. The transverse mass of the leading lepton andEmiss

T ,

defined as ml1
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðEl1

T Emiss
T − pl1

T · pmiss
T Þ

q
, is required to

be smaller than 70 GeV to reduce the background from tt̄,
WW=WZ, andW þ jets. The dilepton invariant massmll is
correlated with Δmð χ̃02; χ̃01Þ, illustrated in Fig. 2, and is used
to define the binning of the electroweakino SRs as further
described below.
In slepton pair production, the event topology can be

used to infer the slepton mass given the LSP mass. The
stransverse mass [39,40] is defined by

mm χ

T2 ðp
l1
T ;pl2

T ;pmiss
T Þ

¼ min
qT

½max (mTðp
l1
T ;qT; m χÞ; mTðpl2

T ;pmiss
T − qT; m χÞ)';

where m χ is the hypothesized mass of the invisible
particles, and the transverse vector qT with magnitude
qT is chosen to minimize the larger of the two transverse
masses, defined by

mTðpT;qT; m χÞ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þm2
χ þ 2

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þm2

l

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2T þm2

χ

q
− pT · qT

#r
:

For events arising from signals with slepton mass mðl̃Þ
and LSP mass mð χ̃01Þ, the values of mm χ

T2 are bounded
from above bymðl̃Þwhenm χ is equal tomð χ̃01Þ, i.e.m

m χ

T2 ≤
mðl̃Þ for m χ ¼ mð χ̃01Þ. The stransverse mass with
m χ ¼ 100 GeV, denotedm100

T2 , is used to define the binning
of the slepton SRs as further described below. The chosen
value of 100 GeV is based on the expected LSP masses of
the signals targeted by this analysis. The distribution of
m100

T2 does not vary significantly for signals where
mð χ̃01Þ ≠ 100 GeV.
The scalar sum of the lepton transverse momenta

Hlep
T ¼ pl1

T þ pl2
T is smaller in compressed-scenario

SUSY signal events than in background events such as
SM production of WW or WZ. The ratio Emiss

T =Hlep
T

provides signal-to-background discrimination which
improves for smaller mass splittings in the signals and
is therefore used as a sensitive variable in both the
electroweakino and slepton SRs. The minimum value of
the Emiss

T =Hlep
T requirement is adjusted event by event

TABLE II. Summary of event selection criteria. The binning scheme used to define the final signal regions is
shown in Table III. Signal leptons and signal jets are used when applying all requirements.

Variable Common requirement

Number of leptons ¼2
Lepton charge and flavor eþe− or μþμ−

Leading lepton pl1
T >5 (5) GeV for electron (muon)

Subleading lepton pl2
T >4.5 (4) GeV for electron (muon)

ΔRll >0.05
mll ∈½1; 60'GeV excluding [3.0, 3.2] GeV
Emiss
T >200 GeV

Number of jets ≥1
Leading jet pT >100 GeV
Δϕðj1;pmiss

T Þ >2.0
min (Δϕðany jet;pmiss

T Þ) >0.4
Number of b-tagged jets ¼ 0
mττ <0 or >160 GeV

Electroweakino SRs Slepton SRs

ΔRll <2 ( ( (
ml1

T
<70 GeV ( ( (

Emiss
T =Hlep

T
>max ð5; 15 − 2 mll

1 GeVÞ >max (3; 15 − 2ð m100
T2

1 GeV − 100Þ)
Binned in mll m100

T2
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Reject photon conversions

Reject Low mass resonants

ISR boost to get MET

Reject Z(ττ)

Soft leptons

to be triggered

products. The strongest limits from previous searches are
from combinations of results from the Large Electron
Positron collider (LEP) experiments [20–30]. The lower
bounds on direct chargino production from these results
correspond to mð χ̃"1 Þ > 103.5 GeV for Δmð χ̃"1 ; χ̃01Þ >
3 GeV and mð χ̃"1 Þ > 92.4 GeV for smaller mass
differences. For sleptons, conservative lower limits on the
mass of the scalar partner of the right-handed muon, denoted
μ̃R, are approximately mðμ̃RÞ ≳ 94.6 GeV for mass split-
tings down to Δmðμ̃R; χ̃01Þ≳ 2 GeV. For the scalar partner
of the right-handed electron, denoted ẽR, a universal lower
bound of mðẽRÞ ≳ 73 GeV independently of ΔmðẽR; χ̃01Þ
exists. Recent phenomenological studies have proposed to
probe compressed mass spectra in the electroweak SUSY
sector by using leptons with small transverse momentum,
pT, referred to as soft leptons [16,31–37].
A search for electroweak production of supersymmetric

particles in compressed mass spectra scenarios with final
states containing two soft same-flavor opposite-charge
leptons (electrons or muons) and a large magnitude
(Emiss

T ) of missing transverse momentum, pmiss
T , is presented

in this paper. The analysis uses proton-proton (pp) collision
data collected by the ATLAS experiment from 2015 and
2016 at the Large Hadron Collider (LHC) [38], correspond-
ing to 36.1 fb−1 of integrated luminosity at

ffiffiffi
s

p
¼ 13 TeV.

Figure 1 shows schematic diagrams representing the electro-
weakino and slepton pair production, as well as decays
targeted in this work. Same-flavor opposite-charge lepton
pairs arise either from χ̃02 decays via an off-shell Z boson
(denoted Z%) or the slepton decays. The Emiss

T in the signal
originates from the two LSPs recoiling against hadronic
initial-state radiation. Electroweakino signal regions are
constructed using the dilepton invariant massmll as a final
discriminant, in which the signals have a kinematic endpoint
given by the mass splitting of the χ̃02 and χ̃01, as illustrated in
Fig. 2. Slepton signal regions exploit a similar feature in the
stransverse mass mT2 [39,40]. This work complements the
sensitivity of existing ATLAS searches at

ffiffiffi
s

p
¼ 8 TeV

[41–44], which set limits on the production of winos that
decay via W or Z bosons for mass splittings of
Δmð χ̃"1 ; χ̃01Þ≳ 35 GeV, andΔmðl̃; χ̃01Þ≳ 55 GeV for slep-
ton production. Similar searches have been reported by the
CMS Collaboration at

ffiffiffi
s

p
¼ 8 TeV [45,46] and at

ffiffiffi
s

p
¼

13 TeV [47], which probe winos decaying via W or Z
bosons for mass splittings Δmð χ̃"1 ; χ̃01Þ≳ 23 GeV.
This paper has the following structure. After a brief

description of the ATLAS detector in Sec. II, the data and
Monte Carlo samples used are detailed in Sec. III.
Sections IV and V present the event reconstruction and
the signal region selections. The background estimation
and the systematic uncertainties are discussed in Secs. VI
and VII, respectively. Finally, the results and their inter-
pretation are reported in Sec. VIII before Sec. IX summa-
rizes the conclusions.

II. ATLAS DETECTOR

The ATLAS experiment [49] is a general-purpose
particle detector that surrounds the interaction point with
nearly 4π solid angle coverage.1 It comprises an inner

(a) (b)

FIG. 1. Diagrams representing the two-lepton final state of
(a) electroweakino χ̃02 χ̃

"
1 and (b) slepton pair l̃ l̃ production in

association with a jet radiated from the initial state (labeled j).
The Higgsino simplified model also considers χ̃02 χ̃

0
1 and χ̃þ1 χ̃

−
1

production.

FIG. 2. Dilepton invariant mass (mll) for Higgsino and wino-
bino simplified models. The endpoint of the mll distribution is
determined by the difference between the masses of the χ̃02 and
χ̃01. The results from simulation (solid line) are compared with an
analytic calculation of the expected line shape (dashed line)
presented in Ref. [48], where the product of the signed mass
eigenvalues (mð χ̃02Þ ×mð χ̃01Þ) is negative for Higgsino and
positive for wino-bino scenarios.

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from the IP
to the center of the LHC ring, and the y axis points upwards.
Cylindrical coordinates ðr;ϕÞ are used in the transverse plane, ϕ
being the azimuthal angle around the z axis. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ.
Angular distance is measured in units of ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2þðΔϕÞ2

p
.

Rapidity is defined by y ¼ 1
2 ln½ðEþ pzÞ=ðE − pzÞ(, where E is

the energy and pz is the longitudinal component of the momen-
tum along the beam direction.
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according to the size of the mass splitting inferred from
the event kinematics. For the electroweakino SRs, this
is achieved with mll as Emiss

T =Hlep
T > max½5; 15−

2mll=ð1 GeVÞ$. For the slepton SRs, m100
T2 − 100 GeV is

used as Emiss
T =Hlep

T >max½3;15−2fm100
T2 =ð1GeVÞ−100g$.

Figure 3 illustrates the Emiss
T =Hlep

T requirement for electro-
weakino and slepton SRs.
Table III defines the binning of the SRs. The electro-

weakino SRs are divided into seven nonoverlapping ranges
of mll, which are further divided by lepton flavor (ee, μμ),
and referred to as exclusive regions. Seven inclusive
regions are also defined, characterized by overlapping
ranges of mll. For the slepton SRs, m100

T2 is used to define
12 exclusive regions and 6 inclusive regions. When setting
model-dependent limits on the electroweakino (slepton)
signals, only the exclusive SRee-mll and SRμμ-mll

regions (SRee-m100
T2 and SRμμ-m100

T2 regions) are sta-
tistically combined in a simultaneous fit. When setting
model-independent upper limits on new physics signals,

only the inclusive SRll-mll and SRll-m100
T2 regions are

considered. The details of these statistical procedures are
given in Sec. VIII.
After all selection criteria are applied, the Higgsino

model with mð χ̃02Þ ¼ 110 GeV and mð χ̃01Þ ¼ 100 GeV has
an acceptance times efficiency of 6.5 × 10−5 in SRll-mll

[1, 60]. The acceptance times efficiency in SRll-m100
T2

½100; ∞$ for the slepton model, with mðl̃Þ ¼ 110 GeV
and mð χ̃01Þ ¼ 100 GeV, is 3.3 × 10−3.

VI. BACKGROUND ESTIMATON

A common strategy is used to determine the SM back-
ground in all SRs. The dominant sources of irreducible
background events that contain two prompt leptons, miss-
ing transverse momentum and jets are tt̄, tW, WW=WZ,
and Zð&Þ=γ&ð→ ττÞ þ jets, which are estimated using MC
simulation. The main reducible backgrounds are from
events containing fake/nonprompt leptons. These processes
are estimated collectively with a data-driven method. While

FIG. 3. Distributions of Emiss
T =Hlep

T for the electroweakino (left) and slepton (right) SRs, after applying all signal region selection
criteria except those on Emiss

T =Hlep
T , mll, and mT2. The solid red line indicates the requirement applied in the signal region; events in the

region below the red line are rejected. Representative benchmark signals for the Higgsino (left) and slepton (right) simplified models are
shown as circles. Both signal and background are normalized to their expected yields in 36.1 fb−1. The total background includes the
MC prediction for all the processes listed in Table I and a data-driven estimate for fake/nonprompt leptons discussed further in Sec. VI.

TABLE III. Signal region binning for the electroweakino and slepton SRs. Each SR is defined by the lepton flavor (ee, μμ, or ll for
both) and a range of mll (for electroweakino SRs) or m100

T2 (for slepton SRs) in GeV. The inclusive bins are used to set model-
independent limits, while the exclusive bins are used to derive exclusion limits on signal models.

Electroweakino SRs

Exclusive SRee-mll, SRμμ-mll [1, 3] [3.2, 5] [5, 10] [10, 20] [20, 30] [30, 40] [40, 60]
Inclusive SRll-mll [1, 3] [1, 5] [1, 10] [1, 20] [1, 30] [1, 40] [1, 60]

Slepton SRs

Exclusive SRee-m100
T2 , SRμμ-m

100
T2 [100, 102] [102, 105] [105, 110] [110, 120] [120, 130] ½130;∞$

Inclusive SRll-m100
T2 [100, 102] [100, 105] [100, 110] [100, 120] [100, 130] ½100;∞$
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with a corresponding signal strength parameter in a
simultaneous fit of all CRs and relevant SRs; this is
referred to as the exclusion fit. When an electroweakino
signal is assumed, the 14 exclusive SRee-mll and
SRμμ-mll regions binned in mll are considered. By
statistically combining these SRs, the signal shape of the
mll spectrum can be exploited to improve the sensitivity.
When a slepton signal is assumed, the 12 exclusive
SRee-m100

T2 and SRμμ-m100
T2 regions binned in m100

T2 are
used for the fit.
Table VI summarizes the fitted and observed event yields

in the exclusive electroweakino and slepton SRs using an
exclusion fit configuration where the signal strength
parameter is fixed to zero. The predicted yields differ
slightly from those obtained in the background-only fit, as
expected, because inclusion of the SRs to the fit further
constrains the background contributions in the absence of
signal. Figure 9 illustrates the compatibility of the fitted and
observed event yields in these regions. No significant
differences between the fitted background and the observed
event yields are found in the exclusive SRs.
Hypothesis tests are then performed to set limits on

simplified model scenarios using the CLs prescription.
Figure 10 (top) shows the 95% C.L. limits on the
Higgsino simplified model, based on an exclusion fit that

exploits the shape of the mll spectrum using the exclusive
electroweakino SRs. The exclusion limits are projected
into the next-to-lightest neutralino mass Δmð χ̃02; χ̃01Þ versus
mð χ̃02Þ plane, where χ̃02 are excluded up to masses of
∼145 GeV for Δmð χ̃02; χ̃01Þ between 5 and 10 GeV, and
down to Δmð χ̃02; χ̃01Þ ∼ 2.5 GeV for mð χ̃02Þ ∼ 100 GeV.
The 95% C.L. limits of the wino-bino simplified model
are shown in Fig. 10 (bottom), where χ̃02 neutralino is
excluded up to masses of ∼175 GeV for Δmð χ̃02; χ̃01Þ∼
10 GeV, and down Δmð χ̃02; χ̃01Þ ∼ 2 GeV for mð χ̃02Þ∼
100 GeV.
Figure 11 shows the 95% C.L. limits on the slepton

simplified model, based on an exclusion fit that exploits
the shape of the m100

T2 spectrum using the exclusive slepton
SRs. Here, l̃ with masses of up to ∼190 GeV are excluded
for Δmðl̃; χ̃01Þ ∼ 5 GeV, and down to mass splittings
Δmðl̃; χ̃01Þ of approximately 1 GeV for mðl̃Þ ∼ 70 GeV.
A fourfold degeneracy is assumed in selectron and smuon
masses.
Finally, Fig. 12 shows the 95% C.L. exclusion bounds on

the production cross sections for the NUHM2 scenario as a
function of the universal gaugino mass m1=2. The NUHM2
fit exploits the shape of the mll spectrum using the
exclusive electroweakino SRs. At m1=2 ¼ 350 GeV, which

FIG. 9. Comparison of observed and expected event yields after the exclusion fit with the signal strength parameter set to zero in the
exclusive signal regions. Background processes containing fewer than two prompt leptons are categorized as “Fake/nonprompt.” The
category “Others” contains rare backgrounds from triboson, Higgs boson, and the remaining top-quark production processes listed in
Table I. Uncertainties in the background estimates include both the statistical and systematic uncertainties, where σtot denotes the total
uncertainty.
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the fake/nonprompt lepton background tends to be dom-
inant at low values of mll and m100

T2 , the irreducible tt̄, tW,
WW=WZ processes are more important at the upper end of
the distributions.

A. Irreducible background

The MC simulations of tt̄; tW and Zð"Þ=γ"ð→ ττÞ þ jets
background processes are normalized in a simultaneous fit
to the observed data counts in control regions (CRs) using
statistical procedures detailed in Sec. VIII. The CRs are
designed to be statistically disjoint from the SRs, to be
enriched in a particular background process, to have
minimal contamination from the signals considered, and
to exhibit kinematic properties similar to the SRs. The event
rates in the SRs are then predicted by extrapolating from the
CRs using the simulated MC distributions. This extrapo-
lation is validated using events in dedicated validation

regions (VRs), which are not used to constrain the fit and
are orthogonal in selection to the CRs and SRs. The
definitions of these regions are summarized in Table IV.
The tt̄ and tW, diboson WW=WZ, and Zð"Þ=γ"ð→ ττÞ þ

jets processes containing two prompt leptons all yield
same-flavor lepton pairs (ee and μμ) at the same rate as
for different-flavor pairs (eμ and μe, where the first lepton
is the leading lepton). To enhance the statistical con-
straining power of the respective CRs, all possible flavor
assignments (ee, μμ, eμ, and μe) are selected when defining
the CRs.
Two single-bin CRs are considered, which have all the

selections in Table II applied unless stated otherwise in
Table IV. A sample enriched in top quarks with 71% purity,
CR-top, is defined by selecting events with at least one
b-tagged jet. This CR has 1100 observed events and is
used to constrain the normalization of the tt̄ and tW
processes with dilepton final states. A sample enriched

TABLE IV. Definition of control and validation regions. The common selection criteria in Table II are implied
unless otherwise specified.

Region Leptons Emiss
T =Hlep

T
Additional requirements

CR-top e%e∓, μ%μ∓, e%μ∓, μ%e∓ >5 ≥1 b-tagged jet(s)
CR-tau e%e∓, μ%μ∓, e%μ∓, μ%e∓ ∈ ½4; 8' mττ ∈ ½60; 120'GeV

VR-VV e%e∓, μ%μ∓, e%μ∓, μ%e∓ <3
VR-SS e%e%, μ%μ%, e%μ%, μ%e% >5
VRDF-mll e%μ∓, μ%e∓ >max ð5; 15 − 2 mll

1 GeVÞ ΔRll < 2, ml1
T < 70 GeV

VRDF-m100
T2 e%μ∓, μ%e∓ >max ð3; 15 − 2ð m100

T2
1 GeV − 100ÞÞ

FIG. 4. Examples of kinematic distributions after the background-only fit showing the data as well as the expected background in
control regions CR-tau (left) and CR-top (right). The full event selection of the corresponding regions is applied, except for the
requirement that is imposed on the variable being plotted. This requirement is indicated by blue arrows in the distributions. The first
(last) bin includes underflow (overflow). Background processes containing fewer than two prompt leptons are categorized as “Fake/
nonprompt.” The category “Others” contains rare backgrounds from triboson, Higgs boson, and the remaining top-quark production
processes listed in Table I. The uncertainty bands plotted include all statistical and systematic uncertainties.
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• Top background estimated from a b-tagged region. 

• Tau background estimated on Z peak. 

• Diboson backgrounds validated in data 

• Fake lepton estimated with fake rate method, validated with 
a Same-sign dilepton region 

• Mll and MT2 shape modeling validated using e/m events

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-25/


 69

M.LIU

Direct slepton production(ee/mm +MET)

10 8 Interpretation

8.2 Interpretations using simplified models

The results of the search are interpreted using the model described in Section 1, and upper lim-
its on the slepton pair production cross section are provided in Figure 3 for three scenarios, as-
suming the existence of both mass degenerate left- and right-handed sleptons, only left-handed
sleptons and only right-handed sleptons. The cross section for the right handed sleptons is
about a third of that of the left-handed sleptons and thus the origin of the different limits. Fig-
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Figure 3: Cross section upper limit and exclusion contours at 95% CL for the direct slepton
production as a function of the ec0

1 and è masses, assuming the production of both left- and
right-handed sleptons of two flavors (top), or production of only left- (bottom left) or right-
handed (bottom right) sleptons of two flavors. The region under the thick red dotted (black
solid) line is excluded by the expected (observed) limit. The thin red dotted curves indicate
the regions containing 95% of the distribution of limits expected under the background-only
hypothesis. The thin solid black curves show the change in the observed limit due to variation
of the signal cross sections within their theoretical uncertainties.
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(a) RPV wino W/Z NLSP
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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• In RPV models, lepton number violation, X10 

decays to llν 

• Wino-like χ ±̃1 /χ 0̃2 and l L̃/ν  ̃masses up 
to 1.46 TeV, 1.06 TeV are excluded, 

SUSY-2016-21R-Parity Violation models

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-21/
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• In RPV models, lepton number violation, X10 decays to llν, low MET compared to RPC signatures 

• Analysis selects 4 leptons: e/μ/τ, allowing up to 2 hadronically decaying τ. 

