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— Uncover new physics with bosons ak the LHC and upgrades of the CMS detector
to maximize the discovery potential
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erial 9 uestions

e What is the world made of?
e What holds it together?
e What’s the origin of the universe?

We aim at answering these questions N Particle Phgsics
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The Sta V\Ci&T' A Mo del

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

e Our current answer

(fermions) (bosons)
I [l 1
wh @ @@ @ @ ¢ SM Symmetry structure: SU 2)xUMXSsUB)
up charm top gluon l higgs
- @I @I @I @ o Stringentlg tested with experimental data
down strange bottom photon
"I ®Il @ | @ e Need massless Partlcles to preserve the gauge
electron muon tau Z boson l s’tructu re
- o - @ | @& ||F W
neutrino || neutrino || neutrino | | W boson l
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Remaining Puzzles

SM particles

2
f 2
rnczybs = rnliare o > A
A ST A

/

125 GeV

£*101° GeV?

\

1019 GeV

T

In the theorg itselt

Fine tuned Higgs mass?

Planclke scale
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2% Fermilab Remaining Puzzles

SM particles

In the theorg itselt

Fine tuned Higgs mass?

1019 GeV

Dgnamical origin of the Higgs Potential
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SM particles

Remaining Puzzles

In the theorg itselt

f Az Fine tuned Higgs mass’?’

£*101° GeV?

87 A
%namlcal origjn of the Higgs Potentu Atomic

1019 GeV

Experimental anomalies:

What is dark matter/dark energy

Matter

4.6% / \
Light

0.005%

\/

Neutrinos
0.0034%

M.LIU




M.LIU

2% Fermilab Remaining Puzzles

SM particles
In the theorg itseltf:

Fine tuned Higgs mass”?’

2
f 2
are A

2
T 3T bDynamical origin of the Higgs Potential

rnzbs=n7129

Atomic Mat&)

4.6%
125GeV | |£¥1019GeV? | [1019 GeV 0.00% /A 00340

Experimental anomalies:

What is dark matter/dark energy

Neutrino masses/CF etc

10
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Solutions?
e SM extensions
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Supersvmme%rj

Standard particles SUSY particles

Higgs

o ngmetrg between bosons and

fermions, al:)l:)ealing theorg addition

o SUSY force
particles

o Daf"( mattér Ca ﬂChClaJCC, Uﬂiﬁés - Quarks ’ Leptons . Force particles Squarks Q Sleptons

gauge Coul:)lings) stabilized Higgs TN

/ t \
4 | |
mass : H

\ \Stabi lizes Higgs mass of 125 GeV: stop <1 Te
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Supersvmme%rj

Standard particles SUSY particles
¢ Important to search for stop with U G

| HC Run-2 data: 8 TeV -> 5 TeV di si bg Higos
energy iNncrease
e 1L channel: my first analgsis on
- Quarks ’ Leptons . Force particles Squarks Q Sleptons o sgrﬁz ';grce
CMS o

' ’ 5 \
. H ! ‘
o Quic:klg Probecl to 1 TeV with all Amy = = - Q -- o+ HoL S

analgses combined.

\ \Stabi lizes Higgs mass of 125 GeV: stop <1 Te
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SUSY eleckrowealke sector: Less Forc;)becl

Standard particles SUSY particles

W) SUSY force

. Force particles
particles

' Quarks ’ Leptons E wuarks o

SUSY Partners of the electroweak sector of much lower rate:

t0 5 orders of magnitude lower

| 4
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Review: Electroweak SUSY terminology
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What are gauginos, Higgsinos and Skeptons 7

¢ SUSY partners of the SM SUSY gauge
electroweak sector elgens

o (U()~->DBino, SUR)~->Winos

o Higgs~> Higgsiﬂos

o Lel:)tons~> sleptons

Higgsinos

graphic credit:
M.Swiatlowski

|6
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Charginoes and neutralinos

e SUSY Par’mers of the sSM SUSY gauge SUSY mass

electroweak sector eigenstates eigenstates

o (U()~->DBino, SUR)~->Winos

:WJI0} 03 XIw

e Higgs~> Higgsinos

o Lel:)tons~> sleptons

Higgsinos

graphic credit: e
M.Swiatlowski

|7



M.LIU

2= Fermilab

Gaug&&ms and Mggsimos can be Lﬁglf&

SUSY gauge SUSY mass

e Possible SUISY spcctrum as of toclaﬂ:
eigenstates eigenstates

o Heavg squarks and gluinos

o Gauginos and higgsinos are light

:WJI0} 03 XIw

e lml:)ortant to search for electroweak
SUSY Partners at the LHC!

Higgsinos

graphic credit: g
M.Swiatlowski

|18
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Typical mass spectrums of chargino-neutralinos

o DePending on the mass scales of Bino/
Winos/ Higgsinos: -
Higgsino-like

e lichtest chargino/ neutralinos form
S S

~0

P X2 ~+

diHferent mass spectrums

Am~ hundreds of
MeV to
tens of GeV

e Two main mass spec’crums explorecl at the
| HC: , Higgsino~|i|<e

19
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3¢ Fermilab
Typical mass spectrums of chargino-neutralinos

) ) : | Am-~ hundreds of
¢ WlﬂO~lll<C SPCCtFUF1 has larger Clross | || MeV to
tens of GeV

section—>

*Cross-sections for 500 GeV sparticles @ 13 TeV

~0 —~ 1

( X, X, only)

20
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Whv one. L@.F&"}M + bb +MET?
0/~ +yO—W(2v)H(bb)+MET
%i X(Z) (W) XX ( V) ( )+
1
W Z/n

X1

e WH topologg: less constrained from 8 TeV searches comparcd to W/

e |nthe WH tol:)olog9: 1 IePton (e/ u) +bb: trigger on Iel:)tons and hanc”e against

Backgrouncls, |arge BF of H->bb (60%)

21
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Search for Higgs pealk in the kinematic tails
¥*x°—W(2v)H(bb)+MET e*
CMS 35.9 b (13 TeV) bb W+ v
> 9= | + Data  @EE2ltopquark — \ CrH)/’
O I 11 top quark [ W+HF - ~0
3 8 I W+LF I W+Z(bb) = P X?_ T T T = b
@B v ¢ [0 Rare -=me., m, (250,1) - TR
LI>J 6 125 < E7 " <200 GeV | _E 7 )ﬁt _____
5 =
4 _i }1 ov W- lost
3 = V
=
° e Mbb: Higgs Peak in the kinematic tails of MET
1
0 etc, where SM processes fall off c]uicklg
3t
Wiy 2l Lo o )
a ‘ = b 4& ssisisss\ I e O() si an al y ields com pa red to back groun ds
085160 150 200 250 300 350 400
M ; [GeV]
10.1007/JHEP11(2017)029 * Higgs mass sideband: Dircctlg control tthar 21
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https://arxiv.org/abs/1706.09933
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WH(LVbD) + MET: Fusl«w\g Wino Limiks
JHEP 03 (2018) 160 PP — XXz July 2018
;‘ _I I | 1 1 1 | 1 1 1 | (1T 1T 1 | (1T 1T 1 | (1T 1T 1 | (1 1T 1 | (1 1T 1 | 1 1 I_
2 10CCMS 35.9 fb' (13 TeV) —
IE;* 160" ,. ‘ ,,I (WH) -« EXpected —: ' )
o A :::':‘ _,‘."., — Observed - ® PI’ODCS Clqarglno mass UP -to 500 GCV
~ =1801.03957, combined (WH) i /
1200 N - in the WH tol:)ologg
100~ f& -
a0k ] g N 1 e 500 GeV mprovement wrt 8 TeV reach
60—_ /',' “““““ _:
S s - | e Dominates th tivity in the bulk
wl [ E ominates the sensitivity 1n the bulk.
20: 4 \ -‘ .:: - _
O_'||||| ) AN RN E R RN EEEEn L un | I
150 200 250 300 350 400 450 500 550

