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Announcement of 2015-2016 U.S. ATLAS Scholars

Each year, the U.S. ATLAS Analysis Support Centers (ASCs) at
Argonne National Laboratory, Brookhaven National Laboratory, and
Lawrence Berkeley National Laboratory host distinguished research
scholars in a program to foster physics collaboration and enhance U.S.
contributions to the ATLAS physics program. The U.S. ATLAS Scholars
play an important role in the life of the ASCs as outside guests who
bring new ideas and projects. The selected scholars have proposed to
use the resources available at an ASC to make major contributions to
ATLAS in the areas of physics analysis but also play a leading role in
organizing ASC and U.S. ATLAS analysis activities.

The U.S. ATLAS Scholars for 2015-2016 are listed below with their
selected Analysis Support Center and their proposed projects.

Swagato Banerjee (University of Louisville) will work at the LBNL
ASC, pursuing searches for dark matter using mono-Higgs
signatures, and on the design of the Phase 2 upgrade of the
silicon pixel detector, including the impact of extending the
coverage to the forward region.

Chunhui Chen (Iowa State University) will work at the ANL ASC
on searches for new heavy resonances and for Higgs boson
decays to bbbar, using boosted jet signatures.

Tae Min Hong (University of Pittsburgh) will work at the BNL ASC
on searches for Higgs bosons that are produced via vector boson
fusion and decay invisibly. In addition, he will work on physics
simulation in support of the design of the gFEX board for the
Phase 1 upgrade to the Level 1 calorimeter trigger.

Reinhard Schwienhorst (Michigan State University) will work at
the ANL ASC on developing techniques for identifying boosted top
quarks and using them as tools to search for W’ resonances
decaying to tb. He will also be engaged in studies of the impact of
the Phase 2 upgrade of the calorimeter trigger.

Gabriella Sciolla (Brandeis University) will work at the BNL ASC
on the study of the Higgs boson via the ZZ* to four leptons
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and 5 other scholars listed on the webpage http://www.usatlas.bnl.gov/programoffice/scholars.php 
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Institutional

I thank U.S. ATLAS for the funds 
to be a U.S.A. Scholar at BNL.
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ATLAS Jet Trigger

Michael Begel

December 14, 2015

M. Begel
BNL, L1 calo K. Assamagan

BNL, H invisible

Individual

I thank Michael and Kétévi for 
their collaboration on projects.

I thank Philip for talk content, 
preparation, and discussion.

More thanked in aux. slides.



Topics covered
Higgs → invisible H

χ0

χ̅0
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Overview

Key analysis

Key background

Why

Direct via
     searches

Indirect via 
     couplings

VBF H →WW* VBF H →invisible

tt ̅→ WbWb̅ Z → vv̅

I worked on this in Run 1 I’m working on this for Run 2

Higgs width

ATLAS-centric talk (will point out v. CMS) Future



Warning → measurement
“We apologize… for having no idea what is [mH]… For these reasons we 
do not want to encourage big experimental searches for the Higgs…”

125.1± 0.2 fixes width & SM branching ratios …
4
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Nucl. Phys. B 106 (1976) 292
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http://www.sciencedirect.com/science/article/pii/0550321376903825


Let’s review the Higgs width

H125 → 4ν is tiny at 0.1% B.R.

Is large H125 → invisible motivated?

5
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HTree relation 
for massive

Loop relation 
for massless H

Γ

0 1 2 3 4 5

bb̅cc̅
ττ

ggWW*
ZZ*

CERN Yellow 
Report (2014)

γγ

Higgs width in MeV (for mH = 125)



Higgs is so narrow because 125

Higgs width is tiny!  
1000x smaller than W/Z at ~2 GeV
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Massless bosons 

loop suppressed
Massive bosons 

p.s. suppressed

  (mH ≪ 2 • mW,Z)
Fermion mF mean tiny 

Yukawa couplings
(tt ̅large, but mH ≪ 2 • mtop)

Γ

0 1 2 3 4 5

bb̅cc̅
ττ

ggWW*
ZZ*

CERN Yellow 
Report (2014)

γγ

Higgs width in MeV (for mH = 125)



O(MeV) is not unreasonable
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Terms    H2 S2   are allowedζ
2

Search for this
to directly limit invisible

Measure these branching ratios
to indirectly limit invisible

Curtin, Essig, Zhong, 1412.4779 (2015)
Curtin +12 others, 1312.4992 (2014)
Chang +3 others, 0801.4554 (2008)
Silveira & Zee, PL B161,136 (1985)

and many many more papers
including by Hooman & Tao

Γ

0 1 2 3 4 5

bb̅cc̅
ττ

ggWW*
ZZ*

CERN Yellow 
Report (2014)

γγ

fermionsvector bosons

S

SH

H •H2 is SM singlet, dim.-2 op.
•Fully renormalizable
•O(0.01) coupling = O(MeV) width

invisible
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Invisible
Current 95% C.L. limit

http://arxiv.org/abs/1412.4779
http://arxiv.org/abs/1312.4992
http://arxiv.org/abs/0801.4554
http://www.sciencedirect.com/science/article/pii/0370269385906240
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Hiding in the couplings
Measurements

   Interpretations
8

N number of events

μ ratio w.r.t. expected events

κ ratio w.r.t. expected coupling

Binv  invisible branching ratio



Relating N → µ

Signal strength (µ)
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Hiding in the couplings

1 • Nexpected

9

WW
2 • Nexpected

0 • Nexpected

Summary table 

-1 0 1 2
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My rough estimate of events in the peak (don’t read plots!)



WW 
5 - 6σ
Nbkg ≈ 7k
Nsig ≈ 500

Combination
µATLAS = 1.18 ±0.15 
µCMS = 1.00 ±0.14 

Breakdown
Statistical 0.09
Systematic 0.07
Higgs theory 0.07

From N → µ
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Combine all channels

15% 
Run 1 

per exp’t

γγ

WW

ZZ

ττ

bb

) µSignal strength (
2− 0 2 4

ATLAS
Individual analysis

-1 = 7 TeV, 4.5-4.7 fbs

-1 = 8 TeV, 20.3 fbs

0.27-
0.27+ = 1.17µOverall: 

0.38-
0.38+ = 1.32µggF: 

0.7-
0.7+ = 0.8µVBF: 

1.6-
1.6+ = 1.0µWH: 

0.1-
3.7+ = 0.1µZH: 

γγ →H 
125.4

125.4

125.4

125.4

125.4

0.33-
0.40+ = 1.44µOverall: 

0.4-
0.5+ = 1.7µggF+ttH: 

0.9-
1.6+ = 0.3µVBF+VH: 

 ZZ*→H 
125.36

125.36

125.36

0.21-
0.24+ = 1.16µOverall: 

0.26-
0.29+ = 0.98µggF: 

0.47-
0.55+ = 1.28µVBF: 

1.3-
1.6+ = 3.0µVH: 

 WW*→H 
125.36

125.36

125.36

125.36

0.37-
0.43+ = 1.43µOverall: 

1.2-
1.5+ = 2.0µggF: 

0.54-
0.59+ = 1.24µVBF+VH: 

ττ →H 
125.36

125.36

125.36

0.40-
0.40+ = 0.52µOverall: 

0.61-
0.65+ = 1.11µWH: 

0.49-
0.52+ = 0.05µZH: 

b Vb→VH 
125.36

125

125

3.7-
3.7+ = -0.7µOverall: µµ →H 125.5

4.3-
4.5+ = 2.7µOverall: γ Z→H 125.5

1.1-
1.1+ = 1.5µ: bb

1.2-
1.4+ = 2.1µMultilepton: 

1.75-
2.62+ = 1.3µ: γγ

ttH
125

125

125.4

 (GeV)Hm

Input measurements
µ on σ 1±

Overall
ggF
VBF
WH
ZH
Overall
ggF+ttH
VBF+VH
Overall
ggF
VBF
VH
Overall
ggF
VBF+VH
Overall
WH
ZH

EPJC 76 (2016) 6, Fig. 1
ATLAS
20.3 fb-1 (8 TeV) +
4.5-4.7 fb-1 (7 TeV)

1No Higgs
Sig. strength (µ)

2 3

Summary table  –(μμ, Zγ, ttH̅)
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From N → µ → κ
Example of  VBF WW

12

N     ∝σVBF • ΓWW / ΓH

σobs
σexp

• Γobs
Γexp

Nobs
Nexp

=μ = Γobs
Γexp

≈  κV 2 • κV 2  / κH 2

κFermion

κVector boson

1

1

0

+

Summary table  –(μμ, Zγ, ttH̅)

1

2

�µ

µ

     = ±40%
�µ

µ

±20%
=

1

4

�µ

µ
 = ±10% 

κV 4

κF 2
≈

~ΓF



Add a term to the full width
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From N → µ → κ → Binv

13

N   ∝σVBF • ΓWW / ΓH

μ   =  κV 2 • κW 2 / κH 2

Summary table  –(μμ, Zγ, ttH̅)

1 d.o.f. many d.o.f. 1 d.o.f.