• Events categorized with whether a dilepton pair is consistent with Z boson, MET and Meff 

• Wino-like χ ±̃1 /χ 0̃2 and l L̃/ν  ̃masses up to 1.46 TeV, 1.06 TeV are excluded, 

SUSY-2016-21
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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1. Introduction 1

1 Introduction1

Supersymmetry (SUSY) [1–3] with R-parity violation (RPV) is an attractive extension of the2

standard model (SM) offering gauge coupling unification, dynamic electroweak symmetry3

breaking, and a solution to the hierarchy problem. In SUSY scenarios without RPV, super-4

symmetric particles can only be produced in pairs, and the lightest supersymmetric particle5

(LSP) is stable. If the LSP is neutral (e.g. the lightest neutralino c̃0
1), experimental signatures at6

hadron colliders usually involve a large amount of missing transverse momentum due to LSPs7

leaving the detector undetected. With RPV the situation is different: The LSP can decay back8

into standard model particles, and the strong exclusion limits for supersymmetric particles9

from other searches are less relevant. In addition, SUSY models with RPV allow for different10

production mechanisms, such as the resonant production of sleptons from quarks, which will11

be investigated in this letter.12

We present a search for resonant production of second generation sleptons (µ̃, ñµ) in final states13

with a same-sign dimuon pair and jets. Same-sign dilepton production is rare in the standard14

model, and is therefore well suited as a signature for new physics searches. The search is based15

on 35.6 ± 0.9 fb�1 of
p

s = 13 TeV proton-proton collision data recorded in 2016 with the CMS16

detector at the CERN LHC. Resonant second generation slepton production has previously17

been searched for by the D0 collaboration [4] at the Tevatron.18

In the most general minimal supersymmetric theory, the superpotential contains lepton- and19

baryon-number violating terms,20

WLNV+BNV =
1
2

lijkLiLjĒk

| {z }
LLE term

+ l0
ijk

LiQjD̄k| {z }
LQD term

� ki
Li Hu| {z }

LH term

+
1
2

l00
ijk

ŪiD̄jD̄k

| {z }
UDD term

. (1)

The terms associated with the coupling parameters l, l0, and k lead to lepton-number viola-21

tion, while the one linked to l00 causes baryon-number violation. A combination of these terms22

leads to a rapid decay of the proton which is not in observed in nature. To keep the proton23

stable, additional symmetries are introduced. A common choice for this symmetry is called24

R-parity, which forbids all the terms in Eq. 1. However, there are other symmetries which can25

replace R-parity and keep the proton stable [5, 6]. Supersymmetric theories where no R-parity26

conservation is imposed are usually called R-parity-violating models. At the LHC, sleptons27

can be produced from quarks as an s-channel resonance via the trilinear LQD term of the su-28

perpotential. The coupling strength of this interaction is characterized by the l0
ijk

coupling29

parameters, where i specifies the lepton and jk the quark generations. For proton-proton colli-30

sions at the LHC, the contributions from the first quark generation are dominant (j = k = 1).31

The lepton index determines which sleptons can be produced via this coupling. It also defines32

the possible decay modes of the LSP, since all decay modes of the LSP into SM particles have33

to involve RPV couplings. The search presented here focuses on production and decays via the34

coupling l0
211.35

Starting from a modified version of the constrained minimal supersymmetric model (cMSSM)36

with l0
211 as additional coupling, the dominant signal contributions leading to a same-sign37

dimuon pair are shown in Fig. 1. Here, the LSP is assumed to be the lightest neutralino c̃1
0, and38

all other RPV couplings are set to zero (single coupling dominance). In the diagrams shown in39

Fig. 1, a smuon (µ̃) or a muon sneutrino (ñµ) is produced from two light quarks and decays into40

a muon and either a neutralino or a chargino. If the sparticle produced in the slepton decay41

is not already the LSP, the neutralino (chargino) decays into the LSP and a Z (W) boson. All42

decay chains end with the decay of the LSP into a second muon and two light quarks via an43

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-21/
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• Higgsino-like spectrum:  

• Lower cross section 

• Challenging signatures: 

• Δm~ tens of GeV : Soft decay 
products 

• Δm~ hundreds of MeV : Long-lived 
signatures.

56

Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV

~H~χ1

0
~χ1

±
~χ2

0

mass

~
t 1

~
t 2 ~

b1

~g

“Natural” SUSY Spectrum

Δm

Higgsino-likeΔm~  
hundreds of MeV 

to 
tens of GeV
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products. The strongest limits from previous searches are
from combinations of results from the Large Electron
Positron collider (LEP) experiments [20–30]. The lower
bounds on direct chargino production from these results
correspond to mð χ̃"1 Þ > 103.5 GeV for Δmð χ̃"1 ; χ̃01Þ >
3 GeV and mð χ̃"1 Þ > 92.4 GeV for smaller mass
differences. For sleptons, conservative lower limits on the
mass of the scalar partner of the right-handed muon, denoted
μ̃R, are approximately mðμ̃RÞ ≳ 94.6 GeV for mass split-
tings down to Δmðμ̃R; χ̃01Þ≳ 2 GeV. For the scalar partner
of the right-handed electron, denoted ẽR, a universal lower
bound of mðẽRÞ ≳ 73 GeV independently of ΔmðẽR; χ̃01Þ
exists. Recent phenomenological studies have proposed to
probe compressed mass spectra in the electroweak SUSY
sector by using leptons with small transverse momentum,
pT, referred to as soft leptons [16,31–37].
A search for electroweak production of supersymmetric

particles in compressed mass spectra scenarios with final
states containing two soft same-flavor opposite-charge
leptons (electrons or muons) and a large magnitude
(Emiss

T ) of missing transverse momentum, pmiss
T , is presented

in this paper. The analysis uses proton-proton (pp) collision
data collected by the ATLAS experiment from 2015 and
2016 at the Large Hadron Collider (LHC) [38], correspond-
ing to 36.1 fb−1 of integrated luminosity at

ffiffiffi
s

p
¼ 13 TeV.

Figure 1 shows schematic diagrams representing the electro-
weakino and slepton pair production, as well as decays
targeted in this work. Same-flavor opposite-charge lepton
pairs arise either from χ̃02 decays via an off-shell Z boson
(denoted Z%) or the slepton decays. The Emiss

T in the signal
originates from the two LSPs recoiling against hadronic
initial-state radiation. Electroweakino signal regions are
constructed using the dilepton invariant massmll as a final
discriminant, in which the signals have a kinematic endpoint
given by the mass splitting of the χ̃02 and χ̃01, as illustrated in
Fig. 2. Slepton signal regions exploit a similar feature in the
stransverse mass mT2 [39,40]. This work complements the
sensitivity of existing ATLAS searches at

ffiffiffi
s

p
¼ 8 TeV

[41–44], which set limits on the production of winos that
decay via W or Z bosons for mass splittings of
Δmð χ̃"1 ; χ̃01Þ≳ 35 GeV, andΔmðl̃; χ̃01Þ≳ 55 GeV for slep-
ton production. Similar searches have been reported by the
CMS Collaboration at

ffiffiffi
s

p
¼ 8 TeV [45,46] and at

ffiffiffi
s

p
¼

13 TeV [47], which probe winos decaying via W or Z
bosons for mass splittings Δmð χ̃"1 ; χ̃01Þ≳ 23 GeV.
This paper has the following structure. After a brief

description of the ATLAS detector in Sec. II, the data and
Monte Carlo samples used are detailed in Sec. III.
Sections IV and V present the event reconstruction and
the signal region selections. The background estimation
and the systematic uncertainties are discussed in Secs. VI
and VII, respectively. Finally, the results and their inter-
pretation are reported in Sec. VIII before Sec. IX summa-
rizes the conclusions.

II. ATLAS DETECTOR

The ATLAS experiment [49] is a general-purpose
particle detector that surrounds the interaction point with
nearly 4π solid angle coverage.1 It comprises an inner

(a) (b)

FIG. 1. Diagrams representing the two-lepton final state of
(a) electroweakino χ̃02 χ̃

"
1 and (b) slepton pair l̃ l̃ production in

association with a jet radiated from the initial state (labeled j).
The Higgsino simplified model also considers χ̃02 χ̃

0
1 and χ̃þ1 χ̃

−
1

production.

FIG. 2. Dilepton invariant mass (mll) for Higgsino and wino-
bino simplified models. The endpoint of the mll distribution is
determined by the difference between the masses of the χ̃02 and
χ̃01. The results from simulation (solid line) are compared with an
analytic calculation of the expected line shape (dashed line)
presented in Ref. [48], where the product of the signed mass
eigenvalues (mð χ̃02Þ ×mð χ̃01Þ) is negative for Higgsino and
positive for wino-bino scenarios.

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from the IP
to the center of the LHC ring, and the y axis points upwards.
Cylindrical coordinates ðr;ϕÞ are used in the transverse plane, ϕ
being the azimuthal angle around the z axis. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ.
Angular distance is measured in units of ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2þðΔϕÞ2

p
.

Rapidity is defined by y ¼ 1
2 ln½ðEþ pzÞ=ðE − pzÞ(, where E is

the energy and pz is the longitudinal component of the momen-
tum along the beam direction.

M. AABOUD et al. PHYS. REV. D 97, 052010 (2018)

052010-2

Higgsino-like

Soft

ISR jet

• Dedicated searches with similar search strategy : 
ATLAS: SUSY-2016-25	 CMS: SUS-16-048, 

• Soft leptons pt: 4-5 GeV, hard to trigger 

• ISR jet to get the system boosted —> large 
missing transverse energy to be triggered: 

• MET > 200 GeV. (ATLAS pure MET trigger) 

•  MET>125 GeV (CMS MET+ soft lepton trigger)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-25/
https://arxiv.org/abs/1801.01846
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soft leptons — interpretations 

corresponds to a mass splitting Δmð χ̃02; χ̃01Þ of approxi-
mately 45 GeV, the signal cross section is constrained to be
less than five times the predicted value in the NUHM2
scenario at 95% C.L. For m1=2 ¼ 800 GeV, corresponding
to a mass splitting of approximately 15 GeV, the 95% C.L.
cross section upper limit is twice the NUHM2 prediction.
In these interpretations, sensitivity is lost when the mass

splitting between the produced SUSY particle and the
LSP becomes less than a few GeV due to the reduced
acceptance and reconstruction efficiency of the soft leptons.
Meanwhile, sensitivity decreases for larger mass splittings
above approximately 20 to 30 GeV due to the mll or m100

T2
shapes of the signal becoming increasingly similar to those
of the SM backgrounds.

FIG. 10. Expected 95% C.L. exclusion sensitivity (blue dashed
line) with $1σexp (yellow band) from experimental systematic
uncertainties and observed limits (red solid line) with $1σtheory
(dotted red line) from signal cross section uncertainties for
simplified models of direct Higgsino (top) and wino (bottom)
production. A fit of signals to the mll spectrum is used to derive
the limit, which is projected into the Δmð χ̃02; χ̃01Þ vs.mð χ̃02Þ plane.
For Higgsino production, the chargino χ̃$1 mass is assumed to be
halfway between the two lightest neutralino masses, while
mð χ̃02Þ ¼ mð χ̃$1 Þ is assumed for the wino-bino model. The gray
regions denote the lower chargino mass limit from LEP [20]. The
blue region in the lower plot indicates the limit from the 2lþ 3l
combination of ATLAS Run 1 [41,42].

FIG. 11. Expected 95% C.L. exclusion sensitivity (blue dashed
line) with $1σexp (yellow band) from experimental systematic
uncertainties and observed limits (red solid line) with $1σtheory
(dotted red line) from signal cross section uncertainties for
simplified models of direct slepton production. A fit of slepton
signals to the m100

T2 spectrum is used to derive the limit, which is
projected into the Δmðl̃; χ̃01Þ vs. mðl̃Þ plane. Slepton l̃ refers to
the scalar partners of left- and right-handed electrons and muons,
which are assumed to be fourfold mass degenerate mðẽLÞ ¼
mðẽRÞ ¼ mðμ̃LÞ ¼ mðμ̃RÞ. The gray region is the ẽR limit from
LEP [20,24], while the blue region is the fourfold mass
degenerate slepton limit from ATLAS Run 1 [41].

FIG. 12. Observed and expected 95% C.L. cross section upper
limits as a function of the universal gaugino mass m1=2 for the
NUHM2model. The green and yellow bands around the expected
limit indicate the $1σ and $2σ uncertainties, respectively. The
expected signal production cross sections as well as the asso-
ciated uncertainty are indicated with the blue solid and dashed
lines. The lower x-axis indicates the difference between the χ̃02
and χ̃01 masses for different values of m1=2. A fit of signals to the
mll spectrum is used to derive this limit.

SEARCH FOR ELECTROWEAK PRODUCTION OF … PHYS. REV. D 97, 052010 (2018)
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products. The strongest limits from previous searches are
from combinations of results from the Large Electron
Positron collider (LEP) experiments [20–30]. The lower
bounds on direct chargino production from these results
correspond to mð χ̃"1 Þ > 103.5 GeV for Δmð χ̃"1 ; χ̃01Þ >
3 GeV and mð χ̃"1 Þ > 92.4 GeV for smaller mass
differences. For sleptons, conservative lower limits on the
mass of the scalar partner of the right-handed muon, denoted
μ̃R, are approximately mðμ̃RÞ ≳ 94.6 GeV for mass split-
tings down to Δmðμ̃R; χ̃01Þ≳ 2 GeV. For the scalar partner
of the right-handed electron, denoted ẽR, a universal lower
bound of mðẽRÞ ≳ 73 GeV independently of ΔmðẽR; χ̃01Þ
exists. Recent phenomenological studies have proposed to
probe compressed mass spectra in the electroweak SUSY
sector by using leptons with small transverse momentum,
pT, referred to as soft leptons [16,31–37].
A search for electroweak production of supersymmetric

particles in compressed mass spectra scenarios with final
states containing two soft same-flavor opposite-charge
leptons (electrons or muons) and a large magnitude
(Emiss

T ) of missing transverse momentum, pmiss
T , is presented

in this paper. The analysis uses proton-proton (pp) collision
data collected by the ATLAS experiment from 2015 and
2016 at the Large Hadron Collider (LHC) [38], correspond-
ing to 36.1 fb−1 of integrated luminosity at

ffiffiffi
s

p
¼ 13 TeV.

Figure 1 shows schematic diagrams representing the electro-
weakino and slepton pair production, as well as decays
targeted in this work. Same-flavor opposite-charge lepton
pairs arise either from χ̃02 decays via an off-shell Z boson
(denoted Z%) or the slepton decays. The Emiss

T in the signal
originates from the two LSPs recoiling against hadronic
initial-state radiation. Electroweakino signal regions are
constructed using the dilepton invariant massmll as a final
discriminant, in which the signals have a kinematic endpoint
given by the mass splitting of the χ̃02 and χ̃01, as illustrated in
Fig. 2. Slepton signal regions exploit a similar feature in the
stransverse mass mT2 [39,40]. This work complements the
sensitivity of existing ATLAS searches at

ffiffiffi
s

p
¼ 8 TeV

[41–44], which set limits on the production of winos that
decay via W or Z bosons for mass splittings of
Δmð χ̃"1 ; χ̃01Þ≳ 35 GeV, andΔmðl̃; χ̃01Þ≳ 55 GeV for slep-
ton production. Similar searches have been reported by the
CMS Collaboration at

ffiffiffi
s

p
¼ 8 TeV [45,46] and at

ffiffiffi
s

p
¼

13 TeV [47], which probe winos decaying via W or Z
bosons for mass splittings Δmð χ̃"1 ; χ̃01Þ≳ 23 GeV.
This paper has the following structure. After a brief

description of the ATLAS detector in Sec. II, the data and
Monte Carlo samples used are detailed in Sec. III.
Sections IV and V present the event reconstruction and
the signal region selections. The background estimation
and the systematic uncertainties are discussed in Secs. VI
and VII, respectively. Finally, the results and their inter-
pretation are reported in Sec. VIII before Sec. IX summa-
rizes the conclusions.

II. ATLAS DETECTOR

The ATLAS experiment [49] is a general-purpose
particle detector that surrounds the interaction point with
nearly 4π solid angle coverage.1 It comprises an inner

(a) (b)

FIG. 1. Diagrams representing the two-lepton final state of
(a) electroweakino χ̃02 χ̃

"
1 and (b) slepton pair l̃ l̃ production in

association with a jet radiated from the initial state (labeled j).
The Higgsino simplified model also considers χ̃02 χ̃

0
1 and χ̃þ1 χ̃

−
1

production.

FIG. 2. Dilepton invariant mass (mll) for Higgsino and wino-
bino simplified models. The endpoint of the mll distribution is
determined by the difference between the masses of the χ̃02 and
χ̃01. The results from simulation (solid line) are compared with an
analytic calculation of the expected line shape (dashed line)
presented in Ref. [48], where the product of the signed mass
eigenvalues (mð χ̃02Þ ×mð χ̃01Þ) is negative for Higgsino and
positive for wino-bino scenarios.

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from the IP
to the center of the LHC ring, and the y axis points upwards.
Cylindrical coordinates ðr;ϕÞ are used in the transverse plane, ϕ
being the azimuthal angle around the z axis. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ.
Angular distance is measured in units of ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2þðΔϕÞ2

p
.

Rapidity is defined by y ¼ 1
2 ln½ðEþ pzÞ=ðE − pzÞ(, where E is

the energy and pz is the longitudinal component of the momen-
tum along the beam direction.
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Comparable exclusion by CMS 
see backup
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Figure 7: The observed 95% CL exclusion contours (black curve) assuming the NLO cross sec-
tions, with the variations corresponding to the uncertainty in the cross sections for the higgsino
pMSSM, which has been introduced in the text. The dashed (red) curves present the band cov-
ering 68% of the limits in the absence of signal. The model considers all possible production
processes.
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soft leptons — interpretations 

pMSSM

Higgsino mass

Bino mass :  
1/2 * Wino mass
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• Special case : GMSB Higgsino: 

• Gravitino is the LSP 

• Enhanced production of  

• Picks up all contributions from            
etc…. 

• Collectively referred to as higgsinos.

Search Highlights — GMSB Higgsino

April 27, 2016

12

Electroweak and Compressed SUSY LPC EventD. Olivito (UCSD)

Decays, without SleptonsDecays, without Sleptons

(~B)~χ1

0

~χ1

± (~W )~χ2

0

W Z/h

~χ1

0

~
G

Z/h/g

GMSB / GGM

Pair production signature: Diboson + MET
W(*), Z(*), Higgs, Photons

→ leptons, jets only from boson decays or ISR, photons
Need to combine analyses to cover all boson decays

56

Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV
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Figure 11: Combined exclusion contours at the 95% CL in the plane of mec0
1

and B(ec0
1 ! HeG) for

the model of ec0
1 ec0

1 production. The area to the left of or below the solid (dashed) black curve
represents the observed (expected) exclusion region. The green and yellow bands indicate
the ±1 and 2s uncertainties in the expected limit. The thin black lines show the effect of the
theoretical uncertainties (±1stheory) on the signal cross section.
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dilepton and multilepton searches are competing at lower values of B(ec0
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Combination to cover full phase space
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Figure 8: The observed 95% CL exclusion contours (black curves) assuming the NLO+NLL
cross sections, with the variations corresponding to the uncertainty in the cross sections for
the higgsino simplified models. The dashed (red) curves present the expected limits with the
associated band covering 68% of the limits in the absence of signal.
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• Dedicated searches using events with >= 3 b jets 

• ATLAS-CONF-2017-081 CMS:SUS-16-044 

• Large branching fraction of H->bb 

Search Highlights — GMSB Higgsino

April 27, 2016
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Electroweak and Compressed SUSY LPC EventD. Olivito (UCSD)
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Pair production signature: Diboson + MET
W(*), Z(*), Higgs, Photons

→ leptons, jets only from boson decays or ISR, photons
Need to combine analyses to cover all boson decays
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Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV
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Δm

< m�̃0
2
, would be nearly degenerate [25–27]. In these models, sparticle production is dominated by the

�̃0
1 �̃

0
2, �̃0

1 �̃
±
1 , �̃0

2 �̃
±
1 , and �̃+1 �̃

�
1 processes; in these scenarios, the heavier chargino and neutralinos can

cascade decay to the lightest neutralino ( �̃0
1) via o�-shell W and Z bosons, which are assumed to decay

to immeasurably low momentum particles.

In SUSY models with low SUSY breaking scales, such as GGM or GMSB, a G̃ is typically assumed to be
the LSP; in natural models with light higgsinos, the �̃0

1 then becomes the next-to-lightest-supersymmetric
(NLSP) particle. While a variety of decay scenarios are possible between the various higgsino states and
the LSP, the models under study in this analysis assume that the heavier higgsinos decay first to the �̃0

1
and then promptly to the LSP. Depending on the specific parameters of the model, the �̃0

1 can decay to the
G̃ via a photon, Z boson, or Higgs boson [28]. If m

H̃
is greater than the Higgs mass, the �̃0

1 is dominated
by the higgsino component, and tan � (the ratio of expectation values of the Higgs doublets) is small, then
the dominant decay will typically be via Higgs bosons, which can in turn decay to pairs of b-quarks which
this search targets.