8TeV '=== "
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https://arxiv.org/abs/1801.03957
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No SUSY (or ahy other BSM physics which can
enter our selections) found yet by ATLAS or
CMS

24



s Fermilab  Amazing predacémns ﬂfrcanm the SM
CMS Preliminar

, O [pb]

N s s —h
- - o o
N 0o N O

Production Cross Section
o —
T o

s

—h
S 9
W N

107

All results at: http://cern.ch/go/pN;j7

Jan 2019

W' Z Wy

EW "EW "YW EW 'EW 'EW EW 'EW
ZY WWZ 27 qgW qqZ WW qqWyssWW qqZy qqWZqqZZ

EW: W—lv, Z—ll, I=e,u

VyZyy Wyy 1t 't

m 7 TeV CMS measurement (L < 5.0 fb™)

M 8 TeV CMS measurement (L < 19.6 fb™)

m 13 TeV CMS measurement (L < 35.9 fb™)
Theory prediction

L 4 Z CMS 95%CL limits at 7, 8 and 13 TeV

t-ch

qqH

Th. Ao, in exp. Ao

20

tW 'ttty tZq tZ ty tW tttt ggH Yo VH WH ZH ttH  tH ' HH

[ QN
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Jan 2019 CMS Preliminar
IEI . . . . . . . . . .
O s @ b m 7 TeV CMS measurement (L < 5.0 fb™)
— 10 °F=*: : : oo m 8 TeV CMS measurement (L < 19.6 fb™)
@) e M 13 TeV CMS measurement (L < 35.9 fo)
enjells) - - - osooboorob Theory prediction
~qndLm oo L L % CMS 95%CL limits at 7, 8 and 13 TeV

A historical reflection:

The d@.veiopmamﬁ of the SM was driven bj
experimental anomalies: masams/barjams...

~The SM then quided our searches of fundamental
particles

N T S T S S T S T S S T S T SRR S SN S T S S S SR S SR N SN S SN SN SN S S S S T
10 ew 'ew lvv—=Ew Ew 'ew Ew 'Ew BF

W Z Wy Zy WW Wz ZZ e v oz ez WYY Zrt Wiyttt W Tt Tty TEZq HZ Tty Wttt ggH o T VH WH ZH Tt tH T HH
EW: W—lv, Z—ll, I=e,u Th. Ao in exp. Ao

All results at: http://cern.ch/go/pN;j7 o6
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Jan 2019 CMS Preliminar

IEI . . . . . . . . . .

Q. 5 ll m 7 TeV CMS measurement (L < 5.0 fb™)

— 10 e®: = o oror M 8 TeV CMS measurement (L < 19.6 fb™)

o) T M 13 TeV CMS measurement (L < 35.9 fb™)
onjefls) . - -o+oor b Theory prediction
N 1 04 - I Z L %4 CMS 95%CL limits at 7, 8 and 13 TeV

C . =njet(s)

® .

e ~: o :

— BSM theory driven searches have larqge focus on
kinematic kails (¥ TeV->13 TeV) — no anomalies

~ Have to be accompanied by stringent tests of the
SM predictions to look for possible anomalies

Q02 ‘TT IR

10 ew 'ew lvv—=Ew Ew 'ew Ew 'Ew BF
W Z Wy Zy WWWZ ZZ e ez WYY Zyy Wyy tt Tt Wttty tZq Z ty Wttt ggH g TVH WH ZH ttH  tH T HH

EW: W—lv, Z—ll, I=e,u Th. Ao in exp. Ao

27
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All results at: http://cern.ch/go/pN;j7
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Jan 2019 CMS Preliminar

m 7 TeV CMS measurement (L < 5.0 fb™)
M 8 TeV CMS measurement (L < 19.6 fb™)
. i m 13 TeV CMS measurement (L < 35.9 fb™)
onjefls) . - -o+oor b Theory prediction
S Z L. Z CMS 95%CL limits at 7, 8 and 13 TeV

yction, o [pDb]
3 3 3

One way of doing this
® Test rare processes: rare top (four top)/rare Higgs (H->up)....

® Directly benefit from the large LHC Run-2 dataset: 150fp-1

1

10°F

ro

N

_4 L -
10 ew 'ew lvv—=Ew Ew 'ew Ew 'Ew BF
W' Z Wy Zy WWIWZ Zz W TEW TeEw EW EW W EW WV Zyy eyttt tW Ottty 129 HZ ty Wttt ggH Y S VH WH ZH TttH T tH  HH

H
., EW:W—lv, Z—Il, I=e,u Th. chgH in exp. Ao
All results at: http://cern.ch/go/pN;j7

28
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Mv inkerest:
Search for a very rare process in the
eleckroweale sector:

WWW production at the LHC

29
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3¢ Fermilab . R .
Physics motivation for measuring W

Higgs-mediated triple gauge coupling  quartic gauge coupling
/ W
- i W
q/
W W
A A W
Ziv/H*%, - q
— 7,  Z//H
W W

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

30
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ensitive to BSM conbributions
W
q *
{8 New
Physics W
q
-
anomalous
couplings coming from new physics beyond our kinematic

reach

31



2 Fermilab WihWW: low ecross section
Jan2010 CMS Preliminar

N T m 7 TeV CMS measurement (L < 5.0 fb™)

e®: oo M 8 TeV CMS measurement (L < 19.6 fb™)

e m 13 TeV CMS measurement (L < 35.9 fb)

onjells) . - - -oosoor b - Theory prediction
. Z L %4 CMS 95%CL limits at 7, 8 and 13 TeV

, O [pb]

— —h — —h
o O - -]
N W BN Ol

v

-

)

S .
B =njet(§)

ETiE"'::::::::::::':".21555555;
e RS e
MyPthheS|sonATLAS

L0 O U O Flrstewdenceonyvusmg8TeVdata
el 500 b TT“ '_
@13TeV

Production Cross Section
o

s
OI O
0o o

—h

_4 . . . . . . . . . . . . ‘z. . (N | . . . . . . . . . . . . .
10 Ew 'Ew 'vw—=rw Ew 'ew EW 'Ew ? ' BF
W Z Wy Zy WNWZ ZZ AW qaZ WW qqWssWW qaZy qaWZ qazZ VviZyy Wyy ’t t, Wt tty tZg ttZ ty W tttt ggH qqH VH WH ZH "ttH tH HH
EW: W—lv, Z—ll, I=e,u  — Th. Ao in exp. Ao

All results at: http://cern.ch/go/pN;j7 39
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wFermilab L jWw: the “measurable” part is small...

