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A Toroidal LHC ApparatuS (ATLAS) and Compact luon Solenoid (CVIS) A@)s
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How | got started
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« An excess around 140 GeV in summer 2011: observed in early LHC 7 TeV data by both ATLAS and CMS

* | decided to give up everything at Madison, and start working at CERN full-time. My supervisor supported me

- However, the excess vanished shortly afterwards...
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My work in 2011
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H—vyy (r)evolution
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-085/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2011-04/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/
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June 25, 2012: midnight
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With simple square
sum, one Knows we
have a discovery
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June 25, 2012: morning
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July 4, 2022: 10-year anniversary

(%5 i S - a AITIL,quI o - ] Fis h d iscove red water I'heinternational journal of science / 7 July 2022
N i | (s=7TeV, 481" -
= 3000 \ b Discovery e 8 TeV. 5910
I - ‘ —4-Run2  Vs=13TeV, 139 fb™" 1
X< i _
o i _
< i _
o i | i

1000 + 7

0_ AT e s "N DL A B T - Probing the
- |+ + - properties

o 1 of the most *
150 160 elusive particle
m,, [GeV] in physics

L1 L1 C 1
110 120 130 140

Celebration of 10th anniversary of Higgs boson discovery at USTC
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Higgs boson couplings after 10 years

Hongtao Yang (USTC)

Particle mass [GeV]

- Higgs boson propagates a
that gives particle mass

» The heavier a particle Is, the
stronger it should be interacting
with Higgs boson

- Exactly what we have observed for
heaviest particles: W/Z bosons,
3rd generation fermions

» But how about lighter fermions?
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Why H2upu?

* H—Jp provides an unique opportunity for

exploring mass genesis of 2nd TTelrl Forces
generation fermions at LHC P

- Good muon reconstruction efficiency
and resolution: much better sensitivity

than H—cc (H—ss unlikely at LHC)

M - I k _ 105.6583755+0.0000023 MeV
uon mass precisely known: muon et 15 M

Yukawa coupling measurement therefore 172.69:0.3 GeV

represents a key test of Higgs mechanism 4.1820.03 Gev
1.27+0.02 GeV
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Run 3 data
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How to search for H=uu?

EXPERIMENT

Run: 484466
Event: 3913031636
2024-09-13 05:46:24 CEST
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g

Gluon-fusion (ggF, ~87%) Vector boson fusion (VBF, ~7%) VH (~4%))

» H-— UM branching ratio only 0.02%!

- Expect ~2100 SM H—puu candidates in 165/fb
of Run 3 data

- ~1700 candidates in 140/tb of Run 2 data

Hongtao Yang (USTC) CCNU Seminar, Nov. 12, 2025 16



Background processes

- Drell-Yan Z/y*— pp is the S0 ALAS
dominant background g qor ST 16TeV. 168 2y
S H — uu B Diboson
- . _ T 10° Preselection Bl Top
- EW Zjj, diboson, top also important 07 Higgs (<100
for studying VBF, VH, and ttH,
respectively

- Background spectrum smoothly

falling after Z-pole o 1AF -
. . . S SeunennyouSttue?S0ys0, Sugaesioytetese, o)
- Data-driven estimation feasible T T pekemeatsen e et tsssna st
a 09 Muon experimental uncertainties —
- Typical S/B 8 80 100 10 1% 180 140 150 760
m . [GeV]

- Accurate background modeling is the key to search for H—uu signal!

- Advanced analysis techniques i.e. machine learning essential to suppress background
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Muon reconstruction and calibration

» Muons reconstructed with high efficiency from combining inner tracker track +
muon spectrometer track

» Using Z as candle (+J/, Y) for calibration

- Muon momentum resolution largely driven by inner tracker precision for O(10 GeV)
pT regime relevant to H— 1 search
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Event selection

> 24 GeV + iso. or > 50 GeV

 Select events with two opposite-charge high

DT Muons + quality requirements
<25
* FSR recovery (+4%) and dimuon vertex refit dentification. isolation, impact

(+2%) for better resolution parameter Cuts. .
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ttH and VH categories

+ Use the decay IV YU B R P
products of W/Z/top to 2 ¢ big. o, adband E _% : genos _
tag VH and ttH events i - HH T I VI—I; T
- ttH: b-jet + jets or leps e . : 4-lep ; ?—
- VH: additional leptons R o
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VBF and ggF categories

- VBF: isolate events featuring 2 jets with large mjjetc.  : *= 2543, e b Data sibancs oo
'*;Ei 1;_H%MM Q Bkz: MCZ sidebands

ggF: exploit boost of dimuon pT, central n etc.

