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_ The Standard Model and the Higgs Boson

 The fundamental building blocks of matter and their interactions are
summarized in theory — Standard Model of Particle Physics

e A uniqgue spin-0 elementary particle Higgs boson - arising from
Brout-Englert-Higgs (BEH) mechanism

e Higgs Boson Discovery: an achievement of humanity


https://arxiv.org/abs/1606.02266

Higgs Boson Coupling Measurements

Higgs boson couplings to W
and Z boson (Run 1), 3rd
generation fermions t, b, T
(Run 1+2) established

H—puu: current most sensitive

channel to probe Higgs boson

coupling to 2nd-generation
fermion at LHC

e first part today: H—uu

search using full Run 2
data from CMS (JHEP 01
(2021) 148) s
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/
https://arxiv.org/abs/1606.02266

CMS Integrated Luminosity, pp, Vs = 13 TeV

~ Run 2 Data-taking

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

= LHC Delivered: 158.65 f '
& 140 [ CMS Recorded: 146.46 fb 140
‘? 120l CMS Certified for Physics: 137.24 |120
,é 100! CMS Preliminary Offline Luminosity 1100
:
. S 8o 180
e Excellent operation of the £ ool
LHC and performance of the £ 0
CMS detector in Run 2 .
006 16 146 16 1 41 a1 ) a1 A1 AP D D B B
: W pod 0 02 ¢e® po’ uf pud 0 et ¢e® pt ® pod ot
e Alarge dataset recorded in Date
. . . . CMS Average Pileup (pp, vs=13 TeV)
Run 2 with high efficiency: C

Run ll: <> = 34
2018: <u> = 37

15000

pUonn

o 137 fb'1 Of 13 Tev pp ; ;01;: <u> = ;8

a 016: <;> = 27
collision data collected by . 2015: <> =13 (4000
CMS after data quality £ 2000

. 2 o (13 TeV) =80.0 mb
requirements 3 2000

Mean number of interactions per crossing
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https://project-hl-lhc-industry.web.cern.ch/content/project-schedule

Gluon-fusion Vector boson
ggF 48.5 pb fusion (VBF) 3.78 pb
9 sssHUDY 1 g
w/z
t/ey  memmee- - A H
Wiz
g \ QN0 7 q
VH 2.25 pb ttH 0.51 pb
q ’H g t
q w/Z g 7

About 1624 H—pp events produced with
137 fb-1 at 13 TeV

production

H—-pp events

produced in
o 143t 112 40 26 15

TeV (137 fb-1)
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Excellent Muon Reconstruction
Performance in Run 2

® |n|< 2.4 within geometrical acceptance of muon detectors

® high efficiency for reconstruction and identification > 96%, isolation > 95%

® good dimuon mass resolution: 1~2% for Z—>puu events

Efficiency

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

- H—up Event Selection

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

e pass single muon high level trigger
e require two isolated opposite charged muons: leading muon pT > 26 (2016, 2018) / 29
(2017), sub-leading muon pT > 20 GeV
H—uu narrow signal on top of smoothly falling background inm,,

-1
e narrow signal peak: o(myyu) ~ 1.4 GeV 1371b™ (13 TeV)

> :IIII|IIII|IIIIIIII|IIII|IIII|IIII|IIII:
® 800 ]
0] CMS ¢ Data
o - ~ ]
large background: S/B ~ 1/500 % 700 All categories S4B (ue119) 1
. S S/(S+B) weighted ... ]
H— pp signal S o0k (S+B) weig Bkg. component -
(13 TeV) L m, = 125.38 GeV P10
jo.og:\l\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\I\: _0500
© [ CMS Simulation Supplementary - Q
0.08- — e
g _ ] o
[ ggH categories : -="400
0.071" s/(S+B) weighted o(mIJF) E g -
ook . ~1.4 GeV o
B %) Signal simulation 1 +
0.05; — Parametric Model | ] @ 200
- n C
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H—uu: Exclusive Categories:
gF, VBF, VH and ttH

CMS Experiment at the LHC, CERN t CMS Experiment at the LHC, CERN ( \ CMS Experin
Data recorded: 2018-Sep-30 16:00:48.74. Data re §: 2018-Aug-27 18:16:0 504 GMT Data recorded
ata e -Sep-
Run / Event / LS: 321879 / 102476714 / 86
Run / Event / LS: 323755 / 1382838897 /

W(-ev)H

Experiment at the LHC, CERN N [ Experiment at the LHC, CERN
rded: 2016-Jun-04 2 9 " W Data recorded: 20 4 2:55.530432 GMT
Run/Eve




H—puu: Exclusive Categories:
ggF, VBF, VH and ttH

After event selection
110 < mpyp < 150 GeV

Nb-tag medium > O
Or Np-tag loose > 1

ttH channel
new channels
dedicated to ttH l additional lepton e or
and VH
VH-leptonic channel
pT;j1>35 GeV, pTj2 >25 GeV
new strategy VBF channel
l the rest of events
significantly
improved strategy ggH channel

Nan Lu (Caltech) EDP Physics Seminar, IHEP, 07/02/2021 9
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ggF channel includes all events not
selected by VBF, ttH and VH channels

¢ |argest signal yield
e about 890 signals

e BDT to separate signal from
background

e BDT uncorrelated with my, to allow
using the mass fit method

e Five ggF categories defined:

e aim to optimize overall best ggF
channel significance

ggF Channel: Overview

137 fb™ (13 TeV)

E I|III|IIIIII|III|III|III|III|III|I
% 10° CMS -4 Data by
o . 4 Bl Top quark [ Zji-EW
g 10 7] Diboson [__]Other bkg.
2 — Other sig
o 10° . .
>
L 10°
1

[ -] T J [— JE— [ Jooempegeeegeeferpreegeopes JE—— [
-08 -06 -04 -02 O 02 04 06 038

ggH BDT output

407 (13 TeV)
3' :III|III|III|III|III|III|III|III|III|III_
@ 4r CMS Simulation Supplementary

3'55_ —SignaImH=125GeV

3‘ — Background

2.55

2

15f
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= 08fF
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ggH BDT output
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ggF Channel: BDT

e training variables: muon and jet kinematic information, Njets

e signal MC weighted ~ myu/oyy : prioritize high-resolution signal events

BDT Training variables

(di)muon:

° pluy

* rapidityyy

* co0s(Bcs), Pcs
computed in
dimuon Collins-
Soper rest frame

* pTut/myy, pTu2/myy

* np1)

* nE2)

muon and jet:

* pTj, pTj

* Nit

o Njets

* Anj, my, Adj;

o Zeppenfeld variable

5 Yup
|F/j1 - yj2|

* min-Ap(up,(j1,j2))
* min-An(u,(j1,j2))

B (yjl +yi2)/2

a.u.

