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The Standard Model Higgs Boson

 Quarks, charged leptons, W/Z bosons acquire mass through the
Brout-Englert-Higgs (BEH) mechanism in the Standard Model

e Higgs boson physics is one of the most important goals of LHC
physics program and the next generation collider experiments


https://arxiv.org/abs/1606.02266
https://arxiv.org/abs/1606.02266

Status of Higgs boson coupling measurements

® Higgs boson couplings to W and Z g e 359M7(13TeV)
boson (Run 1), 3rd generation El: 1?CMS Wz,
fermions t, b, T (Run 1+2) have been = 10_1; _:
established el>
® H->uu: currently, most experimental < 10—2;- .
sensitive channel to probe Higgs """""""""" SM Hiqgs boson |
boson coupling to 2nd-generation 100 — (il\/:a(:) fit 5
fermion at LHC + 26
® topic of the talk today: latest c% 1(1);: : : e
result from CMS experiment on L fpepeasesseeneessasaess -+ S— %
H->uu search using full Run 2 '% O'g;,l o N __
data (CMS-HIG-19-006, submitted 107 1 B article mas;f)éev]
to JHEP) R
EPJC 79 (2019) 421
T
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Where to look: Higgs boson mass

CMS 35.9fb" (13 TeV)
® The Higgs boson mass myis a free parameter in the SM. @ 70 o
Q) - + Data .
. . . N C [ ] H(125) _
Once myis known, all Higgs boson couplings to Standard 3 O qozzze ]
. . c L B 9922, Zy* ]
Model particles are fixed 2 50~ — PO
® Most precise my measurement currently: ~0.11% 401 -
precision by CMS experiment 30 -
CMS Phys. Lett. B 805 (2020) 135425 " E
Run 1: 5.1 fb (7 TeV) + 19.7 o (8 TeV) — Total Stat. Only - ]
2016: 35.9 fb' (13 TeV) 10p
Total (Stat. Only) O:
Run 1 H—yy F———— 124.70 + 0.34 ( = 0.31) GeV 70 80 90 100 110 120 130 140 150 160 170
m,, (GeV)
Run 1 H— ZZ— 4 — 125.59 + 0.46 ( = 0.42) GeV . SMs 9;3,9,1‘?',‘,(,1?)'??}/)_
8 30000 f— H=>yy All categories —f
Run 1 Combined [——— 125.07 = 0.28 ( + 0.26) GeV B . ¢ Data .
S 250008 — S+B fit E
> D B component ]
2016 H—yy et 125.78 + 0.26 ( = 0.18) GeV t 20000 =1 o g
150003— =20 —f
2016 H— ZZ— 4| — 125.26 = 0.21 ( £ 0.19) GeV - .
10000 — =
2016 Combined et 125.46 + 0.16 ( = 0.13) GeV 5000;— =
Run 1 + 2016 -i- ~ 125.38=0.14 (= 0.11) GeV
II|IIII|IIII|IIII|IIII|IIII|IIfI|IIII|II
122 123 124 125 126 127/ 128 129
My (GeV) 100 110 120 130 140 150 160 170 _ 180
Higgs mass used in H—pp search m., (GeV)
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Energy Frontier: Large Hadron Collider

e pp and Heavy lon collisions (Pb-Pb,
p-Pb, Xe-Xe, ...)

e pp collision
e about 5% of data delivered so far

e 13-14 TeV in Run 3, 14 TeV HL-
LHC 3000 fb-1

- Circumference 27 Km,'

We are he re https://project-hl-lhc-industry.web.cern.ch/content/project-schedule
LHC HL-LHC

LS1 EYETS LS2 LS3

13 TeV 13-14 TeV 14 TeV
Diodes Consolidation energy
splice consolidation cryolimit LIU Installation HL-LH . .
7 TeV 8 TeV button collimators interaction c 5 to 7.5 x nominal Lumi
R2E project reglons 11 T dipole coll. installation

Civil Eng. P1-P5

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 ?IIIIIIM

ATLAS - CMS radlatlon

experiment upgrade phase 1 damage ATLAS - CMS

beam pipes HL upgrade

nominal Lumi 2 x nominal Lumi | ALICE - LHCb : 2 x nominal Lumi

75% nominal Lumi I/_ e
/—l integrated ERTIE{eS|
m miﬂ luminosity BT (ultimate)

Nan Lu (Caltech) USTC Particle Physics Seminar 10/30/2020 )



https://project-hl-lhc-industry.web.cern.ch/content/project-schedule
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Run 2

® Excellent operation of the LHC
and performance of the CMS
detector in Run 2

® Alargec
with hig

CMS Integrated Luminosity, pp, Vs = 13 TeV

Data included from 2016-04-22 22:48 to 2018-10-26 08:23 UTC

data-taking

[}
B
o

120/

LHC Delivered: 158.65 b !
[ CMS Recorded: 146.46 b !
CMS Certified for Physics: 137.24

100

B (=)) 0
o (=} o

Total Integrated Luminosity (b !)
N
o

ataset recorded in Run 2
n efficiency and being

— 160

140

analyzed:

® 137 fblof13TeV pp collision
data collected by CMS in total

after certification for physics
(93.7% of CMS recorded data)
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How many H->puu events produced in Run 2 ?

48 pb 3.8 pb
9 rswsHEDY ¢ q
:::>> W)z
t/ibh  D»-—---- g - H
w/Z
g 209000/ 7 7

137 fb-1 at 13 TeV

1431 112 40 26 15 1624
q H 9 t
q W)z g i

About 1624 events produced at LHC

Small Branching Ratio BR(H—->pp): 0.02%
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How many events are reconstructed by CMS and selected by offline analysis?



CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes

Overall diameter :15.0m

Overall 1 : 28.7 m

Magnetic field :3.8T

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CMS detector

Glp, = 1.5 - 102 p, + 0.005

SILICON TRACKERS

Pixel (100x150 pm) ~16m* ~66M channels
Microstrips (80x180 pm) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

muon pr resolution

- --=-- Muon system only
—— Full system

- --o-- Inner tracker only

0<n<0.8

—ll L llllllll 1 llllllll 1 L1 1

10 10? 10°
P, [GeVic]

H—->uu: muon pr resolution

Nan Lu (Caltech)

dominated by
measurements by tracker

HCAL Readout by hybrid photo-diodes now replaced
by silicon photomultipliers (Phase-1 upgrade)
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Muon reconstruction performance in Run 2

Excellent muon performance in Run 2:
® |n|<2.4 within geometrical acceptance of muon detectors
® high efficiency for reconstruction and identification >96%, isolation > 95%

® good dimuon resolution: 1~2% for Z->uu events

Efficiency

36 fb™ (13 TeV, 2016) 4 59.76 fb' (2018, 13 TeV)

LB R R AR RN LR LEREE LR ’>\ P B B AN SR B

- CMS Medium Id 2016, p_ = 20 GeV 1 @ - CM.S. —MC s

1.05/— Preliminary e Data T 4 O ~ Preliminary Uncertainty ]

- = MC L—> 1 2 3 —

13 R Z->up :

SAE R SERaRts Sloant Sh SE S - -

0.95F®" * s 2r- ]

0.85 — - i

- _ 0 B | | | 1 L ]

081__1| il ]I | | I ! } | ] | | I, '.'.__' O - - - - - Tt 7

S 102p E—— -3 = 11p 3

B T e e g o 1 2 — :
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muon nIead

DP201/7_ 007/ DP2019_022 :



https://cds.cern.ch/record/2682902/files/DP2019_022.pdf
https://cds.cern.ch/record/2682902/files/DP2019_022.pdf

Recap: CMS H—pupu search with 2016 data

x10° 35.9 fb™ (13 TeV)
> = CMS All categories
0] 10 H—uu S/(S+B) weighted
O (1=0.7 for m =125 GeV ¢ Data
2 8 : | S+Bfit
E) 6 _ B Bcomponent =1 s.d. (2s.d.)
c
=4 mass fit method
S 2o —
< b .
% 0 '. | | [ | | [ “‘l
=
o 200
+
S0 :
P _200 | % | | | | |
110 115 120 125 130 135 140 145 150
m,, [GeV]
. 5.0 fb”" (7 TeV) + 19.8 fb™ (8 TeV) + 35.9 fb" (13 TeV)
= C
bw - CMS —=— (Observed
2 6 3 BE® Expected (background, 68% CL, 95% CL)
O - - Expected (SMm =125 GeV)
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Observed (expected) significance 0.90 (1.00)

Boosted Decision Tree (BDT) trained
targeting ggH and VBF signals

Events

35.9fb" (13 TeV)

- CMS ¢ Data --ggH
10° DY -=- VBF
- [Jtt+st  --VH
107 [JVV - = ttH
= OT7TxX  [JVvVV
104§_ _"I_._L'_L.-
e e e T
E— _I_'—]_
102 ;_l_'_'_l_'_'_l_ _I_I_I_L-l_
- =
10?:’“- ----------------------------------- - -
= S L i
_L|_'_I_I_'_I_|_'_|—-|_,_I_|—-_l_|_l_.___ - 1'_1:
15' T Ly a===T -
S R ATt et ﬂ !
_I:IJ_JJ.J.J.LI_LllllJJJ. LLLIIlIJJJ._LLIIlII J.J.LLLIlll-:
o o1 02 03 04 05 06 07 08 09 1