These scenarios are implemented as simplified models [29–31] as shown in Figure 1. The primary free
parameter of the model is the mass of the degenerate higgsino states, m

H̃
; the mass of the LSP is set to a

negligibly small value. Additionally, to study the e�ects of model parameters which a�ect the decay mode
of the NLSP, the branching ratio of the �̃0

1 decays is varied between 100% hG̃ and 100% ZG̃ decays. The
cross-section is set to the sum of the four mass-degenerate higgsino pair production processes.

H̃

H̃

h/Z

h/Zp

p

G̃

b

b

G̃

b

b

Figure 1: Diagram for the simplified model considered in the analysis. The primary interpretation of the analysis is
the decay via Higgs bosons, but decays via varied branching ratios to Z bosons are also studied. The production of
the H̃ occurs via mass-degenerate pairs of charginos or neutralinos, which decay to the �̃0

1 and immeasurably low
momentum particles.

3 ATLAS detector

The ATLAS detector is a multipurpose particle detector with a forward-backward symmetric cylindrical
geometry and nearly 4⇡ coverage in solid angle.2 The inner tracking detector (ID) consists of silicon

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2).
Rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )] where E denotes the energy and pz is the component of the momentum
along the beam direction.

3

Higgsinos

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-081/
https://arxiv.org/abs/1709.04896
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Figure 13: The analysis with the best expected exclusion limit at each point in the plane of mec0
1

and B(ec0
1 ! HeG) for the model of ec0

1 ec0
1 production.

a gauge-mediated SUSY breaking (GMSB) scenario. For a massless LSP ec0
1 in the chargino-

neutralino model, the combined result gives an observed (expected) limit in the ec±
1 mass of

about 650 (570) GeV for the WZ topology, 480 (455) GeV for the WH topology, and 535 (440) GeV
for the mixed topology. Compared to the results of individual analyses, the combination im-
proves the observed exclusion limit by up to 40 GeV in the masses of ec±

1 and ec0
2 in the chargino-

neutralino model. The combination also excludes intermediate mass values that were not ex-
cluded by individual analyses, including ec±

1 masses between 180 and 240 GeV in the WH topol-
ogy. In the GMSB neutralino pair model, the combined result gives an observed (expected)
limit in the ec0

1 mass of 650–750 (550–750) GeV. The combined result improves the observed
limit by up to 200 GeV in the mass of ec0

1 in the GMSB neutralino pair model, depending on the
branching fractions for the SUSY particle decays. These results represent the most stringent
constraints to date for all models considered.
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theoretical uncertainties (±1stheory) on the signal cross section.
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excluded. The 4b search drives the exclusion at large values of B(ec0

1 ! HeG) while the on-Z
dilepton and multilepton searches are competing at lower values of B(ec0

1 ! HeG).
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• Combined sensitivity : no strong dependence on the BR of Higgsino->H+Gravitino.

Most sensitive analysis

Combination to cover full model space



Compressed Higgsino

 79

M.LIU

• Higgsino-like spectrum:  

• Lower cross section 

• Challenging signatures: 

• Δm~ tens of GeV : Soft decay 
products 

• Δm~ hundreds of MeV : Long-lived 
signatures.
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Compressed ewkinos are well 
motivated by both naturalness and DM
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with mass few hundred GeV

Typical Δm of ~few-tens of GeV
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products. The strongest limits from previous searches are
from combinations of results from the Large Electron
Positron collider (LEP) experiments [20–30]. The lower
bounds on direct chargino production from these results
correspond to mð χ̃"1 Þ > 103.5 GeV for Δmð χ̃"1 ; χ̃01Þ >
3 GeV and mð χ̃"1 Þ > 92.4 GeV for smaller mass
differences. For sleptons, conservative lower limits on the
mass of the scalar partner of the right-handed muon, denoted
μ̃R, are approximately mðμ̃RÞ ≳ 94.6 GeV for mass split-
tings down to Δmðμ̃R; χ̃01Þ≳ 2 GeV. For the scalar partner
of the right-handed electron, denoted ẽR, a universal lower
bound of mðẽRÞ ≳ 73 GeV independently of ΔmðẽR; χ̃01Þ
exists. Recent phenomenological studies have proposed to
probe compressed mass spectra in the electroweak SUSY
sector by using leptons with small transverse momentum,
pT, referred to as soft leptons [16,31–37].
A search for electroweak production of supersymmetric

particles in compressed mass spectra scenarios with final
states containing two soft same-flavor opposite-charge
leptons (electrons or muons) and a large magnitude
(Emiss

T ) of missing transverse momentum, pmiss
T , is presented

in this paper. The analysis uses proton-proton (pp) collision
data collected by the ATLAS experiment from 2015 and
2016 at the Large Hadron Collider (LHC) [38], correspond-
ing to 36.1 fb−1 of integrated luminosity at

ffiffiffi
s

p
¼ 13 TeV.

Figure 1 shows schematic diagrams representing the electro-
weakino and slepton pair production, as well as decays
targeted in this work. Same-flavor opposite-charge lepton
pairs arise either from χ̃02 decays via an off-shell Z boson
(denoted Z%) or the slepton decays. The Emiss

T in the signal
originates from the two LSPs recoiling against hadronic
initial-state radiation. Electroweakino signal regions are
constructed using the dilepton invariant massmll as a final
discriminant, in which the signals have a kinematic endpoint
given by the mass splitting of the χ̃02 and χ̃01, as illustrated in
Fig. 2. Slepton signal regions exploit a similar feature in the
stransverse mass mT2 [39,40]. This work complements the
sensitivity of existing ATLAS searches at

ffiffiffi
s

p
¼ 8 TeV

[41–44], which set limits on the production of winos that
decay via W or Z bosons for mass splittings of
Δmð χ̃"1 ; χ̃01Þ≳ 35 GeV, andΔmðl̃; χ̃01Þ≳ 55 GeV for slep-
ton production. Similar searches have been reported by the
CMS Collaboration at

ffiffiffi
s

p
¼ 8 TeV [45,46] and at

ffiffiffi
s

p
¼

13 TeV [47], which probe winos decaying via W or Z
bosons for mass splittings Δmð χ̃"1 ; χ̃01Þ≳ 23 GeV.
This paper has the following structure. After a brief

description of the ATLAS detector in Sec. II, the data and
Monte Carlo samples used are detailed in Sec. III.
Sections IV and V present the event reconstruction and
the signal region selections. The background estimation
and the systematic uncertainties are discussed in Secs. VI
and VII, respectively. Finally, the results and their inter-
pretation are reported in Sec. VIII before Sec. IX summa-
rizes the conclusions.

II. ATLAS DETECTOR

The ATLAS experiment [49] is a general-purpose
particle detector that surrounds the interaction point with
nearly 4π solid angle coverage.1 It comprises an inner

(a) (b)

FIG. 1. Diagrams representing the two-lepton final state of
(a) electroweakino χ̃02 χ̃

"
1 and (b) slepton pair l̃ l̃ production in

association with a jet radiated from the initial state (labeled j).
The Higgsino simplified model also considers χ̃02 χ̃

0
1 and χ̃þ1 χ̃

−
1

production.

FIG. 2. Dilepton invariant mass (mll) for Higgsino and wino-
bino simplified models. The endpoint of the mll distribution is
determined by the difference between the masses of the χ̃02 and
χ̃01. The results from simulation (solid line) are compared with an
analytic calculation of the expected line shape (dashed line)
presented in Ref. [48], where the product of the signed mass
eigenvalues (mð χ̃02Þ ×mð χ̃01Þ) is negative for Higgsino and
positive for wino-bino scenarios.

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from the IP
to the center of the LHC ring, and the y axis points upwards.
Cylindrical coordinates ðr;ϕÞ are used in the transverse plane, ϕ
being the azimuthal angle around the z axis. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ.
Angular distance is measured in units of ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2þðΔϕÞ2

p
.

Rapidity is defined by y ¼ 1
2 ln½ðEþ pzÞ=ðE − pzÞ(, where E is

the energy and pz is the longitudinal component of the momen-
tum along the beam direction.

M. AABOUD et al. PHYS. REV. D 97, 052010 (2018)

052010-2

Higgsino-like

Soft

ISR jet

• Dedicated searches with similar search strategy : 
ATLAS: SUSY-2016-25	 CMS: SUS-16-048, 

• Soft leptons pt: 4-5 GeV, hard to trigger 

• ISR jet to get the system boosted —> large 
missing transverse energy to be triggered: 

• MET > 200 GeV. (ATLAS pure MET trigger) 

•  MET>125 GeV (CMS MET+ soft lepton trigger)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-25/
https://arxiv.org/abs/1801.01846
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soft leptons — interpretations 

corresponds to a mass splitting Δmð χ̃02; χ̃01Þ of approxi-
mately 45 GeV, the signal cross section is constrained to be
less than five times the predicted value in the NUHM2
scenario at 95% C.L. For m1=2 ¼ 800 GeV, corresponding
to a mass splitting of approximately 15 GeV, the 95% C.L.
cross section upper limit is twice the NUHM2 prediction.
In these interpretations, sensitivity is lost when the mass

splitting between the produced SUSY particle and the
LSP becomes less than a few GeV due to the reduced
acceptance and reconstruction efficiency of the soft leptons.
Meanwhile, sensitivity decreases for larger mass splittings
above approximately 20 to 30 GeV due to the mll or m100

T2
shapes of the signal becoming increasingly similar to those
of the SM backgrounds.

FIG. 10. Expected 95% C.L. exclusion sensitivity (blue dashed
line) with $1σexp (yellow band) from experimental systematic
uncertainties and observed limits (red solid line) with $1σtheory
(dotted red line) from signal cross section uncertainties for
simplified models of direct Higgsino (top) and wino (bottom)
production. A fit of signals to the mll spectrum is used to derive
the limit, which is projected into the Δmð χ̃02; χ̃01Þ vs.mð χ̃02Þ plane.
For Higgsino production, the chargino χ̃$1 mass is assumed to be
halfway between the two lightest neutralino masses, while
mð χ̃02Þ ¼ mð χ̃$1 Þ is assumed for the wino-bino model. The gray
regions denote the lower chargino mass limit from LEP [20]. The
blue region in the lower plot indicates the limit from the 2lþ 3l
combination of ATLAS Run 1 [41,42].

FIG. 11. Expected 95% C.L. exclusion sensitivity (blue dashed
line) with $1σexp (yellow band) from experimental systematic
uncertainties and observed limits (red solid line) with $1σtheory
(dotted red line) from signal cross section uncertainties for
simplified models of direct slepton production. A fit of slepton
signals to the m100

T2 spectrum is used to derive the limit, which is
projected into the Δmðl̃; χ̃01Þ vs. mðl̃Þ plane. Slepton l̃ refers to
the scalar partners of left- and right-handed electrons and muons,
which are assumed to be fourfold mass degenerate mðẽLÞ ¼
mðẽRÞ ¼ mðμ̃LÞ ¼ mðμ̃RÞ. The gray region is the ẽR limit from
LEP [20,24], while the blue region is the fourfold mass
degenerate slepton limit from ATLAS Run 1 [41].

FIG. 12. Observed and expected 95% C.L. cross section upper
limits as a function of the universal gaugino mass m1=2 for the
NUHM2model. The green and yellow bands around the expected
limit indicate the $1σ and $2σ uncertainties, respectively. The
expected signal production cross sections as well as the asso-
ciated uncertainty are indicated with the blue solid and dashed
lines. The lower x-axis indicates the difference between the χ̃02
and χ̃01 masses for different values of m1=2. A fit of signals to the
mll spectrum is used to derive this limit.

SEARCH FOR ELECTROWEAK PRODUCTION OF … PHYS. REV. D 97, 052010 (2018)

052010-17

products. The strongest limits from previous searches are
from combinations of results from the Large Electron
Positron collider (LEP) experiments [20–30]. The lower
bounds on direct chargino production from these results
correspond to mð χ̃"1 Þ > 103.5 GeV for Δmð χ̃"1 ; χ̃01Þ >
3 GeV and mð χ̃"1 Þ > 92.4 GeV for smaller mass
differences. For sleptons, conservative lower limits on the
mass of the scalar partner of the right-handed muon, denoted
μ̃R, are approximately mðμ̃RÞ ≳ 94.6 GeV for mass split-
tings down to Δmðμ̃R; χ̃01Þ≳ 2 GeV. For the scalar partner
of the right-handed electron, denoted ẽR, a universal lower
bound of mðẽRÞ ≳ 73 GeV independently of ΔmðẽR; χ̃01Þ
exists. Recent phenomenological studies have proposed to
probe compressed mass spectra in the electroweak SUSY
sector by using leptons with small transverse momentum,
pT, referred to as soft leptons [16,31–37].
A search for electroweak production of supersymmetric

particles in compressed mass spectra scenarios with final
states containing two soft same-flavor opposite-charge
leptons (electrons or muons) and a large magnitude
(Emiss

T ) of missing transverse momentum, pmiss
T , is presented

in this paper. The analysis uses proton-proton (pp) collision
data collected by the ATLAS experiment from 2015 and
2016 at the Large Hadron Collider (LHC) [38], correspond-
ing to 36.1 fb−1 of integrated luminosity at

ffiffiffi
s

p
¼ 13 TeV.

Figure 1 shows schematic diagrams representing the electro-
weakino and slepton pair production, as well as decays
targeted in this work. Same-flavor opposite-charge lepton
pairs arise either from χ̃02 decays via an off-shell Z boson
(denoted Z%) or the slepton decays. The Emiss

T in the signal
originates from the two LSPs recoiling against hadronic
initial-state radiation. Electroweakino signal regions are
constructed using the dilepton invariant massmll as a final
discriminant, in which the signals have a kinematic endpoint
given by the mass splitting of the χ̃02 and χ̃01, as illustrated in
Fig. 2. Slepton signal regions exploit a similar feature in the
stransverse mass mT2 [39,40]. This work complements the
sensitivity of existing ATLAS searches at

ffiffiffi
s

p
¼ 8 TeV

[41–44], which set limits on the production of winos that
decay via W or Z bosons for mass splittings of
Δmð χ̃"1 ; χ̃01Þ≳ 35 GeV, andΔmðl̃; χ̃01Þ≳ 55 GeV for slep-
ton production. Similar searches have been reported by the
CMS Collaboration at

ffiffiffi
s

p
¼ 8 TeV [45,46] and at

ffiffiffi
s

p
¼

13 TeV [47], which probe winos decaying via W or Z
bosons for mass splittings Δmð χ̃"1 ; χ̃01Þ≳ 23 GeV.
This paper has the following structure. After a brief

description of the ATLAS detector in Sec. II, the data and
Monte Carlo samples used are detailed in Sec. III.
Sections IV and V present the event reconstruction and
the signal region selections. The background estimation
and the systematic uncertainties are discussed in Secs. VI
and VII, respectively. Finally, the results and their inter-
pretation are reported in Sec. VIII before Sec. IX summa-
rizes the conclusions.

II. ATLAS DETECTOR

The ATLAS experiment [49] is a general-purpose
particle detector that surrounds the interaction point with
nearly 4π solid angle coverage.1 It comprises an inner

(a) (b)

FIG. 1. Diagrams representing the two-lepton final state of
(a) electroweakino χ̃02 χ̃

"
1 and (b) slepton pair l̃ l̃ production in

association with a jet radiated from the initial state (labeled j).
The Higgsino simplified model also considers χ̃02 χ̃

0
1 and χ̃þ1 χ̃

−
1

production.

FIG. 2. Dilepton invariant mass (mll) for Higgsino and wino-
bino simplified models. The endpoint of the mll distribution is
determined by the difference between the masses of the χ̃02 and
χ̃01. The results from simulation (solid line) are compared with an
analytic calculation of the expected line shape (dashed line)
presented in Ref. [48], where the product of the signed mass
eigenvalues (mð χ̃02Þ ×mð χ̃01Þ) is negative for Higgsino and
positive for wino-bino scenarios.

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from the IP
to the center of the LHC ring, and the y axis points upwards.
Cylindrical coordinates ðr;ϕÞ are used in the transverse plane, ϕ
being the azimuthal angle around the z axis. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ.
Angular distance is measured in units of ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2þðΔϕÞ2

p
.

Rapidity is defined by y ¼ 1
2 ln½ðEþ pzÞ=ðE − pzÞ(, where E is

the energy and pz is the longitudinal component of the momen-
tum along the beam direction.
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• Many other decay topologies 
explored  

• Cascaded decay via other SUSY 
particles, multibody decay  

         —>Mass reach varies drastically  

Introduction
• Included three production modes for 8 TeV analyses. 


• qqH-tagged—> VBF+higgs


• VH-tagged 


• Z(ll/bb)H 


• V(jj) tagger +H: contributions from ggH/qqH/VH.


• ggH-tagged: monojet results, have contributions 
from ggH/qqH/VH.


• Idea is to re-interpret our stop search results in 
0/1/2 Lepton channel 

• Targeting a final state of ttbar+MET. 

• Check the sensitivities to ttH(inv).

5.1 Upper limits on B(H ! inv) assuming SM production 17

aMC@NLO [90] interfaced with HERWIG++ 2.3 [91]. Furthermore, an uncertainty in the Higgs
boson pT distribution in ggH production is included in the monojet channels and estimated
by varying the renormalisation and factorisation scales [92]. This uncertainty is correlated be-
tween the 8 and 13 TeV categories. Uncertainties in the acceptance arising from uncertainties in
the PDFs used to determine the expected signal yields are evaluated independently for the dif-
ferent signal processes in each event category and treated as additional normalisation nuisance
parameters.

5.1 Upper limits on B(H ! inv) assuming SM production

Observed and expected upper limits on s B(H ! inv)/s(SM), where s(SM) is the total SM
Higgs boson production cross section, are determined at the 95% CL and presented in Fig. 6.
The limits are obtained from the combination of all categories and from sub-combinations of
categories, which target one of the ggH, qqH, and VH production mechanisms, correspond-
ing to the analysis tags in Table 2. The relative contributions from the different production
mechanisms in these results are fixed to their SM predictions within the uncertainties. If
the production cross sections take their SM values, the results can be used to constrain the
branching fraction of the Higgs boson to invisible particles. Assuming SM production rates for
the ggH, qqH, and VH modes, the combination yields an observed (expected) upper limit of
B(H ! inv) < 0.24 (0.23) at the 95% CL.
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Figure 6: Observed and expected 95% CL limits on s B(H ! inv)/s(SM) for individual com-
binations of categories targeting qqH, VH, and ggH production, and the full combination as-
suming a Higgs boson with a mass of 125 GeV.

The profile likelihood ratios as a function of B(H ! inv) using partial combinations of the
7+8 and 13 TeV analyses, and for the full combination are shown in Fig. 7 (left). The profile
likelihood ratio scans for the partial combinations of the qqH-tagged, VH-tagged, and ggH-
tagged analyses are shown in Fig. 7 (right). The results are shown for the data and for an
Asimov data set, defined as the data set for which the maximum likelihood estimates of all
parameters are equal to their true values [86], in which B(H ! inv) = 0 is assumed.

The dominant systematic uncertainties for the qqH-tagged, Z(`+`�), V(jj), and ggH-tagged

https://arxiv.org/pdf/1610.09218.pdf
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2 3 Event samples and object selection

transverse momentum provided by the DM particles. Prior searches for such direct DM pro-48

duction via scalar (a) and pseudoscalar (f) mediators have been carried out at the LHC with49

8 TeV data [35, 36], and more recently with 13 TeV data [37, 38].50
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Figure 1: Diagrams for the considered SUSY simplified models and for direct DM production:
strong production of top squark pairset1et1 where each top squark decays directly to a top quark
and a neutralino ec0

1 (T2tt model, upper left), where each top squark decays into a neutralino
via an intermediate chargino ec±

1 (T2bW model, upper right), and where the decay proceeds via
an intermediate slepton è to a lepton and neutralino (T8bb``nn model, lower left); direct DM
production through scalar or pseudoscalar mediators in association with top quarks (lower
right).

2 The CMS detector51

The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,52

providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and a silicon53

strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator54

hadron calorimeter, each comprising a barrel and two endcap sections. Muons are measured in55

gas-ionization detectors embedded in the magnet steel flux-return yoke outside the solenoid.56

Extensive forward calorimetry complements the coverage provided by the barrel and endcap57

detectors and improves transverse momentum balance measurements. A more detailed de-58

scription of the CMS detector, together with a definition of the coordinate system used and the59

relevant kinematic variables, can be found in Ref. [39].60

3 Event samples and object selection61

3.1 Event samples62

During data taking, events are selected for offline analysis by different trigger algorithms that63

require the presence of one or two leptons (electrons or muons). For the dilepton triggers,64

which accept the majority of events with two leptons, the thresholds are 23 GeV on the leading65

MET



• Dynamic inefficiencies/ dead time caused 
by limited readout bandwidth. 

Impact on Phase 0 pixel detectorReminder: the current CMS pixel detector!