Large BR BKa. XSEC
WWW decay BR A J

|
44°, Large W bkg. O(10%) pb

l
1 Iep’[On 2|ep «——13%

|
OS |
6%
Am > Small bkg.  O(1) pb

Large tt bkg. O(103) pb
‘j@g 3% ‘L
34.3%

Sig. BR Small bkg.
All hadronic

Target same-sign 2 lepton and 3 lepton final state :< 10 % of the total

33
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Events

M.LIU

Maximize the sems&&w&v

35.9 b (13 TeV)

CMS Simulation
| |

20 ;— irreducible ﬁ‘; .charge misassignmet - = WWW (stacked) _;
18 ;— lost/three leptons y—>lepton : _;
16 = [ |non-prompt lepton < <Lltotal uncertainty =
14 _ =
1> Same Sign | -
“Mjj on W peak KxXXKARKXK S
- I X X AN -

3 R 1 a%ad 3L
— : 4 v’v’v v4 =
- ORI -
6 3 oo - ,e,e,e,e,: S N
4 — L e % -
2 VVVV | ' 7 \ _;
0 e ' S
| e*e* e*u* u=u* § e*e* e*u* wsu= G SFOS 1 SFOS 2 SFOSI
' M, -in > | < M. -out p | — three lepton —>!
1 -_— ' .............. - —_——— —
05F ;oo Lans =
gEz=--* - - - - - EELEE Chablalel SN T i
signal region

34

Recovers off-shell W'

coming from Higqs d&cav

9 &&%egmr&es: varvi%g
semsiﬁvﬁﬁv
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M.LIU

35

o CMS Simulation 35.9 fb™ (13 TeV) - —m—m—e——
— | | | | | | | | —
C — .
2 20 — |_]irreducible .charge misassignment - - WWW (stacked) -
LIJ [ ] I
18 — lost/three leptons y—lepton — ;
16 ;_ non-prompt leptons %total uncertainty —; |
12— Same sign s B >
Mjj on W peak Q000K CISELS
10 P ARSI
8 F R 1 2¢2525%4 KRS 3 |
: o5 RS -
6 :_ ;- - " f’e’e’e‘ “‘ _____ _: Mj %Ocusp
4 . - - - - - % — | ’
5 & ﬁ— X =N
, S AAAYA —
O = I I I —
| ee* e*u* usu: | e*e* e*u* u:u* 0 SFOS 1 SFOSZSFOSI
' M. -in >, < M, -out -, <— three lepton — ! .
I Al et Bt L mos&@hau@_ngw\g,tzmarlj
o) — I i - ’ ’ |
] S L. 3] modeled in MC, heeds |
; OE ----- . ! ----- P= == ==""""" l ----- ; % ‘ -~ ‘ . .
= Signal region full data-driven estimate
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> Fermilab Estimate Non-prompt leptons

6
x10"cms Preliminary 35.9 fb™' (13 TeV)

g

/ \ ¢ Data
gJ \ DY Sample of fake f
3 ‘ " leptons from one i measure

lepton event !
o epton events | |

[

| T @ Measure “fake- ., |
% factor” from one § Fake-factor” = _ L
\\\\\ lepton data events | § i *
i d .
1} e Dabta—Ariven

!

Vansy snansveansraciio Tht Loose lsolanpmmmssee—= Finvoke
g estimate:

m; [GeV]

Single lepton events

® SE@.F»:L: QCD
enriched w
- enriched region—
> tight-to-loose |

36
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6
x10 CMS Preliminary

M.LIU

£ skinate No&wpromp% L@.P&)ms

35.9 fb' (13 TeV)

¢

N
) \
/‘/ \\«\
/) \
, 4 -

Events

Data
DY
W
QCD

100

200 o o oo

7 @ Measure “fake-

factor” from one
lepton data events

Sample of fake

leptons from on
lepton events

e

measure

|

§“Fake-factor” =

4 W

Isolation

150 200 Tight D0Se
m+ [GeV]
. CMS Preliminary 35.9 fb' (13 TeV) _ J VS simuation 35.9 fb” (13 TeV)
— i peds 4 — | | | | | | | | —
C - — | lirreducible charge misassignment - - WWW (stacked) —
0 120 $ Data y—lepton y 22F L] (stacked) -
L ) B Charge mis-id  Non-prompt 20 = []lost/three leptons y—>lepton —
100 Lost-lep/WZ Irredu. 18 = |_|non-prompt leptons  [X]total uncertainty —
] — WWW 16 . . —
80 - 14 I g%%gg : =
: 12F SR B8 - =
60 _ .\\\\f\\\' 10 E— % d e _E
I . 8 - eeea- - W =
40 ,t_&\\\*\\\\ S BN , =
201 sy e Times fake rate %Ww E
: '({\_’({{. ,~_~‘.\:‘.‘;<- Sy T \’\“ > @ ! - — — I
0 ——— l #1—*— -~ eTe” e u- u-pu= , e-e e u- w=u= 0 SFOS 1 SFOS 2 SFOSf
Tight+loose Signal bins 37

j b 4
,
&

® S%@.P 2: Tight-
to-loose rabio
&F'F?Liﬁd to
signal regions
(2 le Z ton
events)

e —

—> falee estimates
U sighal region |
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6
x10 CMS Preliminary

M.LIU

£ skinate NOM“PTOMPE L@.PEOMS

35.9 b’ (13 TeV)

3

M I\

)
c ﬁ\\ ¢ Data RIS
O \ e TN
S /a N DY Sample of fake -\ |
LI ‘ W leptons from one measure 3
QcD lepton events l
A i
“““ @ Measure “fake- [ .
factor” from one § Fake-factor” = ;
\\\\\ lepton data events | § ]
/50 100 150 200 Tight Loose |solation
m+ [GeV]
CMS Preliminary 35.9 fo” (13 TeV) CMS  Simulation 35.9 fb” (13 TeV)
2. Z 4"5’ 24 | | | | | | | | -
qc) 120 ] $ Data y—lepton Q@ o290 f_ irreducible .charge misassignment - - WWW (stacked) _f
4 L — -
Lﬁ - B Charge mis-id  Non-prompt 20 = [[]lost/three leptons y—lepton =
100 7 Lost-lep/WZ Irredu. 18 = |_|non-prompt leptons total uncertainty —
] — WWW 16 . . —
a0 e :
i 12 SR . 35888 ! —
: * 8 :_ ______ - W _:
40 t\\\ . nE DO =
N RNNNRRNNN m 1 ) - !N LLEE _:
20 - ;;'\'\*\'\'\4 S TI m es fa ke rate %W:E—%— _E
O =t | e - e*er et wsuE , ete*  e*u* w=u* ,0 SFOS 1 SFOS 2 SFOS

Tight+loose Signal bins

* Large svs%emaéw
uhcertainties
associated |
(50%-100%)

e MC closure.
Falee ratbe
measurement
statbistics...

e Need ko suppress
Ltk as much as |

| I
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Reject Nom-promp% L@.pwms withh tsolakion

§ Non-prompt pu
Jet (R=0.4) from jet neutral

hadrons Photons

Lepton

charged
hadrons

Isolation cone
(AR =0.3,0.4)

2 PF cand’s Pt in the cone — PU
ISORgl =z ———™™@™@M@8M ™
Lepton Pt

39
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* m
> Fermilab Improved isolation definition
neutral Leeton charged
T T T T T71TT] T T T T TT1 T T T T TT7 hadrons Photons hadrons

—_

3L ID

O
©

N \L_oose POG
N Medium POG \

C Tight Poc 2 PF cand’s Pt in the cone — PU

VTight POG |ISORel =

Lepton Pt

O
N

VVTight POG

) N

Prompt lepton efficiency
o
o0

S

[l L rrrryprrrefrrrryprrrrerfprererrprriei
| | | | | | | [ 1]

lllllllllllll|llll|l|l||lll||Illl|lllll

s CMS official e —
o Smaller cone-size: 0,4—>0.3
04 - SOReI,Ri0.3,Lep |
SOpa 02
0.3 — SORel:R=O:4,DB
10°  : 02 10™" 1 ;
o Fake lepton efficiency heavy fLavor decay (B2D—2 leptons
-+ X), one of the leptons is selected |
3.5 X background rejection for muons as our 90,05{ i.@.[aﬁomﬂ 1

L _ _ R
40
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Resulks

® 2016 av\o&vsis Presem&ed ak Moriond
E WK,

® Luminosity scaling gives ~3 o for
160fb-1 Run-2 daka.

@A&Rvetv improviv\g‘ Fhe amod.jses:
e Adding boosted sighature.Neural
nebworke based L@.FEOM Iv/iso

Expect the first evidence with full
Run-2 dakaset!
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CMS Preliminary 35.9fb" (13 TeV)
» 39[ | | | | | | | | ]
C - —
@ — irreducible .charge misassignment ¢ Data _
o 30F N
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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
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Somwe a M.od.v ses heed HL-LHC dakasek

e 5000 fb-1data expected at the HL-LLHC

* e.g. Higgsinos: Low cross section,

Cha”enging signatures

o Am~ tens of GeV : Sott clecag Proolucts | — | AmT aneeds of

tens of GeV

e Am~ hundreds of MeV : Long~|i\/ecl

S| gnatu res

42
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How do we enable physics at the HL-LHC?