Transformed BDT
Categorization based on BDT output score

and the maximum |n| of the two muons
Phys. Rev. Lett. 122 (2019) 021801
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https://arxiv.org/abs/1807.06325
https://arxiv.org/abs/1807.06325

H—ppu characteristics

H->pp narrow signal on top of smoothly falling backgroundinm,,, :

e Narrow signal peak: o(m,,)~ 1.4 GeV

a.u.

signal significance roughly 1/\/6(mW) 08|

0.07

0.06

new improvements to o(m,,,,):

0.05

« final state radiation (FSR) photon

recovery: 2% improvement on o(m,,), 003

3% increase in signal yield 002

0.01

e correction to muon pT by including
interaction point position information:

3-10% increase on o(m,,)

® |arge background: S/B~1/500, how to reduce background is a challenge

® main background: Drell-Yan(DY) Z->up

0.04-

- CMS Simulation Supplementary

- ggH categories
- S/(S+B) weighted

- <} Signal simulation

- —— Parametric Model
o O

HWHM = 1.60 GeV b

oo,
(AT~
Snswmsmeene SOl o m |

\
9 \\‘
N
| | | | 7P
1 | 11| 11| 11| 1 1

0 s a1 PSR _
116 118 120 122 124 126 128 130 132 134
w (GeV)

® Others: top (important for ttH channel), electroweak production Z—>uu + jets

(for VBF), ttZ(for ttH), diboson (for VH-leptonic)



H—pup event selection and categorization

Event selection: expect 954 signal events selected in 110 < myy < 150 GeV, efficiency 59% :

® pass single muon high level trigger
® require two isolated opposite charged muons: leading muon pT > 26 (2016, 2018)/29
(2017), sub-leading muon pT > 20 GeV

After event selection
110 < mpp < 150 GeV

l Nb-tag medium > O “Analysis strategy:
Or Np-tag loose > 1 ® ggH, ttH, VH: mass fit method
ttH channel '1 ® data-driven background estimate
new channels . . . _ . |
dedicated to l additional lepton e or ® binned fit of dimuon invariant
ttH and VH mass to data

VH-leptonic channel

pTj1>35 GeV, pTj2 >25 GeV . _
m;>400 GeV, [An; [>2.5 | ® VBF: MC template fit method

new strategy VBF channel ® background estimated with MC
® binned fit of final discriminant to

l the rest of events q
ata

significantly

improved ggH channel
strategy
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ggH, ttH, VH channels: mass fit method



ggH channel: overview
137 b (13 TeV)

[
—o—Data by
B Top quark [ Zji-EW
[ Diboson [ ]Other bkg.

2
2
=
7]

vents / 0.09 units
3,

ggH channel includes all events not selected by clil :,g?:ersig- ,_VBF
VBF, ttH and VH channels o
® |argest signal yield 12

10

® about 890 signals
® smallest S/B

® best S/B category: S/B~1/50 T
® main background: DY process ggH BDT output
® BDT used to separate signal from background 5 g

© 45- CMS Simulation Supplementary ‘

® BDT uncorrelated with my, to allow using 3SE — Signaim, - 125 Gev

. 3‘ —— Background oo ‘

the mass fit method 2sf

® Five ggH categories defined: :

® aim to optimize overall best ggH channel 3

significance

1 1 11 IIIIIIIIIIIIIII:
-1 -08 -06 -04 -02 0 02 04 06 08 1

0.4:||||||||||||||||||| |

ggH BDT output
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ggH channel: BDT

® BDT encoding as much relevant information as possible
® training variables: muon and jet kinematic information, Njets
® signal MC weighted ~ my./o,.: increase the importance of high-resolution signal events
® technique used in ttH and VH categories too

® simplify the categorization optimization
Signal modeling: double-sided Crystal Ball function
137 fo' (13 TeV)

° ° ° " 0.1_1 | T T T | T T | T T | T T | T T T | T T | T T T | T T | T T I T
O 5 ]
BDT Training variables © 409k CMS Preliminary Simulation E
. muon and jet: : . . :
(di)muon: T TJ 0.08 1 Ca;eg‘t’:"' CaHtegf:V' =
e pTj, pTie - 9gh-ea J9red :
° pluy J J 0.07F -
. rapidity““ [ r]J1 0.065_ <} Signal simulation c} Signal simulation _E
i Njets - —— Parametric Model —— Parametric Model ]
* cos(Bcs), Pes 0.05[ 3
: * Anj, mjj, Adj C HWHM = 2.12 GeV HWHM = 1.47 GeV ]
computed in | 0.04F E
. . o Zeppenfeld variable r ]
dimuon Collins- 3 E
Soper rest frame o Jm (v, +;,) /2 ook ]
v, —VY; ' T .
* pTut/myy, pTu2/myy . |J’} .j’2| i :
* min-Ad(up,(1,j2) 0o1F E
¢ r] (“ 1 ) Y . : . 0 ‘::2:‘-‘3’3-::135';‘5&3' g X ‘:-.:\“__'_.__ : ,_a;-:
e n(u2) min-An(up,(1,j2)) 116 118 120 122 124 126 128 130 132 134

m,, (GeV)



ggH channel: background modeling

® background modeled with analytical functions: core-pdf method

 Tsrimy, )

Background shape: same core function in all categories

® discrete profiling method[1] choose one from three functional forms
during the fit to the data
® main background DY process physics motivated functions

2
™2 M A3 My

My, —mz)m + (I'z/2)%

® (1) modified Breit—Wigner mBW(m,,;m,, T, a,,85,a;) = (
® (2) shape derived from the FEWZ v3.1 generator (NNLO in QCD
and NLO in EW) x a third-order Bernstein polynomial

® agnostic functions
® (3) a sum of two exponential functions

[1]: 2015 J. Inst. 10 P04015
Nan Lu (Caltech) USTC Particle Physics Seminar 10/30/2020 16



https://iopscience.iop.org/article/10.1088/1748-0221/10/04/P04015
https://iopscience.iop.org/article/10.1088/1748-0221/10/04/P04015

ggH channel: background modeling

® background model with analytical functions: core-pdf method

ey @) X

background yield:
uncorrelated across categories

® per-category shape modulation: account for shape variations in categories

FC

® 2nd or 3rd order Chebyshev polynomial

® parameters uncorrelated across ggH categories

® Bias from background modeling has < 1% effect on measured signal rate, thus neglected

® bias on signal extraction < 20% of post-fit uncertainty on the signal yield

Core-pdf method for background modeling brings 10%

iImprovement in sensitivity compared to 2016 data analysis
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ggH channel: results

137 fb' (13 TeV)

% 800 __I T 1 | T 1T | T 1T | T 1T | T 1T | T 17T | T T | T 1 I__
O] - CMS Supplementary ¢ Data ]
~ 700 ]
[% - ggH categories — S4B (u=1.19) ]
E; 600 S/(S+B)weighted ... Bkg. component -
LI m,, = 125.38 GeV . ]
S 500f H - +10 E
Qo - +20 .
'834005
g
= 300F Observed (expected)
+ . . rr _
¢ 200f significance: 0.990 (1.560)
n
100
: : @mu = 125.38 GeV
O_I L1 1 | L1 11 | L1 11 | L1 11 | I | | L 11 1 | L1 11 | L1
2
o0
©
©
O —4 L 11 1 | | | | | | | | | L 111 | L1 11 | L1 1 I_E
110 115 120 125 130 135 140 145 150
m,, (GeV)
Category Sig. ggH VBF VH+ttH HWHM  Bkg.  S/(S+B)(%) S/VvB Data
(%) (%) (%) (GeV) in HWHM in HWHM in HWHM in HWHM
ggH-catl 267.6 93.7 29 3.4 2.12 86359 0.20 0.60 86632
ggH-cat2 3115 935 34 3.1 1.75 46347 0.46 0.98 46393
geH-cat3 1314 932 4.0 2.8 1.60 12655 0.70 0.80 12738
ggH-cat4 1256 915 55 3.0 1.47 8259 1.03 0.96 8377

geH-catd 53.8 835 143 2.2 1.50 1678 2.16 0.91 1711




ggH candidate event

CMS Experiment at the LHC, CERN
Data recorded: 2018-Sep-30 16:00:48.744704 GMT
Run/ Event / LS: 323755 / 1382838897 / 755

dggH event candidate
mpp — 125.46 GeV, O(mpp) — 1.33 GeV




ttH channel: overview

® ttH leptonic: extra leptons (e or p)
® additional MVA identification for leptons prL 122, 132003 (2019) to reduce

background with non-prompt leptons from #f and DY Ve
t
. H
® ttH hadronic: Njets >= 3, no extra lepton ==
® hadronic top tagging PrL 122, 011803 (2019) used to increase signal purity t
three ttH hadronic categories two ttH leptonic categories ‘b
main background: 71 main bkg: ttZ
137 b (13 TeV) 137 b (13 TeV)
_‘(2107IIII|IIIIIIllllllllllllllllllllllg _‘(é)104 II|III|IIIIII|III|III|III|III|III|II
© CMS -¢- Data I Top quark S E CMS -¢- Data B ttZ j
0 106 DY I ttZ = 108 I Top quark [ ttW/(W)
EttW(W) [ ]Other bkg. s DY [ ] Other bkg.
10° —ttH —tH E 2 2L — ttH — tH N
10t — Other sig. . |_?>j — Other sig. : E
10F 413 -
iL