Value CL Ndof

➀ Write down 1σ Δμ/μ = 0.127 1σ 1
➁ Rewrite 1σ as    68% limit for 1 d.o.f. Binv < 0.127 68% 1
➂ Rescale • 2 as   95% limit for 1 d.o.f. Binv < 0.254 95% 1
➃ Rescale by √p(χ2,dof) ≈ 2  for 8 d.o.f. Binv < 0.508 my est. 95% 8
➄ Compare with ATLAS full fit result Binv < 0.49 (0.48) 95% 8

You can approx. μ → Binv by hand

• (1–Binv)
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From N → µ → κ → Binv
8 parameter fit with “invisible”

Using couplings alone, indirectly limit BBSM  < 0.34 ATLAS+CMS

14

Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

BSMBR

γκ

gκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS

 1≤ Vκ
=0BSMBR

σ 1±
σ 2±

κphoton

κtau

κbottom

κgluon

BBSM limit

κW

κZ

κtop

1 1.4 1.8

Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

BSMBR

γκ

gκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS

 1≤ Vκ
=0BSMBR

σ 1±
σ 2±

ATLAS & CMS
LHC Run 1, PreliminaryNpar

1

2

3

4

5

6

7

8

κ fit with BSM

μ

(0.35)

N   ∝σVBF • ΓWW / ΓH

μ   =  κV 2 • κW 2 / κH 2

Why do we say “BSM”?
Technically includes “undetected.”
Examples are H → soft jets.
If assume zero, then = invisible.

• (1–Binv)

0.60.2



Closer look at μggF v. μVBF

WW and γγ are similar size circles in μ

W strongest input, establishes VBF production
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“The most precise determination of κV and κF is obtained from WW.”

“At first look, the LHC is unlikely to ever get to 6% sensitivity.”f
Vκ
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CONF-2015-044 / HIG-15-002 (2015)

Upper bound for 
WW, but not ZZ, γγ?
Answer VBFWW.

Closer look at κVector boson v. κFermion
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PRD 86 (2012) 095001, received 18 July 2012

+* ±11%
±5%

Combined
+

*

WW

Loop & interference

No VBF ZZ → not bounded above

https://cds.cern.ch/record/2052552
http://dx.doi.org/10.1103/PhysRevD.86.095001


Compare the expected contour.  Here I overlay them by hand.

Difference in the upper bound in κFermion is due to VBF WW.
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CMS WW 

(expected) ATLAS W
W 

(ex
pe

cte
d)

~ ±10% 
CMS/ATLAS

~ –30% 
CMS/ATLAS

~ 40% 
ATLAS

~ 60%? CMS



LHC is a vector boson collider

ATLAS uses BDT & reject ggF Higgs
CMS uses mℓℓ    &  keep ggF Higgs

W+ H W−

ν

ℓ+ ℓ−

ν̄

• Higgs spinless
• W violates parity
‣mT, mℓℓ, Δφℓℓ

Physics of VBF H → WW* → eνμν 
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PRODUCTION OF V E R Y  MASSIVE HIGGS BOSONS ~r 

R.N. CAHN and Sally DAWSON 
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94 720, USA 

Received 5 December 1983 

We compare Higgs boson production mechanisms at multi-TeV hadronic colliders. In addition to the previously inves- 
tigated processes gluon + gluon ~ H and q?l ~ V* ~ VH (V = W, Z), we consider Higgs boson formation by pairs of virtual 
W's or Z's, a process analogous to two-photon collisions in e+e - scattering. The Higgs production process W'W* ~ H' is 
dominated by longitudinal W's and is the most important mechanism for M H > 6 M W, if the top quark mass is about 30 
GeV. 

1. Introduction. The standard Glashow-Weinberg-  
Salam [1 ] model of electroweak interactions has 
been extremely successful at predicting low energy 
phenomena. With the recent discovery [2] of the 
W and Z gauge bosons, the only particle of the theo- 
ry remaining to be discovered is the I-Iiggs boson, a 
neutral spin-zero particle. The Higgs is required for 
the spontaneous symmetry breaking which give rise 
to masses in the theory. Unfortunately, although the 
couplings of the Higgs boson to quarks and leptons 
are predicted, its mass is not.  

We shall consider here the possibility that the I-Iiggs 
boson is very massive, in fact with a mass several times 
that of the W. The dominant decay of such a Higgs 
boson is into W or Z pairs. The partial widths are pre- 
dicted to be 

r ( H  ~ W+W - )  "" GFM3H]87rx/~ 

"~ 40 GeV(MH/500 GeV) 3 , ( la )  

F(H -~ ZZ)-~ 21- F(H-~ W+W-). (lb) 
Clearly, for M n > 10Mw, the width of the Higgs 
boson is so great that its detection becomes quite 
improbable. For Higgs boson masses above threshold 

This work supported in part by the Director, Office of 
Energy Research, Office of High Energy Physics and 
Nuclear Physics, Division of High Energy Physics of the 
U.S. Department of Energy under Contract DE-AC03- 
76SF00098. 

196 

for the WW decay but not in excess of 7 - 8  M w there 
is a chance that the Higgs boson could be found in ex- 
periments at a multi-TeV hadronic collider. The best 
signature may be furnished by the leptonic decay of 
one of the W's or Z's [3]. 

2. Bas& production cross sections. In the standard 
electroweak model, the Higgs boson can be produced 
from quark-ant i-quark interactions, figs. 1 and 2, or 
from gluon-gluon interactions, fig. 3. Previously, it 
has been assumed that the dominant mechanism is 
gluon fusion. However, for a heavy Higgs boson, this 

Pt 

PI I 

; / 

Fig. 1. Higgs boson production from virtual vector boson 
pairs (V = W or Z). The initial state quark (or anti-quark) 
momenta are Pl and P2 and the corresponding final state 
momenta are P'I and p~. The momenta of the virtual vector 
bosons are q 1 and q2. 

0.370-2693/84/$ 03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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ector boson

• Energetic jets, large η gap
• No hadronic activity
‣mjj, Δηjj, Ncentral jets

• tt ̅rejection
‣mℓj, ΣpT

http://www.sciencedirect.com/science/article/pii/0370269384911808
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VBF → H → WW* → eνμν

20

PRD 92 (2015) 012006



Transverse mass
You can see with your eyes a broad peak for signal

Difficulty estimating tt,̅ leading systematic
21
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Variables for VBF H → WW* → eνμν
Three groups of variables

We tried O(1k) variable combinations & matrix element methods
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62.5

Dilepton massTransverse mass

125

Lepton φ opening angle

e µ

e µ

Momentum imbalance Top mass estimator

4 • mtop

longer tail

Dijet mass Jet η opening angle

bkg sig

Decay η centrality

bkg

sig

Higgs decay
• mT ≲ mH

• mℓℓ small
• ∆φℓℓ small

VBF configuration
• mjj large
• ∆yjj large
• centrality of ℓℓ

Top quark
• 𝚺pT
• 𝚺mℓj of lep-jet



Multivariate analysis
BDT can be thought of as an S/B grouping of cut-and-count bins

Achieved 2-to-1 ratio of S-to-B
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x

yCut/count

bin 1 2 3

“Cut-based”

bin 1 2

BDT

Cartoon of methods Resulting distribution



Can’t reject b jets where there is no tracker

Only Nb-tag = 1 faithful, extrapolation good to 30%

Difficulty estimating tt→̅WbWb̅
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VBF 
Higgs

b jet
inside 
tracker

t t̅  in 
control 
sample

b jet 
outside 
tracker

t t̅  in 
signal 
region 
(~80%)

2000

1000

0

Events 
/ 0.2

20–2–4 4
ηleading jet

can’t b-tag 
outside tracker

3000

tracker, 
can veto

Higgs x2000

t t̅  in tiny 
corner 
of p.s.