0.09F
0.08F
0.07F
0.06F
0.05F
o.o4f
o.osf

0.02f

0116 118 120 122 124 126 128 130 132134

0.1+

0.01F

Signal modeling: double-sided Crystal Ball function

137 fo' (13 TeV)

| T T I T | T | T | 1T | T T | 17T | T T | 1T | I_
- CMS Preliminary Simulation E
- Category: Category: B
- ggH-catt ggH-cat4

L c} Signal simulation c} Signal simulation

- — Parametric Model —— Parametric Model

HWHM = 2.12 GeV HWHM = 1.47 GeV -

m,, (GeV)



ggF Channel: Result

137 fb' (13 TeV)

<1010 ] L BN BURL LR BN B IR RURILIL IS
- CMS Supplementary ¢ Data |
7005 ggH categories — S4B (u=1.19) ]
600 S/(S+B)weighted ... Bkg. component -
500 m, = 125.38 GeV - +10 _f
- +20 -

I
o
o

I|I

Observed (expected)
significance: 0.990 (1.560)
@mu = 125.38 GeV

O_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_

—4IIII|IIII|IIII|I|II|IIII|IIII|IIII|IIII_E
110 115 120 125 130 135 140 145 150
m,, (GeV)

Event Total ggH VBF Other HWHM Bkg. Data S/ (S5+B) (%) S/vB
category signal (%) (%) (%) (Gev) @HWHM @HWHM @HWHM @HWHM
ggH-catl 268 937 29 3.4 2.12 86 360 86 632 0.20 0.60
ggH-cat2 312 935 34 3.1 1.75 46 350 46 393 0.46 0.98
ggH-cat3 131 932 4.0 2.8 1.60 12 660 12738 0.70 0.80
ggH-cat4 126 915 5.5 3.0 1.47 8260 8377 1.03 0.96

ggH-catb 538 835 143 2.2 1.50 1680 1711 2.16 0.91
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VBF Channel: Overview

Z=—_\

e T

Small signal event yield in VBF channel: ~48 signal events expected
New analysis strategy based on Monte Carlo (MC) simulation

-------------------------------------- i

+ VBF Higgs signal . 1 main background: electroweak production main background: Drell-Yan
: q . 1 of two jets in association with a Z boson ! production with two jets
1 : 1 : E . o q; 9f

q’b qf ql

% Z[y*

Deep neural network (DNN) output score used as final discriminant

® 20% improvement compared to mass fit method
® DNN trained on kinematic information of the two muons and VBF signature (24 variables

in total, including my )

® 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)

Nan Lu (Caltech) EDP Physics Seminar, IHEP, 07/02/2021 13


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

VBF Channel: Analysis Strategy

Simultaneously fit in 6 VBF categories in total (signal and sideband regions
in each year 2016, 17 and 18)

signal region 5 . sideband region: constraint background
115 < my < 135 GeV : 110 < mpyy <115 GeV or 135 < myy < 150 GeV
137 fb™ (13 TeV) : : 137 fb™ (13 TeV)

..g8"'l"'l"'l"'l"'l"'l' ; :,.g107'"l"'l"'l"'l"'l"'l'
o 10°F CMS ¢ Data BH-pp S CMS {» Data  [Mzj-EW
W 10"F Ppost-fit Ezjew  [oy W 10°F post-fit Coy B Top quark

10°F VBF-SR Run2 Bl Top quark [@lDiboson (0L VBF-SB Run2 B Diboson

10F m,=12538Gev =~ —VBF —9gH m,, = 125.38 GeV

lll:II
12

.oi 1 1 1 l L 1 1 I 1 1 1 I 1 1 1 l 1 1 L I L 1
0 2 4 6 8 10
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> VBF Channel: Result

137 fb' (13 TeV)
JELEN BN LR NN BB RN BRI LR B
CMS ¢ Data [
Post-fit Ezjiew  [Oov
VBF-SR Run2 B Top quark [F]Diboson
m,=12538 Gev =~ — VBF —ggH

® Achieve good signal purity in high DNN bins

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

A 4 |
.’ DY+2jets

® 20% improvement in sensitivity compared to

my, mass fit method

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

VBF DNN bin
DNN bin Total signal VBF (%) ggH (%) Bkg. =AB Data S/(S+B)(%) S/vB
1-3 19.5 30 70 8890 + 67 8815 0.22 0.21
4-6 11.6 57 43 394 + 8 388 2.86 0.58
7-9 8.43 73 27 103 + 4 121 7.56 0.83
10 2.30 85 15 151+14 18 13.2 0.59
11 2.15 88 12 914+1.2 10 19.1 0.71
12 2.10 87 13 58+ 1.1 6 26.6 0.87
13 1.87 94 6 2.6 +0.9 7 41.8 1.16

Nan Lu (Caltech) EDP Physics Seminar, IHEP, 07/02/2021 15



First Evidence of H—-pp

CMS 137 b (13 TeV

[

N

—_
TTTT
L]

{10

Local p-value
o

---------- 20

1072 E

--------------------------------------- JLERIITILELEILLLEELIELEEELELELELERE I 7o)

10°F - E
- — Combined — VBF-cat. ]
Observed — ggH-cat. ttH-cat. :
— VH-cat. .
10—4 1 11 1 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 11 1 | 1 111 | 1 111
120 121 122 123 124 125 126 127 128 129 130
my, (GeV)

@muy = 125.38 GeV:
 Run 2: observed (expected) signal significance 3.00 (2.50)

First Evidence of H—=pp !
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— Vi u [
Higgs Boson Coupling to Muon
e Precision of K, improved from 89% to 21% in two years.
® 35% improvement in analysis strategy
35.9-137 fo”' (13 TeV) - 3591b"(13TeV)
S [T T 2 s S
¥> CMS V\LZ“,/ . vz i
5 [ m=12538GeV - ol __
ELL|>1O - p-value = 44% el
o f .
R 2L -
102 it . 107 - '
4 N L — 1 N S iogs boson
5 ¢ Vector bosons 10°kF « L — (M, g) fit ]
10 ?g’,/' ¢ 3" generation fermions 3 / + 1o
‘ ¢ Muons - 4 + 20
7 SM Higgs boson 1074k | | L | 5 | .
10 Lol bl Lol Ll - (% 1-5"| ' T N | rT |
Uz) 1.5:||| I I ||||||| I I ||||||| I I ||||||| I . -9 1 ....................... LIL" { ........... W
I - e PAITE B-~ e -
. II_1 1 1 I | 1 1 I I | 1 1 L 1 1111 2 1 — 1 10
" 1 10 19 Particle mass [GeV]

Particle mass (GeV)

K//t — 1.07+O.22

_(0p at 68% CL

K, = 0.79

EPJC 79 (2019) 421

+0.58
+038 at 68% CL



CMS,
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Great Discovery Potential at the LHC

We are in early stage of the LHC research program, 5% of total

data taken so far

We are here

13-14 TeV 14 TeV energy

LS1 EYETS
e

13 TeV
— Diodes Consolidation
splice consolidation cryolimit LIU Installation HL-LH . .
7 TeV 8 TeV button collimators interaction o 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 IIIIII“
ATLAS - CMS radlatlon
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes . . . . HL upgrade
nominal Lumi 2 x nominal LU&I ALICE - LHCb . 2 x nominal Lumi
upgrade

75% nominal Lumi I/_ |
I/—l LICEIEEE] 3000 fb-1
m maﬂ luminosity BETT%) (ultimate)

HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY

‘ INSTALLATION & COMM.HH PHYSICS

PROTOTYPES CONSTRUCTION

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION / BUILDINGS

18
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https://project-hl-lhc-industry.web.cern.ch/content/project-schedule

| HL-LHC Prospect of Higgs Coupling to Muon

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

Vs = 14 TeV, 3000 fb™' per experiment

- Total
 Statstin ATLAS and CMS 14 TeV, 200 PU
- a:) :'r‘r’]ae . HLLHC Projection 50050 F——————T T
—— Experi . - ; ; ]
— Theory Uncertainty [%] < 0.045 ;_ CMS Phase-2 simulation _;
- ‘ 4 Tot Stat Exp Th 0.040 f— barrel-barrel category Hop*w, Phase-2 —f
Ky — 1.8 08 10 13 ~  mass resolution: 0.65% ) -
K - ‘ 0.035 :_ Gauss Fit, Phase-2 _:
W 1.7 08 07 1.3 - —. it, Run- =
) 0.030 = o(mw)/mw Gauss Fit, Run-1 3
Z == 18 07 0612 WIS 0.65% in phase-I| =
Ke = 25 09 08 21 WiZ]3 Smaller than Run =
K = 3.4 09 1.1 34 GRS 2 by a factor of 2 =
Ky == 37 13 13 32 0.010 E
K B= 1.9 09 08 15 0'005;_ _2
@ — | 43 38 1.0 12: 0'00910 120 140

u [GEV

KZy — 198 72 17 64

0 002 0.04 0.06 008 01 012 0.14
Expected uncertainty

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

Nan Lu (Caltech)

High Zpr events from
unresolved vertices

Pileup Challenge at the HL-LHC

Extra energy in jets / isolation cones
from overlap of (neutral) particles

\|Merged jets from spatially
|unresolved vertices
I

CMS Experiment at the LHC, CERN
Datarecorded: 2016-Oct-14 09:33:30.044032 GMT,
Run /Event /LS: 283171./.95092595 / 195

Realtife event with HL-LHC-like pileup from special
-run 201 6 with- individual high intensity bunches -

EDP Physics Seminar, IHEP, 07/02/2021
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.~ CMS MIP Timing Detector: New Precision
Tlmlng Dlmensmn Measurement

)
\

IMS B {at Lh CERN
Data recorted: Mon Ma¥ 280 1
RunEvent 19509835408 125
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(deﬁne to be t=O)
beam spot has a spread of about 180-200 ps: Z_i

precision timing of 30-40 ps to mitigate the high
pileup challenge 5
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CMS MIP Timing Detector Overview

o Completely new capability to CMS: measure precisely (30-40 ps)
the production time of MIPs

CMS 3% 3 x57 mm?
ENDCAPS
Surface ~15m?
Number of channels ~ 8000 K
Radiation level ~ ZXT0"? n“Jcm2

Sensors: Low gain avalanche diodes

A MIP Timing Detector
for the CMS Phase-2 Upgrade
Technical Design Report

e Thin layer between tracker and calorimeters
e MIP sensitivity with time resolution of 30-50 ps
e Hermetic coverage for |n|< 3.0

CMS-TDR-020 March 2019



https://cds.cern.ch/record/2667167
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~ MTD Physics Potential: Enhance Physics

Object Reconstruction

CMS Phase 2 S/mulat/on CMS Phase-2 Simulation
5\ 11_ L | T T T ] a 11_] L L B ] T | T ]
- C — Z—uu 1 ¢ [ - Z-uu -
21050 L rel chlso <0.08 1 .2, .- no MTD b t@l___gh_l§9__s__9__98 ]
= [ | 1 £ [ - -
5 n MTD, o, =40 ps . S : MTD, o, =40 ps ]
R - 1 B b
5 I 1 E L ]
S R o= = B —os | 4 O . . | ]
- L e SOSDE -o-"‘-o—_._—q— P - . .~ "-o-_._-o-_._ _”_._ _
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. 03T
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Fraction of Events

MTD Physics Potential: Expand Physics

Reach at HL-LHC

HH — bbyy ( 200 Pileup Distribution )

©
~

e Expected significance
B Di-Higgs decay | NoMTID | MTID
Jmmon bbbb 0.88 0.94
OOZ bbtt 1.3 1.48
bbyy 1.7 1.83
N bbWW 0.53 0.58
021: bbZZ 0.38 0.42
| : | Combined 2.4 2.63

Y

Reduction of pile-up enhances quality of particle reconstruction

e 10 - 20% gain in di-Higgs significance

Particle ID for low pT hadrons, new reach for Heavy lon Physics:

e T1/K separation up to 2 GeV, p/K separation up to 5 GeV

Mass reconstruction of the long-lived particles




. 2 Test beam campaigns to characterize

detector performance
Many test beam campaigns: e — ‘.
- Fermilab (FTBF) LI ‘r;;"jé |
» CERN North-Area (SPS) ey B o

EDP Physics Seminar, IHEP, 07/02/2021
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> MTD test beam setup

<
.

* Time resolution measured against reference timing detector (Photek 240 micro-

channel plate, time resolution ~15 ps)

* Tracking of charged particles by precision telescope, 0.2 mm position resolution

Scintillator Silicon tracker Crystals+SiPMs ~ MCP-PMT
for trigger

BTL setup

MTest @Fermilab
120 beV proton l
L. Ay
‘Q‘f"
| i1 P>

i"’

. - ——
. - — - ‘
- . - 9 3 » ~ .
. Y A3 ammmaw.. — - CE— i - Z -ea
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BTL: crystal based precision timing

BTL sensor: Lutetium-yttrium orthosilicate crystals activated with cerium

(LYSO:Ce) as scintillator readout by Silicon Photomultipliers

mip light charge digits
V/\
4 = 0%
— . Foo\
S >
] —— t

Scintillator Photodetector

Nan Lu (Caltech)

Electronics

Digram credit: Marco Lucchini
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Design in MTD Technical Proposal
Nov 2017 LHCC-P-009

. . LYSO:Ce crystals w/o wrapping
sasll ) 0
A EEE R

Teflon wrapped

- BTL Sensor design optimization - crystal tiles

test beam measurement of 11 x 11 x 3 mm3 LYSO tile with 5 x 5 mm2 SiPM
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https://cds.cern.ch/record/2296612/files/LHCC-P-009.pdf

- Sensor Design Pptimization - Crystal bars
Baseline design since CMS-TDR-020 March 2019

3D-printed
Bar Sensor
Holder

LYSO Crystal
Bar Sensor

Readout Board
Holder

‘:’3‘.650

IBLP.8.0.0 o
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https://cds.cern.ch/record/2667167
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BTL sensor performance In test beam
o Timestamp of a MIP traversing BTL: t4,, = (#,; + ,iop,)/2

e Achieved ~25 ps time resolution per sensor before irradiation
e Uniform time response and resolution across sensor area