Malee measurable what is nobt so: Instrumenktakion

To set the scene, let’s review the LHC/HL-LHC operation plans
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> Fermilab CoLLIDER ENVIRONMENT DRIVES DETECTOR UPGRADES ..

e Peak luminosity

6.0E+34
Run 1 ~ Run2 -Run 3

5.0E+34 ' - -
- 4.0E+34 Trigger- Trigger Trigger
r}lm Rate: -Rate: -Rate:
= ~500 Hz | ~1 kHz | ~1KkHz
~. 3.0E+34 = OS2 TES S
>
= |
v
O
S 2.0E+34
&
= .

®
| OE+38 wremreeierssenteent o HC NOMINGAL

0.0E+00 o= —T—

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

M.LIU

—Integrated Iumnnosuty

Year

- CMS Phase 0 detector de5|gnedw
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

iImproved design installed in
May 2017, will be taking data
until the end of Run-3 |




2 Fermilab : : M. Liu
Phase 1 pixel detector design
- Need to cope with more challenging LHC QS
environment in Run 2 & Run 3 (300 fb-1) until HL- "G
LHC upgrade (2023).
- Module designed to reduce dynamic inefficiency
/ / ™
* Digital readout chip (ROC). Faster readouit. /T
] _ Material budget
- Geometry design: ensure tracking and vertex Current pixel detector |
- £ 75 s
quahty ‘é) 61 + | o Upgrade pixel detector | | j
2 ex lﬁq
* Added layers, channels doubleo §5{g V’J
- Services: reduce material budget g &
. . _ . 0.2 .g‘ '.o.
* CO2 cooling, DCDC powering, Service electronic ¢ N
out of tracker volume. . W
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3 Fermilab Phase-1 pixel institutions M.Liu

- 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.
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%Fermilab Half cylinders and service electronics M.Liu

Return Lines .
Beam Line

<

Supply Lines

-
-
-
p—
p——
-
—
—

Pl b, Pt Interaction
£ e s\ N Point

Pom.Cards

\,
DC-DC Half Disks

Filter Converters

ol
......
4
End Flange Boards A

* 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.
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FPIX assembly at Fermilab
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wFermilab - Qystem testing and commissioning ML

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

Tracker integration facility (TIF)@CERN

e 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.

e More details in my phase 1 pixel seminar.



https://drive.google.com/file/d/1DmfAZAtxCWmtqDdXRc-_Mj3_nFO5fQyO/view?usp=sharing
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3% Fermilab SIGNIFICANT IMPACT ON PHYSICS

\15-13 TeV
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| —— 2016/Phase 1

R

| —— Phase 1/Phase 1

1 0‘2 :::::::::::t:::DeepFIavOr ","'
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o o RN 4 J..‘............E\. ....................................................................
e i S ST AR 7 S --------------------------------------------------------------------- —
. . R4 . . . . ---
3 S S i e h L oo ST AR I _
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7 08 09 1
b-jet efficiency

0 01 02 03 04 05 06 O

 Improved vertex resolution/tracking efficiency
* Yv—>%: ~15% improvement in b-jet efficiency @ 1% mistag rate working point.
WH+MET analysis: ~25 to 30 % improvement for H->bb efficiency
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15!

L HC AND THE PILEUP CHALLENGE

Fermilab HI -

T
L. 2
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A\

Multiple pp collisions in the same beam crossing
To Increase data rate, squeeze beams as much as possible
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Run 3: <PU> ~ 50-80

HL-LHC: 140-200
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AS A RESULT : DETECTORS GETTING MORE COMPLEX s

CMS pixel #channels

- Detector becoming more complex.

— = = — — — — E——— _ — —
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TRIGGER AND COMPUTING CHALLENGES @HL-LHC =
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|

50

|
|
|

Actively pursuing trigger upgrades and Computing solutions:

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

e Offline: Parallelized and Vectorized Tracking Using Kalman
Filters

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

e Active exploration of Machine Learning applications in HEP.

e

M.LIU
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PROOF OF CONCEPT: SONIC 57

Services for Optimized Network Inference on Co-processors

FPGA-accelerated machine learning inference as a service for
particle physics computing

https://arxiv.org/pdi/1904.08986.pdt

Javier Duarte - Philip Harris - Scott Hauck - Burt Holzman -
Shih-Chieh Hsu - Sergo Jindariani - Suffian Khan : Benjamin Kreis -
Brian Lee .- Mia Liu - Vladimir Loncar - Jennifer Ngadiuba - Kevin
Pedro - Brandon Perez - Maurizio Pierini - Dylan Rankin - Nhan
Tran - Matthew Trahms - Aristeidis Tsaris - Colin Versteeg - Ted W.
Way - Dustin Werran - Zhenbin Wu

MS Braimwave: FPGA co-processors

Question:
How do we help with physics event data
processing model with industry
developments?



https://arxiv.org/pdf/1904.08986.pdf
https://arxiv.org/pdf/1904.08986.pdf
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TOP TAGGING USING BRAINWAVE SERVICE

58
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100 -
—— Floating point: acc = 90.1%, AUC = 98.0%, 1/eg = 671
i Re-train | === Quant.: acc. = 84.1%, AUC = 97.5%, 1/eg = 415
Re-train: With 2 label | —.— Quant., f.t.: acc. = 98.2%, AUC = 93.0%, 1/e5 = 971
Fine_tune It apels 10-14 Brainwave: acc. = 92.6%, AUC = 98.2%, 1/eg = 935
Top vs QCD . Brainwave, f.t.: acc. = 93.5%, AUC = 98.3%, 1/e5 = 1000 7
o 4
10724

Featurizer _> Classifier

Quantized model:

Brainwave's implementation 19-4-

of ResNet50 on FPGA

Background efficiency

-
-
I
W
\

-
-
>

Top VS QCD jets
With pre-trained resnet50

0.0 0.2 0.4 0.6 0.8
Signhal efficiency

1.0
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Summary and oubloolks
e Dataenables Phgsics

e FElectroweak SUSY with WH +MET and WWW analgses @] HC Run2e 15 TeV

e Instrumentation enables data

o Keep up with LHC data rate and volume:

e CMS Phase Pixel ngracle (c:ompleted). Fast machine |eaming inference for

trigger/ comPuti ng Cha”enges.

. lmPac’ts the HL-1.HC Phgsics program: Higgsino searches) Di-Higgs, Polarization

component of same~sign WW scattering. ..

60
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We’'ve collected onlg 5% of the LHC data.
| et’s activelg look for Possible anomalies in

| HC /HL-LHC datasets!

Thanks!

61
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2 Fermilab MLIY
TRANSFER LEARNING: RESNET-50 FOR TOP TAGGING s
10°
] —— Custom weights, AUC = 98.23%
Re-train ] —— Custom weights, quantized, AUC = 98.23%
_ |{ —— Tranfer learning, AUC = 94.13% \{
Frozen With 2 labels: 107+ ‘EL—JTrTferrlearmng quantized, AUC = 91.50%)
Topvs QCD _
g 107
Featurizer =) Classifier é 10-3
g Top VS QCD jets
. With pre-trained resnet50
- Quantized: MS’s
implementation of ResNet 50 ;- | | | |
on their FPGA co-processors 0.0 0.2 0.4 0.6 0.8 1.0

Signal efficiency



Some processes heed HL-LHC dataset (3000 £b-1) to be tested

g

Run | combined

Observed 43.1xSM
Expected 46.5xSM

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Run Il combined

Observed 22.2xSM
Expected 12.8x SM

CMS

g Yt h

LOQOQ 4=y

6 78910

gg—HH

—e— Observed

- - - Median expected
I 68% expected
95% expected

100 200 300400
SM
95% CLon o, /op/!

