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% Introduction

EXPERIMENTE,S

» Elementary particles acquire mass through interactions
(couplings) with the Higgs field according to SM

- A new force of different nature than any other known ones!

- Higgs boson couplings to W/Z (Run 1) and 3rd generation
fermions (Run 1 + 2) has been observed

Leptons

- Couplings to 2nd generation fermions still to be established

* H—-pup provides an unique opportunity for exploring mass

genesis of 2nd generation fermions at LHC 105 BE83755.10.0000023 MeV

1776.86+0.12 MeV
172.69+0.3 GeV
4.18+0.03 GeV
1.27+0.02 GeV

- Better sensitivity than H—cc (H—ss hardly feasible)

- Muon mass precisely known. H-u coupling measurement
therefore represents a key test of Higgs mechanism
All values from PDG 2023
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LHC Run 2

CMS = raw-n| * Successful Run 2 pp collision data taking
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g

Gluon-fusion (ggF, ~87%)) Vector boson fusion (VBF, ~7%) VH (~4%) ttH (~1%)
» Physics analysis can explore different topologies of each ut
production mode to maximize sensitvity BR only
H 0.02%!

» Expect ~1700 SM H—puu candidates in Run 2 data
collected by ATLAS and CMS each

- Important to ensure high muon reconstruction efficiency
and good momentum resolution
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Background processes

- Drell-Yan is the dominant background % - ATLAS . Data -
> 10%= ys=13TeV, 139.0 fb" ) —=
- EW Zjj, diboson, top also important for " - o B
studying VBF, VH, and ttH, respectively - B Top =
107 —— '.o“.. g >:LM X10? —
’ | S ) yst. uncert. =
Typical S/B 1P -
- Accuracy of background modeling is the 105 _
key to search for H—upu signal! o 3 -
- Advanced analysis techniques i.e. machine 103: =
learning needed to suppress background

_ ® 1.1 -
- Background spectrum smoothly falling & [ et P S
after Z-pole écg 09 [ .

- Data-driven estimation feasible 50 90 100 110 120 130 140 150 {60
m,, [GeV]
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Muon reconstruction

» Most muons reconstructed from combining inner tracker track + muon spectrometer track

- Also use lower quality tracks under certain conditions, e.g. MS-only track when out of inner tracker
acceptance (2.5 <Inl <2.7) in ATLAS

» High efficiency for muon reconstruction in both ATLAS and CMS
- Small impact from high rate and pileup. Good MC modeling
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Muon momentum calibration

3fb” (13 TeV)
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Event selection

o Use Single muon trigger > 26 GeV +iso. > 27 (24) GeV for

or>50GeV 2017 (2016/2018)
- Trigger eff. ATLAS 91%, CMS 95%

>15 GeV

subleading >20 GeV
» Select events with two opposite- <27 <24
_ S Identification, isolation, impact
charge high ptr muons within detector parameter cuts...
sox10>

- ATLAS Preliminary

~ Only events with FSR (3% of all)
- {s=13 TeV, 139 fb™

400 — + Data (Before recovery) o N
@)

- & Data (After recovery) |

. [] MC (Before recovery)

- ATLAS select 52% signal events _
selected in 120—130 GeV 200

acceptance, with quality requirements

Events / GeV

+ FSR recovery for better resolution T Y
L [GeV]
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ttH and VH categories

Vs=13TeV, 139 fb™

» Use the decay products of W/
Z/top to tag VH and ttH events

Events / 5 GeV

ttH: b-jet + jets or leptons

VH: additional leptons

- tiz

| i

I Diboson

I ttH Bkg
ttw

B Z+Jets
tZ

— ttH—uu x 5
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m,, [GeV] =

137 b (13 TeV) -

i ‘\\: \.\\‘\\'Q\ \Q\ \.\\.o

ATLAS ¢ Data
Vs =13 TeV, 139 fb” Bkg. simulation
: Cssglee%ttci)gnmcluswe WH, H—pp x 50 7

m—— /H, H—pp x 50

____ Other Signal,
H—pp x 50

ONg
N NN
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—

o

w L
T

-¢- Data

B Top quark [] ttW(W) . .
[ ]Otherbkg. 3 =

Use Boosted Decision Trees
(BDT) to combine all inputs
from event topologies

Events / 0.1 units

I ttZ

—1tH

— Other sig.