BTL first test beam paper accepted by JINST arxiv: 2104.07786

LYSO:Ce 3x4x57 mm® - FBK NUV-HD-TE 5x5 mm? LYSO:Ce 3x4x57 mm" - FBK NUV-HD-TE 5x5 mm?
_|||||||||||||||||||||||||||||||||||I"t """"" |_ ’U?65IlllllllllllllllllllllIlllllllllllllll'lt llllllll II:
- ~* Yaverage - o t.verage: 0 =24.6 + 0.2 ps * Laverage 1
i ~t g 1 ~60Ft, ;2: 6=251+02ps otyd2 -
:_ +f;ight —: 5 55! -t :0=351+02ps ::Ieft _f
- °® ] — - :0=35.2 £ 0.2 ps right ]
i ..0 i - __rlght E
| .’0‘ .’..’ ] ?) 50; ]
i o 1 @ 45F =
B '0’ o® _ — - ]
| 0.“0.00“”::'.0“00“0““.. —] (()) - B
- X ..' 000 . E 40E # +++ E
..oo %, . = 35 ;f# #ﬁg# i+ ........ o
L ® 0..’ ] - —¢—+ & ++ .
| 30- T
_— ‘.’. _— 25 %:.-:.-:.-w@%ﬁ—:‘?-- % m -:-.:-..-..:_é
: : 20F 3
_I | | | I | | | I | | | | | | | | | I | | | IIIIIIII |_ : :
. . 15“1]1 NI EEENE FEEEE SRS FEEEE SRENE FER NS SREEE REE RS N

10-5 0 5 10 15 20 25 30 35 10 —5 O 5 10 15 20 25 30 35
X (mm)

X (mm)
3 x4 x 57 mm3 LYSO:Ce bar coupled to FBK SiPMs


https://arxiv.org/abs/2104.07786

NAD

Dose rate and neutron flux at HL-LHC

——

Dose rate and neutron flux expected at HL-LHC induce photo-current
and readout noise in BTL sensor

Need to measure the impact experimentally

Nan Lu (Caltech)

i

Protons Dose Dose rate |

CVISIVITO (cm?) (Mrad)  (rad/h) :

i

Barrel 0.00 | 2.48E+14; 275E+06 |' 2.2E+13 2.4E+05 2.7 ' 108 |

i

i i i .

Barrel 1.15 2.7OE+14: 3.00E+06 |1 2.4E+13 2.6E+05 3.8 1 150 |,

i [ i

i

Barrel | 1.45 | 2.85E+141| 3.17E+06 | 2.5E+13 2.8E+05 48 | 192 |
i i i

Endcap | 1.60 | 23E+14 ' 2.50E+06 |, 2.0E+13 2.2E+05 29 1| 114 |,
i i

Endcap | 2.00 | 45E+14'| S5.00E+06 |; 3.9E+13 4.4E+05 75 % 300 |,
i i

Endcap | 2.50 | 1.1E+15%| 125407 |, 9.9E+13 1.1E+06 255 3| 1020 |,
. I i

Endcap | 3.00 | 2.4E+15' 2.67E+07 |, 2.1E+14 2.3E+06 67.5 1| 2700 |,
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Experimental setup at Caltech

e
-
~.
~.

6 Cf-252 sources

BTL tiar 0.3x0.3x6 cm’

Collaborating with Caltech HEP Crystal Lab

Cf-252
/

/

BTL sample box
Co-60

—_
o
o

Neutron flux (1 MeV n,_, sec™ cm™)

—_
o

6.2°%Cf Neutron sources, E(avg.)=2.5 MeV.
4x1.0x107, 2x 7.7x10° n/s in Oct., 2019

" Distance between Sources and Crystal; D
Average of neutron flux 2.0-8.0 cm: Favg

||IIIIIIIH||||||||HIIILI|||
LU FHTER ""““ln
'|IIIIIIII i U T,

D=1.4 cm, Favg = 8.2(+0.8)E+05

Nan Lu (Caltech)

ﬁ h Picoammeter

Irradiation
room

(Keithley 6485) (

Operation room
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> | Dose rate and neutron flux induced
readout noise

® Negligible readout noise induced by gamma-ray (192 rad/h) and neutron flux
(3.17 x 10° [1 MeV n,, cm™*s7'] ) at @BTL |n|=1.45 expected at HL-LHC

108 . CMS Phase-2 Prellmmary

Sample 3 31121><3'12l>(5'7 rlT"T']S ' [0]V]V) LI — | T T T | T T T

7F sipm- ' - 60 L
10 iPM: Hamamatsu s14160-3015ps, HV =-40 V, ""Co IR -
Dose rate o120 rad/h . .185rad/h .. 250 rad/h LYSO bar 3. 12><3 12><57 mm?® ¢

hotocurrent 221 pA 328 pA 452 pA

500 I 60Co Y- ray dose rate at 120, 185 250 rad/h . ; o

: : : . :
. e Lo e P SRR ererrrrr e —

400 i ‘ : R i

: H H . H

: : : ‘ :

dark current
20s aftler ir

L L | T L L &% & " R - | | L < ] : .
Sample 4 ié.1bx'3.1'2><'57'm'm§ JE T B I

iPM: Hamamatsu s14160-3015ps, HV = -40 V, ®Co IR
Dose rate wwl120rad/h o ,185rad/h ., 250 rad/h
hotocurrent 246 pA 388 UA 497 pA

M M e H
- H H ol' H H -
B : o Y H
300 _. PSR S A FER FETR |
M M ’ L ’ H M
. . 4 L4 . * . .
- H H L. H H 1
: y : :
: ,; : :

L : o, H H H m
H o, H H :
: e . : : :
200 e e skt TR T R B T TR —
H o, : : H
P .
L H ol ¢ ? H H H -
H v 0Lt H H H

SiPM Photocurrent (nA)

* Sample ID F: e

ool S0 @ sample 1l 7. 19><:107 353 3keV 1
O @ sample 2 7.01x107 327 keV

Average Photocurrent (uA)

® sample 3 5.65x107 356 keV

P 0 Sample 4 6.38x10"  34.1keV |
20s after ir ol L — : e ol

O O W e i il . 0 50 100 150 200 250 300

0 20 40 60 80 100 120

Time (s) Dose Rate (rad‘/V

Negligible compared to MIP signal of 4.2 MeV
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ms\ .
» From BTL Single Bar to Module

\
A |

Motivation of the BTL module design: BTL module prototypes (2021)

e Minimize distance between the SiPM’s
and ASICs for best possible signal integrity

e Encapsulate variability of the dimensions
of the module components

o Simplify tray assembly

!

Early BTL module prototypes (2020)

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

SiPM package with flex cable

34
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ETL Detector Layout

ETL Thermal Screen
Disk 1, Face 1

Disk 1 Support Plate
Disk 1, Face 2

ETL Mounting Bracket
Disk 2, Face 1

Disk 2 Support Plate
Disk 2, Face 2

HGCal Neutron Moderator
10: ETL Support Cone

11: Support cone insulation
12: HGCal Thermal Screen

A\

+Y is up

..