Comparison of a sensitive eμ bin in Run 1

Small statistics, room for improvement in Run 2

ATLAS

CMS

Events / 25 fb-1
0 3 6 9 12 15

VBF 
Higgs

VBF HiggsZ WW gg
F 

Higg
s

ATLAS v. CMS
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Wj

Observed

top

≈ 3

≈ ±0.90

≈ ±0.40

Final Δμ/μexpS-to-B
in this bin

≈ 0.6

Observed
Not the fit distributions, but representative samples.



Back-of-the-envelope using the most sensitive eμ bin with 25 fb–1

Have 3σ in Run 1, will likely approach 5σ in Run 2

The future

ATLAS R1

ATLAS R2

Events / 25 fb-1
0 3 6 9 12 15

VBF 
Higgs

VBF Higgstop Z WW gg
F 

Higg
s

?

All contributions scale up by a factor of 2-3 for Run 2

guesstimate
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Observed



VBF Higgs established
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χ0

χ̅0

H

➌ Assume ➍ Search

H

➋ Estab. 3σ ➊ Measure

VBF H →WW* VBF H →invisible

Many similarities
• Higgs pT theory
• VBF jets
• MET



Higgs → invisible

   

Topics covered Hong       
Pittsburgh
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Overview

Key analysis

Key background

Why Higgs width

Direct via 
     searches

Indirect via 

VBF H →WW* VBF H →inv

tt ̅→ WbWb̅ Z → vv̅

couplings

H

χ0

χ̅0

ATLAS-centric talk (will point out v. CMS)

Run 1 ≲ 30%

VBF WW best for κ

Future



VBF is dominant, not comprehensive 

Why are the two VBF results so different?

ATLAS

CMS

0 25 50 75 100
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65

28

58

25Run-1
VBF
ZH, Z→ℓℓ
VH, V→qq̅

Run-1
VBF

83VH, Z→ℓℓ & V→qq̅

Observed limit
Expected limit

Direct searches
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Z→ℓℓ considered best 
prospect for a while

~ 30% w/ ATLAS
+CMS couplings

~ 50% w/ ATLAS 

couplings

95% CL limit on the inv. BR



The crux of all these differences is on estimating Z → νν̅

“If (CMS normalized Z using W similar to ATLAS) it would be … 33%.”

ATLAS

CMS

0 25 50 75 100

57
65

28

58

25Run-1
VBF

Run-1
VBF
VBF re-do a year later

EPJC 74 (2014) 2980, accepted 07/13/2014
CMS-PAS-HIG-14-038, 04/07/2015

Expected 

limit Observed 

limit

VBF history
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Z

ν

ν̅

H

χ0

χ̅0

VBF hypothetical p11 of the doc. on the prev. line

95% CL limit on the inv. BR



Production established by WW*

Not as many handles, background est. crucial

• MET = Higgs PT

Physics of VBF H → invisible 
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We compare Higgs boson production mechanisms at multi-TeV hadronic colliders. In addition to the previously inves- 
tigated processes gluon + gluon ~ H and q?l ~ V* ~ VH (V = W, Z), we consider Higgs boson formation by pairs of virtual 
W's or Z's, a process analogous to two-photon collisions in e+e - scattering. The Higgs production process W'W* ~ H' is 
dominated by longitudinal W's and is the most important mechanism for M H > 6 M W, if the top quark mass is about 30 
GeV. 

1. Introduction. The standard Glashow-Weinberg-  
Salam [1 ] model of electroweak interactions has 
been extremely successful at predicting low energy 
phenomena. With the recent discovery [2] of the 
W and Z gauge bosons, the only particle of the theo- 
ry remaining to be discovered is the I-Iiggs boson, a 
neutral spin-zero particle. The Higgs is required for 
the spontaneous symmetry breaking which give rise 
to masses in the theory. Unfortunately, although the 
couplings of the Higgs boson to quarks and leptons 
are predicted, its mass is not.  

We shall consider here the possibility that the I-Iiggs 
boson is very massive, in fact with a mass several times 
that of the W. The dominant decay of such a Higgs 
boson is into W or Z pairs. The partial widths are pre- 
dicted to be 

r ( H  ~ W+W - )  "" GFM3H]87rx/~ 

"~ 40 GeV(MH/500 GeV) 3 , ( la )  

F(H -~ ZZ)-~ 21- F(H-~ W+W-). (lb) 
Clearly, for M n > 10Mw, the width of the Higgs 
boson is so great that its detection becomes quite 
improbable. For Higgs boson masses above threshold 

This work supported in part by the Director, Office of 
Energy Research, Office of High Energy Physics and 
Nuclear Physics, Division of High Energy Physics of the 
U.S. Department of Energy under Contract DE-AC03- 
76SF00098. 

196 

for the WW decay but not in excess of 7 - 8  M w there 
is a chance that the Higgs boson could be found in ex- 
periments at a multi-TeV hadronic collider. The best 
signature may be furnished by the leptonic decay of 
one of the W's or Z's [3]. 

2. Bas& production cross sections. In the standard 
electroweak model, the Higgs boson can be produced 
from quark-ant i-quark interactions, figs. 1 and 2, or 
from gluon-gluon interactions, fig. 3. Previously, it 
has been assumed that the dominant mechanism is 
gluon fusion. However, for a heavy Higgs boson, this 

Pt 

PI I 

; / 

Fig. 1. Higgs boson production from virtual vector boson 
pairs (V = W or Z). The initial state quark (or anti-quark) 
momenta are Pl and P2 and the corresponding final state 
momenta are P'I and p~. The momenta of the virtual vector 
bosons are q 1 and q2. 

0.370-2693/84/$ 03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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ector boson

• Energetic jets with large η gap
• No hadronic activity
• mjj, Δηjj, Ncentral jets

0 500250125 375
MET

Trigger & QCD 
makes us cut here

VBF Higgs

QCD

ar
bi

tra
ry
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http://www.sciencedirect.com/science/article/pii/0370269384911808


The problem is invisible

Disappears
• Can only measure recoil
• Decay products conserve momentum

Why not ggF?
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χ0

χ̅0

t
H

There is nothing to measure



The problem is the Z → νν̅

Not worth the trouble for ggF

χ0

χ̅0

t
H

Invisible
• Measure the mono-jet
• Need some boost for MET

ggF is loop suppressed
• Z+jet abundant however
• Ratio 

VBF is tree level
• Z+jet is (αW)4+ suppressed
• Ratio

Wait, why not ggF + 1 jet?
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σqqZ • BZvv
σH+1j

6000 pb 
19 pb

300 
1 ≈ =

σVBF-Z • BZvv
σVBF

0.6 pb 
1.6 pb

1 
2 ≈ =

χ0

χ̅0

ν

ν̅

Z

H

ν
ν̅Z



Reduce even more in Run 2?  Maybe γℓℓ ~ Zℓℓ

VBF analysis
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Zνν estimates Method Who Pro Con Precision

NMC - WYSIWYG Jet energy,
QCD scale ± 50%

NΖℓℓ
CMS Run 1 
µµ only (?) Zℓℓ = Zνν

Low stats 
(~20 evts) ± 40%

NMC • RWℓν
ATLAS R1, 
CMS Run 2

Large stats
(~600 evts) Wℓν ≠ Zνν ± 10%

Z
ν

ν̅

Z
ℓ

ℓ

W
ℓ

ν̅

ATLAS Run 1
• Binv < 28%

(31%)

If Binv = 30%, 
data be here

Observed

0 300 600 900

3063392352
3392352

ZννWℓν H (Binv=1)



newyorker.com/
cartoons/a18624 

Dark matter interpretation
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Once you have a collider, every problem starts to look like a particle.
look for invisible dark matter
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Dark matter interpretation
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Invisible

Many direct 
detection results

(mχ)2

(mχ)0

(mχ)–2
σ ~ Γinv • 

LHC measurement

DM modelDM interpretation



Direct detection exclude to mχ ~ 5 GeV of σ ~ ab-zb range
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Prog. Part. Nucl. Phys. 85 (2015)

General area of 
disputed signals 

(?)
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General area of 
disputed signals 

(?)

LHC results are 
complementary to 
direct detection

Scalar ~mχ –2

Fermion ~const.