•  66M pixels (100mmx150mm)!
•  1m2 of n+-in-n silicon sensors!
•  Excellent resolution and efficiency!
•  Excellent good-channel fraction and 

uptime in Run1 and Run2 so far!
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The Phase-0 CMS Pixel Detector
Barrel Pixels (BPIX): 
3 barrel layers at 4.4, 7.3, 10.2cm
768 modules

Forward Pixels (FPIX): 
4 disks at z = r34.5, r46.5cm
192 panels

53cm

• In total 66 million pixels and 1m2 of silicon 

• n+-in-n sensors with cell size of 100Pm (rI) x 150Pm (z) 

• Good-channel fraction of 98.6% and 98.7% uptime in 2015

• Excellent resolution and efficiency

σrφ = 10.6µm

Hit efficiency

99%

Present detector 
designed for 
1034cm-2s-1 and 25ns 
bunch spacing!
	

>99%	

σr=10.6µm	

Reasons for the upgrade 
•  The LHC has exceeded the design instantaneous luminosity of 1034 cm-2s-1.  
•  Dynamic inefficiencies / dead time caused by limited size of the readout bandwidth. 

•  This effect is already seen in data, expected to become worse in coming years. 
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2.2. Tracking Performance 23

pileup, the average tracking efficiencies were determined for a number of scenarios and shown
in Table 2.3. Comparing the efficiencies at zero pileup with and without the dynamic ROC data
loss expected for 2 ⇥ 1034 cm�2s�1 (25 ns crossing time), the dynamic data losses cause a only
3.5% (4.0%) loss of tracking efficiency for muons (tt̄) with the current pixel detector. However
at the pileup conditions for 2 ⇥ 1034 cm�2s�1 (25 ns crossing time) simulations show that the
expected loss in efficiency due to the dynamic data loss increases to 8.6% (5.2%) for muons (tt̄).
With much lower dynamic data loss for the upgrade pixel detector, the resultant loss in tracking
efficiency is less than 0.5% in both pileup conditions. The track fake rate is hardly affected by
the dynamic data loss.

To isolate the effects of high pileup, we can compare the performance at zero pileup with those
at high pileup without any ROC dynamic data loss simulated. The results in Table 2.3 for which
the ROC data loss was not implemented show that the pileup conditions for 2 ⇥ 1034 cm�2s�1

(25 ns crossing time) by itself would cause a 7.3% (4.7%) loss of tracking efficiency for muons
(tt̄) in the current pixel detector. The extra pixel layer in the upgrade detector adds information
that reduces this loss in efficiency by more than half to 3.2% (1.3%) for muons (tt̄), and decreases
the fake rate by about a factor of two.

With both the effects of dynamic data loss and the high pileup expected for 2 ⇥ 1034 cm�2s�1

(25 ns crossing time), the loss in tracking efficiency for the current detector is 15.9% (9.9%) for
muons (tt̄), while for the upgraded detector it is reduced by more than a factor of 4 (6) to 3.7%
(1.5%) for muons (tt̄). Although this is not catastrophic, the degradation is worse than linear
and is expected to become unacceptable at moderately higher pileup as illustrated in Figure 2.6.
The track fake rate also rapidly increases with pileup but is about a factor of two lower for the
upgrade pixel detector.
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Figure 2.6: Average tracking efficiency (a) and average track fake rate (b) for the tt̄ sample as
a function of the average pileup. Results were determined using the expected ROC data loss
expected for each given average pileup, and for the current pixel detector (blue squares) and
for the upgrade pixel detector (red dots).

2.2.2 Track Impact Parameter Studies

The track impact parameter resolution was studied in the Phase 1 upgrade detector and com-
pared to the current detector. The track sample used for the impact parameter resolution mea-
surements were from a muon Monte Carlo generated flat in energy (instead of flat in pT). Fig-
ures 2.7 and 2.8 show respectively the transverse and longitudinal impact parameter resolu-
tions for the current and upgrade pixel detectors as a function of the track (total) momentum
for zero pileup. The ratio of the impact parameter resolutions show that the impact parameter
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Figure 1. Hit e�ciency vs. instantaneous luminosity during 2016 pp collisions for pixel barrel layers and
forward disks. The innermost layer is most a�ected by dynamic ine�ciencies. Taken from [4].

2 The new read-out chips and pixel module

The composition of a pixel module has not changed with respect to the former pixel detector: an
array of ROCs (2 ⇥ 8 for the upgrade) is bump-bonded to an n+-in-n planar silicon sensor via
lead bumps. On top, a thin printed circuit, the high density interconnect (HDI), is glued onto
the sensor and wire-bonded to the ROCs. A token bit manager (TBM) is placed on the HDI and
organizes the data stream of the ROCs. Each module is comprised of 66560 pixels, each with a
size of 100 ⇥ 150 µm2. The pixel detector has a uniform module layout, which is a substantial
simplification with respect to the former detector, that had seven di�erent layouts for modules.

eta
-3 -2 -1 0 1 2 3

ra
dl

en

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
Current Pixel Detector Upgrade Pixel Detector

Pixels

Detector layout and material budget

V.R.Tavolaro 605.09.2016

16.0cm
=0 =1.0=0.5 =1.5

=2.0

=2.5

=2.5

=2.0
=1.5=1.0=0.5=0

50.0 cm

Upgrade

Current

Outer rings

Inner rings10.9cm
6.8cm
2.9cm

4.4cm
7.3cm
10.2cm

BPix FPix• Performance 
improvements:
• Additional layer (disk) in 

barrel (endcap region) → 
reduced combinatorics 
thanks to a layer closer to 
the innermost layer of the 
Strip Tracker 

• New, improved digital 
ROC 

• First layer closer to interaction point; New 
beampipe with smaller radius (30 → 22.5 mm) 
→ better vertex resolution and b-tag efficiency 

• New CO2 cooling system, relocation of 
electronics boards → optimised material 
budget, despite x1.9 number of channels  

• BPix: 48M → 79M ; FPix: 18M → 45M  
• in the central region, same material but 

one extra layer!

Figure 1: Comparison of geometrical layouts of the current (bottom) and upgrade (top) CMS pixel
detectors.

3 Readout chip and pixel detector modules

The readout chip of the upgrade detector, named psi46digv21respin, is based on the present psi46
readout chip [3]. The same process technology (250 nm CMOS) is employed in the new chip, as
well as the zero-suppressed readout architecture based on the column drain mechanism. The chip
readout is segmented into 4160 pixels, arranged in an array of 80 rows and 26 double-columns,
covering an area of 102 � 79 mm2. Several important improvements are introduced in the upgrade
chip:

• the present 40 MHz analog readout is replaced by a 160 Mbits/s digital readout, adding an
additional 8-bit ADC to format the pulse-height information;

• the hit and timestamp bu�er sizes have been significantly increased, from 32 to 80 and from
12 to 24, respectively;

• the radiation-hardness of the chip is improved, by optimising the transistor type choice in
critical points of the design and by introducing enlarged DAC ranges that allow to compensate
for more extreme radiation-induced e�ects;

• an improved comparator and a reduced chip-internal cross-talk lead to an operational threshold
of � 1800 e� with a noise of � 100 e�, much lower compared to the threshold of � 3500
e� of the present chip. This improves both the e�ciency and the resolution of the detector,
while increasing its longevity.

The radiation tolerance of the chip has been tested after irradiation with 23 MeV protons at the
ZAG Cyclotron in Karlsruhe. A dose of about 0.6 MGy is expected to be accumulated by the second
innermost barrel layer (L2) of the upgrade detector, after � 500 fb�1 of proton-proton data have
been collected. The chip has been tested after nominal exposure to 0.6, 1.2 (expected innermost
layer (L1) dose after 500 fb�1) MGy and to higher doses of 2.4 and 4.8 MGy. The pixel thresholds
could be aligned and set to � 1800 e� even after the highest dose exposure, while keeping the noise
under 180 e�. The hit e�ciency at the expected L2 hit rate shows no degradation after the two
realistic dose levels of 0.6 and 1.2 MGy.

– 3 –

Figure 2. Comparison of the layout between the upgraded (top) and former (bottom) CMS pixel detector.
Taken from [5].
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The current CMS pixel detector 

•  The current pixel detector is the inner most 
detector in the CMS experiment. 
•  It is designed for 1034 cm-2s-1 and 25 ns bunch 

spacing. 
•  Excellent performance: 

•  High efficiency: > 99%. 
•  Resolution: 10 µm (in rφ) 20-40 µm (in z) 
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Reminder: the current CMS pixel detector!

•  66M pixels (100mmx150mm)!
•  1m2 of n+-in-n silicon sensors!
•  Excellent resolution and efficiency!
•  Excellent good-channel fraction and 

uptime in Run1 and Run2 so far!
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The Phase-0 CMS Pixel Detector
Barrel Pixels (BPIX): 
3 barrel layers at 4.4, 7.3, 10.2cm
768 modules

Forward Pixels (FPIX): 
4 disks at z = r34.5, r46.5cm
192 panels

53cm

• In total 66 million pixels and 1m2 of silicon 

• n+-in-n sensors with cell size of 100Pm (rI) x 150Pm (z) 

• Good-channel fraction of 98.6% and 98.7% uptime in 2015

• Excellent resolution and efficiency

σrφ = 10.6µm

Hit efficiency

99%

Present detector 
designed for 
1034cm-2s-1 and 25ns 
bunch spacing!
	

>99%	

σr=10.6µm	
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The current CMS pixel detector 

•  The current pixel detector is the inner most 
detector in the CMS experiment. 
•  It is designed for 1034 cm-2s-1 and 25 ns bunch 

spacing. 
•  Excellent performance: 

•  High efficiency: > 99%. 
•  Resolution: 10 µm (in rφ) 20-40 µm (in z) 
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The Phase-0 CMS Pixel Detector
Barrel Pixels (BPIX): 
3 barrel layers at 4.4, 7.3, 10.2cm
768 modules

Forward Pixels (FPIX): 
4 disks at z = r34.5, r46.5cm
192 panels

53cm

• In total 66 million pixels and 1m2 of silicon 

• n+-in-n sensors with cell size of 100Pm (rI) x 150Pm (z) 

• Good-channel fraction of 98.6% and 98.7% uptime in 2015

• Excellent resolution and efficiency

σrφ = 10.6µm

Hit efficiency

99%

Present detector 
designed for 
1034cm-2s-1 and 25ns 
bunch spacing!
	

>99%	

σr=10.6µm	
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CMS Phase 0 

M.Liu CMS Phase-0 Pixel Detector

CMS
5 % efficiency loss for Layer 1 @ 

1.5*LHC nominal



• CMS planned an upgraded phase 1 pixel detector 
and requested an extended winter stop during 
2016/2017 in Run 2 for installation.

• Designed to cope with more challenging LHC 
environment in Run 2 & Run 3 (300 fb−1) until HL-
LHC upgrade (2023).

• Module designed to reduce dynamic inefficiency
• Digital readout chip (ROC). Faster readout. 

• Geometry design: ensure tracking and vertex 
quality

• Added layers, channels doubled 
• Services: reduce material budget

• CO2 cooling, DCDC powering, Service 
electronics out of tracker volume.
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The new pixel detector 
•  Installation during February/March 2017.  
•  A smooth transition was needed from installation to 

physics data taking: sensor technology, pixel size and 
module concept very similar. 

•  Move from analog to digital readout chip (ROC)          
� reduced buffer overflow, avoid hit inefficiency. 

•  Move closer to the beam (2.9 cm instead of 4.4 cm)     
� improve vertex reconstruction. 

•  Move from 3- to 4-hit coverage (one additional 
forward disk and barrel layer)              
� increase redundancy and track finding efficiency. 

•  New bi-phase CO2 cooling system 
•  Move service electronics further away from 

interaction point. 
 � reduce material budget/mass. 

2017/09/05 Hannsjörg Weber (Fermilab) 5 

upgrade 

Phase1 upgrade improvements !
•  Present detector designed for 1034cm-2s-1 and     

25ns bunch spacing!
•  Expect twice as much before LS3 (2024)!

–  50 pileup events, hit rates of ~600MHz/cm2!

Ø  Improve redundancy: from 3 to 4 layers (BPIX),   
from 2 to 3 disks on each end (FPIX); impacting 
tracking efficiency and purity!

Ø  Move closer to beam: improve vertexing and b-
tagging!

Ø  Avoid hit inefficiency of up to 16% due to buffer 
overflow in readout chip (ROC) with new digital 
ROC!

Ø  Reduce mass: use CO2 cooling instead of 
water-glycol!

!

8/4/16!Petra Merkel | CMS Phase1 Pixel Upgrade!4!

Katja Klein The Phase-1 Upgrade of the CMS Pixel Detector 3

So why upgrade?

Material budget

R
ad

ia
tio

n 
le

ng
th

K

Current pixel detector  
x Upgrade pixel detector

Tracking efficiency

ttbar sample, 50 pileup events

• Present pixel detector was designed for 1�1034 cm-2s-1 @ 25ns bunch spacing
• Expect 2�1034 cm-2s-1 and integrated luminosity of 500 fb-1 before LS3 (2024)
Æ 50 pile-up events at 25ns bunch spacing, and hit rates of | 600 MHz/cm2

Î Hit inefficiency of up to 16% due to buffer overflow in readout chip (ROC)
Î Low redundancy (3 layers) Æ impact on tracking efficiency and fake rate
Î Large material budget in sensitive tracking volume

Katja Klein The Phase-1 Upgrade of the CMS Pixel Detector 3

So why upgrade?

Material budget

R
ad
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tio

n 
le

ng
th

K

Current pixel detector  
x Upgrade pixel detector

Tracking efficiency

ttbar sample, 50 pileup events

• Present pixel detector was designed for 1�1034 cm-2s-1 @ 25ns bunch spacing
• Expect 2�1034 cm-2s-1 and integrated luminosity of 500 fb-1 before LS3 (2024)
Æ 50 pile-up events at 25ns bunch spacing, and hit rates of | 600 MHz/cm2

Î Hit inefficiency of up to 16% due to buffer overflow in readout chip (ROC)
Î Low redundancy (3 layers) Æ impact on tracking efficiency and fake rate
Î Large material budget in sensitive tracking volume

DESIGN OF PHASE 1 PIXEL DETECTOR



• Forward phase 1 pixel detector was 
constructed in Fermilab and transported 
to CERN for testing the end of 
September 2016.

• Installed in May 2017.
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(ENERGY) EFFICIENT NEURAL NETWORKS

Emergent engineering field, efficient 
implementation of NN architecture 

Parallelization: performing operations 
simultaneously (see next page) 

Compression/Pruning:  
maintain the same performance while 
removing low weight synapses and 
neurons (many schemes) 

Quantization/Approximate math: 
32-bit floating point math is overkill 
20-bit, 18-bit, …? fixed point, integers?  
binarized NNs?
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CHAPTER 3. PRUNING DEEP NEURAL NETWORKS 20

SUXQLQJ�
QHXURQV
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Figure 3.1: Pruning the synapses and neurons of a deep neural network.

the connections that have been removed. The phases of pruning and retraining may be repeated
iteratively to further reduce network complexity. In effect, this training process learns the network
connectivity in addition to the weights — this parallels the human brain development [109] [110],
where excess synapses formed in the first few months of life are gradually "pruned", with neurons
losing little-used connections while preserving the functionally important connections.

On the ImageNet dataset, the pruning method reduced the number of parameters of AlexNet
by a factor of 9× (61 to 6.7 million), without incurring accuracy loss. Similar experiments with
VGG-16 found that the total number of parameters can be reduced by 13× (138 to 10.3 million),
again with no loss of accuracy. We also experimented with the more efficient fully-convolutional
neural networks: GoogleNet (Inception-V1), SqueezeNet, and ResNet-50, which have zero or very
thin fully connected layers. From these experiments we find that they share very similar pruning
ratios before the accuracy drops: 70% of the parameters in those fully-convolutional neural networks
can be pruned. GoogleNet is pruned from 7 million to 2 million parameters, SqueezeNet from 1.2
million to 0.38 million, and ResNet-50 from 25.5 million to 7.47 million, all with no loss of Top-1 and
Top-5 accuracy on Imagenet.

In the following sections, we provide solutions on how to prune neural networks and how to
retrain the pruned model to recover prediction accuracy. We also demonstrate the speedup and
energy efficiency improvements of the pruned model when run on commodity hardware.

3.2 Pruning Methodology

Our pruning method employs a three-step process: training connectivity, pruning connections,
and retraining the remaining weights. The last two steps can be done iteratively to obtain better
compression ratios. The process is illustrated in Figure 3.2 and Algorithm 1.

For further reading, start here: https://arxiv.org/pdf/1510.00149v5.pdf
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We actively searched for stop
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Introduction
• Included three production modes for 8 TeV analyses. 


• qqH-tagged—> VBF+higgs


• VH-tagged 


• Z(ll/bb)H 


• V(jj) tagger +H: contributions from ggH/qqH/VH.


• ggH-tagged: monojet results, have contributions 
from ggH/qqH/VH.


• Idea is to re-interpret our stop search results in 
0/1/2 Lepton channel 

• Targeting a final state of ttbar+MET. 

• Check the sensitivities to ttH(inv).

5.1 Upper limits on B(H ! inv) assuming SM production 17

aMC@NLO [90] interfaced with HERWIG++ 2.3 [91]. Furthermore, an uncertainty in the Higgs
boson pT distribution in ggH production is included in the monojet channels and estimated
by varying the renormalisation and factorisation scales [92]. This uncertainty is correlated be-
tween the 8 and 13 TeV categories. Uncertainties in the acceptance arising from uncertainties in
the PDFs used to determine the expected signal yields are evaluated independently for the dif-
ferent signal processes in each event category and treated as additional normalisation nuisance
parameters.

5.1 Upper limits on B(H ! inv) assuming SM production

Observed and expected upper limits on s B(H ! inv)/s(SM), where s(SM) is the total SM
Higgs boson production cross section, are determined at the 95% CL and presented in Fig. 6.
The limits are obtained from the combination of all categories and from sub-combinations of
categories, which target one of the ggH, qqH, and VH production mechanisms, correspond-
ing to the analysis tags in Table 2. The relative contributions from the different production
mechanisms in these results are fixed to their SM predictions within the uncertainties. If
the production cross sections take their SM values, the results can be used to constrain the
branching fraction of the Higgs boson to invisible particles. Assuming SM production rates for
the ggH, qqH, and VH modes, the combination yields an observed (expected) upper limit of
B(H ! inv) < 0.24 (0.23) at the 95% CL.
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Figure 6: Observed and expected 95% CL limits on s B(H ! inv)/s(SM) for individual com-
binations of categories targeting qqH, VH, and ggH production, and the full combination as-
suming a Higgs boson with a mass of 125 GeV.

The profile likelihood ratios as a function of B(H ! inv) using partial combinations of the
7+8 and 13 TeV analyses, and for the full combination are shown in Fig. 7 (left). The profile
likelihood ratio scans for the partial combinations of the qqH-tagged, VH-tagged, and ggH-
tagged analyses are shown in Fig. 7 (right). The results are shown for the data and for an
Asimov data set, defined as the data set for which the maximum likelihood estimates of all
parameters are equal to their true values [86], in which B(H ! inv) = 0 is assumed.

The dominant systematic uncertainties for the qqH-tagged, Z(`+`�), V(jj), and ggH-tagged

https://arxiv.org/pdf/1610.09218.pdf
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2 3 Event samples and object selection

transverse momentum provided by the DM particles. Prior searches for such direct DM pro-48

duction via scalar (a) and pseudoscalar (f) mediators have been carried out at the LHC with49

8 TeV data [35, 36], and more recently with 13 TeV data [37, 38].50
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Figure 1: Diagrams for the considered SUSY simplified models and for direct DM production:
strong production of top squark pairset1et1 where each top squark decays directly to a top quark
and a neutralino ec0

1 (T2tt model, upper left), where each top squark decays into a neutralino
via an intermediate chargino ec±

1 (T2bW model, upper right), and where the decay proceeds via
an intermediate slepton è to a lepton and neutralino (T8bb``nn model, lower left); direct DM
production through scalar or pseudoscalar mediators in association with top quarks (lower
right).

2 The CMS detector51

The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,52

providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and a silicon53

strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator54

hadron calorimeter, each comprising a barrel and two endcap sections. Muons are measured in55

gas-ionization detectors embedded in the magnet steel flux-return yoke outside the solenoid.56

Extensive forward calorimetry complements the coverage provided by the barrel and endcap57

detectors and improves transverse momentum balance measurements. A more detailed de-58

scription of the CMS detector, together with a definition of the coordinate system used and the59

relevant kinematic variables, can be found in Ref. [39].60

3 Event samples and object selection61

3.1 Event samples62

During data taking, events are selected for offline analysis by different trigger algorithms that63

require the presence of one or two leptons (electrons or muons). For the dilepton triggers,64

which accept the majority of events with two leptons, the thresholds are 23 GeV on the leading65

MET

SUSY and stop searchSearch for top partner: stop

• Stop mass is an important  
   parameter. 
—>A too heavy stop would 
make SUSY less appealing. 