2
T T[Q
S
8
o

* Veto events with b-tagged jet to suppress ttbar. Use
BDT to separate signal from background
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Summary of categorization

| ggF+bbH
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Analysis categories

Analysis categories

» Sensitivity driven by VBF and ggF categories

- S/B close to 20% in best VBF category. Good purity of target signals

CCNU Seminar, Nov. 12, 2025
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Sighal modeling

- SM Higgs boson width only 4 MeV: signal line-shape fully driven by
detector resolution (~3 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)

wry + Muon momentum scale

-.(L) 0.3 ! ! ! ! | ! ! ! ! | ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! :. 01 B T | T | T | T | T | T T T | | | .
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0.15:— Oop = 2.86 GeV 0 =321 GeV 0055 =212 Gov = 147 Gov unce rtal nty O(‘I /0)
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B B 0.03 - -
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0.05— ] 0'025 = = =
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compared to data statistics

Hongtao Yang (USTC) CCNU Seminar, Nov. 12, 2025 23



Background modeling: data-driven sideband fit
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convoluted with detector N NS ) Empirical pdf —_

resolution, fully rigid

- Empirical function: absorb : :

] ] ] 09 IO TN SN NN SN TN TN TN AN TN SR SO SN Y TN TR TR SO NN SO NN TN SO [N TN SHNN SO MO NN TN TR TN SN SN SO SN SN T NN TN SN S W NN T SN N
remalnlng dlfferenCe %o 115 12 12 13 13 14 145 15 r:]5 [Ge\1/]60
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Cannot directly use data to decide background model: oo — Do
fluctuations > Higgs signal ’

- 1-jet High Category ---- Background pdf _E

Generate NLO Sherpa Z— pup events to study 4
background model o
- Fluctuations ~20% of data statistical uncertainty 6oV
3 600_ATLASS|muIat|on IIIIIIIIIIIIIIIII 3 's'irﬁﬁlét'iér;””é
Selected background model by spurious signal test g
based on high statistics MC background template -

200 F

100 |

- Fit S+B model to a bkg.-only MC template. Fitted signal
yield called “spurious signal” (SS). It is used to

1. Select bkg. model (SS < 20% of data stat. uncert.) =l
2. Assigned as background model systematic % oog 5 e o

m,, [GeV]
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Run 3 results

X103 I I I I I I I I I I I I I I I I I I I I I I I I
L L e e e e e e e L e L L L — | | | | |
S 400f ¢ Data =
0 = ATLAS Total odf - ATLAS Run 2:(s=13TeV, 140fb™  Run3: s =13.6 TeV, 165 fb"
— 1 — -
ﬁ 350 :_ 5= 136 Tev’ 165 fb Slgnarpdf _: H— uu —e— Total  Stat. [0 Syst. | SM Total Stat. Syst.
(7)) — — =
c 300 i = f | +—I——+ 13 £35 (£3.4, = 1.1
§ - Inclusive Background pdf = Run 3 ttH categories ( : )
w250 ¢ = Run 3 VH categories | e — 31+43 (241, +13)
200 — Run 3 VBF categories - 0309 (09, =02)
150 i— _; Run 3 2-jet categories —e—— 3313 (1.2, £0.6)
100 E— —i Run 3 1-jet categories 1.3+12 (x1.2,+04)
50 E— —E Run 3 0-jet categories 2013 (1.2, £0.5)
O - | | | | | PR [N TN W W N NN N W SO NN SN SO SO S N T T .:
L B B B
2 500 _
af) - i
| 0 - +_HL*_+_¢_+_‘-
_9 - -
8 Pr :
-1 0000 v 0 0 0w b e ey e e b by
110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
» EXxp. significance 1.80, obs. 2.80 (my = 125.09 GeV)