1072 :
E _'_I_'_'_H

10—3 s e | 11| | 111 | 111 | 11| | 11| | 111 ! 111 | | l
5 8 oF L*_"'_*_'"""’}'""""" ______ N ""]L' ]
a o + | } ,{[_ 5
CU (U . —o 1 - - gl
2 I e 1 3 %— :
D g ] D 0 C 1 1 | 111 | 1 11 | 1 11 | 111 | 1 11 | 1 11 | 1 11 | 111 | 1 1 ]
0 0.5 1 1.5 2 25 3 3.5 1 -08 -06 -04 -02 0 02 04 06 08 1
ttH hadronic BDT output ttH leptonic BDT output
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Fit strategy and signhal modeling similar
to ggH categories

ttH channel: results

1

137 b (13 TeV)

0:|||||||||||||||||||||||||||||||||||||||:
of CMS Supplementary ¢ Data E

>
O]
o
E) gk 1tH categories — S+B (u=1.19)
: : S [ S/S+B)weighted ... ]
® background functional form using g b SHS+B) weighte Bkg. component
LL E m,=125.38 GeV 10
agnostic functions: 2 SF £20 E
: S 5F E
® second-order Bernstein g
polynomial for ttH-hadronic D af
. : %) -
® exponential functions for ttH- 5 2
. 1F ]
IeptOnIC OEIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:
m_ 2§—IIII|IIII|III;I|IIII|IIII|IIII|IIII|IIII—g
5 } :
® observed (expected) significance: g °F :
() E ]
OB 111 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L 111 | L1 1 1 | L1114
1.200 (0.540), my = 125.38 GeV 710 115 120 125 130 135 140 145 150
m,, (GeV)
Category Sig. ttH ggH VH tH VBF+bbH HWHM Bkg. S/(S+B)(%) S/VB Data
(%) (%) (%) (%) (%) (GeV) in HWHM in HWHM in HWHM  in HWHM
ttHhad-catl 6.87 323 403 172 6.2 4.0 1.85 4298 1.07 0.07 4251
ttHhad-cat2 162 843 38 56 6.2 — 1.81 82.0 1.32 0.12 89
ttHhad-cat3 133 94.0 0.3 1.3 4.2 0.2 1.80 12.3 6.87 0.26 12
ttHlep-catl 1.06 858 — 47 95 — 1.92 9.00 7.09 0.22 13
ttHlep-cat2 099 947 — 1.0 43 — 1.75 2.08 24.5 0.47 4




ttH candidate event

CMS CMS Experiment at the LHC, CERN
Data recorded: 2016-Jun-04 20:33:48.969022 GMT
/ Run/Event/LS: 274420 /119660942 / 136

hadronic decays of
the two top quarks

ttH-hadronic event candidate
mpp — 125.40 GeV, O(mpp) — 1.24 GeV




VH channel: overview

® One extra lepton in WH category, additional same-flavor opposite-charge

lepton pair for ZH category
® Additional MVA identification for leptons (as in ttH categories) to increase

signal purity and reject non-prompt leptons coming from ¢f and DY

® Optimized lepton pairing forming the Higgs boson candidate

3 WH categories 2 ZH categories

137 fb™ (13 TeV) 137 fb™ (13 TeV)
(/)] L | T | T T | T T | T | T | T T | T T IJ (/)] H | 1T | 1T L | L | 1T | 1T | 1T | L=
= 105 . = E 7
5 CMS ¢ Data Wz E = - CMS +4-Data |:|qq - 77

g 10 'E_ B Top quark [ ]Otherbkg. 3 g E I:lgg — 77 I:lother bkg. 3
g - — WH — ZH . Z C ]
210°F — Other sig. = £ 10% —qq —=ZH —gg — ZH E
o : o F :

b g
10 = =
1 -
107'g E

11 1 | 1 : 1 | 1 1 | | 1 : 1 | 11 1 10—2 |

T T | T | | 1 O 2F
e T O TS ] 9 15F 3
a : ] Q 3 E
c\j 1;_- ,_.*._1_}_:—}—:.-}-.-4_*_,_*_‘ +_. .._:F._._.._._. __; _,C\E . ;:_ _é
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VH channel: results

137 fb (13 TeV)

Fit Str‘ategy and Signal modeling > 5:| L L L B NI B |:
D C ]
. . O 45 CMS Supplementary ¢ Data E
similar to ggH categones E 4£ VH categories — S+B (u=1.19)
. C C . i
® Background functional form: g , [ SAS+B)weighted ... Bkg. component
L - m,=125.38 GeV P10
® modified Breit-Wigner => due 3 3 L2 :
: 5, 250 =
to background dominated by § ) ;
WZ and 727 & 15 ;
[4p) E ]
= 1 .
(dp) n e l 1
. P 0.5 )
® Observed (expected) significance: A A A AR AL A A
O 1 11 1 I I | I I | 1 11 1 1 11 1 I I | 1 11 1 1 11 1
2.020 (0.420)’ mH — 125.38 GeV 9 1§_I T | T 1T | T 1T | I I;I I | T T | T 1T | T TT | T I_f
s ol i
© K ]
D _1 :_I L 11 | L1 11 | L1 11 | L1 11 | L1111 | L1 11 | L1 11 | L 11 I_:
110 115 120 125 130 135 140 145 150
m,, (GeV)
Category Sig. WH qqZH ggZH ttH+tH HWHM Bkg. S/(S+B) (%) S/vB Data
(%) (%) (%) (%) (GeV) in HWHM in HWHM in HWHM in HWHM
WH-catl 082 76.2 9.6 1.6 12.6 2.00 32.0 1.54 0.09 34
WH-cat2 1.72 80.1 9.1 1.5 9.3 1.80 23.1 4.50 0.23 27
WH-cat3 1.14 85.7 6.7 1.8 4.8 1.90 5.48 12.6 0.35 4
ZH-catl 011 — 82.8 17.2 — 2.07 2.05 3.29 0.05 4

ZH-cat2 031 — 79.6 204 — 1.80 2.19 8.98 0.14 4




WH candidate event

CMS CMS Experiment at the LHC, CERN
| Data recorded: 2018-Aug-27 18:16:09.757504 cMT Missing transverse energy
T Run/Event/LS: 321879/ 102476714 / 86

.‘-'41 )

electron



VBF: MC template fit method



VBF channel: overview

® Signal event yield in VBF categories is small: ~48 signal events expected

® New strategy based on MC:
® good MC simulation precision in modeling VBF Higgs signal and relevant backgrounds: Drell-
Yan Z->uu + jets, electroweak Z + jets production
® CMS has performed intensive measurements on main background DY and electroweak Z+2jets

® sideband region to control the background prediction from MC

VBF Higgs signal main background: electroweak production main background: Drell-Yan
. 1 of two jets in association with a Zboson production with two jets

------------------------------------------------------------------------------------

® Deep neural network (DNN) output score used as final discriminant
® 20% improvement compared to mass fit method

® Analysis strategy similar to the CMS study on electroweak Z+2jets production:

® JHEP 10(2013) 101 (7 TeV), Eur. Phys. J. C 75 (2015) 66 (8 TeV observation), Eur. Phys. J. C 78 (2018) 589 (13
TeV measurement)



https://arxiv.org/abs/1305.7389
https://arxiv.org/abs/1410.3153
https://arxiv.org/abs/1712.09814
https://arxiv.org/abs/1305.7389
https://arxiv.org/abs/1410.3153
https://arxiv.org/abs/1712.09814

VBF channel: Deep Neural Network

e DNN trained on kinematic information of the two muons and VBF signature (24 variables):

® Dimuon variables: muw o(muu)r muu/o-(muu)r pr,p.l log(pTuu)r y“w COSG*, ¢*
e Dijet variables: pT, n, ¢ of jety, jets, log(m;), m;, An;;
® Soft track-jet variables: Nsoft jet > 5 Gev, Hrsoftjet >2Gev  (Hr: scalar sum of pr):

® jets reconstructed by charged tracks associated to the primary vertex
® not associated with jety, jet, or the two muons

® Kinematic variable of the dimuon (pp) and dijet system
® m|m(An(UP—, Jetl)) Ar](llll; JEtZ))

® Zeppenfeld variable

most sensitive variable: mpp

Sy
® pT balance ratio of up and jets R(pr) = P11 PT
P HIANCJEYS R = et + prti

e Quark/gluon likelihood: jety, jet> (jets in DY process can originate from gluons)

26" (13 TeV)
(13 TeV) g 1200 —CMS ;
>‘ 1__ I T | TTTT Il TT II TT 1T I TTTT I TTTT] 9 [ . 3 Z+lets
8 E CMSE $2] C Preliminary +Data unark
209 Simulation Preliminary & 1000— ==
2 0.8E E o F quon Dundefined
4207; 800— 80 GeV <p_ <100 GeV
T E - nl<2.0
~ E
0.6 3 o0
SF _
O-0.5_— = 00—
04F 0<Inl<1.3, 80 <p_<100 GeV = ool
F 0<hl<1.3, 40<p_< =
03F 0<Inl<1.3, 40 P; 50 GeV . — o :
0oF 2.7 <l <3, 40<pT<50 GeV ==
C 2
0.1+ ioE
F s
O_I 111 | 1111 | 1111 | 1111 | 111l | 1111 | 1111 | 111l | 1111 | 1111 é| 08E- + —‘_+ } + T + ¢
0 01 02 03 04 05 06 07 08 09 1 Sec -+
gluon-jet rejection 02&