• Collisions at 13 TeV  
   soon to come at the LHC

Q:$SUSY$is$like$a$zombie$theory,$how$can$we$kill$it?$
John$Allis:$Well,$don’t$discover$a$Higgs$that$is$125$GeV!$

Q&A$at$CERN$summer$school$in$Budapest.$2013

MOTIVATION 

!  SM hierarchy problem: Higgs mass driven toward MPlanck by large 
radiative corrections � largest contribution from top quark 

!  In SUSY: top squark cancels top quark contribution to �MH
2 

!  Top squarks are critical for SUSY solution to hierarchy problem 

!  “Natural” (not fine-tuned) solution requires light top squarks 
!  In R-parity conserving SUSY, top squarks are pair-produced and 

decay to stable neutralino LSP � large MET 

May 10th, 2013 SUS-13-011 Approval 5 

ΔmH
2 =

H!
H!Razor Combination with 1-Lepton MVA Search

• The combination of the 0-
lepton razor with the 1-lepton 
MVA search (SUS-13-011) 
yielded exceptionally strong 
limits on mstop 

• We would like to pursue this 
again in Run II. 

• See previous talks for 
discussion of the Run II 
hadronic razor search strategy

3

D. Anderson, 17/04/2015
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https://indico.cern.ch/event/368826/contribution/5/material/slides/0.pdf

• SUSY: theoretical framework established in 
1970’s. 

—>Symmetry between fermions and bosons as 
an extension to the SM.
—>Stabilizes higgs mass, dark matter 
candidate(lightest neutralino)… 

• Searches of third generation particles are 
important.

    —> Important parameter in SUSY.
    —> Stop is the lightest squark.

• Strongly produced.
   —> Larger cross section than electroweak 
production.
   —> Interesting early Run 2 analysis.

4

M.LIU
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• Can benefit from full-Run 2 dataset  

• Approaching regions with boosted 
objects.

WH(lνbb) + MET: full Run 2 outlook
CMS: WH+MET paper

Plans for WH full Run-2 analysis

 7M.Liu

• Analysis will benefit 
from higher 
luminosity.

• Plan to have a paper 
with full run 2 dataset 
with improved 
selections:

• eg. Higgs tagging.

• New analysis team: 
Ryan Heller, students 
from Boston 
University and 
Colorado college

5M.Liu

How does the sensitivity scale with luminosity
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Plans for WH full Run-2 analysis

 7M.Liu

• Analysis will benefit 
from higher 
luminosity.

• Plan to have a paper 
with full run 2 dataset 
with improved 
selections:

• eg. Higgs tagging.

• New analysis team: 
Ryan Heller, students 
from Boston 
University and 
Colorado college
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How does the sensitivity scale with luminosity
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https://arxiv.org/abs/1706.09933
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• In addition to large missing transverse 
energy. Endpoint type of variables 
used to suppress backgrounds: 

• 1L TTBar has an endpoint in W 
transverse mass because of top 
quark mass constraint

WH(lνbb) + MET: analysis strategy

3.3 Signal and background simulation 5
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Figure 2: Distributions in Mbb (top left), Emiss
T (top right), MT (bottom left), and MCT (bottom

right) for signal and background events in simulation after the preselection. The Emiss
T , MT,

and MCT distributions are shown after the 90 < Mbb < 150 GeV requirement. Expected signal
distributions are also overlaid as open histograms for various mass points, with the signal cross
section scaled up by a factor of 50 for display purposes. The legend entries for signal give the
masses (mec±

1
, mec0

1
) in GeV and the factor by which the signal cross section has been scaled.

ing order (LO) with the MLM matching scheme [56], while tW and single top quark t-channel
events are generated at next-to-leading-order (NLO) using POWHEG V2 [57–59]. A top quark
mass of mt = 172.5 GeV, and the NNPDF3.0 LO or NLO [60] parton distribution functions
(PDFs) are used in the event generation. Single top quark s-channel production is simulated
using MADGRAPH5 aMC@NLO 2.2.2 at NLO precision with the FxFx matching scheme [61].
Samples of diboson (WW, WZ, and ZZ) events are generated with either POWHEG or MAD-
GRAPH5 aMC@NLO at NLO precision. Normalization of the simulated background samples
is performed using the most accurate cross section calculations available [55, 62–72], which
generally correspond to NLO or next-to-NLO precision.

The chargino-neutralino signal samples are also generated with MADGRAPH5 aMC@NLO at LO
precision. For these samples we improve on the modeling of initial-state radiation (ISR), which
affects the total transverse momentum (pISR

T ) of the system of SUSY particles, by reweighting

M.LIU
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• In addition to large missing transverse 
energy. Endpoint type of variables 
used to suppress backgrounds: 

• 1L TTBar has an endpoint in W 
transverse mass because of top 
quark mass constraint

WH(lνbb) + MET: analysis strategy

3.3 Signal and background simulation 5
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Figure 2: Distributions in Mbb (top left), Emiss
T (top right), MT (bottom left), and MCT (bottom

right) for signal and background events in simulation after the preselection. The Emiss
T , MT,

and MCT distributions are shown after the 90 < Mbb < 150 GeV requirement. Expected signal
distributions are also overlaid as open histograms for various mass points, with the signal cross
section scaled up by a factor of 50 for display purposes. The legend entries for signal give the
masses (mec±

1
, mec0

1
) in GeV and the factor by which the signal cross section has been scaled.

ing order (LO) with the MLM matching scheme [56], while tW and single top quark t-channel
events are generated at next-to-leading-order (NLO) using POWHEG V2 [57–59]. A top quark
mass of mt = 172.5 GeV, and the NNPDF3.0 LO or NLO [60] parton distribution functions
(PDFs) are used in the event generation. Single top quark s-channel production is simulated
using MADGRAPH5 aMC@NLO 2.2.2 at NLO precision with the FxFx matching scheme [61].
Samples of diboson (WW, WZ, and ZZ) events are generated with either POWHEG or MAD-
GRAPH5 aMC@NLO at NLO precision. Normalization of the simulated background samples
is performed using the most accurate cross section calculations available [55, 62–72], which
generally correspond to NLO or next-to-NLO precision.

The chargino-neutralino signal samples are also generated with MADGRAPH5 aMC@NLO at LO
precision. For these samples we improve on the modeling of initial-state radiation (ISR), which
affects the total transverse momentum (pISR

T ) of the system of SUSY particles, by reweighting

4.3 Other backgrounds 9
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Figure 4: Distribution in MT in CR0b after the preselection level cuts defined in Table 1.

any additional correction or uncertainty for kinematic tail modeling beyond the one derived
above in CR0b.

The most uncertain aspect of the prediction for the W + HF background is the estimate of its
cross section relative to the W + LF process. We assign a 50% uncertainty to the normalization
of this background [78]. This uncertainty is validated by comparing data to simulation in a
CR with 60 < MT < 120 GeV and with one or two jets, where the dominant contribution to
the event sample is from W + jets. We find that the 50% uncertainty conservatively covers
differences between data and simulation as a function of the number of b jets. Finally, the
uncertainty in this prediction due to the uncertainty in the b tagging efficiency is also evaluated
and found to be 5%.

The effects discussed above also contribute to the tail of the MT distribution in WZ ! `nbb
events. As a result, the tail modeling systematic uncertainty for this background is taken to
be the same as those evaluated in CR0b. An additional uncertainty of 12% is applied to the
normalization of the WZ ! `nbb background, based on the CMS cross section measurement
of inclusive WZ production at 13 TeV [79]. A unique aspect of the WZ ! `nbb background is
that Mbb peaks at the Z boson mass, at the lower edge of the Mbb selection used in this anal-
ysis. Uncertainties in the jet energy scale can therefore strongly impact the prediction of this
background. By varying the jet energy scale within its uncertainty, we derive an uncertainty
of 27% in the WZ ! `nbb background prediction. While this uncertainty is large, the absolute
magnitude of this background remains very small in the signal region. Finally, the uncertainty
in the background prediction for this process due to the uncertainty in the b tagging efficiency
is 2%.

4.3 Other backgrounds

The single-lepton top quark backgrounds are highly suppressed by several of the selections
applied in this analysis. Since these contain exactly one leptonically decaying W boson, the
MT requirement is an effective discriminant against them. Requiring exactly two jets also sup-
presses the tt ! `+ jets background, which typically has four jets in the final state. As a result,
this background comprises a small fraction of the expected SM prediction in the signal region.

• Mt tail sensitive to MET 
misreconstruction. Lepton 
fakes 

• Validated in 0 B-tagged region
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• In addition to large missing transverse 
energy. Endpoint type of variables 
used to suppress backgrounds: 

• 1L TTBar has an endpoint in W 
transverse mass because of top 
quark mass constraint

WH(lνbb) + MET: analysis strategy

3.3 Signal and background simulation 5
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Figure 2: Distributions in Mbb (top left), Emiss
T (top right), MT (bottom left), and MCT (bottom

right) for signal and background events in simulation after the preselection. The Emiss
T , MT,

and MCT distributions are shown after the 90 < Mbb < 150 GeV requirement. Expected signal
distributions are also overlaid as open histograms for various mass points, with the signal cross
section scaled up by a factor of 50 for display purposes. The legend entries for signal give the
masses (mec±

1
, mec0

1
) in GeV and the factor by which the signal cross section has been scaled.

ing order (LO) with the MLM matching scheme [56], while tW and single top quark t-channel
events are generated at next-to-leading-order (NLO) using POWHEG V2 [57–59]. A top quark
mass of mt = 172.5 GeV, and the NNPDF3.0 LO or NLO [60] parton distribution functions
(PDFs) are used in the event generation. Single top quark s-channel production is simulated
using MADGRAPH5 aMC@NLO 2.2.2 at NLO precision with the FxFx matching scheme [61].
Samples of diboson (WW, WZ, and ZZ) events are generated with either POWHEG or MAD-
GRAPH5 aMC@NLO at NLO precision. Normalization of the simulated background samples
is performed using the most accurate cross section calculations available [55, 62–72], which
generally correspond to NLO or next-to-NLO precision.

The chargino-neutralino signal samples are also generated with MADGRAPH5 aMC@NLO at LO
precision. For these samples we improve on the modeling of initial-state radiation (ISR), which
affects the total transverse momentum (pISR

T ) of the system of SUSY particles, by reweighting
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Figure 4: Distribution in MT in CR0b after the preselection level cuts defined in Table 1.

any additional correction or uncertainty for kinematic tail modeling beyond the one derived
above in CR0b.

The most uncertain aspect of the prediction for the W + HF background is the estimate of its
cross section relative to the W + LF process. We assign a 50% uncertainty to the normalization
of this background [78]. This uncertainty is validated by comparing data to simulation in a
CR with 60 < MT < 120 GeV and with one or two jets, where the dominant contribution to
the event sample is from W + jets. We find that the 50% uncertainty conservatively covers
differences between data and simulation as a function of the number of b jets. Finally, the
uncertainty in this prediction due to the uncertainty in the b tagging efficiency is also evaluated
and found to be 5%.

The effects discussed above also contribute to the tail of the MT distribution in WZ ! `nbb
events. As a result, the tail modeling systematic uncertainty for this background is taken to
be the same as those evaluated in CR0b. An additional uncertainty of 12% is applied to the
normalization of the WZ ! `nbb background, based on the CMS cross section measurement
of inclusive WZ production at 13 TeV [79]. A unique aspect of the WZ ! `nbb background is
that Mbb peaks at the Z boson mass, at the lower edge of the Mbb selection used in this anal-
ysis. Uncertainties in the jet energy scale can therefore strongly impact the prediction of this
background. By varying the jet energy scale within its uncertainty, we derive an uncertainty
of 27% in the WZ ! `nbb background prediction. While this uncertainty is large, the absolute
magnitude of this background remains very small in the signal region. Finally, the uncertainty
in the background prediction for this process due to the uncertainty in the b tagging efficiency
is 2%.

4.3 Other backgrounds

The single-lepton top quark backgrounds are highly suppressed by several of the selections
applied in this analysis. Since these contain exactly one leptonically decaying W boson, the
MT requirement is an effective discriminant against them. Requiring exactly two jets also sup-
presses the tt ! `+ jets background, which typically has four jets in the final state. As a result,
this background comprises a small fraction of the expected SM prediction in the signal region.

10

5 Results
Figure 5 shows the distributions of Mbb in data compared with the SM background prediction
after all signal region requirements except the Mbb selection. No significant deviations from
the predictions are observed. Table 2 shows the expected SM background yields in the signal
region compared to the observation.
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Figure 5: Distributions in Mbb after all signal region kinematic requirements for the two ex-
clusive Emiss

T bins (left: 125  Emiss
T < 200 GeV, right: Emiss

T � 200 GeV). The signal region is
90  Mbb  150 GeV. The hatched band shows the total uncertainty in the background pre-
diction, including statistical and systematic components. The expected signal distribution for a
reference SUSY model is overlaid as an open histogram, and the legend (on the last line) gives
the masses as (mec±

1
, mec0

1
) in GeV.

6 Interpretation
The results of this analysis are interpreted in the context of the simplified SUSY model de-
picted in Fig. 1, ec±

1 ec0
2 ! W±Hec0

1 ec0
1. The ec±

1 and ec0
2 are assumed to have the same mass, and

the branching fractions for the decays listed above are taken to be 100%. The W and Higgs
bosons are taken to decay according to their SM branching fractions. Cross section limits as a
function of the SUSY particle masses are set using a modified frequentist approach, employing
the CLs criterion and an asymptotic formulation [80–83]. Both signal regions are considered
simultaneously in setting limits. The production cross sections are computed at NLO plus
next-to-leading-log (NLL) precision in a limit of mass-degenerate wino ec±

1 and ec0
2, light bino

ec0
1, and with all the other sparticles assumed to be heavy and decoupled [84, 85].

The systematic uncertainties in the signal yield are summarized in Table 3. The signal models
with the largest acceptance uncertainties are those with Dm = mec0

2
� mec0

1
' mH. For these

models, the kinematic properties of the events are most similar to those from SM backgrounds,
and as a result, the acceptance is smaller than for models with larger Dm. For these models
with compressed mass spectra, the largest uncertainties in the signal yields arise from the jet
energy scale (up to 40%), Emiss

T resolution in fast simulation (up to 50%), and limited size of MC
samples (up to 60%). These uncertainties reach their maximal values only for models where
the acceptance of this analysis is very small and the sensitivity is similarly small. For models

SR

• Two b’s form Higgs mass 
peak, main background 2L 
TTbar directly controlled 
in the sideband.

• Mt tail sensitive to MET 
misreconstruction. Lepton 
fakes 

• Validated in 0 B-tagged region
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Figure 3: Comparison of the observed numbers of events to the predicted backgrounds in
the nine signal regions. The WWW signal shown is stacked on top of the background and is
based on the theoretical cross section. The lower panels show the ratio of WWW signal to the
background prediction.

Under the assumption that the signal is absent (i.e. does not occur), the 95% confidence level337

upper limit on the cross section is observed (expected) to be XXX fb (627 fb).338

(Observed significances, cross sections, limits are absent because the analysis is blinded.)339

8.2 Limits on anomalous quartic gauge couplings340

The interaction of four gauge bosons depicted in the fourth diagram of Fig. 1 exists in the SM341

and contributes to the production of the W±W±W⌥ final state. New physics beyond the SM342

could be manifested as an apparent change in the coupling constant associated with the four-343

boson vertex, i.e., in an anomalous quartic gauge coupling (aQGC). A description based on344

aQGCs is most appropriate when the scale for new physics L is much higher than the energy345

scale of the given process, in this case, W±W±W⌥ production characterized by the invariant346

mass of the three W bosons, ŝWWW.347

Anomalous couplings can be handled theoretically by extending the SM Lagrangian with the348

Operator Product Expansion [43]:349

L = LSM + Â
i

ci

L2Oi + Â
j

f j

L4Oj + · · ·

where O represents the higher-order dimension-6 and dimension-8 operators with coefficients350

ci and f j. The operators Oi are constructed out of SM fields and respect gauge invariance. The351

coefficients are considered to be unknown and treated as free parameters to be determined352

by the data. The following CP-conserving terms can be included in the non-SM part of the353

Lagrangian [44]:354

• 3L events,  < 2 jets 

• Dominated by real 3L 
events in 1SFOS and 2SFOS 

• WZ, ttV with 3L in the 
final state 

• Exploit kinematic 
difference in suppressing 
the background: 

• eg: in 1 SFOS: 

• WZ: Mt formed by the 3rd 
lepton and the MET: W 
transverse mass 

• WWW: random, longer tail  

3L

SS Mjj-In SS
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Motivation for WWW

 2

Chang
UCSD FNALUCSB UNL BU NW

The process has a low cross section and has not been observed.
(ATLAS has an 8 TeV analysis with 1σ sensitivity. No 13 TeV result yet.)

The process has ample physics content
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Enhanced production from BSM contributions:  e.g 
photophobic axion-like particle (ALP)
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Figure 28: Feynman diagrams for the production of an axion-like particle with subsequent
decay a ! W±W⌥. The couplings at the vertices indicated by the big black dots scale with
1/ fa.

Table 29: Acceptance of the WWW mode of Photophobic ALP model in the signal regions for
various ma values.

ALP mass [GeV] 175 200 250 300 350 400 600
Mjj-in e±e± 0.011% 0.020% 0.031% 0.043% 0.044% 0.061% 0.066%
Mjj-in e±µ± 0.051% 0.064% 0.092% 0.109% 0.143% 0.161% 0.177%
Mjj-in µ±µ± 0.065% 0.080% 0.111% 0.136% 0.150% 0.173% 0.176%
Mjj-out e±e± 0.013% 0.015% 0.023% 0.029% 0.023% 0.034% 0.038%
Mjj-out e±µ± 0.031% 0.039% 0.056% 0.077% 0.081% 0.092% 0.104%
Mjj-out µ±µ± 0.038% 0.039% 0.052% 0.068% 0.079% 0.071% 0.087%

0 SFOS 0.047% 0.047% 0.064% 0.065% 0.070% 0.073% 0.084%
1 SFOS 0.033% 0.039% 0.045% 0.059% 0.070% 0.084% 0.109%
2 SFOS 0.017% 0.028% 0.035% 0.058% 0.052% 0.067% 0.093%
Total 0.304% 0.369% 0.507% 0.642% 0.710% 0.813% 0.932%

As there are only one free parameter that determines the rate of the ALP process, the limits695

from Figure 30 can be directly related to the limits on the parameter 1/ fa. The expected and696

observed (Data still blinded.) limits on the free parameter 1/ fa are shown in Figure 31.697

14 Summary698

A search for W±W±W⌥ production as predicted by the standard model using pp collision699

data at
p

s = 13 TeV in events containing either two equally charged or three electrons and/or700

muons has been presented. The data were collected with the CMS experiment during the 2016701

run of the CERN LHC and correspond to an integrated luminosity of 35.9 fb�1. The dominant702

sources of SM backgrounds after the event selection are due to non-prompt leptons, three-703

lepton events such as the WZ ! 3`n process, as well as W±W± vector-boson scattering and704

ttW±. The observed (expected) significance for the W±W±W⌥ production is X (1.78)s. The705

expected limit (for absence of W±W±W⌥ signal) on the signal strength modifier has been mea-706

sured to be X (1.28).707

X because we are blinded.708

ALP
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• The success and shortcomings of the Standard Model 

• Looking for new physics directly and indirectly with electroweak bosons and the Higgs boson: 

• Direct: Search for chargino-neutralino pair in the WH final state 

• Indirect: Search for WWW production 

• Enhancing the CMS detector capabilities of discovering new physics 

• Phase 1 pixel upgrade (completed in 2017) 

• Fast Neural Network interference as a solution for triggering/computing  challenges at the 
LHC/HL-LHC.
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• The success and shortcoming of the Standard Model 

Measure what is measurable 

• Looking for new physics with bosons: 

• Direct: Search for chargino-neutralino pair in the WH final state 

• Indirect: Search for WWW production 

• Enhancing the CMS detector capabilities of discovering new physics 

• Phase 1 pixel upgrade (completed in 2017) 

• Fast Neural Network interference as a solution for triggering/computing  challenges at the LHC/HL-
LHC.
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• The success and shortcoming of the Standard Model 

• Looking for new physics directly and indirectly with electroweak bosons and the Higgs boson: 

• Direct: Search for chargino-neutralino pair in the WH final state 

• Indirect: Search for WWW production 

Make measurable what is not so 

• Enhancing the CMS detector capabilities of discovering new physics 

• Phase 1 pixel upgrade (completed in 2017) 

• Fast Neural Network interference as a solution for triggering/computing  challenges at the LHC/
HL-LHC.
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Overwhelming  SM backgrounds
M.LIU

M.LIU  4

❖ In R-parity conserved models, result in di-boson(W/Z/h/γ) associated with missing 
transverse momentum (Etmiss)

✦ Results in a final state of  WH/WZ in Wino Models.