30 405060

04

e 1500 lower than single Higgs Procluction

o Di~higgs Procluction to measure the
Higgs 56|1C~coul:>|ing~—~> direct Probe of

the Higgs Potential.
Significance
Channel Stat. + syst. Stat. only
bbbb 0.95 1.2
bbtT 1.4 1.6
bbWW ({viv) 0.56 0.59
bbyy 1.8 1.8
bbZZ (¢000) 0.37 0.37
Combination 2.6 2.8

CMS PAS: FTR-18-019



http://cms.cern.ch/iCMS/analysisadmin/cadi?ancode=FTR-18-019
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Examples of models explored at the LHC
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Combinakion ko cover ﬁuii F?lm:xsa space
CMS

20 OCMS 35.9 fb™ (13 TeV) 35.9 fb”' (13 NeV)
> T 400| PP = 7%, = WZLX] .,z
o) O == Observed = 10y, NLO-NLL excl. = =
ngr Ec’lx’ = = = Expected = 1 Geperimem E -%
300 . "
200 2
— 107" o
] &)
. S
200 ] =
—————— : £
100 =102 2
- >
_ —
il O
2
,, o5

0 | ' 107
0 200 400 600 200 0 m —riOO[GeV]
m_. = m_ [GeV] L TRTR,
X, % {f
+ SUS-16-039: Multilepton: Same-sign 2L+ 3L %y N S ~0

+SUS-16-034: OS 2L + MET + jets
+ SUS-16-048: Soft-2lepton
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https://arxiv.org/abs/1801.03957

Searches with soft leptons targeting compressed spectra

Varlable Common requlrement
"umber of leptons =2 _ } Refject photon conversions
; Lepton charge and flavor ete” or utu” ‘So& LQF’&OM‘S P
t Leading lepton pT >5 (5) GeV for electron (muon) P .
{ Subleading lepton p >45(4) GeV for electron (muon) j g Reject Low mass resonants
My, [1 60] GeV excludlng [3.0, 3.2] GeV & 50— ATLAS T T e ey
miss - —* o« Iggsino, m = eV S
Et | >200 GeV dpmm= 5 be brigqered 45F . - gosTo T E
Number of jets >1 40E- i = Total Background | 3
Leading jet py >100 GeV  dffummmmeamonss TS boost to 3@.& MET s o Am@E 7)=3 GeV -
Ap(jy, priss) >2.0 354 : 27 —
A miss ~0.4 o e e ° Am(%o, %O)=1O GeV | o
min (Ag(any jet, p7™)) - Reject to 8, 30E&F . .- 7t =
Number of b-tagged jets — . e ‘ P L o5 P Am(y,, %,)=20 GeV | 3
M, g T 20 or >160 GeV W Reject 2(TT) LT . g
LLI = . T=g° R s =
b . W 1" Electroweakino SRs Slepton SRs - a2t o 3
NOUCACE % R e e -
ARLﬁLﬂ .: e - - - X1 <2 10:_ PR ";‘:-.:.:, P o 3
m? I e R <70 GeV - S0 S R B [ 3
EPs [HEP 2 g |7 max (515 -276%) > max (3, 15 — 2(-22 — 100)) 05....................g.‘ :
Binned in | myy 100 0 5 10 15 20 25 30

. 12
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-25/

Searches with soft leptons targeting compressed spectra

Region Leptons Emiss / HlTep Additional requirements
CR-top eteT, utuT, eTuT, pFeT >5 >1 b-tagged jet(s)
CR-tau exeT, uTuT, etut, pTeT € 4, 8] m,, € [60,120] GeV
VR-VV e“eT, ptuT, eFpuT, pTeT <3
VR-SS eter, utut, etut, ute® >3 &
VRDF-m ,, etuT, uteT >max (5,15 - 2 7E5%) AR,, <2, m%;l <70 GeV
_ 12,100 +,F ,,£,F 1 100
VRDF-m{} Ut ue > max (3,15 - 2(;' gy = 100))
10% E ATLAS 1 %Total SM Fake/nonprompt .Z(am)+jets Others _;,
100 b (S=13TeV. 36107 4 pa f, single top Diboson 4 ¢ Top backgrouncl estimated from a ]:>~taggecl regjon.
&L 107 ? ?
3 : :
o e Jau backgrouncl estimated on Z Peak.
b§
= e Fake IePton estimated with fake rate method, validated with
- a Same~5|gn clllepton region
e’ SEERETELERET
Ssggcdgsdgegg o Ml and MT2 slfxal:)c modelingvalicﬂatecl using e/m events
SRee-m, [GeV] SRup-m_ [GeV] SRee-m!% [GeV] | SRup-m'® [GeV] 68



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-25/
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Direct slepton production(ee/mm +MET)

_ TiLr,Rﬁ,R_)F%:TX?
CMS preiiminary 35.9 fb' (13 TeV) — 450 —
500 — . % - ATLAS 2= 220T Observed limit (£167,..) m
R Cur “L,R “L,R 3 e} (2- 400 e, — — — — Expected limit (+1 6,,p) =
=100 = o~ - {s=13 TeV, 36.1 fb” . -
NLO-NLL excl. - c X 350 F ATLAS 8 TeV arXiv:1403.5294 -
- 2 E = All limits at 95% CL -
— Observed = 10y, _ § 300 |- —
Expected + 1o = ot =
I experiment i 7 20 E SUSY-2016-24 N -
300+ | 107 8 200 F- A =
- SUS-17-009 1 1 c : ‘\ -
250 — e B N - O 150 = ‘= —
200 . PREE | E 100 F- | =
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-24/
https://cds.cern.ch/record/2297116
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e InRFV moclels) |ePton number VIOIBtIOI’I) X

o Wino-like X#1 /x02 and I'_/V masses up
to 1.46 TeV, 1.06 TeV are excluded,

/0
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-21/
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&3 Violation wmodels
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e InRPV moclc:lsJ lePton number violation, X0 clecags to ”V) low MET comParecl to RPC signatures

. Analgsis selects 4 leptons: e/U/T, a“owing up to 2 haclronica”y clecaging T.

e Fvents categorized with whether a clilc—:l:)ton Pair s consistent with Z boson, MET and Mett

o Wino-like X#1 /x02 and 'L /v masses up to 146 TeV, 1.06 TeV are excluded,
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-21/
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Compressed Higgsine
. Higgsino~|i|<e spectrum:

e | ower cross section

Am~ W
hundreds of MeV
to |

tens of GeV

o Cha”engingsignatures:

e Am~ tens of GeV : Soft clecag
Proclucts

e Am~ hundreds of MeV : Long~|i\/ecl

S| gnatures.
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3¢ Fermilab mu
Search Highlights — compressed Higgsino with soft leptons

Higgsino-like e Dedicated searches with similar search strategy :
e - /f\ T ATLAS: SUSY-2016-25 CMS: SUS-16-048,
1S Rj et ) q
p ~_L i q e Soft ICPtOﬂS P’t: 4+-5 GeV, hard to trigger
Xxr 7 -5 |
0 == = X1 o |[SK Jet to get the sgstem boosted —> Iarge
X, Il v X1 missing transverse energy to be triggered:
2 —
Soft g w e MET > 200 GeV. (ATLAS pure MET ’mgger)

e MET>125 GeV (CMS MET+ soft lel:)ton trigger)