07 02 03 04 05 06 07 08 09 1
Quark-Gluon Likelihood



VBF channel: fitting strategy

eventsA
Simultaneously fit in 6 VBF categories in
total (signal and sideband regions in each
year 2016, 17 and 18)
® DY separated into DY+2jet and
DY+pileup/noise (for the latter: event

exaggerated H—>puu signal

I I
I /

o | |
~ v |

yield is a free parameter in the fit)

Full Run 2
I e mmmmm———————— g

signal region

115 < mpp < 135 GeV

137 fb™ (13 TeV)
L LR IR LR BN B

——
CMS ¢ Data

§ 10° BH-pp
W 10"k post-fit Ezjew  [oy
10°F VBF-SR Run2 B Top quark [I]Diboson
105F my=12538Gev =~ — VBF —9gH

1 L 1 L 1 1 L 1 1 1 1 1 L 1 L 1 I 1 §
2 4 6 8 10 12

Nan Lu (Caltech)

110 ,”“115°~ 135
P &

» Mpu [GeV]

. ; Full Run 2

sideband region: constraint background

110 < mpyy < 115 GeV or 135 < mpy < 150 GeV
137 fb™ (13 TeV)
T

(7))} LI I BB

< 107 ;

§ CMS $ Data  [MZjEW

W 10°F post-fit DY [ Top quark

10°k VBF-SB Run2 [ Diboson

my, = 125.38 GeV

0 3 1 1 1 I L 1 L I 1 1 L I 1 1 1 I 1 1 I

1 1 L 1 I 1 3
0 2 4 6 8 10 12
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VBF channel: results

137 fb' (13 TeV)

ﬂ 1 I I T 1 1 l 1 I L l 1 I 1 l 1 1 L ' 1 1 1 l 1 . (] . [} ] ]
£ o'f oms b oo WlHou Achieve unprecedented signal purity in high
W10k post-fit Wzj-ew oy DNN bins

106 VBF-SR Run2 .TOp quark .Diboson

® |ast DNN bin signal purity 42%
" ® main background: electroweak Z+2jets,

‘ DY+2jets

® 20% improvement in sensitivity compared to

m,=12538 Gev =~ — VBF —ggH

my, mass fit method

® Observed (expected) significance: 2.400
(1.770), my = 125.38 GeV

VBF DNN bin

DNN bin Signal VBF (%) ggH (%) Bkg.+AB S/(S+B)(%) S/vB Data

1-3 19.5 30 70 8894 + 67 0.22 021 8815
4-6 11.6 57 43 394 + 8 2.90 0.59 388
7-9 8.43 73 27 103 -4 7.66 0.84 121
10 2.30 85 15 151 +14 13.2 0.60 18
11 2.15 88 12 91+t12 19.2 0.72 10
12 2.10 87 13 58 £ 1.1 26.7 0.88 6
13 1.87 94 6 26 £09 41.8 1.18 7
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VBF candidate event

CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT

mpp — 12501 GeV, O(mpp) - 183 GueV
m;=2.2 TeV




Evidence of H—=pup

Local p-value

CMS 137 b (13 TeV) CMS 137 b (13 TeV)
1 :I L | L | T T | L T T L | T T | L | T T | L I: q) 1 |||||
- . =
- ] ©
I 3
i 1 Q
SR TR T R
107 E 3107'E
5 I
. W — W 126 )
102 E 107 F
I R EEEEEEEES 30 3 L
107 : E 107 F : E
g — Combined — VBF-cat. . " Expected — Combined — VBF-cat. 3
- Observed — ggH-cat. ttH-cat. : - m,=125.38 GeV —ggH-cat. tiH-cat. |
; — VH-cat. . _ — VH-cat. .
10—4||||||||||||||||||||||||||||||||||||||||||||||||| 10—4IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
120 121 122 123 124 125 126 127 128 129 130 120 121 122 123 124 125 126 127 128 129 130
my (GeV) my (GeV)

@mp = 125.38 GeV:

* Run 2: observed (expected) significance 2.950 (2.460)

* Run 2 + Run 1: observed (expected) significance 2.980 (2.480),
1% improvement by adding Run 1 result



Signal strength measurement of H—pp

137 b (13 TeV)

j 8 _l T T | T T TT1 | T T 17T | T T 17T | T T 171 | T T 17T | T T TT1 | T T 17T | T T 17T | T T |_
€ [ CMS Supplementary Observed .
< 7 - - -- Expected u=1 —
o\ [ My =125.38 GeV —— Observed VBF-cat. 7

6 —— Observed ggH-cat. _
- Observed ttH-cat. -
—— QObserved VH-cat. ]

4 5 6 7 8
signal strength (u)

Combined signal strength of all channels : uy = 6B(H — uu)

p= 11917 = 1.19735(stats.)*

137 b (13 TeV)

Combined ji =1.197>
— —— Combined best fit u
VBE-cat. w=1.36709 - - == SM expectation
i o I 68% CL |
s [ Jos%cCL
ggH-cat. | n=063 m,, = 125.38 GeV
fiH-cat. | w=23277
VH-cat. W= 5.48_*23_;;’ =
! Ly [ IR TS NN T S B!
—4 -2 0 4 6 8
Best-fit u
obs! OB(H — pt) gy
0.10 +0.12 +0.07
011(theo.)” 5 o(exp.) e (MCstats.)

measurement dominated by statistical uncertainty in data
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Boson and fermion-mediated production processes

137 b (13 TeV)

. . I
Higgs production modes: 4 , + Best fit
ig o *\ |—68% CL
Fermion mediated 3.5 ' R z&;ﬂ/ CL
HiE — HE — P 3 |
'MggJIH ggH K itH v
2.5 —16
. 2 _:
Boson mediated L3
HU — MU — M 1.5 i
Pverva = Fver = Py E
1 I

2D measurement signal strength os
In the vector boson vs fermion 0
mediated production modes S
consistent with SM within 1o

-~
~J -
.....
---------

MggH,tTH
best-fit value:

(Hypr v QfH,nH) = (0.66, 1.84)
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Higgs boson coupling to muons

e Precision of K, improved from 89% to 19% in two years.

® 35% improvement in analysis strategy

35.9-137 fb' (13 TeV)

E>|> II| I I T TTTT I I T | I I T TT |
1—_ ¢‘_:
> - &
; T cms W, -
S - m,=125.38 GeV el
-1 ¢¢' |
ELL|>1O = p-value = 44% e
o f .
102 ¢ '59/?‘ E
4 N LT
a ¢ Vector bosons
107¢ g},/' ¢ 3" generation fermions 3
‘ ¢ Muons -
104 | e SM Higgs boson
II| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 .
Uz) 1.5:II| I I IIIIII| I I IIIIII| I I IIIIII| I .
Q - ]
- L — 3 WA ot
E 0.5:II| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 ]
107 1 10 10°
\ _J

Particle mass (GeV)

K,u — 1. 13+O.21

_(0p at 68% CL

=
N
L
9
©
o

35.9 fb' (13 TeV)
Rl

113 t
- CMS Wz
107 3
102k E
— w2 7 (S|\I,\|/I I-)Ilgtgs boson
7 — €Tl
3| > ’ _
10 u """"" ull )
/ + 20
10_4‘_.| . Ll L | L | E
1.5p T T
1%1 ........................ LI{ ........... %
0.5F ]
OE..I ! l L] 1ol
107 1 10 10°
— : .
Particle mass [GeV]

K, = 0.79

EPJC 79 (2019) 421

+0.58
+038 at 68% CL



Summary of improvements

® 2016 data analysis (Phys.Rev.Lett.122.021801):

® bump hunt in m(pup) spectrum targeting ggH and VBF signals
® expected sensitivity with 2016 data of 36 fb-1: 1.00

® Full Run 2 data analysis strategy has 35% improvement

wrt 2016 data analysis:
® muon pT corrections: (1) final state radiation recovery (2)
muon track momentum correction using interaction point
position information

® new analysis strategy for VBF channel: MC template fits to
allow reaching unprecedented signal purity (42% in last DNN
bin)

® significantly improved analysis strategy for the ggH channel:
® improved BDT, aware of the dimuon resolution
® robust background modeling with less free parameters:
core-pdf method

® new categories for VH and ttH signals, less explored previously

8
6
4
2

0

S/(S+B) Weighted Events / 0.5 GeV

110 115 120 125 130 135 140 145 150

VBF DNN-bin 1-5
VBF DNN-bin 6-9
VBF DNN-bin 10-11
VBF DNN-bin 12-13

ttHhad-cat1
ttHhad-cat2
ttHhad-cat3

ttHlep-cat2
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x10° 35.9 b (13 TeV)
= CMS All categories
H—=un S/(S+B) weighted

{i=0.7 for m, =125 GeV ¢ Data

| S+Bfit
B component + 1 s.d. (2 s.d.)