❖ In GMSB model, mass degenerate

✦ Enhanced pair production of                

✦ Also produce a signature of diboson+missingEt.

✦ Results in a final state of ZZ/HZ/HH in higgino models.

2 3 Signal models and Monte Carlo simulation

The first class of models assumes chargino-neutralino (ec±
1 ec0

2) production. The chargino always44

decays to the W boson and the LSP, ec0
1. The second neutralino can decay to either of the Z or H45

bosons plus the LSP. We consider three choices for the ec0
2 decay: a branching fraction of 100%46

to Zec0
1 (WZ topology), a branching fraction of 100% to Hec0

1 (WH topology), and a branching47

fraction of 50% to each of these two decays. This model is depicted in Fig. 1 showing the48

two possible decays. The particles ec±
1 and ec0

2 are assumed to be wino-like states, while ec0
1 is49

assumed to be bino-like.50
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Figure 1: Chargino-neutralino pair production with the chargino decaying to the W boson and
the LSP and the neutralino decaying to either (left) a Z boson and the LSP or (right) a H boson
and the LSP.

The second class of models assumes neutralino-neutralino production. For the wino-like neu-51

tralinos the production cross section is very small, and thus we consider a specific gauge-52

mediated supersymmetry breaking (GMSB) model with quasi-degenerate higgsinos as next-53

to-lightest SUSY particles (NLSPs) and a gravitino (eG) as the LSP [42–44]. All of ec±
1 , ec0

2, and ec0
154

are assumed to be nearly degenerate in mass, such that in the production of any two of these,55

ec±
1 or ec0

2 decay immediately to ec0
1 and soft particles that do not impact the analysis, effectively56

yielding pair production of ec0
1 ec0

1. The cross sections for all of these processes are summed57

assuming these are higgsino-like states. The ec0
1 then decays to eG and either a Z or H boson,58

and we consider varying branching fractions from 100% Z to 100% H including intermediate59

values. The possible decays in this model are shown in Fig. 2.60
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Figure 2: A GMSB model with neutralino-neutralino pair production and the neutralinos de-
caying into gravitinos and (left) two Z bosons, (center) a Z and a H boson, or (right) two H
bosons.

Monte Carlo (MC) simulated samples are used in the various searches to estimate the back-61

ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63

ground samples are produced with the MADGRAPH5 AMC@NLO v2.2.2 generator [45] at64

leading order (LO) or next-to-leading order (NLO) accuracy in perturbative quantum chromo-65

dynamics (QCD), including up to one to four additional partons in the matrix element calcu-66
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Monte Carlo (MC) simulated samples are used in the various searches to estimate the back-61

ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63

ground samples are produced with the MADGRAPH5 AMC@NLO v2.2.2 generator [45] at64

leading order (LO) or next-to-leading order (NLO) accuracy in perturbative quantum chromo-65

dynamics (QCD), including up to one to four additional partons in the matrix element calcu-66
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New results for tt̄ production at hadron colliders
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We present new theoretical predictions for the tt̄ production cross section at NNLO
at the Tevatron and the LHC. We discuss the scale uncertainty and the errors due to
the parton distribution functions (PDFs). For the LHC, we present a fit formula for
the pair production cross section as a function of the center of mass energy and we
provide predictions for the pair production cross section of a hypothetical heavy fourth
generation quark t′.

1 tt̄ - Production at Tevatron and LHC

The experimental measurements of the top mass mt and the tt̄ production cross section have
reached a relative accuracy of 0.75% [2] and 9% [3], respectively. Therefore it is necessary
to provide improved theoretical predictions for the total cross section at the Tevatron and
the LHC in perturbative QCD.

The total hadronic cross section for tt̄ production depends on the top mass mt, the center
of mass energy s = E2, the factorisation scale µf , the renormalization scale µr, and the PDF
set and it is given by

σ(s,mt, µr, µf ) =
∑

i,j=g,q,q̄

fi/p(µ
2
f )⊗ fj/p(µ

2
f )⊗ σ̂(mt, µr, µf ), (1)

where fi/p are the proton PDFs. In the following, we discuss these dependencies.
We have updated the results from Refs. [4, 5] as follows. To obtain more reliable estimates

of the scale uncertainty we have used the full dependence on µr and µf . We have performed
a consistent singlet - octet - decomposition when matching our NNLO threshold expansion
at NLO. Further corrections (electroweak contributions [6, 7, 8], QCD bound state effects
near threshold [9], and new parton channels qq, q̄q̄, and qiq̄j for unlike quarks opening at
NNLO [10, 11] ) are generally small and have been estimated.

As a new result we have studied the dependence of the tt̄ production cross section on the
definition of the mass parameter. We have used the MS mass scheme as an alternative mass
description exploiting the conversion relation between the pole mass mt and the MS mass
m(µr) [12]. We find that the convergence of the perturbation expansion through NNLO is
improved using the MS mass. This expansion has a considerably reduced scale dependence
even at NLO. The NLO and NNLO corrections in the MS scheme are much smaller than
the corresponding corrections in the pole mass scheme. Therefore, we find good properties
of convergence of the perturbation series. From the measured tt̄ cross section at the Teva-
tron [13] we derive a MS mass m = 160.0+3.3

−3.2GeV, which corresponds to a pole mass of

∗Talk given by U. Langenfeld at the XVII International Workshop on Deep-Inelastic Scattering and
Related Subjects, DIS 2009, 26-30 April 2009, Madrid, see Ref. [1]
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Figure 1: Diagram corresponding to the SUSY simplified model targeted by this analysis, i.e.,
chargino-neutralino production, with the chargino decaying to a W boson and an LSP, while
the heavier neutralino decays to a Higgs boson and an LSP.

minosity of 35.9 fb�1 of pp collisions collected at a center-of-mass energy of 13 TeV with the47

CMS detector in 2016. The results are interpreted in the simplified SUSY model with chargino-48

neutralino production depicted in Fig. 1.49

2 The CMS detector50

The central feature of the CMS apparatus is a superconducting solenoid, 13 m in length and51

6 m in diameter, which provides an axial magnetic field of 3.8 T. Within the field volume are52

several particle detection systems. Charged-particle trajectories are measured with silicon pixel53

and strip trackers, covering 0  f < 2p in azimuth and |h| < 2.5 in pseudorapidity, where54

h ⌘ � ln[tan(q/2)] and q is the polar angle of the trajectory of the particle with respect to the55

counterclockwise beam direction. The transverse momentum, the component of the momen-56

tum p in the plane orthogonal to the beam, is defined in terms of the polar angle as pT = p sin q.57

A lead-tungstate crystal electromagnetic calorimeter and a brass and scintillator hadron calor-58

imeter surround the tracking volume, providing energy measurements of electrons, photons,59

and hadronic jets in the range |h| < 3.0. Muons are identified and measured within |h| < 2.460

by gas-ionization detectors embedded in the steel flux-return yoke of the solenoid. Forward61

calorimeters on each side of the interaction point encompass 3.0 < |h| < 5.0. The detector62

is nearly hermetic, allowing momentum imbalance measurements in the plane transverse to63

the beam direction. A two-tier trigger system selects pp collision events of interest for use in64

physics analyses. A detailed description of the CMS detector, together with a definition of the65

coordinate system used and the relevant kinematic variables, can be found in Ref. [39].66

3 Event samples, reconstruction, and selection67

3.1 Object definition and preselection68

Event reconstruction is based on the particle-flow (PF) algorithm [40, 41], which combines in-69

formation from the tracker, calorimeter, and muon systems to reconstruct and identify PF can-70

didates, i.e., charged and neutral hadrons, photons, muons, and electrons. To select collision71

events, we require at least one reconstructed vertex. The reconstructed vertex with the largest72

value of summed physics-object p2
T is taken to be the primary pp interaction vertex. The physics73

objects are the objects returned by a jet finding algorithm [42, 43] applied to all charged tracks74

associated with the vertex, plus the corresponding associated missing transverse momentum.75

The missing transverse momentum vector, ~pmiss
T , is defined as the negative vector sum of the76

momenta of all reconstructed PF candidates projected onto the plane perpendicular to the pro-77

M.LIU  4

❖ In R-parity conserved models, result in di-boson(W/Z/h/γ) associated with missing 
transverse momentum (Etmiss)

✦ Results in a final state of  WH/WZ in Wino Models.

❖ In GMSB model, mass degenerate

✦ Enhanced pair production of                

✦ Also produce a signature of diboson+missingEt.

✦ Results in a final state of ZZ/HZ/HH in higgino models.

2 3 Signal models and Monte Carlo simulation

The first class of models assumes chargino-neutralino (ec±
1 ec0

2) production. The chargino always44

decays to the W boson and the LSP, ec0
1. The second neutralino can decay to either of the Z or H45

bosons plus the LSP. We consider three choices for the ec0
2 decay: a branching fraction of 100%46

to Zec0
1 (WZ topology), a branching fraction of 100% to Hec0

1 (WH topology), and a branching47

fraction of 50% to each of these two decays. This model is depicted in Fig. 1 showing the48

two possible decays. The particles ec±
1 and ec0

2 are assumed to be wino-like states, while ec0
1 is49

assumed to be bino-like.50
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Figure 1: Chargino-neutralino pair production with the chargino decaying to the W boson and
the LSP and the neutralino decaying to either (left) a Z boson and the LSP or (right) a H boson
and the LSP.

The second class of models assumes neutralino-neutralino production. For the wino-like neu-51

tralinos the production cross section is very small, and thus we consider a specific gauge-52

mediated supersymmetry breaking (GMSB) model with quasi-degenerate higgsinos as next-53

to-lightest SUSY particles (NLSPs) and a gravitino (eG) as the LSP [42–44]. All of ec±
1 , ec0

2, and ec0
154

are assumed to be nearly degenerate in mass, such that in the production of any two of these,55

ec±
1 or ec0

2 decay immediately to ec0
1 and soft particles that do not impact the analysis, effectively56

yielding pair production of ec0
1 ec0

1. The cross sections for all of these processes are summed57

assuming these are higgsino-like states. The ec0
1 then decays to eG and either a Z or H boson,58

and we consider varying branching fractions from 100% Z to 100% H including intermediate59

values. The possible decays in this model are shown in Fig. 2.60

p

p χ̃
0
1

χ̃
0
1

Z

G̃

G̃

Z

p

p χ̃
0
1

χ̃
0
1

Z

G̃

G̃

H

p

p χ̃
0
1

χ̃
0
1

H

G̃

G̃

H

Figure 2: A GMSB model with neutralino-neutralino pair production and the neutralinos de-
caying into gravitinos and (left) two Z bosons, (center) a Z and a H boson, or (right) two H
bosons.

Monte Carlo (MC) simulated samples are used in the various searches to estimate the back-61

ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63

ground samples are produced with the MADGRAPH5 AMC@NLO v2.2.2 generator [45] at64

leading order (LO) or next-to-leading order (NLO) accuracy in perturbative quantum chromo-65

dynamics (QCD), including up to one to four additional partons in the matrix element calcu-66
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New results for tt̄ production at hadron colliders
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We present new theoretical predictions for the tt̄ production cross section at NNLO
at the Tevatron and the LHC. We discuss the scale uncertainty and the errors due to
the parton distribution functions (PDFs). For the LHC, we present a fit formula for
the pair production cross section as a function of the center of mass energy and we
provide predictions for the pair production cross section of a hypothetical heavy fourth
generation quark t′.

1 tt̄ - Production at Tevatron and LHC

The experimental measurements of the top mass mt and the tt̄ production cross section have
reached a relative accuracy of 0.75% [2] and 9% [3], respectively. Therefore it is necessary
to provide improved theoretical predictions for the total cross section at the Tevatron and
the LHC in perturbative QCD.

The total hadronic cross section for tt̄ production depends on the top mass mt, the center
of mass energy s = E2, the factorisation scale µf , the renormalization scale µr, and the PDF
set and it is given by

σ(s,mt, µr, µf ) =
∑

i,j=g,q,q̄

fi/p(µ
2
f )⊗ fj/p(µ

2
f )⊗ σ̂(mt, µr, µf ), (1)

where fi/p are the proton PDFs. In the following, we discuss these dependencies.
We have updated the results from Refs. [4, 5] as follows. To obtain more reliable estimates

of the scale uncertainty we have used the full dependence on µr and µf . We have performed
a consistent singlet - octet - decomposition when matching our NNLO threshold expansion
at NLO. Further corrections (electroweak contributions [6, 7, 8], QCD bound state effects
near threshold [9], and new parton channels qq, q̄q̄, and qiq̄j for unlike quarks opening at
NNLO [10, 11] ) are generally small and have been estimated.

As a new result we have studied the dependence of the tt̄ production cross section on the
definition of the mass parameter. We have used the MS mass scheme as an alternative mass
description exploiting the conversion relation between the pole mass mt and the MS mass
m(µr) [12]. We find that the convergence of the perturbation expansion through NNLO is
improved using the MS mass. This expansion has a considerably reduced scale dependence
even at NLO. The NLO and NNLO corrections in the MS scheme are much smaller than
the corresponding corrections in the pole mass scheme. Therefore, we find good properties
of convergence of the perturbation series. From the measured tt̄ cross section at the Teva-
tron [13] we derive a MS mass m = 160.0+3.3

−3.2GeV, which corresponds to a pole mass of

∗Talk given by U. Langenfeld at the XVII International Workshop on Deep-Inelastic Scattering and
Related Subjects, DIS 2009, 26-30 April 2009, Madrid, see Ref. [1]
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3.3 Signal and background simulation 5
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Figure 2: Distributions in Mbb (top left), Emiss
T (top right), MT (bottom left), and MCT (bottom

right) for signal and background events in simulation after the preselection. The Emiss
T , MT,

and MCT distributions are shown after the 90 < Mbb < 150 GeV requirement. Expected signal
distributions are also overlaid as open histograms for various mass points, with the signal cross
section scaled up by a factor of 50 for display purposes. The legend entries for signal give the
masses (mec±

1
, mec0

1
) in GeV and the factor by which the signal cross section has been scaled.

ing order (LO) with the MLM matching scheme [56], while tW and single top quark t-channel
events are generated at next-to-leading-order (NLO) using POWHEG V2 [57–59]. A top quark
mass of mt = 172.5 GeV, and the NNPDF3.0 LO or NLO [60] parton distribution functions
(PDFs) are used in the event generation. Single top quark s-channel production is simulated
using MADGRAPH5 aMC@NLO 2.2.2 at NLO precision with the FxFx matching scheme [61].
Samples of diboson (WW, WZ, and ZZ) events are generated with either POWHEG or MAD-
GRAPH5 aMC@NLO at NLO precision. Normalization of the simulated background samples
is performed using the most accurate cross section calculations available [55, 62–72], which
generally correspond to NLO or next-to-NLO precision.

The chargino-neutralino signal samples are also generated with MADGRAPH5 aMC@NLO at LO
precision. For these samples we improve on the modeling of initial-state radiation (ISR), which
affects the total transverse momentum (pISR

T ) of the system of SUSY particles, by reweighting

• 1 e/mu, two b jets,MET> 125 GeV 

• Even after requiring large missing 
transverse energy! 

• Need smart variables to exploit the 
topology differences between WH 
signal and backgrounds
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3.3 Signal and background simulation 5
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Figure 2: Distributions in Mbb (top left), Emiss
T (top right), MT (bottom left), and MCT (bottom

right) for signal and background events in simulation after the preselection. The Emiss
T , MT,

and MCT distributions are shown after the 90 < Mbb < 150 GeV requirement. Expected signal
distributions are also overlaid as open histograms for various mass points, with the signal cross
section scaled up by a factor of 50 for display purposes. The legend entries for signal give the
masses (mec±

1
, mec0

1
) in GeV and the factor by which the signal cross section has been scaled.

ing order (LO) with the MLM matching scheme [56], while tW and single top quark t-channel
events are generated at next-to-leading-order (NLO) using POWHEG V2 [57–59]. A top quark
mass of mt = 172.5 GeV, and the NNPDF3.0 LO or NLO [60] parton distribution functions
(PDFs) are used in the event generation. Single top quark s-channel production is simulated
using MADGRAPH5 aMC@NLO 2.2.2 at NLO precision with the FxFx matching scheme [61].
Samples of diboson (WW, WZ, and ZZ) events are generated with either POWHEG or MAD-
GRAPH5 aMC@NLO at NLO precision. Normalization of the simulated background samples
is performed using the most accurate cross section calculations available [55, 62–72], which
generally correspond to NLO or next-to-NLO precision.

The chargino-neutralino signal samples are also generated with MADGRAPH5 aMC@NLO at LO
precision. For these samples we improve on the modeling of initial-state radiation (ISR), which
affects the total transverse momentum (pISR

T ) of the system of SUSY particles, by reweighting

• e.g 1L ttbar: W transverse mass 
constrained by top mass vs signal with 
extra MET from LSP
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Figure 3: Comparison of the observed numbers of events to the predicted backgrounds in
the nine signal regions. The WWW signal shown is stacked on top of the background and is
based on the theoretical cross section. The lower panels show the ratio of WWW signal to the
background prediction.

Under the assumption that the signal is absent (i.e. does not occur), the 95% confidence level337

upper limit on the cross section is observed (expected) to be XXX fb (627 fb).338

(Observed significances, cross sections, limits are absent because the analysis is blinded.)339

8.2 Limits on anomalous quartic gauge couplings340

The interaction of four gauge bosons depicted in the fourth diagram of Fig. 1 exists in the SM341

and contributes to the production of the W±W±W⌥ final state. New physics beyond the SM342

could be manifested as an apparent change in the coupling constant associated with the four-343

boson vertex, i.e., in an anomalous quartic gauge coupling (aQGC). A description based on344

aQGCs is most appropriate when the scale for new physics L is much higher than the energy345

scale of the given process, in this case, W±W±W⌥ production characterized by the invariant346

mass of the three W bosons, ŝWWW.347

Anomalous couplings can be handled theoretically by extending the SM Lagrangian with the348

Operator Product Expansion [43]:349

L = LSM + Â
i

ci

L2Oi + Â
j

f j

L4Oj + · · ·

where O represents the higher-order dimension-6 and dimension-8 operators with coefficients350

ci and f j. The operators Oi are constructed out of SM fields and respect gauge invariance. The351

coefficients are considered to be unknown and treated as free parameters to be determined352

by the data. The following CP-conserving terms can be included in the non-SM part of the353

Lagrangian [44]:354

• Suppress background as 
much as possible: 

• e.g. 1 SFOS-> 3rd lepton 
from WZ background 
comes from W decay, 
therefore has a falling Mt 
spectrum—> 40% 
background rejection 
without signal loss

SS Mjj-In
SS

M.LIU
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SlideManuel Franco Sevilla Searching for physics beyond the Standard Model in the LHC era

CMS and the SM zoo: Higgs
The Higgs boson (H) decays in various ways 

➡ Most common: H→bb (58%) 
➡ Cleanest: H→γγ and H→ZZ*→µ+µ-µ+µ-

14

H → ZZ* → µ+µ-µ+µ-

Many ways to reconstruct the Higgs, 
but it is produced rarely!

�̃0
1

�̃0
1

h/Z/�

h/Z/�

�̃0
1

�̃0
1

h

h

h
bb

58%

γγ 0.2%

WW
22%

gg 9%
!! 6%

cc 3% ZZ 3%

�Recording the events: trigger

�Exploiting background reduction handles

�Predicting the remaining background

�Understanding uncertainties on the prediction

� Interpreting the results!
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Analysis strategy

Higgs boson decays 

39. Kinematics 1

39. KINEMATICS
Revised January 2000 by J.D. Jackson (LBNL) and June 2008 by
D.R. Tovey (Sheffield).

Throughout this section units are used in which ! = c = 1. The
following conversions are useful: !c = 197.3 MeV fm, (!c)2 = 0.3894
(GeV)2 mb.

39.1. Lorentz transformations

The energy E and 3-momentum p of a particle of mass m form a 4-vector p = (E,p)
whose square p2 ≡ E2 − |p|2 = m2. The velocity of the particle is β = p/E. The energy
and momentum (E∗,p∗) viewed from a frame moving with velocity βf are given by

(
E∗

p∗∥

)
=

(
γf −γfβf

−γfβf γf

) (
E
p∥

)
, p∗

T
= pT , (39.1)

where γf = (1− β2
f )−1/2 and pT (p∥) are the components of p perpendicular (parallel) to

βf . Other 4-vectors, such as the space-time coordinates of events, of course transform in
the same way. The scalar product of two 4-momenta p1 · p2 = E1E2 − p1 · p2 is invariant
(frame independent).