/3


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

Jt F ilab .o
S ﬂf P&I} ns — ik tatiowns

50 L ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I |
I == Expected limit (:1Uexp) 7
[ === Observed limit (+10yeory) - J q
40 + LEP ¥ excluded -
) [ ATLAS - )’Zf 0
O 30F Vs=13TeV,36.1fb" - P S
CIST— v ee/uu, my shape fit - = L ~0
) ] Al limits at 95% CL ) - X1
O A
< 20 - pp%iégﬁ X2X1: XX (Higgsino)
= ] Q= 279, ¢ = W i© 1 P /
<] ] m(x7) = [m(33) + m(3 /2 :
10 - _ /
. [ | | | | ] Comparable exclusion by CMS
100 550) see backup

74



2= Fermilab muu
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Search Highlights — GMSB Higqsino

o Special case : GMSDH Higgsino:

GMSB [ ~0

__AthO

e Gravitino is the LSP

Zinly  Higgsinos

~0~0

e Enhanced Procluction of % X+ Ko

¢ Picks up all contributions from %, %

etc....

o Co”ectivelg referred to as higgsinos.
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p

p

Search Highlights — GMSB Higqsine

GMSB ~0

—;Am¢N0

 Zihiy

Higgsinos

b
- h/Z /Lb

H
j H = S~

b

G

e Dedicated searches using events with >= A |

Dj ets

o ATLAS-CONF-2017-081 CMS:SUS-16-044

o Large branching fraction of H->

77
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-081/
https://arxiv.org/abs/1709.04896

ftFermilab mv
Combination to cover full model space

o CMS 35.9fb" (13 TeV)
CMS pp—>T, T LTy 35910 (13 TeV) ;i3 [ TImS™ T — . —

4b

~0+x_0+ _0-0

PP—=X, X =X X+ X

Most sensitive analysis

: \\ " H-vyy
. ] = (Observed
) N \ e Expected
200 400 600 800 100 ol 1 1 N | W VR
Higgsino mass m , [GeV] 200 400 600 800 1000
X

1 Higgsino mass m  [GeV]
X

1

e Combined sensitivitg : No strong clependence on the BR of Higgsin0~>H+Gravitino.
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Compressed Higgsine
. Higgsino~|i|<e spectrum:

e | ower cross section

Am~ W
hundreds of MeV
to |

tens of GeV

o Cha”engingsignatures:

e Am~ tens of GeV : Soft clecag
Proclucts

e Am~ hundreds of MeV : Long~|i\/ecl

S| gnatures.

79
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Search Highlights — compressed Higgsino with soft leptons

Higgsino-like e Dedicated searches with similar search strategy :
e - /f\ T ATLAS: SUSY-2016-25 CMS: SUS-16-048,
1S Rj et ) q
p ~_L i q e Soft ICPtOﬂS P’t: 4+-5 GeV, hard to trigger
Xxr 7 -5 |
0 == = X1 o |[SK Jet to get the sgstem boosted —> Iarge
X, Il v X1 missing transverse energy to be triggered:
2 —
Soft g w e MET > 200 GeV. (ATLAS pure MET ’mgger)

e MET>125 GeV (CMS MET+ soft lel:)ton trigger)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-25/
https://arxiv.org/abs/1801.01846
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100 550) see backup
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Barrel Pixels (BPIX): . - d f S
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M.Liu

Dynamic inefficiencies/ dead time caused
by limited readout bandwidth.



3 Fermilab CMS Phase-0 Pixel Detector M.Liu
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% Fermilab CMS Phase-0 Pixel Detector M.Liu

Barrel Pixels (BPIX):

3 barrel layers at 4.4, 7.3, 10.2cm designed for
768 modules 10%*cms™ and 25ns

bunch spacmg

CMS Phase 0 \\\\\\Wﬂ }’ l == = N V7N 3
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measurement of hits on £ |
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- 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

e 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.

80

Radiation length

X

~

o
N

o
-

O

DESIGN OF PHASE 1 PIXEL DETECTOR

Material budget

.......

Current pixel detector
Upgrade pixel detector

M.Liu



misid. probability
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1072

...AK4Jets (p.....> 30 Ge.V.) ............. ............... ....... sl SR ........... -

4

2016/2016

— 2016/Phase 1

—— Phase 1/Phase 1

Forward phase 1 pixel detector was
constructed in Fermilab and transported
to CERN for testing the end of
September 2016.

- Installed in May 2017.




(ENERGY) EFFICIENT NEURAL NETWORKS 38

Emergent engineering field, efficient
implementation of NN architecture

Parallelization: performing operations
simultaneously (see next page)

before pruning after pruning

pruning
synapses

Compression/Pruning:

maintain the same performance while
removing low weight synapses and
neurons (many schemes)

pruning
neurons

-->

Quantization/Approximate math:
32-bit floating point math is overkill

20-bit, 18-bit, ...? fixed point, integers?
binarized NNs?

For further reading, start here: https://arxiv.org/pdf/1510.00149vS5.pdf
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v Fewmi.vbb) + MET: ﬂfu,ﬂ. Run 2 outloole

CMS: WH+MET paper

CMS Preliminary 35.9 fb' *3 (13 TeV)
S 17 o
8 NLO + NLEL exclusn(cj)nl - R
xpected limit, + 2
— Ob%erved limit, + 10 ] ®
3 F 111 5
& o250l b O
- 1 =
: "' o : It : .g
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i 3 ‘ - 110
150 T )
- o o -
i *x 1 - o APProachmg regions with boosted
100 11
B / /';'/" i — 10_20 t
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- s 2 32
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B 'I.l:l ] m
B N R | | |~ I | I I | | I I | 1 I| I | I -I 1 i 10—3
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https://arxiv.org/abs/1706.09933
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CMS Simulation

WH(LVbD) + MET: analysis strateqy

35.9 fb' (13 TeV)

Events/25 GeV
6;
S
|

50 100 150 200 250

300 350 400 450 500

B 2| top quark -
B 1l top quark -
W+HF .
0 W+LF o
I W+Z(bb) -
Rare
m_.,m, (350,100) x 50—

m_.,m_, (250,1) x50 _]
X1 %X,

m_.,m_, (500,1) x 50
X1 X1

m_.,m,, (225,75) x 50 |
1 X1

HEE
LN NN M. l-‘.ll-l o ]

M- [GeV.

e |n additionto large missing transverse

energy. ‘.indpoint tgpe of variables

used to SUPPress backgrouncls:

e IL TTBRar has an enclpoint n W

transverse mass because omc top

quark mass constraint
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CMS Simulation 35.9 b (13 TeV)
> :IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:
G 1800 Bl 2 top quark —
&) 1600 B 11 top quark -
B - W+HF
E’ 14002— o W+LF
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400 : vk
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400 450 500
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In addition to large missing transvers

energy. ‘f:nclpoint tgpe of variables

USCCl to SUPPFCSS backgrounds:

e IL TTBRar has an enclpoint n W

transverse mass because OF to

C]UB!”‘( mass constraint

Events/25 GeV

Data

WH(LVbDY + MET: amatjsis s%ro&egj

CMS 35.9 b (13 TeV
""""""" AL UL B LI BN BN BLELELLE UL
10° & | | —+— Data Bl 21 top quark —
= B 11 top quark [ W+HF =
T I W+LF B W+Z(bb) -
107 1 Rare E
103 E_ _E
10° - =
10 E
e =
10—1_ ....I....I....I....I....I....I....I....I..._
2 ............................................. .
o H ............ T ........................................ _
5 I A I SN
%50 700 150 200 250 300 350 400 450 500
M; [GeV]

e Mt tail sensitive to MET

misreconstruction. Lepton

fakes

e Validated in© 15~tagged region
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WH(LVbD) + MET: analysis sEmEegj