Events / 0.10 units

T II|III|III|III|III|III|III
S?CMS —¢- Data Wz

VH
137 fb' (13 TeV)

zz []DY
[ Top quark [ ]Other bkg.
— WH —ZH

» EXxpect very low rate due to

Data/Pred.

small cross-sections
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VBF and ggF categories

- VBF: isolate out VBF signal featuring 2 jets with large mj;, & 07 aov, 109 ! —— VEFHw ior
5 o062 M

large Anjj etc. Use Deep Neural Network (DNN) or BDT to - :
enhance sensitivity Toe|  VBF
0.3 -

ggF: exploit boost of dimuon pT, angular dist. etc. to suppress oz
background with BDT g = S N I 8 B

0 010203040506070809 1

» Veto events with b-tagged jet to suppress top background Over

137 fb (13 TeV)
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Summary of categorization

ATLAS, /s =13 TQV, 139 fb:1, H—up CMS Supplementary 137 fb™ (13 TeV) CMS Supplementary 137 b (13 TeV)

WH-cat2 1.7 expected events WH-cat2

WH-cat3 1.1 expected events WH-cat3
ZH-cat1 0.1 expected events ZH-cat1

ZH-cat2 0.3 expected events ZH-cat2
' ! ! ! ttHhad-cat! R e L ttHhad-cat{

| | |
1 OO = 1 1 1 = ggH-cat1 267.6 expected events ggH-cat1
E : : : i ggH-cat2 311.5 expected events ggH-cat2
: : : ] ggH-cat3 131.4 expected events ggH-cat3
1 O -1 : : : 1 WelaB:ICM  125.6 expected events ggH-catd
: : : ] — S / \/E ggH-cat5 53.8 expected events |:| ggZH ggH-cats
1 1 1 3 VBF DNN-bin 1-5 27.7 expected events VBF DNN-bin 1-5
o i | | :_’_I— 1 — S/B VBF DNN-bin 6-9 [REEDE VBF DNN-bin 6-9
1 O 3 : . : : E VBF DNN-bin 10-11 [ s VBF DNN-bin 10-11
E : | : : % B 1 0_5 VBF DNN-bin 12-13 4.0 expected events VBF DNN-bin 12-13
1 l |_\_\_ 1 ] ( >< ) WH-cat1 0.8 expected events WH-cat1
| | |

1 1 ' 1 .

1 1 L | 3

1 1 1 ]

| | | ]

| | | 1

| | | —

L1
L]

ttHhad-cat2 1.6 expected events ttHhad-cat2

ttHhad-cat3 =13expectedevents— ttHhad-cat3

O 7 5 tt H URIRCGll 1.1 expected events ttHlep-cati
) ttHlep-cat2 1.0 expected events ttHlep-cat2

35 0 02 04 06 0.8 1 1.2 14
%) s/\B

» (Good purity of target signals

VH 0 10 20 30 40 50 60 70 80 90 100
Signal composition (%
VBF g P (%)

ggF

2« Sensitivity driven by VBF and ggF
categories for a SM signal
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 C L C  C z C —
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Analysis Categories VB F Category (reg IOn)

Hongtao Yang (USTC) MIP2024, April 21, 2024 12



)

-~

//
=

ATLAS Slgnal mOdellng

» SM Higgs boson width only 4 MeV: signal line-shape fully driven by
detector resolution (~2 GeV)

» CMS signal resolution up to ~2 better than ATLAS mainly due to
stronger magnetic field in the inner tracker (ATLAS 2 T vs. CMS 3.8 T)