Vecto
r ~mχ

2

LHC can probe Overlap LHC not sensitive

LHC overlay
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mH / 2

Too light to recoil 

Direct detection
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For Binv = 0.23, 
draw contours for 
different models



Tell us your favorite model!

on σany, e.g.,
• Fermiophobic scalars coupling to electroweak bosons, 1604.07975 (yesterday) 
• Electrowk SUSY sector with compressed sleptons, PRD 87 (2013) 035029, 91 (2015) 055025

Reinterpret VBF → invisible?
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VBF any → invisible

same 
measurement

model

χ0

χ̅0

φ
χ0

χ̅0

t φ

If DM is fermiophobic, 
mono-jet not sensitive

Mono-jet search for DM

https://arxiv.org/abs/1604.07975
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.035029
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.055025


The future is now
Collisions started this week, ATLAS collected O(1) pb–1

Hope to have O(10) fb–1 of data this calendar year
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2"

Monday

Nice decay



Luminosity projections

We’ll try for < 20% in Run 2 
Maybe possible? < 10% in Run 3

The future
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Based on Run 1 CMS VBF results
1603.07739 (2016)

fb–1 at 13 TeV
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CMS Run-2 VBF 
results with 2.3 fb–1

• Limit 69% (62%)
• Z norm’d w/ W

Run 2 target

Run 3+ target

ATLAS Run-1 VBF
• Limit 28% (31%)
• Z norm’d w/ W

Need 10 fb–1 of 13 TeV reach Run 1

Expected 
limit on Binv

60

80



Summary
Higgs → invisible
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Direct via 
     searchesOverview Indirect via 

     couplings

Key analysis VBF H →WW* VBF H →inv

Why

H

χ0

χ̅0
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I thank Elliot for his clear slides on 
VBF invisible at a PITT workshop.
https://indico.cern.ch/event/460471/contributions/1132574/
attachments/1199947/1745600/HInvis_PittPacc.pdf 

I thank George for the SUSY chat.  
It turns out I knew about the compressed 
scenario for my job talk & forgot it until our chat!

I thank Ben for slides feedback.
Especially on the details of VBF invisible.

I thank Alex for the talk rehearsal.
Especially on the prospects for VBF H→WW*.

I thank Josh for discussions.  
Especially on going from Γinv to σDM.
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Does the Higgs have a large invisible branching fraction? Two 
approaches are presented. The first is an indirect constraint of 
the invisible branching fraction using precision Higgs couplings 
measurements. The second is a direct search of invisible decays. 
In particular, I will discuss in detail two of ATLAS’s results: the     
H →  WW in VBF, which is one of the strongest inputs for the 
couplings and the evidence for VBF Higgs production, and the     
H →  invisible in VBF, which gives the strongest direct limit. 
Comparisons with CMS’s results are made.

https://indico.bnl.gov/conferenceDisplay.py?confId=1765
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“We should perhaps finish with an apology and a caution.  We 
apologize to the experimentalists for having no idea what is the 
mass of the Higgs boson, unlike the case with charm, and for not 
being sure of its couplings to other particles, except that they are 
probably all very small.  For these reasons we do not want to 
encourage big experimental searches for the Higgs boson, but 
we feel that people performing experiments vulnerable to the 
Higgs boson should know how it may turn up.”

Nucl. Phys. B 106 (1976) 292

http://www.sciencedirect.com/science/article/pii/0550321376903825
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ATLAS-HIGG-2013-13
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-13/
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Sec. VIII B. Section VIII C summarizes the differences in
the event and object selection, the signal treatment and
the background estimates with respect to the previously
published analysis [5].

A. Event yields

Table XXV shows the postfit yields for all of the fitted
categories in the 8 TeV [Table XXV(a)] and 7 TeV
[Table XXV(b)] data analyses. The signal yields are scaled

with the observed signal strength derived from the simul-
taneous combined fit to all of the categories. All of the
background processes are normalized to the postfit β values
(where applicable) and additionally their rates take into
account the pulls of the nuisance parameters. The observed
and expected yields are shown, for each nj category,
separately for the eμ and ee=μμ channels. The sum of
the expected and observed yields is also reported. The
uncertainties include both the statistical and systematic
components.

TABLE XXV. Signal region yields with uncertainties. The tables give the ggF- and VBF-enriched postfit yields for each nj category,
separated for the 8 and 7 TeV data analyses. The Nsignal columns show the expected signal yields from the ggF and VBF production
modes, with values scaled to the observed combined signal strength (see Sec. IX C). For each group separated of rows separated by a
vertical gap, the first line gives the combined values for the different subchannels or BDT bins. The yields and the uncertainties take into
account the pulls and data constraints of the nuisance parameters, and the correlations between the channels and the background
categories. The quoted uncertainties include the theoretical and experimental systematic sources and those due to sample statistics.
Values less than 0.1 (0.01) events are written as 0.0 (-).

Summary Composition of Nbkg

Nsignal Ntop Nmisid

Channel Nobs Nbkg NggF NVBF NWW Nt Ntt̄ NWj Njj NVV NDY

(a) 8 TeV data sample
nj ¼ 0 3750 3430" 90 300" 500 8" 4 2250" 95 112" 9 195" 15 360" 60 16" 5 420" 40 78" 21

eμ, l2 ¼ μ 1430 1280" 40 129þ 20 3.0" 2.1 830" 34 41" 3 73" 6 149" 29 10.1" 3.6 167" 21 14" 2.4
eμ, l2 ¼ e 1212 1106" 35 97" 15 2.5" 0.6 686" 29 33" 3 57" 5 128" 31 3.8" 1.5 184" 23 14" 2.4
ee=μμ 1108 1040" 40 77" 15 2.4" 1.7 740" 40 39" 3 65" 5 82" 16 2" 0.5 68" 7 50" 21

nj ¼ 1 1596 1470þ 40 102" 26 17" 5 630" 50 150" 10 385" 20 108" 20 8.2" 3.0 143" 20 51" 13
eμ, l2 ¼ μ 621 569" 19 45" 11 7.4" 2 241" 20 58" 4 147" 7 51" 11 5.7" 2.0 53" 10 13.8" 3.3
eμ, l2 ¼ e 508 475" 18 35" 9 6.1" 1.4 202" 17 45" 3 119" 6 37" 9 2.3" 0.9 60" 10 9.3" 2.5
ee=μμ 467 427" 21 22" 6 3.6" 1.8 184" 15 46" 4 119" 10 19" 4 0.2" 0.1 31" 4 28" 12

nj ≥ 2, ggF eμ 1017 960" 40 37" 11 13" 1.4 138" 28 56" 5 480" 40 54" 25 62" 22 56" 18 117" 21

nj ≥ 2, VBF 130 99" 9 7.7" 2.6 21" 3 11" 3.5 5.5" 0.7 29" 5 4.7" 1.4 2.8" 1.0 4.4" 0.9 38" 7
eμ bin 1 37 36" 4 3.3" 1.2 4.9" 0.5 5.0" 1.5 3.0" 0.6 15.6" 2.6 3.2" 1.0 2.3" 0.8 2.3" 0.7 3.6" 1.5
eμ bin 2 14 6.5" 1.3 1.4" 0.5 4.9" 0.5 1.7" 0.7 0.3" 0.4 2.0" 1.0 0.4" 0.1 0.3" 0.1 0.7" 0.2 0.6" 0.2
eμ bin 3 6 1.2" 0.3 0.4" 0.3 3.8" 0.7 0.3" 0.1 0.1" 0.0 0.3" 0.1 - - 0.1" 0.0 0.2" 0.1
ee=μμ bin 1 53 46" 6 1.7" 0.6 2.6" 0.3 3.1" 1.0 1.7" 0.3 10.1" 1.6 0.9" 0.2 0.2" 0.1 1.0" 0.3 28" 5
ee=μμ bin 2 14 8.4" 1.8 0.7" 0.3 3.0" 0.4 0.9" 0.3 0.3" 0.2 1.2" 0.5 0.2" 0.1 - 0.3" 0.1 5.2" 1.7
ee=μμ bin 3 6 1.1" 0.4 0.2" 0.2 2.1" 0.4 0.1" 0.1 0.1" 0.0 0.2" 0.1 - - - 0.5" 0.3