L -
af Fermilab
CMS Simulation 35.91fb" (13 TeV)
> :IIII|IIII|IIII|IIII|IIII|IIII|IIII|||||| |||||
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In addition to large missing transvers

energy. ‘f:nclpoint tgpe of variables
used to suppress backgrouncls:

e IL TTBRar has an enclpoint n W

transverse mass because OF to

C]UB!”‘( mass constraint
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e Mt tail sensitive to MET

misreconstruction. Lepton

fakes

e ValidatedinO B
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~taggecl region

nNn 0 ~ O O N 00 ©

MS 35.9 fb (13 TeV)
I I —+— Data - 2l top quark E
B 1l top quark| W+HF_
N W+LF B W+Z(bb)
¢ 1| |Rare =M., M (250,1)

1 X1

! ; 125 < ET'° <200 GeV |

s

W

/IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIO
////// ? :

S S
/'/

\\\\\\\\\\

//
99

NSNS \x\\\\\\\x\\\\\\
2\ \\ \\ N \\ AR R RN RN

MC

50 100 150 200 250 300 350 400

M ; [GeV]

e Two b’s form Higgs mass

Pea‘g main backgrouncl 21
TThar direc‘tlg controlled
in the sideband.
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hd Backqgrounds constrained with Data
CMS Simulation 35.9 fb' (13 TeV)
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e 3L events, < 2 jets

|
® Ex;»i.a— Lk kinematic

difference in suppressing
| the background:

o eq: i 1 SFOS:

o WZ: Mt formed bv Eh
LQF?EQM and the MET:
Erasverse mass
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ka eleckroweale kavsws

Higgs-mediated triple gauge coupling  quartic gauge coupling
/ W
4
W |
q
44 W
A A W
/’/'Z'}%’/H%i q
q
4% W

The process has a low cross section and has not been observed.
(ATLAS has an 8 TeV analysis with 10 sensitivity. No 13 TeV result yet.)

Enhanced production from BSM contributions: e.g
photophobic axion-like particle (ALP)
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e The success and shortcomings of the Standard Model

26



M.LIU

2= Fermilab

Measure whalt is measurable

o Looldng for new Phgsics with bosons:

e Direct: Search for Charginomeutralino Pair in the WH final state

e Indirect: Search for Www Procluction

97
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Malkee measurable what is not so

o finhancing the CMS detector capabilities of ciiscovering new Phgsics
e Phasel Pixel u[:)gracle (coml:)ietecl in 2017)

e Fast Neural Network interference as a solution for triggering/ coml:)uting ci'na”enges at the | HC/
HlL -1 HC.
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Overwhelming SM backgrounds
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Gverwhelm EMS SM b&& ‘fs rounds

Large MET
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Events/10 GeV
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Overwhelming SM ba&w’graunc&s

CMS Simulation 35.9fb"' (13 TeV)

B 21 top quark -

B 11 top quark - e 1e/mu,twob jets MET> 125 GeV
W+HF

B W+LF
I W+Z(bb)
Rare
m,..m_, (350,10 0f

e Fven atter requiring large missing

transverse eﬂerggl

m_.,m (250,1)x , ,
R ° Neecl smart Varlables to exploﬂ: the

m..,m_ (500,1) x 50
X1 X,

topologg ditferences between WH

m_,m, (225,75) X 50
1 X,

signal and backgrouncls

| |
] EEI -II--.i",.p-‘l.‘ ml L

50 100 150 200 250 300 350 400 450
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Background suppression: endpoint variables
CMS Simulation 35.9 fb' (13 TeV)

> BN L LN LN L L LN L

(5 18001 Bl 2! top quark —

L 16001 B 11 top quark

B - ~ W+HF

*qc')' 14001 BN W+LF

T 12000 -\év;i(bb)

1000

m_,m_, (350,100) x 50
1 X,

800

m_.,m_ (250,1) x 50
X1 X,

m_.,m_, (500,1) x 50
X1 X,

m_.,m_, (225,75) x 50
1 X,

50 100 150 200 250 300 30 :10 45 500
M [GeV]
°* c.g 1L ttbar: W transverse mass

constrained l:)ﬂ tol:) mass vs signal with
extra MET from LSP 102
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et , . L
e Fermilab pio ximize the samsi;%i;vi;%v: Event cateqorization

WWW/bgd

CMS Simulation 35.9 fb"' (13 TeV)
— | | | | | | | | 3
20 ;_ irreducible .charge misassignment - - WWW (stacked) _; — -
18 ;_ lost/three leptons y—lepton _; t‘
16;— non-prompt leptons %total uncertainty —; |® SMFF’T’QSS baa}f’grc)umd a8
12 — -m | ‘é‘é’ | |
= SSMjj-In. s RS — ‘
10 = RRRRARRRRIIKS BBSS | e e.q. 1 SFOS-> 3rd L@.p&vm
— 19999 0% % %% 3 | )
8 R -o-ocece = from WZ background
S RRRRRRK — comes from W d@.c:ouj ;
| reo v N A XX XNy ]  m=m=m=m B
4E . D - - - -- SEd | therefore has a falling mt |
2 | ‘_F casas =N spe&&rum-—-r 4-0%
* _=I = ; g .
0 e et . ety u=u= '0 SFOS 1 SFOS 2 SFOS. | b&ﬁ‘fgrOMMd rQJQC&OM
< Mj-in > <4—— M-out —P>,<¢— three lepton —> without sighal Loss
1 — - _ :
0.5 i_ v T I : :- ----- _i
gEz=--* | e P == === - : -
signal region
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ection in CMS

The H E,g Qs b oson dek

Higgs boson clecags

cc 3
(2239, $¢F

\

gg 9%




1 ........ .

o [pb]

v Ls it 50 hard

1012§ : 5 5109 ZZ 3 CC 3%

- : : : - (4 6% Y Ts
770 L E S— — T — <10’
B e e LY

8 TeV 14 TeV 33 TeV 100 TeV
LHC LHC HE LHC VLHC

10" é_t.Q.t.a..l.. e T S _ 108

H-> 4 leptons 0.02%

109 é__ ............ E ................... E .......................... ; P e _g 106

WW
22%

1 58% |

. |<69 ingrcclicnts: Signal rate and backgrouncl

Events / second @ 1033 cmis

handling

e Observed the Higgs boson with clecag modes of

T MCEM:

L ] §1o:5 lower backgrouncls (WW/ZZ/vv).

10 10°
\'s [TeV] 105
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|4
«U
|

e Chances of jebt faking a lepton is very Low (V10-5),

o Difficull to simulate the non-qaussian tail of detector’s
response to jets

o Difficult to model different fake lepton sources

o Mis-identified charqged hadrow, heavy fLavor decay, photo
CONVETSLONS. ...

e My main focus on the analysis

E— _ — — e ———— R — — — ___—— -

106
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ATLAS vs CMS

Table 2: A summary comparison of total inference time for Brainwave, CPU, and GPU performance

Type Hardware (Inference time) | Max throughput Setup
CPU Xeon 2.6 GHz, 1 core 1.75 seconds 0.6 img/s CMSSW, TF v1.06
CPU i7 3.6 GHz, 1 core 500 ms 2 img/s python, TF v1.10
CPU i7 3.6 GHz, 8 core 200 ms S img/s python, TF v1.10
GPU (batch=1) NVidia GTX 1080 100 ms 10 img/s python, TF v1.10
GPU (batch=32) NVidia GTX 1080 9 ms 111 img/s python, TF v1.10
GPU (batch=1) NVidia GTX 1080 7 ms 143 img/s TF internal, TF v1.10
GPU (batch=32) NVidia GTX 1080 1.5 ms 667 img/s TF internal, TF v1.10
Brainwave Altera Artix 10 ms 660 img/s CMSSW, on-prem
Brainwave Altera Artix 60 ms 660 img/s CMSSW, remote
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Example: Higgsino searches

o Higgsinos: Exped:ccl to be comparable to
Higgs mass in ‘Natrual SUSY’: hundreds
of GeV

e More difficult to constrain than Wino :

e | ower cross section.