200

-200F

% ‘ ‘ ‘ B component subtracted

{4 X § $
%ﬁ o8 ¢ # # *

ttHlep-cat1

m,, [GeV]

CMS Supplementary

ggH-cat1
ggH-cat2
ggH-cat3
ggH-cat4
ggH-cat5

WH-cat1
WH-cat2
WH-cat3

ZH-cat1

ZH-cat2

T T
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o
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—
o
—
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N
o
N
(6]
W
o
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Comparison with ATLAS results

137 fb™ (13 TeV
signal significance o<1/,/a( ) . o.1:.,...,...l...l...l...l...l...l..(.l..‘?l.):

-]
> 020771 | . & of. CMS Preliminary Simulation E
8 0 18_ ATLAS Simulation B UE c c .
- Udop p 0 - Category: ategory: E
~ 0.16F Vs =13 TeV, 139 1b — 0'08; ggH-cat1 ggH-cat4 1
E% - H —uu ] 0.07F : =
S 0.14 — - <} Signal simulation % Signal simulation
> — VBF Very High 0-jet Very High ] 0.06 - =
o 0.12 . [ — Parametric Model — Parametric Model
< SO b MC . 0.05}- -
- 0-1:_ — Signal model — Signal model = " F HWHM=2.12Gev 3 HWHM = 1.47 GeV -
0.08~ Mcg = 124.7 GeV Meg = 124.8 GeV 3 0.04 | o(mu)=1 75"
: ] \ ) =4 .
0.06F Ocg = 3.0 GeV Ocg = 2.6 GeV _ 0.03F “y -
0.04 = 0.02]
0.02 — 0.01F
110 115 120 125 130 135 140 0116118120 122112411261128 130 132 134
m,, [GeV] m,, (GeV)
ATLAS: ATLAS paper submitted to PLB

* EXxpected significance 1.70, observed 2.00
e Signal strength: u = 1.2 + 0.58(stats.)*)B(theory) ™ (exp.) + 0.10(spurious)

0.08 0.03
CMS:
* Expected significance 2.50, observed 3.00

e Signal strength: u = 1.19f8:‘319(stats )+8 %?(theory)Jrg %(exp )+8 8Z(MCslats.)

:Main difference in the result of two experiments: ocms(Myu)/Oarias(Mmyy) = 48~60%  °

1Analysis techniqgues employed by two experiments have rather similar performance*
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/

New possibilities in H—puy with Phase-2
detector upgrades for HL-LHC

An intensive Phase-2 detector upgrade program on-going to meet the
challenge of the HL-LHC:

® basic goal is to maintain the current CMS detector performance

pileup up to 140 (200) at HL-LHC

CMS Experfment at the LHC, CERN
‘Datarecorded: 2016-Oc¢t-14 09:33:30,044032 GMT

. - -
Run/ Event /LS 263171 /95092505 / 195 , Z U VEr HCE / R [cm] =1 Grad - = 2 x 10'® neq/cm? - = 2 GHz/cm?
< \ y y 4

0 200 400 600 800 1000 1200 1400 Z[cm]

for today: selected areas related to muons
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Tracking

- New full silicon detector: forward extension n ~ 4, finer granularity

o0 S - 19 14 TeV, 200 PU
%1000_ ‘ ’ ‘ ‘ ’ ‘ ‘ ‘ \ 18 D‘ 0_050 - |CM|S T T | T T T T | T T T T ]
. - - Phase-2 Simulation -
O o 1 E
S I — T T Y T [ 0.040 |- barrel-barrel category Hos*y, Phase-2 =
0= | | | | |I |I || |I || || || | :2:§ - mass resolution: 0.65% _ =
200 T— T— — 1 I Blue: double sideﬁd%' 0.035 | Gauss Fit, Phase-2 =
= Red: single sided 4 - — . Gauss Fit, Run-1 ]
)-=—0— e — E— B — N — ’ —

0 500 1000 1500 2000 2500z [mm] 0.030 - o(Myp)/myy .
W23 0.65% in phase-li —

0.0 0.2 04 0.6 0.8 1.0 1.2 14 0'020 :_ Smaller than Run 2 _:

_ / 16 : :
Emwe o ” | kY= by a factor of 2 —
oo [ T I - .
—— [ | b - .
S N SN AR R ::ii Hii :::: ::|: :::: - 0.005 | =
C_ [ I I I I o [ ]
40‘2—7——_—_§%%\\\\\\ AN N ”:: “:: I I Iy :gg O OO L L. | | —
200:322 z A\ \i\ E \ : \ \z\ A\ E Nl : 1] % E 5 ——40 . q10 130 1 4
°-r11-=[ B e T/ EN— - e || muu [Gev_

z [mm]

CMS-TDR-014
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https://cds.cern.ch/record/2272264?ln=en
https://cds.cern.ch/record/2272264?ln=en

Muon system

i o CMS Phase-2 Simulation \s =14 TeV
> LT T T I T T T I T T T I T T T I T T T I T T ]
~ New muon chambers based on Gas Electron S L 7w <PU»=200,p, >5 GV ]
. . . . § : E— Muon LSl(\,/'s‘temaisneideal conditions: —E
Multiplier and Resistive Plate Chamber technology £ L Mgoasys%fa";rezmum background: ]
. . c - m Muon Phase-1 + i
~ enhance muon trigger and measurement at high 7 S gsp A MuonPhase1+GEW1+GEM e E
= é ® Muon Phase-1 + GE1/1 + GE2/1 + iRPC + MEO g
o extends n coverage for global muons from2.4to0 &5 —————e—
" 0950 —— £
2.8 in HL-LHC 09__=l= z } E
0.852— — —
~ Upgrades of the electronics 08l E
0.752— —i
E L _eo |8?':|30 ‘:8_6"' 7”13|_1° [;37_70 |625|° ;7_57 /r52.8"| 48.4‘: l443|0 ‘,‘jol.4° | /l:is,sj DT]S i 1r-]2 3:;0 Oq_sl | |1_|8| L1 é [ |2‘|2| ] |2!4| | |2!6| | |2_8
St L - | ' ' ;ﬁiﬁz = Muon Il
F Wheel 0 | Wheel 1 | ] :;;N;_: CMS‘TDR‘O16
— -3 " _+* ®Run3GE1/1:1.6<|n|<2.18
5 : - HE 1£ 288
B, . . : : : 1 ¥ 17 20.7°
/| [ MB1 | o | | B i [ - -
e (R ——— T Phase-Il HL-LHC
e N - -#i-za- ORE34/1:18<|n| <24
g 4 - .edm===  ®GE2/1:16<|n| <24
el NS s T e - 28 70°
A --uw=== O ME0:2.0<|n|<2.8
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First new Phase-2 detector installed in CMS

® Installation of the first
GE1/1 disc (negative side)
finished in October 2019

®Second GE1/1 disc
(positive side) finished in
September 2020
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New timing dimension measurement at HL-LHC

CMS Phase-2 Simulation CMS Phase-2 Simulation
_I T T T T l T T T T l T T T _I T T T T l T T T T T T T

5, 1.1 | T ] a 1.1 ]
n  Zsuu . C Z—u .
-§1 055 no MTD e relgﬁls0<008 - -§1 050 et rel chiso <0.08 -
% - —— MTD, o, =40 ps . % - —— MTD, o, =40 ps ]
8 1 R 1 B A .
S Tearaee... 8 mEm. :
0.0.95F B P s s L MV e e TS
0.9 | T 0.9F e ]
0.85[ ---------------- -------- . 0.85f e
“hi<1.5 | | | . 1.5 < Il <I 2.8 e:
0.8 0 0.5 1 1.5 2 0.8 0 0.5 1 1.5 2
Line density (mm™) Line density (mm™)
o L. 03F R
CMS MIP timing detector (30-50ps < .- ~ HLLHC200PU
o 0.25 - ~ HL-LHC 140 PU =
time resolution for minimum 2 o e :
C L
ionizing particles) guards against 8 0150 ;
() C
adverse pileup effect on muon 501 -
reconstruction at HL-LHC 0.05 - IE
0;———.:—*”—”—‘7—?’;5:/1/1—“*’- o,

CMS-TDR-020 0 0.5 1 15 2

Line density (mm )



https://cds.cern.ch/record/2667167
https://cds.cern.ch/record/2667167

Prospect of precision measurement of Higgs coupling to muons

® Projection at HL-LHC combining ATLAS and CMS: 4.3% precision
® Complementary with proposed future Higgs factories

Vs = 14 TeV, 3000 fb™' per experiment

............................

—
43 38 10 17 |

Total ATLAS and CMS

— Statistical HL-LHC Projection

—— Experimental

— Theory Uncertainty [%]
Tot Stat Exp Th
KY e 1.8 08 10 1.3
Kw =— 1.7 08 0.7 13
K; = 1.5 0.7 06 1.2
Kg = 25 09 08 2.1
Ki B 34 09 1.1 3.1
Ky B 37 13 13 32
K: = 19 09 08 15

............................