+X towards center of LHC ring

+Z: anticlockwise LHC
beam direction

S ey o 2 G b ol e

Design target:
50 ps per hit, 35 ps per track

ETL service channel

CE's thermal screen

///

///////////
Feedthrough

ETL's thermal screen

%
/ Granulanty
Calorimeter

//%//

ETL

] ETL
4.5 cm thick!
-30 C
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Low Gain Avalanche Detectors (LGADs)

e | GAD: ultra-fast silicon detectors with a highly doped
p+ gain layer; moderate internal gain: 10-30

e Technology choice of ATLAS High-Granularity Timing
Detector (HGTD) and CMS ETL

aluminum

Epitaxial layer — p

A/ AJ

>

/*E substrate — p** j/

e ETL need 8.6 million channels, active area of 16 m=2

Electric field

* Never been done in large areas before
* Need for next-generation fast ASIC electronics



& ETL LGAD Design

FBK UFSD3

N2

(=

Key sensor characteristics

Depletion region

thickness . H , =o====
"""""""""""""""""""""""" N - EREREY
i i _—s=s==

Pad size 11.3x1.3 mm2: _===mra=

Time res. after
Irradiation
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\~ ETL test beam measurement

* First beam tests of prototype sensors and front-end ASIC

e [or pre-rad sensors operating above 20 fC, time resolution of
40-50 ps with discriminator per sensor achieved

e Excellent first results - within design goal for final detector

__ oMsPh f’afel’/ Pr ?”"l”"'l’a?’ - IFNlALI 8 Fleb12?2°_1 CMS Phase Il Preliminary FNAL TB Feb 2020
E i HPK 3.1’ 1.3X1.3 mm2 1 5 ? 80_I T T T | T T T T I T T T T ! T T T T ! T T T T I T T T T ' T T T I:
E [ ity o0c - c | & .F HPK31.18x13mm o low power,-20C
= 2 ETROCO h" h — % - - ETROCO Discriminator outout ~ ® low power, 20C 3
> - Igh power —0.8 — O 70 photek 8 bt t d _____________________ - =
- Discriminator output . = = = =oPps, su racte @ high power, -20C 3
- .. . L_E ~ BB AN N— " hlgh power ZOC _f
i s _ = 06T |8 b ____________________ ____________________ 3
R - ; el s s s -
B GE) BE s SR B e o —]
i =04 = - . I B =
O — — ) — 50 _— """"""""" I‘:‘}'::?‘:;:::::!LLZ':'!‘j‘;fé-'-‘.i'_i'_i'_‘_‘_":::"'"'iz.".’f:'[:]':"'_'*";"‘_‘.'."é """"""""""""" """""""" —]
B - : z e . i : .
— s : R o U H U RO -
i i 0o 45 :— """""""""" B.E* """""""" =
. : /73| S S E— SR W T
-1 — - s | 5 | | | ]
— — 35 N | I L1110 | L1011 | L1 11 | [ T I | L1110 | [ R
I R T T T NN TR T W T K S ST S A N SR R N R O O 5 10 1 5 20 25 30 35
-2 -1 0 1 e MPV Collected Charge [fC]
X [mm]

ETROCO : single analog channel
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Summary

(-

- CMS observed (expected) 3.00 (2.50) experimental evidence for

H—up decay using full Run 2 data:

& Higgs boson coupling measured with 19%, in agreement with Standard

Model prediction x, = 1.131“8:%% 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—pu

CMS phase-2 upgrade will include a new MIP timing detector with
a time resolution of 30-40 ps for MIPs

N

¢ Broad impact on HL-LHC physics potential

Y

¥ Sensor technology: LYSO:Ce crystals readout by SiPM for barrel, LGAD
for endcap

8\

¥ Steady progress to prototyping and system test stage



Thank you!
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Where to look: Higgs boson mass

CMS
. . . > 70_III|I FrTTTTTTTTTTT T ]
® The Higgs boson mass my s a free parameter in the SM. % :  oats E
. . . 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 30F -
CMS Phys. Lett. B 805 (2020) 135425 " E
Run 1: 5.1 b (7 TeV) + 19.7 fo! (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 =
Run 1 Combined [ 125.07 £ 0.28 ( + 0.26) GeV @ . ¢ Data
S 250008 — S+B fit .
> D B component
2016 H—yy ot 125.78 + 0.26 ( = 0.18) GeV "t 20000 1o E
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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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html

Recap: CMS H—pupu search with 2016 data

x10° 35.9 fb' (13 TeV)
- .| cwms All categories Observed (expected) significance 0.90 (1.00)
8 10— H—uu S/(S+B) weighted
o gy e GeY ? [S)f;aﬁt Boosted Decision Tree (BDT) trained
3 6 Bl Bcomponent +1s.d. (2s.d.) targeting ggH and VBF signals
*GE) 3 : 35.9fb" (13 TeV)
3 mass fit method § Foms \Data  --ggH
2 2~ . D ool (DY  --VBF
c 3 b ® - -
SN S | | | . . R - Ott+st  --VH
= 10° = A -=ttH
o 200 3 OTTX [Q@OVvV
QS’ 0 10* :—
B _p00 t : e
110 115 120 125 130 135 140 145 150 LH—
m,,. [GeV] 10 g__ —
- N EE— L
— | — L_—

_ 7 5.0 (7 TeV) + 19.8 fb" (8 TeV) + 35.9 fb™ (13 TeV) 10° & N _I_I_'—L-l—
L\gw g CMS —&— (Observed f

2 6 BE® Expected (background, 68% CL, 95% CL) 10 :Enl' - el il Bty "r-
(@] N — E ——— — [ — :-
'E 5 :_ --- Expected (SM m, = 125 GeV) L._,_|—|___I_|_-—|_E s = ll.—~l:
= - = T I T oL LLi | -
L::) 4 ;_ § lL- -_---'--.::::-'::--- ---.....---ﬂ- YT LR e ":-
\O C IlIJ_JJ.JJ.LI.LIIIlJJJ. LLLIIlIJJJ._LLIIlII JJ.LLLIlII o
,‘;8 3 = 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Transformed BDT
Categorization based on BDT output score

N TR TR RN and the maximum |n| of the two muons
120 121 122 123 124 125 126 127 128 129 130
meev, -Rev. Lett. 122 (2019) 021801
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https://arxiv.org/abs/1807.06325

Physics Objection Selection

muons:
® |n|<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
® |oose isolation criteria ® MVA pile-up jet identification
® 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)]
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Event Simulation

Monte Carlo (MC) simulation samples:

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

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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> | 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

m A
: H
® ttH hadronic: Njets >= 3, no extra lepton ->-

® hadronic top tagging rrL 122, 011803 (2019) used to increase signal purity toNut
. .  \" ]
three ttH hadronic categories two ttH leptonic categories ‘b y
main background: 71 main bkg: ttZ .
137 b (13 TeV) 137 b (13 TeV)
4(2107IIII|IIIIIIllllllllllllllllllllllg _‘(é)104 II|III|IIIIII|III|III|III|III|III|II
& CMS —+-Data [ Top quark = E CMS -¢- Data I 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 £l — ttH —tH
10° — Other sig. . L% b_ — Other sig. . 3
10 i 4
nl