|08
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3¢ Fermilab
Challenging signatures in Higgsine searches

e More difficult to constrain than Wino - Am-~ W
hundreds of MeV |
L to *
o Cha”engmg signatures tens of GeV
e Am” tens of GeV : Soft decay o
1.( ISRJetJ q
Procl ucts \_ /

e Am~ hundreds of MeV : Long—-li\/ed

S| gnatu res

e Need sl:)ecial triggers/ reconstruction

109
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HL-LHC dataset will benefit Higqsino searches

CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV)
March 2018 S 0p — X0 + pp — TF0, X0 — 230, T — W = —
ey E— | | | | | | | | | | | | | | | | | | | | | — q) 1 17 17 ™ 1 =
> 50 N i\ 20\ = (<0 ok S0y 4 o — &
D A 2¢ compressed, arXiv:1712.08119, m(xs) = m(x3) + 2Am(x7, x7) (D 5 e s Expected 950/0 CL |Im|t
L isappearing track, PHYS-PUB-2017-019, m(x3) = m(x?) i _ i .
D — =
O LEP? ¢+ excluded 33 — Expected 5 o discovery . 2
P 20 B  Theoretical prediction for pure Higgsino N 40 . \ ] O
- 10__ \\\\\\\ — 1 C ~s~ N
e : o - - 35— 3 N 08)
(P B N ] B N —
\E/ 5 L > 7 3(): HL'LHC: 3000 fb'1 i @)
, i * Il -
| ) A ATLAS Preliminar ] - ' 1 410" ©
5 £ y B . ]
N - V/s=13TeV, 36.1 fb! l o5 [ 1 =
1L " P — O KUY, T 45 0 (Higgsino) - - p 1 —
E = Al limits at 95% CL - C . 1 O
O 5 B . —— Observed limits N 20—_ p - %
L E - == Expected limits i C o] ] n >
- M‘Wﬁmbmh(h“;”“b’“I:ﬁ_I—_T_ﬁr:_»ﬁﬁ..=.f.~4-.4u;n=-LJ;-;;';':';:';' """""""" __ " _— _I
........................ - . 15 = " N N O
0-2 9 I I | l I l | ! ! I :I l ! I | | l l | I I L L ’ il \0
80 100 120 140 160 180 200 10 P - 1O
| ' —] m
~ — 1 1 1 | L 1 1 L 1 1 | | 4'I | | L 1 1 1 | L 1 1 1 | I I . - —2
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¥ HIGH-LEVEL SYNTHESIS FOR MACHINE LEARNING 12

Keras
TensorFlow

PyTorch .
h I 4 I Co-processing kernel

compressed
model

HLS
project
C++

conversion
Python

Custom firmware
design

Usual machine learning ‘[7‘
software workflow

tune configuration /
precision

MODEL DEVELOPM ENT reuse/pipeline
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Keras

TensorFlow
PyTorch .
/ Co-processing kernel

* 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!

sortware workriow
tune configuration /

precision

MODEL DEVELOPMENT reuse/pipeline
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* BOOM IN USING NEURAL NETWORKS BASED ALGORITHMS 1«

13 TeV, 2016

—h
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BOOM IN USING NEURAL NETWORKS BASED ALGORITHMS:s

- ability

Various apphoatlons actwe\y exp\ored N parhc\e |dent|ﬂcat|on

13 TeV, 2016

HERR

Slmula tlon

I

1_Illfbllllllllf

Illlllllflllll1lll

— udsg
== C

lllll1lll|[l'

regression, fast-simulation, anomaly detection...

Can we use neural networks in our triggers?

- —— CSV (Runt) =
—— CSW2 (AVR) -

— :’ ”{ — CSVV2 :
""""" || 2/ |||_ cMVAV2 l_g
01 02 03 04 05 06 07 08 09 1

b jet efficiency

Based on

recurrent
NNs
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AS A RESULT : DETECTORS GETTING MORE COMPLEX us My
- s Qs % Sy
Tot:olosmzcon: E——7 /4 VASE
In addition to designing & . winiator = k
building the upgraded 500 it
6 M Channels = . 3
detectors.... ¥
Challenge: 17
How do we trigger and ces i

process the 10 times more |- 5 .
data collected by such a CMS High Granularity Calorimeter

complex machine? Number of channel increase:
O(100k) —>6 M

—_— -
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SONIC: STRESS TEST

10

10° | i
— | « Stress test: single
S | service(one FPGA), multiple
= | CPU requests
- « Each request has 5000

10| 1 Inferences

10*

1 10 50 100 500
# simultaneous processes
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800

iInferences per second
= N W ~ ol (@) ~
o o o o o o o
o o o o o o o

o

Brainwave cloud service

Single FPGA/
Parallel CPU jobs:
5000 inferences/image-

10! 102 ~ 10°

# simultaneous processes

10°

Images per second

1000

800 |-

600 |-

400 |-

200 f-

SONIC: DATA THROUGHOUT COMPARED TO GPUS

118

M.LIU

@ e azure resnet gpu
o o resnet gpu
NVidia GTX 1080 |* e resnet gputrain |
----_---------O----;----O----.@----Gl-
@)
o
OO
O
& GPU performances
@
@)
. o ® O O O
O..‘.‘Q“. . o ° ® o) @
-
0) 1IO 2IO 3|O 4IO 5|O 6|O 7IO
batch

Comparable max data throughout: 600-700 images/sec

80
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SONIC: IMPLEMENTATION IN CMSSW 1o
External - :“7:7323_,5,“1'
processing \g&‘ " GPU, etc. |
7 A
module | La0aur)  produce(

Deploy MS Brainwave as a service:
e Implemented with CMSSW ExternalWork module
* Fits CMS computing model in a non-disruptive way
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Supersymmetry: stop search
PP *ﬁ, 1=t July 2018
o Quicklgl:)robecluptol"re\/. e L L L L el
200 CMS 35.9 fb'' (13 TeV)

)
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stop) — Observed

stop)
-=1711.00752, 2-lep (stop)
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-=1705.04650, O-lep
-=1707.03316, O-lep

1706.04402, 1-lep
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Same sign selection

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 U usu

Signal leptons exactly 2 tight equally-charged leptons with py > 25 GeV
Additional leptons no additional rejection lepton

Isolated tracks no (additional) isolated tracks

Jets > 2jets with pr > 30GeV, |n7] < 2.5

b-tagged jets no b-tagged jet

Diiet ] t AR
ijet mass (closes ) ‘ M; — 80 GeV| > 15GeV (Mj-out)

Dijet mass (leading jets) < 400 GeV

An of two leading jets < 1.5

pres > 60 GeV > 60 GeV if M;-out
MM > 40 GeV > 30 GeV > 40 GeV

Mgg |Mgg — MZ‘ > 10 GeV —

Mmax — > 90 GeV —



Three leptons

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 Wifh_ zaT > 25/20/20GeV
and charge sum = +1e

Additional leptons no additional rejection lepton

Jets < ljets with pr > 30GeV, |n7] < 5

b-tagged jets no b-tagged jet

pr(LL0) — > 60 GeV

Ap (Fr(cet), ps) > 25

P > 30 GeV > 45 GeV > 55 GeV

M7 > 90 GeV —

M3 — > 90 GeV —

SF lepton mass > 20 GeV —

Di-electron mass M., — My| > 15GeV —

y B Mspog — M| > 20GeV
SFOS and Mggog > 20 GeV

Mg My — Mz| > 10GeV
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Rare processes directly benefit from the large LHC Run-2 dataset

CMS Integrated Luminosity, pp, Vs = 13 TeV

-1

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC |

180 —180 |

B LHC Delivered: 163.17 b !
CMS Recorded: 150.56 b !
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