(13 TeV)
> O.2_|||||||||||||| :'0-1:||||||||||||||"'|"'"'"'I"'|"'|': ¢ MUOn mOmentum Scale
& 0.1gF ATLAS Simulation 3 ® gl CMS Simulation E _
g 0 165— Vs =13 TeV, 139 fb" E 0085_ Category: Category: unce rtalnty' 0(01 O/Q)
5 i ¥ N uu [ ggH-catt ggH-cat4
= ‘_ - 0.07F -
O 0.14 _ VBE Verv Hiah 0-iet Verv High @ Signal simulation <} Signal simulation ° M t I t.
S (a5 VB Very Hi etveryHgn 3 - _ uon momentum resolution
— E o MC ¢ MC - —— Parametric Model —— Parametric Model
=~ 0.1— — Signal model — Signal model 0.05 E

A mg=1248GeV

HWHM = 2.12 GeV HWHM = 1.47 GeV

uncertainty: O(1%)

0.08f— mqg = 124.7 GeV 0.04]
0.065 9cs=30GeV  f | 0=26GeV ot ] _
o E R - Systematics on signal are
T T in general negligible
110 115 120 125 130 135 . 140 .
m,, [GeV] compared to data statistics

Hongtao Yang (USTC)

MIP2024, April 21, 2024



Background modeling: data-driven sideband fit

- Used by ATLAS and most CMS categories .
ATLAS and CMS independently converged on zgg Py

Data/C

Strategy : 1_2W

- Core function: capture the bulk of the spectrum shape :

20

0 .
20—

Data - Bkg.

110 115 120 125 130 135 140 145 150 155 160

- ATLAS: LO Drell-Yan line-shape convoluted with detector e 715" 0T
resolution, fully rigid G| e —sem

~ CMS: discrete profile of a set of physics-driven or
customized functions, contains free parameters correlated
among ggF categories

110 115 120 125 130 135 140 145 150

Empirical function: absorb remaining difference
m,, (GeV)
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How to decide data-driven parameterization

||||||||||||||||||||||||||||||||||||||||||||||||||
\

L \s=13TeV, 139 fb — Bkg. pdf =
“. H—= uu, 1-jet Very High ---- Gore function
. xén.d.f. =1.07 (p = 38%)

- ATLAS: single model selected by spurious signal
test based on high statistics MC background template

Events / 2 GeV
N
o
(@)

~
~e
~ .
~ .
-
-
~.a
.

- Fit S+B model to a bkg.-only MC template. Fitted signal & .- :
yield called “spurious signal” (SS). It is used to | L -
1. Select bkg. model (SS < 20% of data stat. uncert.) A
2. Assigned as background model systematic ~ Ewonerea
- CMS: multi-model discrete profile N\
ool ustration
: f CMS
- Select models with bias < 20% of data stat. uncert. ;)trategy
- Let data decide the best model in the fit (discrete-profile) llllllll
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MC template fit for CMS VBF category

137 fo™' (13 TeV) 137 o' (13 TeV) Directly fit MC
-lg 107 | | | | | | | | | | | | | | | | | | | | | | | | _— % E | | | | | | | | | | | | | | | | | | | | | | | | j
. 8 s =

g [ CMS $Data  [ZpEW 3 g10°r CMS ¢ Data  [llH-un templates to data
U 10°F  post-fit [ ]py I Top quark 1 WH0F postit Dlzj-ew  []DY 3

,05L VBF-SB Run2 [ Diboson : 10°F VBF-SR Run2 [l Top quark [@Diboson - 20% improvement

m,, = 125.38 GeV 10°F my =125.38 GeV — VBF —ggH . |
10* - ; ' compared with data-

driven approach in
VBF category

- Data sideband stat.

107 | | : uncert. + bkg.
m. g | | | | | @ 2.5 ]
é § 5 oo T E é mOdeIIng uncert —)
c\-lg 1 E=-.-—-|—-.—-I_!_'.,._._..__1_‘_|..._+__.' - q__r._.é__.l'___ q. * % : 1 mil c\-lE .
8 055_ .................... | ....................... | || ...................... | ...................... | ........ —] 8 experlment and theory
O_ | | | | | | | | |
0) 2 4 6 8 10 12 .
VBF DNN bin VBF DNN bin SySt in MC

» Simultaneous fit signal region and sideband. DY (@NLO) and EW Zjj (@LO) production
both simulated with MG5_aMC. Bkg. normalized to state-of-art cross-section calculations
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ATLAS results