.O .c' F Ib*ql T I,_}ql T T | T T | T | T TT | T T | T T | T T | T T ]
9 9 2__ .................................................................................................................................... __
< s LI jL} - ﬂ, ;
CU (U Y —— 1 - - gl
2 g + + ‘%’ 5
D g ] D 0_ 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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ttH Channel: Results

Fit strategy and signhal modeling similar

to ggH categories

® background functional form using

agnostic functions:

® second-order Bernstein
polynomial for ttH-hadronic

® exponential functions for ttH-

leptonic

137 b (13 TeV)

gk ttH categorie

&~ (6)] (0]
IIIII|II

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

N}
LI L

—
II|III

S

S/(S+B) weighted
m,, = 125.38 GeV

ofF CMS Supplementary ¢ Data

10:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:

—— S+B (u=1.19)

------ Bkg. component :

Bl +10

+20

0
9 215—| T T 1 | T T | T 1 I;I | T T | T T | ' T T | T T | T T 1 I—g
2 : ]
® observed (expected) significance: g E
()] E -
— _2 . | I | | I | | I | | I | | I I | I | | L1114
1.200 (0.540), my = 125.38 GeV 110 1156 120 125 135 140 145 150
m,, (GeV)
Event Total ttH ggH VH Other HWHM Bkg. fit Bkg. Data S/(S+B) (%) S/VB
category signal (%) (%) (%) (%) (GeV) function @HWHM @HWHM @HWHM @HWHM
ttHhad-catl  6.87 323 403 172 102  1.85  Bern(2) 4298 4251 1.07 0.07
ttHhad-cat2 1.62 843 38 56 6.2 1.81  Bern(2) 82.0 89 1.32 0.12
ttHhad-cat3 133 940 03 13 44 1.80 S-Exp 12.3 12 6.87 0.26
tfHlep-catl  1.06 858 — 47 95 1.92 Exp 9.00 13 7.09 0.22
tfHlep-cat2 099 947 — 10 43 1.75 Exp 2.08 4 24.5 0.47
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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)
2 SL LI L L L B B IJ % I L B T T [T T T[T T T [T T T[T T T[T 13
£ 10 1t | -
S CMS -¢- Data Bwz = S - CMS -+-Data qu 77
= 10 . ETopquark [JOtherbkg. 3 = F [ Jag — 2z | |other bkg. E
- g — WH —ZH . g C N
2 10°¢ — Other sig. 3 £ 10%¢ —aqq—2ZH —gg = ZH 5
() C . o) - .
5 1] 3
10 3 10 3 3
10L F
; U3 =
1 :
1 1 -1 —
10° T : 10 :
1 0_2 o e O I L1 1 | | : | | L1 1 | ] : ] | L1 1 1 0—2 ]
S T | ] | | ] - 2 ]
o S o O OSSO0 OO SRS PSTSIPOEE ST psspooos ] CI!_J 15F 3
o o ] (al E
3 1 ++++—{H+ +-~ e = I ~
B L + | ® 05 f
D O 5 - |.I ..... I IIIIIIlIIIIIII ..... |.I ............ 11-| —] D O Ll D Ll S Ll Ll L _I .
-0.6 —0 4 -0.2 0 0.2 0.4 0.6 0 8 -08 -06 -04 -0.2 0 0.2 0.4 0.6

WH BDT output ZH BDT output
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VH-leptonic Channel

Observable WH leptonic ZH leptonic

pup  ppe  4Ap  2ple
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

oM

BWZGammal(m,,;a, f,my, Uz) = f Xx BWZ(m,,,;a,mz,Tz) 4+ (1 — f) x

12

Other categories
BWZ(m

upr 4, Mgz, 1_‘Z) —

(myy o mZ)2 + (1—‘2/2)2
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, 4 VH Channel: Results

137 fb (13 TeV)

Fit Str‘ategy and Signal modeling > 5:| L L L B NI B |:
o) - ]
.. . O 45 CMS Supplementary ¢ Data &
similar to ggH categories @ 4 VH categories —— S+B (u=1.19)
. C n . ]
® Background functional form: g , [ SAS+B)weighted ... Bkg. component
Ll E m, =125.38 GeV P10
® modified Breit-Wigner => due 3 3 L2 :
: 5, 25F s
to background dominated by § ) ;
WZ and 727 & 15 ;
) E ]
= 1 ]
(dp) n e l 1
. e 0.5 ;
® Observed (expected) significance: A A A AR AL A A
O L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1
2.020 (0.420), mH — 125.38 GeV 9 1§_| [ | T 1T | T 1T | I I;I I | T 17T | T 1T | T 1T | L I_f
s o i
®© - ]
D _1 :_I 11 1 | L1 11 | L1 11 | L1 11 | L1 11 | L1 11 | L1 11 | 11 1 I_:
110 115 120 125 130 135 140 145 150
m,, (GeV)
Event Total WH qqZH ggZH ttH+tH HWHM Bkg. fit Bkg. Data S/(S+B) (%)  S/V/B
category signal (%) (%) (%) (%) (GeV) function @HWHM @HWHM @HWHM @HWHM
WH-catl 082 76.2 9.6 1.6 12.6 2.00 BWZy 32.0 34 1.54 0.09
WH-cat2 1.72 80.1 9.1 1.5 9.3 1.80 BWZ 23.1 27 4.50 0.23
WH-cat3 1.14 85.7 6.7 1.8 4.8 1.90 BWZ 5.48 4 12.6 0.35
ZH-catl 0.11 — 828 17.2 — 2.07 BWZ 2.05 4 3.29 0.05

ZH-cat2 0.31 — 79.6 20.4 — 1.80 BWZ 2.19 4 8.98 0.14




VBF Channel: Deep Neural Network

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

® Dimuon variables: My, o(m,), m . /o(m,,), pry. log(pT.), Yy c0s8*, d*

e Dijet variables: pT, n, ¢ of jety, jets, log(m;), m;, An;;

® Soft track-jet variables: Noft jet >5Gev, Hrsoftjet>2Gev  (Ht: 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 most sensitive variable: Mpup
® m|m(An(UP—, Jetl)) Ar](llll; JEtZ))
® Zeppenfeld variable

Sy
® pT balance ratio of uu 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 S F
> 1 eSS T rrrrrr I TTTT I TTTT I TTTT I TTTT I TTTT I(l TTT I TTTT ) g 1200 __CMS Z+iets
8 £ CMS 2 C Prefiminary +Data unark
009 Simulation Preliminary & 1000— +
2 08F 3 o F !gluon Dundefined
%073 800— 80 GeV <p_ <100 GeV
T F E ml<2.0
x —
= 0.6 E 600/ —
S 2
O-0.5;— — 400 —
04 0<hl <13, 80<pT<100 GeV E
03L 0<hl<1.3, 40 <p_<50 GeV =
0o 27< Ml <3, 40< P, < 50 GeV
0.1F ]
0:||||||||||||||||||||||||||||||||||||||||||||||||| gg;: *—A_ ++—9— _¢_—+_Y‘_+_A—++++_Y‘+++—o——v—
0 01 02 03 04 05 06 07 08 0.9‘ 1 06 A ]
gluon-jet rejection T oz 9307 05 0% 07 0% 09