(b) 7 TeV data sample
nj ¼ 0 594 575" 24 49" 8 1.4" 0.2 339" 24 20.5" 2.1 38" 4 74" 15 1.3" 0.6 79" 10 23" 6

eμ, l2 ¼ μ 185 186" 8 19" 3 0.5" 0.0 116" 8 7" 1 14" 2 19" 5 - 24" 3 4.8" 1
eμ, l2 ¼ e 195 193" 12 15" 2.4 0.5" 0.0 95" 7 5.3" 0.5 10" 1 37" 9 1.1" 0.5 41" 6 4.1" 0.9
ee=μμ 214 196" 11 16" 3.1 0.5" 0.1 128" 10 8" 1 14" 2 18" 4 0.2" 0.1 14" 2 14" 5

nj ¼ 1 304 276" 15 16" 4 3.2" 0.3 103" 15 22" 2 58" 6 20" 4 3.2" 1.6 32" 8 38" 6
eμ, l2 ¼ μ 93 75" 4 5.7" 1.6 1.2" 0.1 33" 5 7" 1 18" 2 5" 1 - 9" 2 2.7" 0.4
eμ, l2 ¼ e 91 76" 5 4.5" 1.2 0.9" 0.1 28" 4 6" 1 16" 2 10" 2 0.7" 0.3 14" 4 2.3" 0.7
ee=μμ 120 125" 9 5.3" 1.6 1.2" 0.2 43" 6 9" 1 24" 3 5" 1 2.5" 1.4 9" 2 33" 6

nj ≥ 2, VBF 9 7.8" 1.8 0.9" 0.3 2.7" 0.3 1.2" 0.4 0.3" 0.1 1.6" 0.8 0.4" 0.1 0.1" 0.0 0.5" 0.2 3.4" 1.5
eμ bin 1 6 3.0" 0.9 0.4" 0.2 0.6" 0.1 0.5" 0.2 0.2" 0.1 0.9" 0.5 0.1" 0.0 0.1" 0.0 0.3" 0.1 0.8" 0.6
eμ bins 2–3 0 0.7" 0.2 0.2" 0.1 1.1" 0.1 0.2" 0.1 - 0.3" 0.2 - - - -
ee=μμ bins 1–3 3 4.1" 1.3 0.3" 0.1 1.0" 0.1 0.5" 0.2 0.1" 0.0 0.4" 0.3 0.3" 0.1 - 0.2" 0.1 2.5" 1.1
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mH [GeV] ggH VBF+VH Data All bkg. WW
VZ+Wγ(∗)

tt + tW W+ jets
+ Z/γ∗→ ℓℓ

8TeV eµ final state, 2-jets category, VBF tag

120 0.43± 0.18 2.06± 0.28 2 3.34± 0.55 0.75± 0.22 0.36± 0.12 1.75± 0.42 0.48± 0.26

125 0.89± 0.35 3.41± 0.47 2 4.38± 0.81 0.86± 0.24 0.49± 0.14 2.67± 0.73 0.36± 0.22

130 1.55± 0.54 5.24± 0.73 5 4.87± 0.84 1.20± 0.30 0.56± 0.15 2.74± 0.74 0.36± 0.22

160 3.5± 1.1 14.8± 2.0 3 3.98± 0.78 1.21± 0.29 0.22± 0.10 2.55± 0.71 —

200 2.60± 0.74 12.0± 1.6 10 11.2± 1.8 2.96± 0.57 0.64± 0.17 7.2± 1.6 0.39± 0.31

400 1.82± 0.55 4.11± 0.57 9 12.1± 2.1 4.3± 1.3 0.47± 0.14 7.0± 1.6 0.30± 0.23

600 0.57± 0.23 1.70± 0.23 3 4.8± 1.2 2.02± 0.65 0.12± 0.07 2.4± 1.0 0.29± 0.19

125 (shape) 1.39± 0.62 4.80± 0.61 24 24.8± 3.2 4.5± 1.3 0.48± 0.08 14.0± 2.8 2.45± 0.57

8TeV ee/µµ final state, 2-jets category, VBF tag

120 0.29± 0.13 1.23± 0.17 11 6.4± 1.9 0.52± 0.16 4.1± 1.8 1.12± 0.31 0.66± 0.38

125 0.32± 0.15 1.91± 0.27 12 6.6± 2.0 0.56± 0.17 4.2± 1.9 1.17± 0.31 0.66± 0.38

130 0.77± 0.29 2.99± 0.42 12 6.3± 2.0 0.56± 0.17 3.8± 1.9 1.26± 0.33 0.65± 0.38

160 1.62± 0.58 10.2± 1.4 7 5.4± 2.9 0.62± 0.18 3.4± 2.8 1.36± 0.35 0.09± 0.08

200 1.25± 0.39 6.61± 0.92 13 10.2± 2.5 1.58± 0.35 5.2± 2.4 2.97± 0.64 0.47± 0.31

400 1.25± 0.39 3.03± 0.42 13 8.1± 1.6 1.99± 0.63 0.10± 0.03 5.8± 1.5 0.19± 0.21

600 0.42± 0.17 1.43± 0.20 2 3.6± 1.0 0.95± 0.32 0.06± 0.03 2.47± 0.98 0.14± 0.12

Table 10. Signal prediction, observed number of events in data, and background estimates
for

√
s = 8TeV after applying the H → WW VBF tag counting analysis selection requirements

and the requirements used for the shape-based approach (eµ final state only). The combination
of statistical uncertainties with experimental and theoretical systematic uncertainties is reported.
The Z/γ∗→ ℓℓ process includes the dimuon, dielectron and ditau final state. The VZ background
denotes the contributions from WZ and ZZ processes.

VBF analysis 95% CL limits on σ/σSM Significance σ/σSM

mH = 125GeV expected / observed expected / observed observed

Shape-based (default) 1.1 / 1.7 2.1 / 1.3 sd 0.62+0.58
−0.47

Counting analysis 1.1 / 0.9 2.0 / — −0.35+0.43
−0.45

Table 11. A summary of the expected and observed 95% CL upper limits on the H → WW
production cross section relative to the SM prediction, the significances for the background-only
hypothesis to account for the excess in units of standard deviations (sd), and the best-fit σ/σSM
at mH = 125GeV in the VBF analysis. The shape-based analysis results use the one-dimensional
binned template fit to mℓℓ distribution for the eµ final state, combined with counting analysis
results for the ee/µµ final states. The difference in the observed results between the two analyses
is due to the large statistical fluctuations in the currently available data sample.

6.4.2 Results

The data yields and the expected yields for the Higgs boson signal and various backgrounds

in each of the categories for the VH analysis are listed in tables 12 and 13. For a Higgs boson

with mH = 125GeV, a few signal events are expected with a signal-to-background ratio of
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Figure 23. Observed σ/σSM for mH = 125.6GeV for each category used in the combination.
The observed σ/σSM value in the ZH → 3ℓν 2 jets category is 6.41+7.43

−6.38. Given its relatively large
uncertainty with respect to the other categories it is not shown individually, but it is used in
the combination.
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Figure 24. Confidence intervals in the (σ/σSM, mH) plane using the parametric unbinned fit in
(mR, ∆φR) distribution (left) for the 0-jet and 1-jet categories in the eµ final states. Solid and
dashed lines indicate the 68% and 95% CL contours, respectively. On the right, the one-dimensional
likelihood profile for σ/σSM=1 is shown. The crossings with the horizontal line at −2∆ lnL = 1
(3.84) define the 68% (95%) CL interval. The SM Higgs boson production cross section uncertainties
are considered.
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E. Exclusion limits

The analysis presented in this paper has been optimized
for a Higgs boson of mass mH ¼ 125 GeV, but, due to the
low mass resolution of the lνlν channel, it is sensitive to
SM-like Higgs bosons of mass up to 200 GeV and above.

The exclusion ranges are computed using the modified
frequentist method CLS [99]. A SM Higgs boson of mass
mH is considered excluded at 95% C.L. if the value μ ¼ 1 is
excluded at that mass. The analysis is expected to exclude a
SM Higgs boson with mass down to 114 GeVat 95% C.L.
The clear excess of signal over background, shown in the
previous sections, results in an observed exclusion range of
132 < mH < 200 GeV, extending to the upper limit of the
search range, as shown in Fig. 42.