0 002 0.04 0.06 008 01 0.12 0.14
Expected uncertainty

arxiv:1902.00134
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https://arxiv.org/abs/1902.00134
https://arxiv.org/abs/1902.00134
https://arxiv.org/abs/1902.00134
https://arxiv.org/abs/1902.00134

Summary

& CMS observed (expected) 3.00 (2.50) experimental evidence for
H—->uu decay using full Run 2 data: (CERN press release, CMS paper
submitted to JHEP) :

& Higgs boson coupling measured with 19% precision with CMS, in
agreement with Standard Model prediction

K, = 1.13*)3) at 68% CL

& What’s next: LHC data in Run 3 and HL-LHC will enable the
observation and a precise measurement of K, through H>uu


https://home.cern/news/press-release/physics/cern-experiments-announce-first-indications-rare-higgs-boson-process
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://home.cern/news/press-release/physics/cern-experiments-announce-first-indications-rare-higgs-boson-process
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html

Thank you!
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Particle Flow Algorithm and physics objects

Key; Muon
Electron
Charged Hadron (e.g.Pion)
4 )))l ]' — — — - Neutral Hadron (e.g. Neutron)
¥y 0 ====- Photon
Transverse slice ' —
through CMS L
\\t&m : | el r-ﬂj :
,\,\,‘” = i
S =
’7) ‘ ol oo
’ =
Silicon
Tracker
EIectromagnetic
Calorimeter

Hadron
Calorimeter Superconducting
Solenoid
Iron return yoke interspersed
with Muon chambers
Oom im 2m 3m 4m 5m 6m 7m
| | | | | | | |

® Muons are well measured physics objects with high efficiency and purity,
excellent resolution: combining tracks in the tracker and muon system
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Higgs boson physics

The discovery of the Higgs boson by ATLAS and CMS experiments at LHC in 2012 sta
boson property measurement:

® to test the SM, use Higgs as a tool to search for new physics beyond the SM

® one of the major physics goals at LHC and next generation colliders

rted the era of precision Higgs

(1) Any CP-mixing in Higgs couplings? Higgs boson couplings probes Beyond the SM physics (examples):
(sub)percent level precision needed
Jimi -1
CMS Pl’dllmllnal"l/ T T T T T 1|37 fl.b T (1l3 Tlev) '_o‘ 20 | I | I I I I '_o‘ 20 | I I I I I I
10 —— Observed: $25 = 4 417 °(68% CL) o, i ] s, : 2 nggs doublet i
[99.79% Expected: oy = 0 +23°(68% CL) ] s 4 s L .
---------------------------------------- _ » | Heavy SUSY 1 @ -
8 - E 10 - E 10 p=— —_— —
I ] S i | S Z 1
e} L _ -— — ! — R -
& 6 — 24 A 24 - ]
S Of i c c
< i ke Operreesssencnann Bn g n e——r = o 0= —
rTI 4:—:)51'_’ __________________________________ = E = § : i
; : 3 1 8 I ;
’ C n o)-10 [~ ILC 250 GeV, 2ab™ + 500 GeV, 4 ab™": pMSSM example - 3_10 —  ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™": 2HDM-Il example —
[68% o N N\ h % : [ ] 1coprecisions from full EFT fit ] % i [:] ILC precisions from full EFT fit
0 . L Ny N 8 model predictions : 8 : model predicti
-90 —45 0 45 90 O -20 L L L ! ! 1 1 O -20 ] ] ] ] ] ! ]
¢ (degrees) bb cc gg WwW T 2z Y up bb cc gg ww T zZZ Y U
CMS HIG-20-006 PAS
(2) Is Higgs responsible for a possible 1st order Peskin, ICHEP2020
phase transition inducing baryon asymmetry?
| Be_al Scalar ISin_gI(?t Mogie! _____ 5 20 : : : : : : : < 20 T T T T r T T "
— o . — » . . . -
1 > : ILC 250 GeV, 2 ab™” + 500 GeV, 4 ab': Composite example : E B H Ig g S = Rad I O n m IXI n g -
current ) i . )] 5 7
sN 10 [ ] ncoprecisions from full EFT fit a e 10 ] -
u§ 0.100 HL-LHC S : ————— model predictions : Q : :
g © 1 2 5
— 0.010 Kl e eieietetelelelels - O O i " " fesescece=
o2 o 8 L 1
£ > > L J
S FCC-ee 2 F — —_— 3 :
o 0.001 n By o -10 |~ - U')‘1O — ILC 250 GeV, 2 ab™" + 500 GeV, 4 ab™": Radion example -
[3 8 8 % i Composrte H|ggS ] % i [ ] e precisions trom tunl EFT fit i
E -4 g g 8 : 8 : model predicti :
10 ..................... O _20 | 1 | | | 1 1 O _20 1 1 1 1 1 1 |
0.5 1.0 1.5 2.0 2.5 bb ¢ g3 ww T ZZ YY M bb € 99 WW T ZZ YY UM
hhh coupling: Asz/A3 sm
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https://arxiv.org/abs/1606.02266
https://arxiv.org/abs/1606.02266
https://indico.cern.ch/event/868940/contributions/3813537/attachments/2083210/3499299/SMatILC-ICHEP.pdf
https://indico.cern.ch/event/868940/contributions/3813537/attachments/2083210/3499299/SMatILC-ICHEP.pdf
https://cds.cern.ch/record/2725571?ln=en
https://cds.cern.ch/record/2725571?ln=en
https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3/figures/3
https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3/figures/3

Possible scenarios of future colliders

Possible scenarios of future colliders ™ ;roton co"i(ljl?é mmmmm  Construction/Transformation: heights of box construction cost/year
ectron collider

3 Electron-Proton collider

Preparation

1TeV
=4-5.4 ab?!

ILC: 250 GeV
2ab?

=25 8/ years
31km tunnel

CERN

24B/15 years FCC hh; 100 TeV 20-30 ab™*

8 years

100km tunnel

s 1 AHC 1
HL-LHC: 13 TeV3-4 ab T — HE-LHC: 27 TeV 10 ab From Ursula Bassler

. CLIC: 380 GeV . !
years 59B/7years | 15 ab? I : :
29 km tunnel 50 km tunnel
350365 Gey 17 B/11years FCC hh; 150 TeV =20-30 ab!
C-ee: , 1.7 ab*
LA 10 5 B/10year
100km tunnel 17 B/11 years FCC hh; 100 TeV 20-30 ab*!

LHeC: 1.2TeV FCC-eh: 3.5 TeV 2 ab
0.25-1ab1®

BENGE SEEEEEEEE EEESEEEEE EEEEEEEED TEESEEEEE EEEEEEEEE EEEEEEEEE =
2020 2030 2040 2050 2060 2070 2080 2090

2years 178/6yea
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Higgs boson main production mechanism at the LHC

125.38 GeV Higgs boson production cross section @13 TeV

Gluon-fusion (ggH) Vector boson fusion (VBF)
48.3 pb ~88% 3.8 pb ~7%

g

t/by  »m——ee- H

g

Associated Higgs production Associated Higgs production with

with a W or Z boson (VH): a top quark pair (ttH): 0.5 pb ~1%
2.2 pb ~ 4%

q H 9

q W/Z g
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Framework for coupling-strength
measurements

Leading order tree-level motivated framework with assumptions:

® Signal observed in different channels originate from a single
resonance my ~125.36 GeV

® Narrow width approximation.
® | agrangian tensor structure: SM hypothesis J°F = 0++

Yield for the production and decay /= H—f parametrized in terms of
coupling scale factors scaling the SM cross sections and widths

Coupling scale factors: ) 0T, ooM.TSM (2.2
o-B(i—H — f)= L = N S— :

SM 2
Coupling scale factors: o; ) [y 9 > Iy
Ki = — K} = =3 KH = =5 M
! (7;?5 A g l ;M Z I 7
Production Decay Total width

Higgs boson width 'y not experimentally constrained to a meaningftul
precision at the LHC:
® No assumptions on ['y: Ratios of coupling strength can be measured

® Make assumption on I'y: absolute coupling strengths can be measured.



Events / 2 GeV

Higgs boson mass measurements
® mn precision exceeding Run 1 result: ~0.11% precision by CMS, 0.19% by ATLAS

Phys. Lett. B 805 (2020) 135425

CMS
Run1:5.1 fb™ (7 TeV) + 19.7 fo™ (8 TeV) — Total Stat. Only
2016: 35.9 fb' (13 TeV)
Total (Stat. Only)
Run 1 H—yy e 124.70 £ 0.34 ( = 0.31) GeV
Run 1 H— ZZ— 4l —_——t 125.59 + 0.46 ( = 0.42) GeV
Run 1 Combined | — | 125.07 £ 0.28 ( = 0.26) GeV
2016 H—yy —— 125.78 + 0.26 ( = 0.18) GeV
2016 H— ZZ— 4l —— 125.26 + 0.21 ( = 0.19) GeV
2016 Combined =it 125.46 + 0.16 ( = 0.13) GeV
Run 1 + 2016 -i- 125.38 + 0.14 ( = 0.11) GeV
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II
122 123 124 125 126 127 128 129
m,, (GeV)
CMS 3591 (13 TeV) > FMS, e |359f|b1(13|TeV)_
70_7|| TT | TTTT TTTT TTTT TTTT TTTT |+I TTT ‘ TTTT | TTTT | TTT T_ gsoooof_HéY’\{ A” Categorles _f
C Data ] ~ o ]
60r [ H(12s) g £ 25000 2 s E
r [ q9—2z, zy* ] LqI>JJzooooE ------ B component .
:_ B 9977, zy* _: E Bl =io
SO: Bl Z:x ] 15000 =20
40:— —: 100005—
301_ E sooof—
20 - 600
- 4 400
B N 200
10~ 0
C -200
= -400
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m,, (GeV) m,, (GeV)