Quark-Gluon Likelihood



—  VBF: 2016 signal and sideband region

35.9 fb' (13 TeV) 35.9 fb™ (13 TeV)

ﬂ-‘osg_llllllllllllll||||||||||||||||||||||||||IIlllll ﬂ éllllllllllllllIIIIIIIIIIIII|II|||||||||||||||||
(- F C C
S 1o7f CMS ¢ Data B Hopp G 10°r CMS ¢ Data Dl zj-Ew
LL F ) . -
10°F  Post-fit [ zji-ew DY "L Postit oy [ Top quark

VBF-SR 2016 [ Top quark ] Diboson ) - VBF-SB 2016 [ Diboson
my, = 125.38 GeV 10°F m,=125.38 GeV
" — F 110 < mpyp <115 GeVor

—
o

(6;]
L

VBF — ggH

—_
o
™

IIIIIIII LILELLI

—_k
o
w

115< Mpp < 135 GeV

L=
o

—

107
-10_2 |IIII|II::::::: 1O_é|||||||||||||||||||||||||||||||||||||||||||||||
g 2.2 _ l .................. g 15 ................................... ++ ....................................................... :
s ;::;:;:',":;:;: " o e I B e - Sy e

O.j . 2:||||||||||||||||||||||||||||||||||||||||||||||||
(@)] r ]
Z L POSE-FIt [ T T =
< 51'55 h ++ 1
_,\(E R 1:_._._..1._._. a-—bl—.l—Q—H..- e S % S
© I . < AR SO0 SO
O 3 DO'SE ]
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VBF: 2017 signal and sideband region

41507 (13 TeV)

. CMS $ Data B H-p ]
. Post-fit Ezj-ew DY
. VBF-SR 2017 [ Top quark [ Diboson

= m, =125.38 GeV — VBE

—ogH 4

115< Mpp < 135 GeV

0 05 1 15 2 25 3 35 4
VBF DNN output

45 5

Data/Bkg.
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41507 (13 TeV)

§_IIII|IIII|IIII IIII|IIII|IIII|IIII|IIII|IIII§=

. CMS Hzj-ew ]
L Post-fit .Top quark 1

E E|

VBF-SB 2017 || Diboson _
M= 1253868V 110 < mpp < 115 GeVior

* Data

15 2 25 3 35 4 45 5
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VBF: 2018 signal and sideband region

59.8 fo' (13 TeV) 59.8 fo' (13 TeV)
*(2108;_IIII|IIII|IIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII; *(B1O7E_IIII|III|||||||||||||||||||||||||||||||III|IIII
C E (- -
0.,0F CMS $ Data BlHopn © .k CMS $ Data  []zjEW
L 106;_ Post-fit ] zj-Ew DY j L 105;_ Post-fit [ oy [ Top quark
105k VBF-SR 2018 [ Top quark [ Diboson ] = VBF-SB 2018
104;_ m, = 125.38 GeV — VBF —agH ] 1o4§ m,=12538GeV 110 < My < 115 GaV or
10% k 10° k
102: 115 < Mpp < 135 GeV 5 135 < mpp < 150 GagV
10%

10-;
2 E RN =T 1 D G
s m :
s 8 15
© [ T 0 I TSROSO USSR, A AT RRRYS RTT =
D D OEIIII|IIII|IIII|IIII|IIII|IIlllllllillIlilllllillll:
. . 2:I | | L | | | LI | | | L | | | | | | | [ I
% g 15 _ .................................................................................................
R R 15_._. o e —— Fﬁi"*":;_‘; _________________________
g _ : g 0_5:_ .......................................................................................................... l ............... -
EI 111 | 1111 | 1111 | L 111 | 1111 | L 111 | 1111 | L 111 | 1111 | 1 11 IE O:I 111 | 1111 | L 111 | I 111 | 1111 | I | | 1111 | I 111 | 1 14] | I L1111
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— VBF channel: systematic uncertainties

Experimental uncertainties

* Jet energy scale and resolution uncertainties

* the rate of DY process with a jet not matched to a generator level jet,
contained by the low DNN score events.

e MC stats uncertainty

e 2016 and 2017 a 20% uncertainty of the correction for the modeling of the
inefficiency in the L1 trigger in region 2.4<eta<3

* |uminosity uncertainty 2.5%

* modeling of the pileup conditions during data taking

* measurement of muon identification, isolation and trigger efficiencies

* muon energy scale and resolution

e quark/gluon likelihood reweighs

Theory uncertainties

e QCD scale, pdf, parton shower (PS) uncertainty for signal and background
Is included. In particular VBF and electroweak Zjj-EW PS uncertainty:
difference between HERWIG (angular-ordered) and PYTHIA (dipole shower)
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~ ggF channel: background modeling

® background modeled with analytical functions: core-pdf method

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 My T3 My

® (1) modified Breit—Wigner mBW(m,,;m,, T, a,,85,a;) = I T
Hi
® (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

56
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https://iopscience.iop.org/article/10.1088/1748-0221/10/04/P04015

ggF channel: background modeling

® background model with analytical functions: core-pdf method

Foardiy @) X

background yield:
uncorrelated across categories

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

® 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-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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Signal composition (%)

B WH

B tH
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H— pp: Higgs boson coupling to muon

14

12

-2 Aln(L)

10

35.9-137 b (13 TeV)

CMS

my = 125.38 GeV
K, = 1.077025 at 68% CL

O 02 04 06 038

1

12 14 16 18 2
Coupling strength «,,



- Ranking of systematic uncertainties

e [eading systematic uncertainty: VBF signal parton shower uncertainty
* No strong shifts from central values or constraint on the size of systematic uncertainty

CMS Supplementary 137 b (13 TeV)
T [ rrrrrrr1 LR L . L [ . L
VBF-H parton shower B . @ i i [ i
ggH QCD scale B C o 11 [ i
Zjj-EW parton shower B . @ i i o i
JES: absolute i — @ 1 [ - i
Signal shape o, ggH-cat1 . @ -
Rate DY soft+PU jets 2017 | 1.52 1206 11 [ e ] |
Integrated luminsoity * @ -
Rate DY soft+PU jets 2016 | 0.61:0%2 10 [ e ] |
Rate DY soft+PU jets 2018 1.26 1% [ e ]
CMS_scale_j_relativeBal — L -
Signal shape o, ggH-cat2 B . @ i i - i
ggH PDF and o @ ®
Parton shower on other proc. i @ i i [ i
ggH in VBF region i L i i [ i
Zj-EW QCD scale | ° 11 ° i
PTI T R N N R R A cco b by Lol Lol
-2 —1 0 1 2 0.1 -0.05 0 0.05 0.1
(Opest 1i00)/(AD) A/ W st fit
—e— Pulls post-fit ® | Theory unc.
— Pulls pre-fit unc. - Experimental unc.
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Signal Strength Measurement of H—pupu