F. Higgs boson production cross sections

The measured signal strength can be used to evaluate the
product σ · BH→WW" for Higgs boson production at
mH ¼ 125.36 GeV, as well as for the individual ggF
and VBF production modes. The central value is simply
the product of μ and the predicted cross section used to
define it. The uncertainties are similarly scaled, except for
the theoretical uncertainties related to the total production
yield, which do not apply to this measurement. These are
the QCD scale and PDF uncertainties on the total cross
sections, and the uncertainty on the branching fraction for
H → WW", as described in Sec. V. In practice, the
corresponding nuisance parameters are fixed to their
nominal values in the fit, effectively removing these
uncertainties from consideration. Inclusive cross-section
measurements are performed for ggF and VBF production.
The cross section is also measured for ggF production in

TABLE XXVII. Signal significance Z0 and signal strength μ. The expected (Exp) and observed (Obs) values are given; μexp is unity by
assumption. For each group separated by a horizontal line, the highlighted first line gives the combined result. The plots correspond to
the values in the table as indicated. For the μ plot, the thick line represents the statistical uncertainty (Stat) in the signal region, the thin
line represents the total uncertainty (Tot), which includes the uncertainty from systematic sources (Syst). The uncertainty due to
background sample statistics is included in the latter. The last two rows report the results when considering ggF and VBF production
modes separately. The values are given assuming mH ¼ 125.36 GeV.
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Table 9 Summary of 95 % CL
upper limits on
σ · B(H → inv)/σSM obtained
from the VBF search, the
combined ZH searches, and the
combination of all three
searches

mH (GeV) Observed (expected) upper limits on σ · B(H → inv)/σSM

VBF ZH VBF+ZH

115 0.63 (0.48) 0.76 (0.72) 0.55 (0.41)

125 0.65 (0.49) 0.81 (0.83) 0.58 (0.44)

135 0.67 (0.50) 1.00 (0.88) 0.63 (0.46)

145 0.69 (0.51) 1.10 (0.95) 0.66 (0.47)

200 0.91 (0.69) – –

300 1.31 (1.04) – –

and summarised in Table 9. Assuming the SM production
cross section and acceptance, the 95 % CL observed upper
limit on the invisible branching fraction for mH = 125 GeV
is 0.58, with an expected limit of 0.44. The correspond-
ing observed (expected) upper limit at 90 % CL is 0.51
(0.38). These limits significantly improve on the indirect
95 % CL limit of B(H → inv) < 0.89 obtained from vis-
ible decays [3].

9 Dark matter interactions

We now interpret the experimental upper limit on B(H →
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7–9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, Mχ , and DM-nucleon cross sec-
tion. If the DM candidate has a mass below mH/2, the invisi-
ble Higgs boson decay width, Γinv, can be directly translated
to the spin-independent DM-nucleon elastic cross section,
as follows for scalar (S), vector (V), and fermionic (f) DM,
respectively [8]:

σ SI
S−N = 4Γinv

m3
Hv2β

m4
N f 2

N

(Mχ + mN)2 , (8)

σ SI
V−N =

16Γinv M4
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m3
Hv2β(m4

H − 4M2
χ m2

H + 12M4
χ )

m4
N f 2

N

(Mχ + m N )2 ,

(9)

σ SI
f−N =

8Γinv M2
χ

m5
Hv2β3

m4
N f 2

N

(Mχ + mN)2 . (10)

Here, mN represents the nucleon mass, taken as the aver-
age of proton and neutron masses, 0.939 GeV, while

√
2v is

the Higgs vacuum expectation value of 246 GeV, and β =√
1 − 4M2

χ/mH2. The dimensionless quantity fN [8] param-
eterizes the Higgs-nucleon coupling; we take the central val-
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Fig. 13 Upper limits on the spin-independent DM-nucleon cross sec-
tion σ SI

χ−N in Higgs-portal models, derived for mH = 125 GeV and
B(H → inv) < 0.51 at 90 % CL, as a function of the DM mass. Lim-
its are shown separately for scalar, vector and fermion DM. The solid
lines represent the central value of the Higgs-nucleon coupling, which
enters as a parameter, and is taken from a lattice calculation, while
the dashed and dot-dashed lines represent lower and upper bounds
on this parameter. Other experimental results are shown for com-
parison, from the CRESST [71], XENON10 [72], XENON100 [73],
DAMA/LIBRA [74,75], CoGeNT [76], CDMS II [77], COUPP [78],
LUX [79] Collaborations

ues of fN = 0.326 from a lattice calculation [69], while
we use results from the MILC Collaboration [70] for the
minimum (0.260) and maximum (0.629) values. We convert
the invisible branching fraction to the invisible width using
B(H → inv) = Γinv/(%SM +Γinv), where %SM = 4.07 MeV.

Figure 13 shows upper limits at 90 % CL on the DM-
nucleon cross section as a function of the DM mass, derived
from the experimental upper limit on B(H → inv) for mH =
125 GeV, in the scenarios where the DM candidate is a scalar,
a vector, or a Majorana fermion.

10 Summary

A search for invisible decays of Higgs bosons has been per-
formed, using the vector boson fusion and associated ZH
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Table 9 Summary of 95 % CL
upper limits on
σ · B(H → inv)/σSM obtained
from the VBF search, the
combined ZH searches, and the
combination of all three
searches

mH (GeV) Observed (expected) upper limits on σ · B(H → inv)/σSM

VBF ZH VBF+ZH

115 0.63 (0.48) 0.76 (0.72) 0.55 (0.41)
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200 0.91 (0.69) – –

300 1.31 (1.04) – –

and summarised in Table 9. Assuming the SM production
cross section and acceptance, the 95 % CL observed upper
limit on the invisible branching fraction for mH = 125 GeV
is 0.58, with an expected limit of 0.44. The correspond-
ing observed (expected) upper limit at 90 % CL is 0.51
(0.38). These limits significantly improve on the indirect
95 % CL limit of B(H → inv) < 0.89 obtained from vis-
ible decays [3].

9 Dark matter interactions

We now interpret the experimental upper limit on B(H →
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7–9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, Mχ , and DM-nucleon cross sec-
tion. If the DM candidate has a mass below mH/2, the invisi-
ble Higgs boson decay width, Γinv, can be directly translated
to the spin-independent DM-nucleon elastic cross section,
as follows for scalar (S), vector (V), and fermionic (f) DM,
respectively [8]:
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Here, mN represents the nucleon mass, taken as the aver-
age of proton and neutron masses, 0.939 GeV, while
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2v is

the Higgs vacuum expectation value of 246 GeV, and β =√
1 − 4M2

χ/mH2. The dimensionless quantity fN [8] param-
eterizes the Higgs-nucleon coupling; we take the central val-
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tion σ SI

χ−N in Higgs-portal models, derived for mH = 125 GeV and
B(H → inv) < 0.51 at 90 % CL, as a function of the DM mass. Lim-
its are shown separately for scalar, vector and fermion DM. The solid
lines represent the central value of the Higgs-nucleon coupling, which
enters as a parameter, and is taken from a lattice calculation, while
the dashed and dot-dashed lines represent lower and upper bounds
on this parameter. Other experimental results are shown for com-
parison, from the CRESST [71], XENON10 [72], XENON100 [73],
DAMA/LIBRA [74,75], CoGeNT [76], CDMS II [77], COUPP [78],
LUX [79] Collaborations

ues of fN = 0.326 from a lattice calculation [69], while
we use results from the MILC Collaboration [70] for the
minimum (0.260) and maximum (0.629) values. We convert
the invisible branching fraction to the invisible width using
B(H → inv) = Γinv/(%SM +Γinv), where %SM = 4.07 MeV.

Figure 13 shows upper limits at 90 % CL on the DM-
nucleon cross section as a function of the DM mass, derived
from the experimental upper limit on B(H → inv) for mH =
125 GeV, in the scenarios where the DM candidate is a scalar,
a vector, or a Majorana fermion.

10 Summary

A search for invisible decays of Higgs bosons has been per-
formed, using the vector boson fusion and associated ZH
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and summarised in Table 9. Assuming the SM production
cross section and acceptance, the 95 % CL observed upper
limit on the invisible branching fraction for mH = 125 GeV
is 0.58, with an expected limit of 0.44. The correspond-
ing observed (expected) upper limit at 90 % CL is 0.51
(0.38). These limits significantly improve on the indirect
95 % CL limit of B(H → inv) < 0.89 obtained from vis-
ible decays [3].