39.2. Center-of-mass energy and momentum

In the collision of two particles of masses m1 and m2 the total center-of-mass energy
can be expressed in the Lorentz-invariant form

Ecm =
[
(E1 + E2)2 − (p1 + p2)

2
]1/2

,

=
[
m2

1 + m2
2 + 2E1E2(1 − β1β2 cos θ)

]1/2
, (39.2)

where θ is the angle between the particles. In the frame where one particle (of mass m2)
is at rest (lab frame),

Ecm = (m2
1 + m2

2 + 2E1 lab m2)1/2 . (39.3)
The velocity of the center-of-mass in the lab frame is

βcm = plab/(E1 lab + m2) , (39.4)
where plab ≡ p1 lab and

γcm = (E1 lab + m2)/Ecm . (39.5)

The c.m. momenta of particles 1 and 2 are of magnitude

pcm = plab
m2

Ecm
. (39.6)

For example, if a 0.80 GeV/c kaon beam is incident on a proton target, the center of mass
energy is 1.699 GeV and the center of mass momentum of either particle is 0.442 GeV/c.
It is also useful to note that

Ecm dEcm = m2 dE1 lab = m2 β1 lab dplab . (39.7)

K. Nakamura et al., JPG 37, 075021 (2010) (http://pdg.lbl.gov)
July 30, 2010 14:36

39. Kinematics 3

p 1, m 1

p 2, m 2

P , M

Figure 39.1: Definitions of variables for two-body decays.

39.4.2. Two-body decays :
In the rest frame of a particle of mass M , decaying into 2 particles labeled 1 and 2,

E1 =
M2 − m2

2 + m2
1

2M
, (39.15)

|p1| = |p2|

=
[(

M2 − (m1 + m2)2
) (

M2 − (m1 − m2)2
)]1/2

2M
, (39.16)

and
dΓ =

1
32π2 |M |2 |p1|

M2 dΩ , (39.17)

where dΩ = dφ1d(cos θ1) is the solid angle of particle 1. The invariant mass M can be
determined from the energies and momenta using Eq. (39.2) with M = Ecm.

39.4.3. Three-body decays :

p 1, m 1

p 3, m 3

P , M p 2, m 2

Figure 39.2: Definitions of variables for three-body decays.

Defining pij = pi + pj and m2
ij = p2

ij , then m2
12 + m2

23 + m2
13 = M2 + m2

1 + m2
2 + m2

3

and m2
12 = (P − p3)2 = M2 + m2

3 − 2ME3, where E3 is the energy of particle 3 in the
rest frame of M . In that frame, the momenta of the three decay particles lie in a plane.
The relative orientation of these three momenta is fixed if their energies are known. The
momenta can therefore be specified in space by giving three Euler angles (α, β, γ) that
specify the orientation of the final system relative to the initial particle [1]. Then

dΓ =
1

(2π)5
1

16M
|M |2 dE1 dE2 dα d(cosβ) dγ . (39.18)

July 30, 2010 14:36

Construct invariant mass from decay products
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Why is it so hard
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• key ingredients: Signal rate and background 
handling 

• Observed the Higgs boson with decay modes of 
lower backgrounds (WW/ZZ/γγ).

H-> 4 leptons 0.02%



Non-prompt Lepton 
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• Poorly modeled in the simulation 

• Chances of jet faking a lepton is very low (~10-5).  

• Difficult to simulate the non-gaussian tail of detector’s 
response to jets 

• Difficult to model different fake lepton sources  

• Mis-identified charged hadron, heavy flavor decay, photon 
conversions…. 

• Data-driven estimates crucial in making first measurement.  

• My main focus on the analysis

M.LIU



ATLAS vs CMS
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Figure 15: Standalone GPU inference time per image (left) and images per second (right) as a function
of batch size for the TensorFlow o�cial ResNet-5�model compared with the Brainwave ResNet-5�
model. The dashed line indicates a time of 10 ms, consistent with the on-prem inference time of the
Brainwave system.

Table 2: A summary comparison of total inference time for Brainwave, CPU, and GPU performance

Type Hardware hInference timei Max throughput Setup
CPU Xeon 2.6 GHz, 1 core 1.75 seconds 0.6 img/s CMSSW, TF v1.�6
CPU i7 3.6 GHz, 1 core 500 ms 2 img/s python, TF v1.1�
CPU i7 3.6 GHz, 8 core 200 ms 5 img/s python, TF v1.1�

GPU (batch=1) NVidia GTX 1080 100 ms 10 img/s python, TF v1.1�
GPU (batch=32) NVidia GTX 1080 9 ms 111 img/s python, TF v1.1�
GPU (batch=1) NVidia GTX 1080 7 ms 143 img/s TF internal, TF v1.1�
GPU (batch=32) NVidia GTX 1080 1.5 ms 667 img/s TF internal, TF v1.1�

Brainwave Altera Artix 10 ms 660 img/s CMSSW, on-prem
Brainwave Altera Artix 60 ms 660 img/s CMSSW, remote

GPU comparisons can be more nuanced2, depending on the model implementation and batch
sizes. However, for a batch of one image, we can say that the Brainwave inference latencies, both
on-prem and remote including network latencies, are of a similar order to local, physically connected
GPU inference times. The GPU and Brainwave have similar maximum throughput, about 660 images
per second, though the former only achieves this with large batch size and the latter achieves this
when accessed with many CPUs simultaneously. It should be emphasized that Brainwave achieves
this performance using single-image requests and including network infrastructure for deployment as
a service, while the GPU requires a large batch size for the same performance and is directly connected

2For that matter, CPU comparisons can also be nuanced when considering devices with many cores and large RAM.
However, they do not fit in with the CMSSW computing model.

– 18 –



Example: Higgsino searches
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• Higgsinos: Expected to be comparable to 
Higgs mass in ‘Natrual SUSY’: hundreds 
of GeV 

• More difficult to constrain than Wino : 

• Lower cross section. 

56

Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV

~H~χ1

0
~χ1

±
~χ2

0

mass

~
t 1

~
t 2 ~

b1

~g

“Natural” SUSY Spectrum

Δm

Higgsino-like

M.LIU



Challenging signatures in Higgsino searches

 109

• More difficult to constrain than Wino : 

• Challenging signatures 

• Δm~ tens of GeV : Soft decay 
products 

• Δm~ hundreds of MeV : Long-lived 
signatures 

• Need special triggers/reconstruction 56

Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV

~H~χ1

0
~χ1

±
~χ2

0

mass

~
t 1

~
t 2 ~

b1

~g

“Natural” SUSY Spectrum

Δm

Higgsino-likeΔm~  
hundreds of MeV 

to 
tens of GeV

products. The strongest limits from previous searches are
from combinations of results from the Large Electron
Positron collider (LEP) experiments [20–30]. The lower
bounds on direct chargino production from these results
correspond to mð χ̃"1 Þ > 103.5 GeV for Δmð χ̃"1 ; χ̃01Þ >
3 GeV and mð χ̃"1 Þ > 92.4 GeV for smaller mass
differences. For sleptons, conservative lower limits on the
mass of the scalar partner of the right-handed muon, denoted
μ̃R, are approximately mðμ̃RÞ ≳ 94.6 GeV for mass split-
tings down to Δmðμ̃R; χ̃01Þ≳ 2 GeV. For the scalar partner
of the right-handed electron, denoted ẽR, a universal lower
bound of mðẽRÞ ≳ 73 GeV independently of ΔmðẽR; χ̃01Þ
exists. Recent phenomenological studies have proposed to
probe compressed mass spectra in the electroweak SUSY
sector by using leptons with small transverse momentum,
pT, referred to as soft leptons [16,31–37].
A search for electroweak production of supersymmetric

particles in compressed mass spectra scenarios with final
states containing two soft same-flavor opposite-charge
leptons (electrons or muons) and a large magnitude
(Emiss

T ) of missing transverse momentum, pmiss
T , is presented

in this paper. The analysis uses proton-proton (pp) collision
data collected by the ATLAS experiment from 2015 and
2016 at the Large Hadron Collider (LHC) [38], correspond-
ing to 36.1 fb−1 of integrated luminosity at

ffiffiffi
s

p
¼ 13 TeV.

Figure 1 shows schematic diagrams representing the electro-
weakino and slepton pair production, as well as decays
targeted in this work. Same-flavor opposite-charge lepton
pairs arise either from χ̃02 decays via an off-shell Z boson
(denoted Z%) or the slepton decays. The Emiss

T in the signal
originates from the two LSPs recoiling against hadronic
initial-state radiation. Electroweakino signal regions are
constructed using the dilepton invariant massmll as a final
discriminant, in which the signals have a kinematic endpoint
given by the mass splitting of the χ̃02 and χ̃01, as illustrated in
Fig. 2. Slepton signal regions exploit a similar feature in the
stransverse mass mT2 [39,40]. This work complements the
sensitivity of existing ATLAS searches at

ffiffiffi
s

p
¼ 8 TeV

[41–44], which set limits on the production of winos that
decay via W or Z bosons for mass splittings of
Δmð χ̃"1 ; χ̃01Þ≳ 35 GeV, andΔmðl̃; χ̃01Þ≳ 55 GeV for slep-
ton production. Similar searches have been reported by the
CMS Collaboration at

ffiffiffi
s

p
¼ 8 TeV [45,46] and at

ffiffiffi
s

p
¼

13 TeV [47], which probe winos decaying via W or Z
bosons for mass splittings Δmð χ̃"1 ; χ̃01Þ≳ 23 GeV.
This paper has the following structure. After a brief

description of the ATLAS detector in Sec. II, the data and
Monte Carlo samples used are detailed in Sec. III.
Sections IV and V present the event reconstruction and
the signal region selections. The background estimation
and the systematic uncertainties are discussed in Secs. VI
and VII, respectively. Finally, the results and their inter-
pretation are reported in Sec. VIII before Sec. IX summa-
rizes the conclusions.

II. ATLAS DETECTOR

The ATLAS experiment [49] is a general-purpose
particle detector that surrounds the interaction point with
nearly 4π solid angle coverage.1 It comprises an inner

(a) (b)

FIG. 1. Diagrams representing the two-lepton final state of
(a) electroweakino χ̃02 χ̃

"
1 and (b) slepton pair l̃ l̃ production in

association with a jet radiated from the initial state (labeled j).
The Higgsino simplified model also considers χ̃02 χ̃

0
1 and χ̃þ1 χ̃

−
1

production.

FIG. 2. Dilepton invariant mass (mll) for Higgsino and wino-
bino simplified models. The endpoint of the mll distribution is
determined by the difference between the masses of the χ̃02 and
χ̃01. The results from simulation (solid line) are compared with an
analytic calculation of the expected line shape (dashed line)
presented in Ref. [48], where the product of the signed mass
eigenvalues (mð χ̃02Þ ×mð χ̃01Þ) is negative for Higgsino and
positive for wino-bino scenarios.

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z axis along the beam pipe. The x axis points from the IP
to the center of the LHC ring, and the y axis points upwards.
Cylindrical coordinates ðr;ϕÞ are used in the transverse plane, ϕ
being the azimuthal angle around the z axis. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ.
Angular distance is measured in units of ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2þðΔϕÞ2

p
.

Rapidity is defined by y ¼ 1
2 ln½ðEþ pzÞ=ðE − pzÞ(, where E is

the energy and pz is the longitudinal component of the momen-
tum along the beam direction.

M. AABOUD et al. PHYS. REV. D 97, 052010 (2018)

052010-2

Soft

ISR jet
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HL-LHC dataset will benefit Higgsino searches
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ISR jet

5. Summary 7

Table 3: Signal and background yields in two representative event categories. SR1 is de-
fined by p

miss
T > 500 GeV, m`1,`2 in [10, 20] GeV, and pT(`2) in [13, 21] GeV. SR2 is defined by

p
miss
T > 500 GeV, m`1,`2 in [10, 20] GeV, and pT(`2) in [5, 13] GeV. The signal model considered

here has mec±
1

= mec0
2
= 300 GeV and mec0

1
= 280 GeV. Only systematic uncertainties are given.

Process SR1 SR2
Signal 3.3 ± 0.2 8.9 ± 0.5

tt 1.7 ± 0.1 6.2 ± 0.6
W+jets 0.03± 0.01 15.8 ± 4.8
W+W� 0.7 ± 0.04 1.5 ± 0.1

Drell-Yan 0.9 ± 0.1 1.9 ± 0.2

A potential improvement to the analysis is the addition of final states with three leptons orig-
inating from ec±

1 ec0
2 ! `nec0

1``ec0
1 decays. The acceptance can also be increased with lower re-

quirements on the minimum lepton pT or on the minimum m`1,`2 . The latter improvement is
expected to increase the sensitivity to models with mass splittings below 7.5 GeV, provided that
the background from low-mass resonances is suppressed.
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Figure 4: The 5s discovery contours and expected 95% CL exclusion contours for the combined
ec±

1 ec0
2 and ec0

2 ec0
1 production. Results are presented for DM(ec0

2, ec0
1) > 7.5 GeV.

5 Summary
A search for the pair production of light higgsino-like charginos ec±

1 and neutralinos ec0
2 (ec±

1 ec0
2,

ec0
2 ec0

1) is presented using 3000 fb�1 of simulated proton-proton collision data produced by the
HL-LHC at 14 TeV. The ec±

1 and ec0
2 particles are assumed to be mass-degenerate, to be pair-

produced, and to decay into the lightest stable superymmetric particle ec0
1 via off-shell W and Z

bosons. The ec0
1 is also assumed to be higgsino-like. Higgsino-like mass-degenerate ec±

1 and ec0
2

particles with masses up to 250 GeV can be discovered for a mass difference of 15 GeV relative
to the lightest neutralino ec0

1. For this mass splitting, ec±
1 and ec0

2 with masses up to 360 GeV can
be excluded at 95% confidence level.

M.LIUM.LIU

HL-LHC: 3000 fb-1

2016 data (36 fb-1)
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Adaptable. Intelligent.

CASE STUDY

3

SOLUTION:

The team set out to develop and benchmark a tool flow (see figure 3), based around Xilinx Vivado HLS, that would 
shorten the “time-to-physics” for creating machine learning algorithms for the CMS level one trigger. The hls4ml 
tool has a number of  configurable parameters that enable users to customize the space of latency, initiation 
interval, and resource usage tradeoffs for their application. Because every application is different, the goal of 
hls4ml is to empower users to perform this optimization through automated neural network translation and FPGA 
design iteration.

Prior to the team’s work to create hls4ml, physicists would have to manually create simple trigger algorithms 
and engineers would then program the FPGAs in Verilog or VHDL. This was a very time-consuming process that 
could take several man-months of work by expert physicists and engineers. 

Tran said, “We envisioned at a very high level putting neural networks into the level one trigger. Nobody had 
really considered the possibility of generically putting neural networks of all different types there. Once you 
give that capability to the community, then it can be everywhere. We’re seeing it in muon identification, tau 
leptons, photons, electrons-- all the particles that we see--we can improve the performance using these more 
sophisticated techniques.” 

Raising the level of abstraction with hls4ml allows the physicists to perform model optimization with big 
data industry standard open source frameworks such as Keras, TensorFlow or PyTorch. The output of these 
frameworks is used by hls4ml to generate the FPGA acceleration firmware. This automation was a big time saver 
as Tran stated, “Electrical engineers are a scarce resource in physics and they’re quite expensive. The more we 
can use physicists to develop the algorithms and electrical engineers to design the systems, the better off we 
are. Making machine learning algorithms more accessible to the physicist helps a lot. That’s the beauty of why 
we started with HLS and not the Verilog or VHDL level. Now, we can do the whole chain from training to testing on 
an FPGA in a day.” 

Developed a Customized hls4ml Flow Leveraging Vivado HLS

Figure 3: hls4ml tool flow
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2 Building neural networks with hls4ml

In this section, we give an overview of translating a given neural network model into a FPGA
implementation using HLS. We then detail a specific jet substructure case study, but the same concepts
are applicable for a broad class of problems. We conclude this section by discussing how to create
an e�cient and optimal implementation of a neural network in terms of performance, resource usage,
and latency.

2.1 hls4ml concept

The task of automatically translating a trained neural network, specified by the model’s architecture,
weights, and biases, into HLS code is performed by the hls4ml package. A schematic of a typical
workflow is illustrated in Fig. 1.
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Figure 1: A typical workflow to translate a model into a FPGA implementation using hls4ml.

The part of the workflow illustrated in red indicates the usual software workflow required to
design a neural network for a specific task. This usual machine learning workflow, with tools such as
Keras and PyTorch, involves a training step and possible compression steps (more discussion below
in Sec. 2.3) before settling on a final model. The blue section of the workflow is the task of hls4ml,
which translates a model into an HLS project that can be synthesized and implemented to run on an
FPGA.

At a high level, FPGA algorithm design is unique from programming a CPU in that independent
operations may run fully in parallel, allowing FPGAs to achieve trillions of operations per second at a
relatively low power cost. However, such operations consume dedicated resources onboard the FPGA
and cannot be dynamically remapped while running. The challenge in creating an optimal FPGA
implementation is to balance FPGA resource usage with achieving the latency and throughput goals
of the target algorithm. Key metrics for an FPGA implementation include:
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2 Building neural networks with hls4ml

In this section, we give an overview of translating a given neural network model into a FPGA
implementation using HLS. We then detail a specific jet substructure case study, but the same concepts
are applicable for a broad class of problems. We conclude this section by discussing how to create
an e�cient and optimal implementation of a neural network in terms of performance, resource usage,
and latency.

2.1 hls4ml concept

The task of automatically translating a trained neural network, specified by the model’s architecture,
weights, and biases, into HLS code is performed by the hls4ml package. A schematic of a typical
workflow is illustrated in Fig. 1.
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Keras and PyTorch, involves a training step and possible compression steps (more discussion below
in Sec. 2.3) before settling on a final model. The blue section of the workflow is the task of hls4ml,
which translates a model into an HLS project that can be synthesized and implemented to run on an
FPGA.

At a high level, FPGA algorithm design is unique from programming a CPU in that independent
operations may run fully in parallel, allowing FPGAs to achieve trillions of operations per second at a
relatively low power cost. However, such operations consume dedicated resources onboard the FPGA
and cannot be dynamically remapped while running. The challenge in creating an optimal FPGA
implementation is to balance FPGA resource usage with achieving the latency and throughput goals
of the target algorithm. Key metrics for an FPGA implementation include:
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• 100 ns latency for a fully connected network achieved! 😎 
• Meets L1 requirement at the LHC


• Applications coming soon: studies ongoing for CMS muon 
trigger implementation towards RUN 3!
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5.1 The b jet identification 23

In this figure, the tagging efficiency is integrated over the pT and h distributions of the jets
in the tt sample. The tagging efficiency is also shown for the Run 1 version of the CSV algo-
rithm. It should be noted that the CSV algorithm was trained on simulated multijet events at
centre-of-mass energy of 7 TeV using anti-kT jets clustered with a distance parameter R = 0.5.
Therefore, the comparison is not completely fair. The performance improvement expected from
a retraining is typically of the order of 1%. The absolute improvement in the b jet identification
efficiency for the CSVv2 (AVR) algorithm with respect to the CSV algorithm is of the order of
2–4% when the comparison is made at the same misidentification probability value for light-
flavour jets. An additional improvement of the order of 1–2% is seen when using IVF vertices
instead of AVR vertices in the CSVv2 algorithm. The cMVAv2 tagger performs around 3–4%
better than the CSVv2 algorithm for the same misidentification probability for light-flavour
jets. The DeepCSV P(b) + P(bb) tagger outperforms all the other b jet identification algo-
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Figure 16: Misidentification probability for c and light-flavour jets versus b jet identification
efficiency for various b tagging algorithms applied to jets in tt events.

rithms, when discriminating against c jets or light-flavour jets, except for b jet identification
efficiencies above 70% where the cMVAv2 tagger performs better when discriminating against
light-flavour jets. The absolute b identification efficiency improves by about 4% with respect to
the CSVv2 algorithm for a misidentification probability for light-flavour jets of 1%. Three stan-
dard working points are defined for each b tagging algorithm using jets with pT > 30 GeV in
simulated multijet events with 80 < p̂T < 120 GeV. The average jet pT in this sample of events
is about 75 GeV. These working points, “loose” (L), “medium” (M), and “tight” (T), correspond
to thresholds on the discriminator after which the misidentification probability is around 10%,
1%, and 0.1%, respectively, for light-flavour jets. The efficiency for correctly identifying b jets in
simulated tt events for each of the three working points of the various taggers is summarized
in Table 2.