137 b (13 TeV) 137 b (13 TeV)
j 8_I 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 I_ T T T | T T T T T T T | T T T | T T T | T
< _F CMS Supplementary gbser‘t’eg 1 . CMS Combined (i =1.19%7
— - - -- Expected u= —
C?I [ m,=125.38 GeV ObZerved l\L/BF-Cat. - — —— Combined best fit u

---- SM expectation

[ 68% CL
[ Jos%cCL

my, = 125.38 GeV

N —— Observed ggH-cat. _ VBF-cat. W= 1'36+00:19
- Observed ttH-cat. - |
—— Observed VH-cat. ]

_ _ +0.65
ggH-cat. u=063""

- _ +2.27
ttH-cat. w=232""

— VH-cat. | w=5487" =
...m..m AN B A I R
4 5 6 7 8 -4 -2 0 4 6 8
signal strength (u) Best-fit u
Combined signal strength of all channels : y = 6B(H — uu),;,,/6B(H — pp)gy

U= 1.191“8:3‘2l = 1.19J_“8:j(1)(stats.)f8:%?(theo.)fgzﬁ(exp.)fgzgg(MCstats.)

measurement dominated by statistical uncertainty in data
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Muon momentum resolution

[

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

[ -
S o
e [ e Muon system only e e Muon system only
< <
—— Full system —— Full system
1 -.s-. Inner tracker only 1= .- Inner tracker only |
I."
r'l(
1'.&'
o
.’..— ¥
100 e s
0<n<0.3 1.2<n<24
10 1021
’-ll | 1 lllllll | 1 lllllll | 11 1 -ll 1 1 lllllll 1 1 llllll[ 1
10 102 10° 10 102 10°
p, [GeVic] p, [GeVic]
H—>uu events:

® typical pt of muons: 50760 GeV
e muon prresolution o(p;)/p; dominated by measurements by tracker
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= Comparison with ATLAS results

. . g 137 b (13 TeV
signal significance « 1/, /o(n,,) L L
|||||||| 7

5,
[

S
> 02—+ 71T T T ] (6009: CMS Preliminary Simulation
q) : . . : . - ]
(2 0.1 8:— '\/‘;TfAS_?CUIatIO? p = 0 085_ Category: Category: E
~ 0.16— HS =13 TeV, 1391 — b ggH-catt ggH-cat4
= = — uw ] 0.07F : -
-CE) 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 = 1.47 GeV -
0.08~ Mcg = 124.7 GeV Meg = 124.8 GeV 3 0.04 | o(mu)=1 75"
- ] up)=1.£9 1
0.06 %cs = 3.0 GeV \ Ocg = 2.6 GeV 3 0.03f “, -
0.04F- | = 0.02f
0.02|— — 0.01F
===~ _and . PR R R TN T T T N S S SO N N N O 9-Le . 5 e ]
110 115 120 125 130 135 140
m,, [GeV] m,, (GeV)

. Phys. Lett. B 812 (2021) 135980
* EXxpected significance 1.70, observed 2.00

e Signal strength: y = 1.2 + 0.58(stats.)*B3(theory) ™ (exp.) + 0.10(spurious)

—0.08 ~0.03
CMS:
* EXxpected significance 2.50, observed 3.00

e Signal strength: u = 1.19f8:‘3%(stats.)f8:%?(theory)fgz%%(exp.)fgzgg(MCsmts.)

"Main difference in the result of two experiments: ocms(muyu)/oarias(myy) = 48"'60%:
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/

s, | .
> Summary of improvements

W |

Al

JR
Y
I
)

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

{i=0.7 for m, =125 GeV ¢ Data

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

%
0]
g 8: | S+B fit
; - B component + 1 s.d. (2 s.d.)
® bump hunt in m(pp) spectrum targeting ggH and VBF signals 5 j
® expected sensitivity with 2016 data of 36 fb-1: 1.00 2
G_J O' .......................................
. . a 200 B component subtracted
® Full Run 2 data analysis strategy has 35% improvement 5 o;ﬁ A % f* St 5 st
wrt 2016 data analysis: o s s w0 T N
® muon pT corrections: (1) final state radiation recovery (2) CMS Supplementary
L I L I LN I I
muon track momentum correction using interaction point gohcati
position information -
® new analysis strategy for VBF channel: MC template fits to e e

VBF DNN-bin 6-9

allow reaching unprecedented signal purity (42% in last DNN VB O 1011

o VBF DNN-bin 12-13
bln) WH-cat1
WH-cat2
WH-cat3

® significantly improved analysis strategy for the ggH channel:

ZH-cat1
ZH-cat2

® improved BDT, aware of the dimuon resolution

ttHhad-cat1

ttHhad-cat2

® robust background modeling with less free parameters:

ttHhad-cat3
ttHlep-cat1

core-pdf method

ttHlep-cat2

o
()]
—
o
—
()]
N
o
N
(6]
W
o
W
()]

® new categories for VH and ttH signals, less explored previously
S/(S+B) (%)
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MTD Physics Potential

CMS Phase-2 Simulation 14 TeV
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BTL Detector Layout

Tracker Support Tube

R1188

Coverage: |n| < 1.45

e Surface ~38 m?2

-,

I
\

(i

e 332k channels

1]

g T

u

0

* BTL detector mounted on |§
inner surface of Tracker 9%
BTL detector

Support Tube T
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CMS,/ |
\

= BTL Time Resolution Factors

<

® Photostatistics and DCR noise contributions dominate timing resolution

lal 120 ]

Qo [ Total time resolution T =-30°C

(- — . g [

'.,(_.—D 100 |— Photostatistics .. S ¢ 25 - 35 PS,
=) - —— DCR noise : , _ _

[e) - | stochastic fluctuations in the
8 80 - — Electronics 3

o . — Digitization time-of-arrival of photons

€ L | .

i— u detected at the SiPM

e DCR noise: < 60 ps after 3000 fb-
* Electronics: 7ps

e Digitization: 6 ps

 Clock distribution: 15 ps

OIIII|IIII|IIII|IIII|IIII|IIIIdIIIIIIIII

0 500 1000 1500 2000 2500 3000 3500 41000
Integrated Luminosity [fb ]
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ETL Front-end ASIC ETROC

. . ) 2 2 2
Time resolution Ot = Ojitter T Olonization T ©CDistortion T OTDC

02 €y Cd
o “Jitter
Qin

\/ L. Jitter contribution subdominant at high gain

cflzoniwﬁ(m: fluctuations in Landau ionization. ~50 ps, dominates at high

gain for 50 um thick LGAD

° alzjl.smm(m: non-uniform weighting field and non-saturated drift velocity

¢ 67, effect of the TDC binning



ETL Time Resolution Factors

charge injection ,," T \
N .- Waveform
_” . ‘. Sampler 1 7 >
_I_ \\ 1

%

FTOA»| it In-pixel
/ _Z7- TDC FTOT»| gyffer ——>{Readout >

-CAL>

VAR
_/

Pixel matrix 16 X 16

ETROCO : single analog channel
ETROC1: with TDC and 4x4 clock tree —
ETROC2: 8x8 full functionality — _ —

ETROCS: 16x16 full size chip \
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