9 Dark matter interactions

We now interpret the experimental upper limit on B(H →
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7–9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, Mχ , and DM-nucleon cross sec-
tion. If the DM candidate has a mass below mH/2, the invisi-
ble Higgs boson decay width, Γinv, can be directly translated
to the spin-independent DM-nucleon elastic cross section,
as follows for scalar (S), vector (V), and fermionic (f) DM,
respectively [8]:

σ SI
S−N = 4Γinv

m3
Hv2β

m4
N f 2

N

(Mχ + mN)2 , (8)

σ SI
V−N =

16Γinv M4
χ

m3
Hv2β(m4

H − 4M2
χ m2

H + 12M4
χ )

m4
N f 2

N

(Mχ + m N )2 ,

(9)

σ SI
f−N =

8Γinv M2
χ

m5
Hv2β3

m4
N f 2

N

(Mχ + mN)2 . (10)

Here, mN represents the nucleon mass, taken as the aver-
age of proton and neutron masses, 0.939 GeV, while
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lines represent the central value of the Higgs-nucleon coupling, which
enters as a parameter, and is taken from a lattice calculation, while
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ues of fN = 0.326 from a lattice calculation [69], while
we use results from the MILC Collaboration [70] for the
minimum (0.260) and maximum (0.629) values. We convert
the invisible branching fraction to the invisible width using
B(H → inv) = Γinv/(%SM +Γinv), where %SM = 4.07 MeV.

Figure 13 shows upper limits at 90 % CL on the DM-
nucleon cross section as a function of the DM mass, derived
from the experimental upper limit on B(H → inv) for mH =
125 GeV, in the scenarios where the DM candidate is a scalar,
a vector, or a Majorana fermion.

10 Summary

A search for invisible decays of Higgs bosons has been per-
formed, using the vector boson fusion and associated ZH
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Table 2: Summary of the estimated number of background and signal events, together with the
observed yield, in the VBF search signal region. The signal yield is given for mH = 125 GeV
and B(H ! inv) = 100%. Where two errors quoted they are the statistical and systematic
uncertainties respectively, where only one is quoted it is the systematic uncertainty.

Process Event yields
Z ! nn 158.1 ± 37.3 ± 21.2
W ! µn 102.5 ± 6.2 ± 11.7
W ! en 57.9 ± 7.4 ± 7.7
W ! tn 94.6 ± 13.1 ± 23.8
top 5.5 ± 1.8
VV 3.9 ± 0.7
QCD multijet 17 ± 14
Total Background 439.4 ± 40.7 ± 43.5
Signal(VBF) 273.1 ± 31.2
Signal(ggH) 23.1 ± 15.9
Observed data 508

Table 3: Summary of the uncertainties on the total background and signal yields. All uncer-
tainties affect the normalization of the yield, and are quoted as the change in % in the total
background or signal estimate, when each systematic effect is varied according to its uncer-
tainties. The signal uncertainties are given for mH = 125 GeV and B(H ! inv) = 100%.

Source Total background Signal
Control region data stat. 9.3 -
MC stat. 5.4 3.8
Jet energy scale 4.6 11
W ! tn control region extrapolation 4.3 -
QCD normalisation 3.2 -
Jet energy resolution 3.0 1.8
Lepton ID efficiency 2.4 -
Unclustered energy scale 1.9 1.6
Pileup weight 1.1 1.5
Top MC scale factor unc. 0.25 -
Luminosity 0.02 2.6
QCD scale, PDF and cross section uncertainties 0.01 5.2

7 Limits on the cross section of invisibly decaying Higgs bosons
Upper limits on the Higgs boson production cross section times B(H ! inv) are placed at
95% C.L. using an asymptotic CLs method [20, 38, 39], following the standard LHC Higgs
combination technique [40, 41]. Systematic uncertainties are treated as nuisance parameters in
a frequentist paradigm, as described in [41], and all correlations between processes are taken
into account.

Using this procedure and assuming SM Higgs boson production cross sections and accep-
tances, the observed (expected) 95% C.L. limit on B(H ! inv) of a SM 125 GeV Higgs boson
is 57% (40%). The 95% C.L. limit on B(H ! inv) and the 95% C.L. limit on the cross section
times B(H ! inv), both assuming SM Higgs boson acceptances are shown as a function of
Higgs boson mass in Fig. 7. As can be seen from Table 3 the dominant systematic uncertainty
in the analysis is that from the limited numbers of data events in some control regions, in par-

11

ticular the Z control region. If the Z control region statistical uncertainty were to be reduced
to the level of that from the W ! µn control region the expected 95% C.L. limit on the cross
section times B(H ! inv)for a SM 125 GeV Higgs boson would be reduced to 33%.

The result is also combined with that obtained by CMS in searches in the channel where the
Higgs boson is produced in association with a Z which was reported in [8]. The procedure for
this combination is also described in [8]. The 95% C.L. observed (expected) limit on B(H !
inv) after combination is 47% (35%) for a SM 125 GeV Higgs boson.

 [GeV]Hm
100 150 200 250 300 350 400

(S
M

)
VB

F
σ

 in
v)

/
→

 x
 B

(H
σ

0.5

1

1.5

2

2.5

 invisible→VBF H 

 (8 TeV)-119.2 fb

CMS
Preliminary

95% CL limits
Observed limit
Expected limit

)σExpected limit (1
)σExpected limit (2

 [GeV]Hm
100 150 200 250 300 350 400

 in
v)

 [p
b]

→
 x

 B
(H

σ

0

0.5

1

1.5

2

2.5
 (8 TeV)-119.2 fb

CMS
Preliminary

 invisible→VBF H 

95% CL limits
Observed limit
Expected limit

)σExpected limit (1
)σExpected limit (2

 (SM)VBFσ

Figure 7: The 95% C.L. limit on B(H ! inv) of a SM Higgs boson (left) and the 95% C.L. limit
on the cross section times B(H ! inv) (right)as a function of the Higgs boson mass, assuming
SM Higgs boson acceptances.

8 Summary
A search for VBF-produced Higgs bosons decaying to invisible final states has been performed.
The sensitivity of the analysis is increased significantly by the use of triggers recorded as part
of the parked data stream. These triggers allow the use of a selection driven by enhancing the
contribution from Emiss

T coming from genuine invisible particles isolated from jet activity in the
transverse plane, rather than mismeasured energy, or Emiss

T from heavy-flavoured jet decays.
The observed (median expected) limit on B(H ! inv) of a SM Higgs with mH = 125 GeV is 57
(40)%. When combined with searches at CMS in the channel where the Higgs is produced in
association with a Z the observed (median expected) limit on B(H ! inv) of a SM Higgs with
mH = 125 GeV is 47(35)%.
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Uncertainty VBF ggF Z or W ZSR/WCR or WSR/WCR

Jet energy scale
16 43 17–33 3–5

9 12 0–11 1–4

Jet energy resolution
Negligible Negligible Negligible Negligible

3.1 3.2 0.2–7.6 0.5–5.8

Luminosity 2.8 2.8 2.8 Irrelevant

QCD scale 0.2 7.8
5–36 7.8–12

7.5–21 1–2

PDF
2.3

7.5
3–5

1–2
2.8 0.1–2.6

Parton shower

4.4

9–10 5
41

Veto on third jet
29

Negligible Negligible

Higgs boson pT Negligible 9.7 Irrelevant Irrelevant

MC statistics
2 46 2.3–6.4

3.3–6.6
0.6 13 0.8–4.5

Table 7. Detector and theory uncertainties (%) after all SR or CR selections. For each source of
uncertainty, where relevant, the first and second rows correspond to the uncertainties in SR1 and
SR2 respectively. The ranges of uncertainties in the Z or W column correspond to uncertainties in
the Z+jets and W+jets MC yields in the SR or CR. The search uses the uncertainties in the ratios
of SR to CR yields shown in the last column.

a profile likelihood-ratio test statistic [31]. Expected signal and background distributions

in the signal and control regions are determined from MC predictions, with the exception

of the multijet backgrounds, which use the data-driven methods described in section 5.

Systematic uncertainties are parameterized as Gaussian constrained nuisance parameters.

The nuisance parameter for each individual source of uncertainty is shared among the

expected yields so that its correlated effect is taken into account. The relative weight of

the Z(→ ee/µµ)+jets and W (→ eν/µν)+jets in the control regions is determined by the

maximization of the likelihood function.