. Signal strength y = 1.6_8:2 (stat) = 0.2 (syst)
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Run 3 + Run 2 results

R - 7o o o~ o[ 1 1 [ .1t 1 T [ T T T T [ T T 1
> 2200 — | | | | | | | D | | =
= ata =
8 000 E- ATLAS ¢ Total odf E ATLAS Run2:{s=13TeV, 140fb"  Run3:Vs=13.6 TeV, 165 fb"
- _ -1 — 101al P -
2 1800 s = 13/13.6 TeV, 140/165 fb Y - H — uu —e— Total Stat. @3 Syst. | SM Total Stat. Syst
" = H— Signal pdf = |
c 1600 - . . E Run 3 fiH categori . 13 £35 (3.4, = 1.1
S 1400 K. InClusive, In(1+S/B) weighted Background pdt - = un 3 BH categories ( )
@ = = Run 3 VH categories I — 31+43 (+41,+13)
- 1200 —
£ 1000 & 3 Run 3 VBF categories - 03 +09 (09, =0.2)
) = = |
‘o 800 = Run 3 2-jet categories ——— 3313 (1.2, +0.6)
; 600 = _E Run 3 1-jet categories —— 1312 (x1.2,x+04)
400 - =
200 == = Run 3 0-jet categories — 20 £13 (1.2, £0.5)
0 = Run 2 + Run 3 ttH categories —— 1.1 J_r Sg (1 gg =0.8)
: Run 2 + Run 3 VH categories —o— 60 T34 (L3q *14
( )
Sy -3.3 - 1.1
é Qo Run 2 + Run 3 VBF categories —o— 1.0 +0.7 ( =0.7 +8'?)
 C - 0.
© % Run 2 + Run 3 2-jet categories ——— 1.6 J_rg)g (0.9, J_rgg )
S 3 409 +03
A= r - + :
Run 2 + Run 3 1-jet categories —— 1.9 +09 ( _pg .+ _g2)
Run 2 + Run 3 O-jet categories  —f@&— 09 =1.0 ( =0.9 tgg )
muu [GeV] Combined Run 2 —— 1.2 0.6 ( 0.6, 4:8? )
Combined Run 3 - 16:06(J_r8:g +0.2)
° EXp SlgnIfICanCe 250, (mH = 1 2509 GeV) Combined Run 2 + Run 3 & 1.4 £04 (04, £0.1)
l | l l l l | l l l l | l l l l | l l l l | l l l l | l l l

. Signal strength 4 = 1.4 = 0.4 (stat) = 0.1 (syst) 0 N ’ ” ' gignal strength
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> ‘[ rrrrrrrrr1rrrrr1rrrrrrrrrr 11
o - ATLAS ¢ Data

X 1200 = (5= 13.6 TeV, 165 fb° —;f)tal ngf

& - H— — Signal p

c 1000 - o - ---- Background pdf
o Inclusive, In(1+S/B) weighted

© 800F

© - -
% 600 — S Manzoni
S .

S T R S

ATLAS Run 2: Vs =13 TeV, 140 b

H — uu —e— Total Stat. = Syst. | SM
Run 3 ttH categories IO

Run 3 VH categories ®

Run 3 VBF categories ——

Run 3 2-jet categories

Run 3 1-jet categories

background + signal

\

4

background ’

S&B fit across 23 categories

Run 3:Ys=13.6 TeV, 165 fb™

Total Stat. Syst.
1.3 £35 (34, £1.1)

3143 (=41, £1.3)
03 09 (+£09, £0.2)
3313 (1.2, £0.6)

1.3 12 (1.2, £+04)

Gavin Salam in ATLAS Higgs workshop



https://indico.cern.ch/event/1585551/contributions/6681700/attachments/3137090/5566674/HiggsHunting-adapted-ATLAS-Warwick.pdf