The tagging efficiency depends on the jet pT, h, and the number of pileup interactions in the
event. This dependency is illustrated for the DeepCSV P(b) + P(bb) tagger in Fig. 17 using
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centre-of-mass energy of 7 TeV using anti-kT jets clustered with a distance parameter R = 0.5.
Therefore, the comparison is not completely fair. The performance improvement expected from
a retraining is typically of the order of 1%. The absolute improvement in the b jet identification
efficiency for the CSVv2 (AVR) algorithm with respect to the CSV algorithm is of the order of
2–4% when the comparison is made at the same misidentification probability value for light-
flavour jets. An additional improvement of the order of 1–2% is seen when using IVF vertices
instead of AVR vertices in the CSVv2 algorithm. The cMVAv2 tagger performs around 3–4%
better than the CSVv2 algorithm for the same misidentification probability for light-flavour
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rithms, when discriminating against c jets or light-flavour jets, except for b jet identification
efficiencies above 70% where the cMVAv2 tagger performs better when discriminating against
light-flavour jets. The absolute b identification efficiency improves by about 4% with respect to
the CSVv2 algorithm for a misidentification probability for light-flavour jets of 1%. Three stan-
dard working points are defined for each b tagging algorithm using jets with pT > 30 GeV in
simulated multijet events with 80 < p̂T < 120 GeV. The average jet pT in this sample of events
is about 75 GeV. These working points, “loose” (L), “medium” (M), and “tight” (T), correspond
to thresholds on the discriminator after which the misidentification probability is around 10%,
1%, and 0.1%, respectively, for light-flavour jets. The efficiency for correctly identifying b jets in
simulated tt events for each of the three working points of the various taggers is summarized
in Table 2.

The tagging efficiency depends on the jet pT, h, and the number of pileup interactions in the
event. This dependency is illustrated for the DeepCSV P(b) + P(bb) tagger in Fig. 17 using
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Various applications actively explored in particle identification, 
regression, fast-simulation, anomaly detection… 

Can we use neural networks in our triggers? 
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In addition to designing & 
building the upgraded 
detectors…. 

Challenge:  
How do we trigger and 
process the 10 times more 
data collected by such a 
complex machine?
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Figure 12: Left: mean round trip inference latencies for ResNet-5� on the Brainwave system for
di�erent numbers of simultaneous processes. The error bars represent the standard deviation. Right:
the full distributions used to make the left plot, displayed in “violin” style. The vertical bars indicate
the extrema. The horizontal axis scale is arbitrary.

round trip latency is 60 ms, on average, the latency for the featurizer inference on the FPGA itself
is approximately 1.8 ms. When we run multiple simultaneous CPU processes that all send requests
to one service, we populate the pipeline of data streaming into the service. This keeps the FPGA
occupied and therefore increasing its duty cycle and the total inference throughput of the service. This
is illustrated in Fig. 13 (right), where we show the throughput of the service in inferences per second
as a function of the number of simultaneous CPU processes accessing the service. As the number
of simultaneous processes increases, the number of inferences per second increases, because of the
increased pressure on the pipeline of the FPGA service. The mean latency, shown in Fig. 12, does
not degrade much as the number of simultaneous jobs increases from 1 to 50, while the throughput
increases by a factor of nearly 40 (600 inferences per second). The throughput of the service plateaus
at around 650 inferences per second; it is limited by the inference time on the FPGA that is, at most,
1.8 ms. From these studies, we find that it is more e�cient and also more cost-e�ective to have
multiple simultaneous CPU processes connect to a single FPGA service.

The ratio of simultaneous processes to FPGA services is dependent on the other tasks in the
process; typical physics processes run many modules. The tests we have performed are the most
pessimistic scenario because each process only executes the Brainwave test module. We estimate that
a single FPGA could easily support up to 100–1000 simultaneous production-style processes without
any loss in the metrics of interest for acceleration performance.

5.2 CPU/GPU comparisons

Next, we compare the performance of the Brainwave platform to CPU and GPU performance for the
same ResNet-5� model. Such comparisons can be greatly a�ected by many details of the entire
computing stack and vary widely even within the literature. Nonetheless, to get a sense of the relative

– 15 –

• Stress test: single 
service(one FPGA), multiple 
CPU requests 

• Each request has 5000 
inferences 
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Figure 15: Standalone GPU inference time per image (left) and images per second (right) as a function
of batch size for the TensorFlow o�cial ResNet-5�model compared with the Brainwave ResNet-5�
model. The dashed line indicates a time of 10 ms, consistent with the on-prem inference time of the
Brainwave system.

Table 2: A summary comparison of total inference time for Brainwave, CPU, and GPU performance

Type Hardware hInference timei Max throughput Setup
CPU Xeon 2.6 GHz, 1 core 1.75 seconds 0.6 img/s CMSSW, TF v1.�6
CPU i7 3.6 GHz, 1 core 500 ms 2 img/s python, TF v1.1�
CPU i7 3.6 GHz, 8 core 200 ms 5 img/s python, TF v1.1�

GPU (batch=1) NVidia GTX 1080 100 ms 10 img/s python, TF v1.1�
GPU (batch=32) NVidia GTX 1080 9 ms 111 img/s python, TF v1.1�
GPU (batch=1) NVidia GTX 1080 7 ms 143 img/s TF internal, TF v1.1�
GPU (batch=32) NVidia GTX 1080 1.5 ms 667 img/s TF internal, TF v1.1�

Brainwave Altera Artix 10 ms 660 img/s CMSSW, on-prem
Brainwave Altera Artix 60 ms 660 img/s CMSSW, remote

GPU comparisons can be more nuanced2, depending on the model implementation and batch
sizes. However, for a batch of one image, we can say that the Brainwave inference latencies, both
on-prem and remote including network latencies, are of a similar order to local, physically connected
GPU inference times. The GPU and Brainwave have similar maximum throughput, about 660 images
per second, though the former only achieves this with large batch size and the latter achieves this
when accessed with many CPUs simultaneously. It should be emphasized that Brainwave achieves
this performance using single-image requests and including network infrastructure for deployment as
a service, while the GPU requires a large batch size for the same performance and is directly connected

2For that matter, CPU comparisons can also be nuanced when considering devices with many cores and large RAM.
However, they do not fit in with the CMSSW computing model.
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Figure 13: Left: mean total time and distribution (in seconds) to process 5000 jet images through
ResNet-5� on the Brainwave system for di�erent numbers of simultaneous processes. The vertical
bars indicate the extrema. The horizontal axis scale is arbitrary. Right: Throughput of the FPGA
service as the number of inferences per second for di�erent numbers of simultaneous processes. The
error bars represent the standard deviation.

performance, we perform two types of tests. First, we do our own standalone python benchmark tests
with the azure-ML implementation of ResNet-5� as well as the TensorFlow implementation of the
ResNet-5� model. Here, we verify our results against the literature. While many more detailed
studies exist, these benchmarks validate our numbers against other similar tests. Second, we import
the ResNet-5�model file provided by Brainwave into CMSSW and perform inference on the local CPU
with the version of TensorFlow currently in the CMSSW release 1.

The standalone python benchmark results for CPUs are presented in Fig. 14. The CPU used in
these tests is an Intel i7 3.6 GHz. For the CPU, we compare the number of cores used for either
the Brainwave implementation of ResNet-5� or the conventional TensorFlow ResNet-5�. The
performance is shown versus the image batch size; as a reminder, particle physics applications can
vary in their batch sizes anywhere from O(1) � O(100) batches. As expected, the performance is
stable versus batch size. For both models, we observe roughly the same inference time, ranging from
roughly 180 ms to 500 ms. Additionally, we observe that the model inference time is close to optimal
when using 4 cores, with small improvements beyond.

Figure 15 shows the inference times on GPUs. It is important to note that the GPU used in
these tests, an NVidia GTX 1080 Ti, is connected directly to the CPU, rather than using RPC over a
network for communication. Therefore, these results cannot be compared directly even to the on-prem
Brainwave performance; however, they provide a useful characterization of limiting performance. The
blue GPU points utilize the Brainwave implementation of ResNet-5� where, as with the Brainwave
implementation on CPU, a protobuf file is imported. This is what we would expect within CMSSW

1It takes significant e�ort to adapt TensorFlow to be compatible with the multithreading pattern used in CMSSW, and
hence the latest version of TensorFlow is usually not available to be used in the experiment’s software.
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Figure 15: Standalone GPU inference time per image (left) and images per second (right) as a function
of batch size for the TensorFlow o�cial ResNet-5�model compared with the Brainwave ResNet-5�
model. The dashed line indicates a time of 10 ms, consistent with the on-prem inference time of the
Brainwave system.

Table 2: A summary comparison of total inference time for Brainwave, CPU, and GPU performance

Type Hardware hInference timei Max throughput Setup
CPU Xeon 2.6 GHz, 1 core 1.75 seconds 0.6 img/s CMSSW, TF v1.�6
CPU i7 3.6 GHz, 1 core 500 ms 2 img/s python, TF v1.1�
CPU i7 3.6 GHz, 8 core 200 ms 5 img/s python, TF v1.1�

GPU (batch=1) NVidia GTX 1080 100 ms 10 img/s python, TF v1.1�
GPU (batch=32) NVidia GTX 1080 9 ms 111 img/s python, TF v1.1�
GPU (batch=1) NVidia GTX 1080 7 ms 143 img/s TF internal, TF v1.1�
GPU (batch=32) NVidia GTX 1080 1.5 ms 667 img/s TF internal, TF v1.1�

Brainwave Altera Artix 10 ms 660 img/s CMSSW, on-prem
Brainwave Altera Artix 60 ms 660 img/s CMSSW, remote

GPU comparisons can be more nuanced2, depending on the model implementation and batch
sizes. However, for a batch of one image, we can say that the Brainwave inference latencies, both
on-prem and remote including network latencies, are of a similar order to local, physically connected
GPU inference times. The GPU and Brainwave have similar maximum throughput, about 660 images
per second, though the former only achieves this with large batch size and the latter achieves this
when accessed with many CPUs simultaneously. It should be emphasized that Brainwave achieves
this performance using single-image requests and including network infrastructure for deployment as
a service, while the GPU requires a large batch size for the same performance and is directly connected

2For that matter, CPU comparisons can also be nuanced when considering devices with many cores and large RAM.
However, they do not fit in with the CMSSW computing model.

– 18 –

Brainwave cloud service



SONIC: IMPLEMENTATION IN CMSSW  119

Deploy MS Brainwave as a service:

• Implemented with CMSSW ExternalWork module

• Fits CMS computing model in a non-disruptive way 


M.LIU

External 
processing

CMSSW 
module

acquire()

FPGA, 
GPU, etc.

produce()

Figure 10: A diagram of the ExternalWork feature in CMSSW, showing the communication between
the software and external processors such as FPGAs.

In this case, the event data provided to the service is a TensorFlow tensor with the appropriate
size (224⇥224⇥3) for inference with ResNet-5�. A list of the classification results are returned back
to the module, which employs ExternalWork. For simplicity, we refer to the full chain of inference
as a service within our experimental software stack as “Services for Optimized Network Inference on
Coprocessors” or SONIC [40].

5 Computing performance and results

5.1 Brainwave performance

We benchmark the performance of the SONIC package within CMSSW, measuring the total end-to-end
latency of an inference request using Brainwave. In a simple toy test, we create an image from a jet
object (described further in Sec. 3) from a simulated CMS dataset. We take particle flow candidates
and combine them as pixels in a two-dimensional grid, which is used as a gray-scale image tensor
input to the ResNet-5� model.

We perform two latency tests: remote and on-premises or on-prem. The remote test communicates
with the Brainwave system as a cloud service, as illustrated in Fig. 8. For this test, we execute our
experimental software, CMSSW, on the local Fermilab CPU cluster (Intel Xeon 2.6 GHz) in Illinois,
US, and communicate via gRPC with the service located at the Azure East 2 Datacenter in Virginia,
US. The on-prem tests are executed at the same datacenter as the Brainwave FPGA coprocessors and
illustrated in Fig. 9. We run a virtual machine in the Azure East 2 Datacenter, deploying CMSSW inside
a docker container, and communicate with the FPGA coprocessors located in the same facility.

We measure the total round-trip latency of the inference request as seen by CMSSW, starting from
the transmission of the image and ending with the receipt of the classification results. The latencies are
shown in Fig. 11 for a linear latency scale (left) and a logarithmic latency scale (right). The on-prem
performance is shown in green, with a mean inference time of 10 ms, and the remote performance
is shown in blue, with a mean inference time of 60 ms. From internal Brainwave timing tests,
the featurizer inference step performed on the FPGA takes 1.8 ms and the classifier inference step
performed on the CPU is similar. The remaining time in the 10 ms is primarily used for network
transmission.
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Supersymmetry: stop search
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• Quickly probed up to 1 TeV. 

• Still room in top-corridors 

• R-parity violated models

M.LIU

SUSY and stop searchSearch for top partner: stop

• Stop mass is an important  
   parameter. 
—>A too heavy stop would 
make SUSY less appealing. 

• Collisions at 13 TeV  
   soon to come at the LHC

Q:$SUSY$is$like$a$zombie$theory,$how$can$we$kill$it?$
John$Allis:$Well,$don’t$discover$a$Higgs$that$is$125$GeV!$

Q&A$at$CERN$summer$school$in$Budapest.$2013

MOTIVATION 

!  SM hierarchy problem: Higgs mass driven toward MPlanck by large 
radiative corrections � largest contribution from top quark 

!  In SUSY: top squark cancels top quark contribution to �MH
2 

!  Top squarks are critical for SUSY solution to hierarchy problem 

!  “Natural” (not fine-tuned) solution requires light top squarks 
!  In R-parity conserving SUSY, top squarks are pair-produced and 

decay to stable neutralino LSP � large MET 

May 10th, 2013 SUS-13-011 Approval 5 

ΔmH
2 =

H!
H!Razor Combination with 1-Lepton MVA Search

• The combination of the 0-
lepton razor with the 1-lepton 
MVA search (SUS-13-011) 
yielded exceptionally strong 
limits on mstop 

• We would like to pursue this 
again in Run II. 

• See previous talks for 
discussion of the Run II 
hadronic razor search strategy

3

D. Anderson, 17/04/2015
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• SUSY: theoretical framework established in 
1970’s. 

—>Symmetry between fermions and bosons as 
an extension to the SM.
—>Stabilizes higgs mass, dark matter 
candidate(lightest neutralino)… 

• Searches of third generation particles are 
important.

    —> Important parameter in SUSY.
    —> Stop is the lightest squark.

• Strongly produced.
   —> Larger cross section than electroweak 
production.
   —> Interesting early Run 2 analysis.

4

• 1L channel: my first analysis on CMS



Same sign selection

5. Search strategy and event selection 5

Another small background contribution comes from events with one or more non-prompt lep-157

tons, such as those from semi-leptonic decays of heavy-flavor hadrons which arise mainly in158

W+jets and tt+jets production. The stringent lepton identification requirements are designed159

to suppress this contribution as much as possible. Additional requirements that p
miss
T be sub-160

stantial, that there be no b-tagged jets, and that the dilepton mass not be small further suppress161

this contribution. In the e±µ± channel, a requirement M
max
T > 90 GeV is placed to reduce the162

contribution from the lost-lepton background from WZ production; M
max
T is the largest trans-163

verse mass obtained from p
miss
T and any lepton in the event. Background contributions from164

events containing misidentified or converted photons and from events with a lepton charge165

misassignment are minor. The details of the event selection for the SS category are listed in Ta-166

ble 1. There are six signal regions defined according to the value of Mjj (Mjj-in or Mjj-out) and167

the flavors of the leptons: e±e±, e±µ±, or µ±µ±.168

Table 1: Event selection criteria for the SS category, which contains events with two same-sign
leptons and at least two hadronic jets

Variable e±e± e±µ± µ±µ±

Signal leptons exactly 2 tight equally-charged leptons with pT > 25 GeV
Additional leptons no additional rejection lepton
Isolated tracks no (additional) isolated tracks
Jets � 2jets with pT > 30 GeV, |h| < 2.5
b-tagged jets no b-tagged jet

Dijet mass (closest DR) 65 < Mjj < 95 GeV (Mjj-in) OR

|Mjj � 80 GeV| � 15 GeV (Mjj-out)
Dijet mass (leading jets) < 400 GeV
Dh of two leading jets < 1.5
p

miss
T > 60 GeV > 60 GeV if Mjj-out

M`` > 40 GeV > 30 GeV > 40 GeV
M`` |M`` � MZ| > 10 GeV —
M

max
T — > 90 GeV —

The 3` category contains signal events with all three W bosons decaying leptonically, so we169

require exactly three charged leptons. Since the total charge of the three leptons is ±1, there170

can be zero, one, or two SFOS pairs (denoted 0 SFOS, 1 SFOS, 2 SFOS); we designate three sig-171

nal regions accordingly. The background sources are similar to those in the SS category. The172

contribution from three prompt-lepton final states (mostly WZ production) is suppressed by re-173

quiring the invariant mass of any SFOS pair to be incompatible with the Z boson mass and with174

low-mass resonances. Additional reduction can be achieved through the following considera-175

tions. If exactly one SFOS lepton pair is found, the transverse mass MT of the third lepton and176

~pmiss
T , M

3rd
T , must be larger than 90 GeV. For events with no SFOS pairs, M

max
T is required to be177

larger than 90 GeV. These MT requirements reduce the lost-lepton background contributions,178

which originate mostly from WZ production.179

Background contributions from non-prompt leptons and converted or misidentified photons180

are reduced by requiring high p
miss
T , high pT of the three-lepton system pT(```), and a large181

azimuthal angular separation Df
�
~pT(```),~pmiss

T
�

between ~pmiss
T and the transverse momentum182

of the three leptons ~pT(```). The non-prompt lepton background due to tt production is further183

reduced by rejecting events with more than one jet or with any b-tagged jets. Background184

contributions from photon conversions in which the photon is radiated in a Z boson decay are185

suppressed by requiring that the three-lepton invariant mass M``` is not close to the Z boson186

mass. The details of the 3` selection requirements are presented in Table 2.187
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Table 2: Event selection criteria for the 3` category, which contains events with exactly three
leptons

Variable 0 SFOS 1 SFOS 2 SFOS

Signal leptons exactly 3 tight charged leptons with pT > 25/20/20 GeV
and charge sum = ±1e

Additional leptons no additional rejection lepton
Jets  1jets with pT > 30 GeV, |h| < 5
b-tagged jets no b-tagged jet
pT(```) — > 60 GeV
Df

�
~pT(```),~pmiss

T
�

> 2.5
p

miss
T > 30 GeV > 45 GeV > 55 GeV

M
max
T > 90 GeV —

M
3rd
T — > 90 GeV —

SF lepton mass > 20 GeV —
Di-electron mass |Mee � MZ| > 15 GeV —

MSFOS — |MSFOS � MZ| > 20 GeV
and MSFOS > 20 GeV

M``` |M``` � MZ| > 10 GeV

For these event selection criteria, about one third of the selected signal events originate from188

resonant Higgs production as indicated in Fig. 1(b).189

6 Background estimation190

The background sources for the SS and 3` categories are essentially the same. We consider four191

such sources: lost leptons, three leptons from W decays, non-prompt leptons, and “other” mi-192

nor sources. The lost-lepton background contributions come from final states with one or more193

Z bosons: WZ, ttZ, and ZZ. We estimate this contribution using a three-lepton control region194

(CR) with at least one SFOS pair compatible with the decay of a Z boson. The background in195

which the SS lepton pair or all three leptons stem from the decay of a W boson is estimated196

from simulation and validated in an appropriate control region. Background yields from non-197

prompt leptons are calibrated using a control region in which one lepton passes the “loose”198

identification requirements but fails the “tight” requirements (see Section 4). The other back-199

grounds are predicted using simulated event samples and are validated using the data. The200

following sections provide the details of the background estimations.201

6.1 Lost-lepton and three-lepton background202

The background prediction for both the SS and the 3` categories rely on the selection of a pair203

of leptons consistent with a Z decay. This background is expected to contribute from about one204

third to over 90% of the total background depending on the signal region.205

Simulations suggest that about two thirds of the lost-lepton events in the signal regions of206

the SS category are present because a lepton does not mass the pT and h requirements. The207

remaining lost leptons are rejected by identification and isolation requirements. For the SS208

category, events with three leptons are selected. The additional third lepton must have pT >209

20 GeV. Among those three leptons, an SFOS lepton pair that satisfies |MSFOS � MZ| < 10 GeV210

is required. All other SS selection criteria listed in Table 1 are imposed except for the selection211

on Mjj in order to retain a sufficient number of events. In these events, the jets stem from initial-212

state radiation and have similar kinematic distributions in both the signal and control regions,213
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