> — O L L B B B [ r 1 [ T T T T T T T T T T T T T T 1
S 300 ATLAS - Data — ATLAS {s=13TeV, 139 fb" H — uu
= = : — Total pdf =
% 250 \s=13 TeV, 139 1b _ Signallapdf — |-e Total Stat. Syst. SM Total Stat. Syst.
= A H e .-- BKg. pdf =
L% 2()0:_ 5 VH and ttH categories : —eo— | 50 35 ( £33, £1.1)
150:_ = ggF O-jet categories —o— -04 16 ( 1.5, £0.3)
1001 — | .
- — ggF 1-jet categories e 24 +1.2 ( 1.2, +0.3)
50— —
m = ggF 2-jet categories o -06 1.2 ( 1.2, =£0.3)
—@ 1000 VBF ' 1.8 £1.0 1.0 0.2
0 500 categories o 8 10 ( £1.0, £0.2)
I 0 , +0.2
-% _500 Combined I-IE—I 12 +06 ( 06, _51 )
D —1000 —....l """""""""""""" L L L L T T T l ...._ | | | | | | | l l l | l l l l | l l l l | l ] ] ] | ] ] ] ] |
110 115 120 125 130 135 140 145 150 155 160 —10 -5 0 5 10 15 20
m,,. [GeV] Signal strength

» Expected significance 1.70, (mu = 125.09 GeV)

. Signal strength 4 = 1.2 = 0.58 (stat) J_fg-(l)g (theory) fg-gg (exp) = 0.10 (spurious)
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CMS results

137 b (13 TeV)

> IIIII | | L | IIIIIIII | L | L | | L | IIIII qJ T T | ] | ] | | | | |
@ 800 - - N
o [ CMS ¢ Data : = CMS Combined i =1.19%)%
@ 700F  All categories — S+B(u=1.19) - 5 — Combined best fit u
§ sook S/(S+B) weighted ... Bkg. component 1 T s - SM exoectation
LI m,, = 125.38 GeV B -o S VBF-cat. | w=1.36_ P
8 500 +2 0 B - - —
5
S 400f ggH-cat. = 0.63f’:':f
E 300 | _
M
¥ 200 fiH-cat. | w=232""
= .
100 F | _
N3 E VH-cat. = 5.48">17 =
10 - — Combined — VBF-cat. . * -2.83
- Observed — ggH-cat. ttH-cat. B 7
— VH-cat.
10—4 I I | | I I | | I | | I I | | I | | I I | | L 111 | I | | I I | | I | | | | | | | | | | | | | | |
110 115 120 125 130 135 140 145 150 120 121 122 123 124 125 126 127 128 129 130 -4 -2 0) 4 6 8
m,, (GeV) my, (GeV) Best-fit u

» EXxpected significance 2.50, (mu = 125.38 GeV)

. Signal strength u = 1.19J_“8:jé(stat.)f8:%g(syst.)
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Muon Yukawa coupling strength test

CMS 138 fb'1 (13 TeV)
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tt,t+jets

Diboson
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% Conclusions

//
=

EXPERIMENT

 First evidence of H—upu declared with LHC Total ATLAS and CMS
—— Statistical ST
Run 2 data (CERN press release) — Experimental - LHC Profectior
—_— Theory Uncertainty [%]
- Run 3 data analysis ongoing. Expect K, = e
~250 fb'1 @136 TeV Kw = 1.7 0.8 0.7 1.3
- Observation might be possible combining "z = o e
ATLAS+CMS? Kg = 25 09 08 2.1
K’[ —— 3.4 09 1.1 3.1
» Single experiment observation expected in K, = 37 13 13 32
the middle of HL-LHC Ke = 1.9 09 08 15
H ” h f ” d : t t KM — - 4.3 3.8 1.0 1.7
o —
U will hopefully provide very interesting s N

test of SM by the end of LHC lifetime! 0 002 004 006 008 071 042 014

arxiv:1902.00134 Expected relative uncertainty
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https://home.cern/news/press-release/physics/cern-experiments-announce-first-indications-rare-higgs-boson-process
https://arxiv.org/abs/1902.00134
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ATLAS muon spectrometer
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CMS muon spectrometer
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