Muon Yukawa coupling strength test

N > I | | | T 11T | | | 1 1111 | | | T 11T | |
€12 1= ATLAS Preliminary =
5y — Run2:Vs=13 TeV, 36.1- 140 fb™ Z a
-  Run3:Vs=13.6TeV, 165 fb™ ' —
S - my=125.09 GeV, ly | <25 -
E""% 10_15_ ® Run2: k. =x, =
> — -
MLL — Run 2: k. = free param. =
~ { Run2+Run3:k, =k, |
, SM prediction b
10_ E_ ‘/. Quarks _E (BDT/NN) to enhance s/8
E T Ve E > Use Run 3 up to 20241 %
— C ] » Combined Run 2+Run 3: j(c/0gy)=1.4 + 0.4 > 3.4 (2.5 %
— e d S n ] sm)=1. ! 46 (2.50) : 'E
1 0_3 :_ FOI‘CG Cal’rieI’S nggS bOSOﬂ _: Sensitivity improved by ~50% relative to Run 2 analysis AR
— U -
1 |1 | | L1 0111 | | | | 1 1 111 | | | L 1 1 111 | | ]
> 14_LIII| I I IIIIII| I I IIIIII| I I IIIIII| I
K - ]
— — = _
o 12 [ —
L - _ -
% 10 : i { ii { i
0.8F | -
_IIII| | | IIIIII| I I IIIIII| | | IIIIII| | ]

» Results presented for the first time at EPS-HEP conference
by Fabio Cerutti (ATLAS Physics Coordinator, LBNL)

10 10°
Particle mass [GeV]
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» First ATLAS evidence of H—puu declared with
Run 3+2 data: accepted by PRL (Paper, ATLAS

physics briefing, CERN Courier)

- PRL Editors’ Suggestion, APS Viewpoint
highlight (top 0.2% of all Phys. Rev. papers)

- CMS already claimed evidence with Run 2 data
(JHEP 01 (2021) 148)

» Run 3 data analysis ongoing. Expect ~300 fb-1
@13.6 TeV

- Observation should be within reach (but difficult
for ATLAS to achieve it by ourselves)

» H-—puu will provide very interesting test of SM by
the end of LHC lifetime!
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Conclusions )

ATLAS

EXPERIMENT

[otal ATLAS+CMS
— Statistical Projections ESPPU 2026
—— Experimental
Theory Uncertainty [%]
Tot Stat Exp Th
K, = 1.8 0.7 09 1.3
= 1.6 0.7 0.6 1.3
K, £ 1.6 07 05 1.3
Kg = 2.4 08 0.7 22
K, = 3.4 0.8 09 3.2
.— 3.6 1.2 1.2 32
K, = 1.9 08 07 15
KM —_ @ 3.0 27 09 1.0
Kp 6.8 59 16 30



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-11/
https://atlas.cern/Updates/Briefing/Rare-Higgs-Run3
https://atlas.cern/Updates/Briefing/Rare-Higgs-Run3
https://cerncourier.com/a/mapping-rare-higgs-boson-decays/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
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Spurious signal

Introduction

Introduction

Background Modeling Uncertainty Study with MC
For HSG1 Weekly Meeting

4
@ Currently the results of background modeling uncertainty were obtained
Andrew Hard, Yaquan Fang, Fuguan Wang, Haichen Wang, from residual integration using Resbos diphoton sample.
Hongtao Yang and Sau Lan Wu @ Here we will present a new method for estimating background modeling
uncertainty, which is more relevant to its nature:
Department of Physics, UW Madison - S+B PDF to fit the pure MC background for each mass point. The largest
fitted | Nsjg| will be used as uncertainty.
March 22, 2012 @ In this study we use both diphoton and photon-jet samples with high
statistics, with many detector effects simulated.
A} WISCONSIN
\\“I/ UNIVERSITY OF WISCONSIN-MADISON
N9~
Hongtao Yang (University of Wisconsin-Madison) Background Modeling Uncertainty Study with MC ~ HSG1 Weeking Meeting March 22, 2012 1/19 Hongtao Yang (University of Wisconsin-Madison) Background Modeling Uncertainty Study with MC ~ HSG1 Weeking Meeting March 22, 2012 3/19

« For those of you with ATLAS internal access, the link of the talk is here

- We also generated large amount of Sherpa diphoton continuum sample by ourselves. We submitted so many
MC generation jobs to the grid, in the end we got a stern warning from ATLAS computing that it must stop
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