180

Phys. Lett. B 784 (2018) 345

| | |
Stat. o

Events /2.5 GeV

| | | | | | |
ATLAS ~—Total nly
Run 1: Vs = 7-8 TeV, 25 fb™, Run 2: Ys = 13 TeV, 36.1 fb Total  (Stat. only)
I
Run 1 H—4l ° 4 124.51+ 0.52 ( = 0.52) GeV
Run1H—yy . 126.02 + 0.51 ( = 0.43) GeV
Run 2 H—4l l—ol—l 124.79 + 0.37 ( = 0.36) GeV
Run2 H—yy .—.4—. 124.93 = 0.40 ( = 0.21) GeV
Run 1+2 H—4] —— 124.71+ 0.30 ( = 0.30) GeV
Run 142 H—yy e 125.32 + 0.35 ( = 0.19) GeV
Run 1Combined ——— 125.38 = 0.41 ( + 0.37) GeV
Run 2 Combined '—OT 124.86 + 0.27 ( = 0.18) GeV
Run 1+2 Combined '__1._-' 124.97 + 0.24 ( = 0.16) GeV
ATLAS + CMS Run 1 —— 125.09 = 0.24 ( + 0.21) GeV
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
123 124 125 126 127 128
m,, [GeV]
50: T T T T I T T T T T T T T I T +| IDIt I T T T T : % : T .| ‘D‘at‘a T T T T T T T T ‘A‘T‘L\A\S T :
c ATLA ata ] O] C .
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- H=ZZ'— 4l [ IBackground g S ]
B 3 X 00 =
;_ _; 300; é
2 E 200f- . =
g_ _g 100; f
E_ _E o E I e | | E
- ERE =
F = < 0p =
= ] 5 o X
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-33/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-33/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html

H—>cc

® Currently best 95% CL limit on O(VH)xB(H—cc): < 70 (expected: 37) xSM,
based on 36.1 /fb CMS data at 13 TeV

CMS 35.9 o' (13 TeV)
pp— VH(H— cc)
oL
Exp.=79xSM
Obs.=83xSM
1L
Exp.=72xSM
Obs.=110xSM
2L
Exp.=57xSM
Obs.=93xSM
: : = QObserved
g(?,T3b7lxnsa|\:|on ----- Median expected
Obs.=70xSM B 68% expected
[ ] 95% expected

0o 50 100 150 200

95% CL upper limit on Moo

JHEP 03 (2020) 131
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https://arxiv.org/pdf/1912.01662.pdf
https://arxiv.org/pdf/1912.01662.pdf

Physics objection selection

muons:
® |nl<2.4 Jets:
® |eading muon pT>26 (2016, 2018)/29 .
(2017) pT> 25 GeV, |n| <4.7
® sub-leading muon pT>20 GeV ® reject jets originate from pileup
® loose isolation criteria ® MVA pile-up jet identification
e medium muon ID ® (Calibration on jet energy
® global muon
® correction to the muon pT: final state B-jet tagging
photon. recovery and geo-fit ® pT> 25 GeVand |n|< 2.5 within tracker
correction
coverage
Top tagging ® DeepCSV b-tagging algorithm
® Only used in the ttH category ® Loose (85% efficiency, 10% mis-ID)
® MVA-based resolved hadronic top tag ® medium (70% efficiency, 1% mis-ID)

with 3 jets [PRL 122, 011803 (2019)]



Event simulation

Monte Carlo (MC) simulation samples:

Process Generator (Perturbative order) Parton shower Cross section Additional corrections
ﬁmmmmm

VBF sSigna POWHEG (NLO QCD) pYTHIA dipole shower NNLO QCD, NLO EW _

qq — VH POWHEG (NLO QCD) PYTHIA NNLO QCD, NLO EW —

gg — ZH POWHEG (LO) PYTHIA NNLO QCD, NLO EW —

ttH POWHEG (NLO QCD) PYTHIA NLO QCD, NLO EW —

bbH POWHEG (NLO QCD) PYTHIA NLO QCD —

tHq MADGRAPH5_aMC@NLO (LO) PYTHIA NLO QCD —

tHW MADGRAPH5_aMC@NLO (LO) PYTHIA NLO QCD —
Drell-Yan bkg MADGRAPH5_aMC@NLO (NLO QCD) PYTHIA NNLO QCD, NLO EW —

Zjj-EW MADGRAPH5_aMC@NLO (LO) HERWIG++/HERWIG 7 LO —

tt POWHEG (NLO QCD) PYTHIA NNLO QCD —

Single top quark POWHEG/MADGRAPH5_aMC@NLO (NLO QCD) PYTHIA NLO QCD —

Diboson (VV) POWHEG/MADGRAPH5_aMC@NLO (NLO QCD) PYTHIA NLO QCD NNLO/NLO K factors
gg — ZZ MCFM (LO) PYTHIA LO NNLO/LO K factors
ttV, ttVV MADGRAPH5_aMC@NLO (NLO QCD) PYTHIA NLO QCD —

Triboson (VVV) MADGRAPH5_aMC@NLO (NLO QCD) PYTHIA NLO QCD —

ggH:

* Higgs pTdistribution reweighted to match POWHEG NNLOPS predictions

Drell-Yan:

* Madgraph5_amc@NLO generator with up to two partons in the final state at the ME level
* Dedicated sample targeting the VBF phase-space created to reduce MC stats uncertainty
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Collins - Soper angles

® Ocs: the angle between the collinear muons (p) in the dimuon rest frame and
the line that bisects the acute angle between the colliding partons (p)

® ¢cs: the angle between the dimuon plane and the plane of the colliding
partons

proton

Image credit : Jens Kessler



https://arxiv.org/pdf/1912.01662.pdf
https://arxiv.org/pdf/1912.01662.pdf
https://www.researchgate.net/publication/33428992_Search_for_Drell_Yan_in_squareroot_s_416_GeV_p-N_Collisions_at_HERA-b
https://www.researchgate.net/publication/33428992_Search_for_Drell_Yan_in_squareroot_s_416_GeV_p-N_Collisions_at_HERA-b

Ranking of systematic uncertainties

Leading systematic uncertainty: VBF signal parton shower uncertainty

No strong shifts from central values or constraint on the size of systematic uncertainty

VBF-H parton shower

ggH QCD scale

Zjj-EW parton shower
JES: absolute

Signal shape o, ggH-cat1
Rate DY soft+PU jets 2017
Integrated luminsoity

Rate DY soft+PU jets 2016
Rate DY soft+PU jets 2018
CMS_scale_j_relativeBal
Signal shape o, ggH-cat2
ggH PDF and o

Parton shower on other proc.
ggH in VBF region

Zjj-EW QCD scale

CMS Supplementary

137 b (13 TeV)
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VBF: 2016 signal and sideband region

35.9 fb' (13 TeV) 35.9 fb™ (13 TeV)

(D 108 g_l | | LI | L L L | L | [ | LI | L | L -'(L)

: = f
Q107 CMS ¢ Data B Houp ©10°r CMS ¢ Data Dl zj-Ew
10° _ Post-fit .ij'EW DY - 10° _ Post-fit |:| DY .Top quark
105 VBF-SR 2016 [ Top quark  [] Diboson = VBF-SB 2016 I Diboson

m, = 125.38 GeV 10 m,, = 125.38 GeV 110 < muu <115 GeV or

104 — VBF — ggH
135 <myp <150 GgV

115< Mpp < 135 GeV
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VBF: 2017 signal and sideband region

415" (13 TeV) 415" (13 TeV)

ﬂ 8:_IIII|IIII|IIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII_: -'9107§_IIII|IIII|IIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII§E
= 107 3 = 3 3

21072_ CMS $ Data B H-p _ 2106; CMS ¢ Data Dl zj-Ew ?

. j0°f Postfit 2 zjj-Ew DY ] - - - Post-it [ Joy [ Top quark
105 VBF-SR 2017 [ Top quark [ Diboson - VBF-SB 2017 [7 Diboson

= m, = 125.38 GeV ] 4L m,=125.38 GeV .
o MOV —vee —ggH ] 107 My =12538GeV 110 < myyyy < 115 GeVior

115< Mpp < 135 GeV
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VBF: 2018 signal and sideband region

59.8 fo' (13 TeV)

59.8 fo' (13 TeV)

||||||||||||||||||||||||||||||||
¢ Data Dl zj-Ew
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[ 3
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Sources of systematic uncertainties and correlation

Source of uncertainty

Categories and processes Type
Experimental uncertainties

Correlation vs cat. Correlation vs year

Integrated luminosity Sig. in all cat., bkg. in VBF ~ Rate Correlated Partial
Muon efficiency Sig. in all cat., bkg. in VBF  Rate Correlated Correlated
Electron efficiency Sig. in ttH and VH Rate Correlated Correlated
Muon trigger Sig. in all cat., bkg. in VBF ~ Rate Correlated Correlated
Muon pr scale Sig. in all cat., bkg. in VBF ~ Shape in VBF, rate in others Correlated Correlated
Nonprompt leptons Sig. in ttH and VH Rate Correlated Correlated
Pileup model Sig. in all cat., bkg. in VBF  Shape in VBF, rate in others Correlated Uncorrelated
L1 inefficiency Sig. in all cat., bkg. in VBF  Shape in VBF, rate in others Correlated Uncorrelated
B-tagging efficiency Sig. in all cat., bkg. in VBF ~ Shape in VBF, rate in others Correlated Correlated
Jet energy scale Sig. in all cat., bkg. in VBF ~ Shape in VBF, rate in others Correlated Partial