One global likelihood function including all three signal regions and the six correspond-

ing control regions is constructed with only the signal yields and correlated uncertainties

coupling the search regions. The theoretical uncertainties are taken to be uncorrelated

between the EW and QCD processes and uncorrelated with the scale uncertainty on the

signal. The uncertainties which are treated as correlated between the regions are:
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a higher dimension operator

L =
�

⇤
�qHQU c , (3.1)

or, in a renormalizable model, if � belongs, at least in some admixture, to a multiplet with

the same quantum numbers as the Higgs. This latter possibility could arise if � is the heavy

Higgs of a two Higgs doublet model or if � is a singlet scalar mixed with the Higgs. Both

possibilities predict new states or modified couplings that can also be searched for.

Since the coupling �q�qq violates gauge invariance, why do we not also consider the

coupling

L = c��
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W

v
W+µW�

µ +
M2

Z

2v
ZµZµ

◆
? (3.2)

In writing this we are violating gauge invariance in the same manner as with the couplings to

quarks. Let us now consider embedding this within a gauge invariant structure at the weak

scale. It could arise as a higher dimension operator, such as

L =
�

⇤
|DµH|2 ! �

⇤

✓
M2

WW+µW�

µ +
1

2
M2

ZZµZµ

◆
, (3.3)

in exactly the same manner as the coupling of a scalar mediator to quarks, or in a renormal-

isable model if � belongs, at least in some admixture, to a multiplet with the same quantum

numbers as the Higgs.

Let us consider a simple UV-complete model to illustrate these points and further inves-

tigate the nature of the couplings. We will consider a scalar mediator coupled to dark matter

as ��2. This scalar mediator can obtain couplings to SM states via a Higgs portal mixing

with the Higgs. Due to this mixing it inherits all of the SM Higgs couplings, suppressed by

a factor sin ✓, where ✓ is the mixing angle. This model thus has couplings to quarks, leptons,

and vector bosons

L = sin ✓ �

✓
mq

v
qq +

ml

v
ll + 2

✓
M2

W

v
W+µW�

µ +
M2

Z

2v
ZµZµ

◆◆
. (3.4)

First of all, this demonstrates that in UV-complete models realising the �q�qq interaction, the

interaction of Eq. (3.2) also typically arises. Second, the results of [71, 87, 88] demonstrate

that when a mediator has these couplings the strongest collider bounds will arise from VBF

production of the DM, shown in Fig. 2. Since the monojet bounds arise from the mediator

couplings to quarks, and the VBF bounds from the mediator couplings to vectors, it is clear

that it may be possible to overlook the strongest probes of DM for scalar mediators at the

LHC if one only considers the �q�qq interaction for scalar mediators.

However, when considering non-DM observables, the situation is not as clear-cut. As

has been pointed out previously,¶ in many UV-complete models that lead to the coupling

¶See [71] for a recent discussion.
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If φ is fermiophobic, mono-jet isn’t the best (VBF may be).

https://arxiv.org/abs/1604.07975 (27 April 2016)

https://arxiv.org/abs/1604.07975
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① Jet energy measurement and its systematic uncertainty in proton-proton collisions at √s = 7 TeV with the ATLAS detector, EPJC 75 (2015) 17.

② Jet calibration and systematic uncertainties for jets reconstructed in the ATLAS detector at √s=13 TeV, ATL-PHYS-PUB-2015-015 (24 July 2015).
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Letter but are reviewed in, e.g., [38]. Limits on spin-
dependent cross sections are presented elsewhere [39].
In conclusion, reanalysis of the 2013 LUX data has

excluded new WIMP parameter space. The added fiducial
mass and live time, and better resolution of light and charge
yield a 23% improvement in sensitivity at high WIMP
masses over the first LUX result. The reduced, 1.1 keV
cutoff in the signal model improves sensitivity by 2% at
high masses but is the dominant effect below 20 GeV c−2,
and the range 5.2 to 3.3 GeV c−2 is newly demonstrated to
be detectable in xenon. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [46] experiment.
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% C.L. Observed limit in black, with
the 1- and 2-σ ranges of background-only trials shaded green and
yellow. Also shown are limits from the first LUX analysis [6]
(gray), SuperCDMS [40] (green), CDMSlite [41] (light blue),
XENON100 [42] (red), DarkSide-50 [43] (orange), and PandaX
[44] (purple). The expected spectrum of coherent neutrino-
nucleus scattering by 8B solar neutrinos can be fit by a WIMP
model as in [45], plotted here as a black dot.
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effects of two-body currents in the δ term (most previous
analyses have not included 2-body currents, which sim-
plifies this equation), which represent couplings between a
WIMP and two nucleons [18]. In this zero-momentum
transfer limit, we can separate the two cases of “proton-
only” (a0 ¼ a1 ¼ 1) or “neutron-only” (a0 ¼ −a1 ¼ 1)
couplings and write:

σp;n ¼
3μ2p;nð2J þ 1Þ

4πμ2N

σ0
SAð0Þ

: ð3Þ

SAðqÞ can be obtained from detailed nuclear shell model
calculations. The result depends on which nuclear states are
included and the allowed configurations of nucleons within
those states. There are also differences in the nuclear
interactions accounted for. The calculation used here is
from Klos et al. [17]. It includes the largest number of states
and allowed configurations compared to previous theoreti-
cal treatments in the literature. The order of the exper-
imentally measured nuclear energy levels in xenon is
reproduced well. In addition, the Klos et al. result uses a
chiral effective field theory treatment of the nuclear
interactions including two-body currents. These structure
functions are an update of those in Ref. [19]. Within the
recoil energy range of interest, changes to the neutron-only
structure function are small: at most 5% for 129Xe and a
maximum 20% increase for 131Xe. For proton-only, the
structure function is smaller than previously: as the recoil
energy increases the difference in 129Xe rises to 30% and in
131Xe to 50%. We also compare to the structure function
calculation of Ressell and Dean with the Bonn A nucleon-
nucleon potential [20], which has been extensively used in
previous SD results. This includes the same states as
Ref. [17], but has more truncations in the allowed con-
figurations of nucleons and only includes interactions with
one nucleon.
There are two naturally occurring xenon isotopes with an

odd number of neutrons, 129Xe and 131Xe (abundances
29.5% and 23.7%, respectively). Therefore, the “neutron-
only” sensitivity is much higher than “proton-only”, as the
majority of the nuclear spin is carried by the unpaired
neutron. When only WIMP interactions with one nucleon
are considered, the choice of ap;n above corresponds to
WIMPs either coupling to only protons or neutrons.
However, once two-body currents are included, an inter-
action between a WIMP, a proton, and the unpaired neutron
can occur even in the “proton-only” case. Therefore, this
gives a significant enhancement to the structure function for
“proton-only” coupling, while only slightly reducing the
“neutron-only”.
Single scatter events (one S1 followed by one S2) within

the fiducial volume (radius < 20 cm, 38–205 μs drift time,
or 48.6–8.5 cm above bottom PMT faces in z) are selected
for the analysis. A total of 591 events are observed in the
region of interest (cf. Fig. 2 in Ref. [10]) during an exposure

of 1.4 × 104 kg day. The background rate originating from
NR events is negligible [10] but ER events produce a
significant background. The ER backgrounds include
external gamma rays from detector materials, 127Xe x rays,
and contaminants in the xenon (85Kr, Rn) [21]. The tritium
data set allows Monte Carlo simulations [22] to be tuned to
ER calibration data, which is then used to generate PDFs
(in S1 vs S2) for these ER backgrounds. Another important
background comes from radon daughter decays on the
PTFE walls of the TPC, with the tail of the distribution in
reconstructed radius extending into the fiducial volume
[23]. In these “wall events” some electrons are lost,
resulting in a reduced S2 signal, so that many events lie
below the signal band in S2/S1. Part of this background is
ERs, which can mimic NRs due to their reduced S2 signal.
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FIG. 1. LUX upper limits on the WIMP-neutron (top) and -
proton (bottom) elastic SD cross sections at 90% C.L. The
observed limit is shown in black with the %1σ (%2σ) band from
simulated background-only trials in green (yellow). Also shown
are the 90% C.L. from: CDMS [29], KIMS [30,31], PICASSO
[32], PICO-2L [26], PICO-60 [27], XENON10 [33], XENON100
[34], and ZEPLIN-III [35,36]. The DAMA allowed region at 3σ
as interpreted in [28] without ion channeling is the shaded areas.
Three indirect limits from IceCube [37] and SuperK [38] are
shown. Collider limits from CMS monojet searches are included,
assuming the MSDM model with two coupling scenarios [39].
The projected sensitivity for the LZ experiment is shown for an
exposure of 5.6 × 105 kg day [40].
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