Jet energy resolution Sig. in all cat., bkg. in VBF  Shape in VBF, rate in others Correlated Uncorrelated

Theoretical uncertainties

ur and up for ggH ggH in all cat. Rate Correlated Correlated
ur and pg for VBF VBF in all cat. Rate Correlated Correlated
ur and pg for ttH ttH in all cat. Rate Correlated Correlated
ur and up for VH VH in all cat. Rate Correlated Correlated
PDF for ggH ggH in all cat. Rate Correlated Correlated
PDF for VBF VBF in all cat. Rate Correlated Correlated
PDF for ttH ttH in all cat. Rate Correlated Correlated
PDF for VH VH in all cat. Rate Correlated Correlated
ggH accept. vs (pT(H),Nj,m]-j) ggH in all cat. Shape in VBE, rate in others Correlated Correlated
VBF accept. vs (pT(H),Nj,m]-j) VBF in all cat. Shape in VBE, rate in others Correlated Correlated
ttH accept. from pg and pp ttH in all cat. Rate Correlated Correlated
VH accept. from pg and pr VH in all cat. Rate Correlated Correlated
ttH accept. from PDF ttH in all cat. Rate Correlated Correlated
VH accept. from PDF VH in all cat. Rate Correlated Correlated
PYTHIA ISR and FSR Sig. in all cat., bkg. in VBF ~ Shape in VBF, rate in others Correlated Correlated
PYTHIA vs HERWIG) VBF and Zjj-EW in VBF cat. Shape Correlated Correlated
pr and up for Drell-Yan VBF cat. Shape Correlated Correlated
ur and ur for Zjj-EW VBEF cat. Shape Correlated Correlated
ur and pur for top bkgs. VBE cat. Shape Correlated Correlated
ur and ug for diboson VBEF cat. Shape Correlated Correlated
PDF for Drell-Yan VBE cat. Shape Correlated Correlated
PDF for Zjj-EW VBE cat. Shape Correlated Correlated
PDF for top bkgs. VBEF cat. Shape Correlated Correlated
PDF for dibosons VBEF cat. Shape Correlated Correlated
Size of simulated samples VBE cat. Bin-by-bin — Uncorrelated




ggH-cat1

ggH-cat2

ggH-cat3

ggH-cat4

ggH-cat5

VBF DNN-bin 1-5
VBF DNN-bin 6-9
VBF DNN-bin 10-11
VBF DNN-bin 12-13
WH-cat1

WH-cat2

WH-cat3

ZH-cat1

ZH-cat2
ttHhad-cat1
ttHhad-cat2
ttHhad-cat3
ttHlep-cat1
ttHlep-cat2

Nan Lu (Caltech)

Signal composition

CMS Supplementary

137 b1 (13 TeV)

267.6 expected events
311.5 expected events
131.4 expected events
125.6 expected events
53.8 expected events
27.7 expected events
11.8 expected events
4.5 expected events
4.0 expected events
0.8 expected events
1.7 expected events
1.1 expected events
0.1 expected events

0.3 expected events

6.8 expected events
1.6 expected events
1.3 expected events
1.1 expected events

1.0 expected events

10 20 30
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H—ppu: Run 1 and Run 2 combination

4.9 (7 TeV) +19.7 b (8 TeV) +137 fb' (13 TeV)

% 1 E| LI UL I UL I UL I UL I | I | I UL I UL I LI |E
= - ]
>
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S - 1o
S 107'F E
- ~ ]
) UL Re e {20
10° E
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H—pp: Higgs boson coupling to muons

35.9-137 fb' (13 TeV)

j 14_| [ | 1T 1 | 1T 1 1T 1 1T 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 | [
T | cms
o - my =125.38 GeV
- 0.22 o
ob Ky = 1.O7f0_22 at 68% CL 7

III|III|III|III|III III|III|III|III
O 02 04 06 08 1 1.2 14 16 18 2
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ttH channel selection

Selection ttH hadronic ttH leptonic

Number of b quark jets > 0 medium or > 1 loose b-tagged jets
Number of leptons 2 3 or4

Lepton charge Y.q(¢) =0 N) =3(4)—Yqgll)==+1(0)
Jet multiplicity (pr > 25GeV, |y| < 4.7) >3 > 2

Leading jet pt > 50 GeV > 35GeV

Jet triplet mass 100 < mj;; < 300GeV —

Z mass veto (mgy — mz| > 10GeV
Low mass resonance veto - mypp > 12 GeV




VH-leptonic channel

Observable WH leptonic ZH leptonic
Ppp  ppe 4y 2ule

Number of loose (medium) b-tagged jets <1(0) <1(0) <1(0) <1(0)

Number of selected muons =3 =2 =4 =2
Number of selected electrons =0 =1 =0 =2
Lepton charge (9(¢)) Y.q(f) = =£1 >q(¢) =0
Low-mass resonance veto mypp > 12 GeV

N(p"p~) pairs with 110 < m,,;, < 150GeV ~ >1 =1 >1 =1
N(p*u~) pairs with |m,,;,, —mz| <10GeV =0 =0 =1 =0
N(ete™) pairs with |mee — mz| < 20 GeV =0 =0 =1 =1

oMy

BWZGamma(m,,;a, f,my, Uy) = f x BWZ(m,,;a,mz,T7) 4+ (1 — f) X

2
My

Other categories
BWZ(m

upr 4, Mgz, 1_‘Z) —

(myy o mZ)2 + (FZ/Z)2
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H—ppu: mass spectra

Note: this spectra is not from the fit, because VBF channel does
not use mass fit method

137 fb' (13 TeV) 137 b (13 TeV)

+B) Weighted Events / GeV
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Muon momentum resolution

o/pr = 1% @ 50GeV to 10% @ 1TeV

- -
S o
9:- - .- Muon system only &’- - .- Muon system only
< <
—— Full system —— Full system
1E -- Inner tracker only 1= .- Inner tracker only |
. . :
7
l'lf
/'.Q'
o
o’..— ¥
"""""" g ,':"I
1070 e
0<n<0.8 1.2<n<24
10 1025
’-II | 1 lllllll | | lllllll | 11 -ll 1 1 lllllll 1 1 lllllll 1
10 10? 10° 10 102 10°
p, [GeVic] p, [GeVic]
H—> UM events:

® typical pt of muons: 50760 GeV

e muon pr resolution o(p;)/p; dominated by measurements by tracker
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Rochester Correction

x10° 59.76 fb™ (2018, 13 TeV)
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Muon resolution in Z peak region

59.76 fb' (2018, 13 TeV
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New timing dimension measurement at HL-LHC

ENDCAPS

Surface ~15m?
Number of channels ~8000K
Radiation level ~2x10° ' cm?
Sensors: Low gain avalanche diodes

H
f
1

* Time resolution of 30-50 ps for minimum ionizing particles (MIPs)

CMS-TDR-020

e Thin layer between tracker and calorimeters, covering |¢|<3



https://cds.cern.ch/record/2667167
https://cds.cern.ch/record/2667167

BTL sensor design - LYSO:Ce

LYSO:Ce matrix 1x16

Lutetium-yttrium orthosilicate crystals
activated with cerium (LYSO:Ce) as scintillator

3% 3 X%X57 mm?>.

Stochastic fluctuations in the time-of-arrival
of photons detected at the SiPM:

pPhotostatistics o 1IN, o \/ 1/(E,,, X LY X LCE X PDE)

® Dense (7.1 g/cm3): a MIP deposits Egep
~4.2 MeV including impact angle (0.86
MeV/mm)

® Bright: light yield (LY) ~40k photons/MeV.

® Excellent radiation tolerance

Counts

/[0 05]

CITTTTTITTTTI] IEI

[T11
[T0. 05] I{j 3.2

3.12

L[0.05][8]

57.0

Time resolution with 511 keV y-rays from Na22 source

Before and after

2% 10Bem—2
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irradiation with 24 GeV
protons to a fluence of




BTL sensor design - SiPM

Silicon Photomultipliers as photo sensors

® Compact, fast (single photon resolution of 100 SIPM  LYSO Drawings of a linear array of 16

3.15

SiPMs on a ceramic package

ps), insensitive to magnetic fields, radiation hard e
I /////// SiPM array

® SiPM active area of 9 mm?2, coupled to LYSO using
glue: light collection efficiency (LCE) 15% ) !I mﬁ

3.6
3.1

32

4.3

Té B R RV B B R R SR M HH T T T T T

® Optimal SiPM cell size: 15 um, balance between
radiation tolerance and photon detection st
efficiency

® Gain: 1.5—-4x10°

® Photo detection efficiency (PDE) : 20-40% New Hamamatsu MPPCs (bias non-corrected, R, =3 kOhm)
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Prompt efficiency
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Muon efficiency with precision timing
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L1 trigger efficiency

CMS Phase-2 Simulation
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Phase-2 muon trigger improvement with
GEM detectors
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Run-2 Trigger Configuration
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