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* The Standard Model is the theory that
explains the fundamental particles and
their interparticle forces

fermions bosons

* The particles in the SM includes:

* Fermions: building blocks of matter, leptons
and quarks, three generations

e Bosons: force carriers

* The forces in the SM:
* Electromagnetic (y)
* Strong (g)
e Weak (WZ,Z9)
e Gravity is unexplained in the current SM
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The only particle in SM with zero spin

Discovered in 2012 by both ATLAS and CMS
experiments

Latest measured mass: 125.20 + 0.11 GeV

Responsible for providing mass to all fundamental
particles, only couples to particles with mass:

- SHHH ,,3 . S8HHHH ,,4 SHHVV i o= Q&I%M‘}‘m
L= =gy pffH+ T S sy 5y, s (gHVVH+ 2 ——a
2 2
o m ZmV ZmV
EHff = Ta EHVV = T’ EHHVV = — 5
3m§], 3m§{
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The only particle in SM with zero spin

Discovered in 2012 by both ATLAS and CMS
experiments

Latest measured mass: 125.20 + 0.11 GeV

Responsible for providing mass to all fundamental
particles, only couples to particles with mass:

= SHHH EHHHH EHHVV
L= =gy pffH+ T S sy 5y, s (gHVVH+ :
m Zm%, ZmV
EHff = . EHVV = D EHHVV = —5
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* Even though the Standard Model has been tested through numerous
experiments and has demonstrated its robustness, there are still many questions
that it can not answer

* The nature of dark matter

* The origin of neutrino mass

* The matter-antimatter asymmetry problem
e The question of naturalness
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* Exotic Higgs decays to BSM particles offer a way
for probing new physics.

* Higgs can act as a "portal" for hidden-sector particles
interacting with SM

* Predicted in models of dark matter, electroweak PhysRevD.90.075004 - &

. n L
baryogenesis, and neutral naturalness |

 2HDM+s Model:
* The SM is augmented by a light scalar or
pseudoscalar particle a
* H—-aa
* The light particle can inherit the Yukawa coupling on

pattern of Higgs
* The couplings between a and SM particles are depending o

0.01

Bria—SM)

on the m, and the rotation angle between the doublet T S5 10
Higgs bosons tanf m, [GeV]

e H- aa - 41
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.075004
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Proton-proton collider
LHC

PhD Thesis Defense

|

e e” collider
CEPC




. The Large Hadron Collider (LHC) is the
world’s largest and most powerful
particle accelerator

* Proton-proton collider machine

* Two-ring superconducting hadron
accelerator and collider installed within a 27
km long tunnel

e Located at the border of France and
Switzerland

* Four main experiments: ATLAS, CMS, ALICE
and LHCDb.
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* The CEPC was proposed by the Chinese HEP community in late 2012 after the Higgs discovery.

* |t aims to start operation in 2030s, as a Higgs / Z / W factory.

* Huge amount of physics can be studied in CEPC:

* High precision Higgs and EW measurements, studies of flavor physics & QCD, and probes of new physics beyond the SM
(exotic Higgs decays).

* The CEPC reference detector TDR is planned to release in the next couple months.

Potential CEPC Sites / < ih R

Dump line f’

e*e” Higgs/Z/W factory
Ring length ~ 100 km

RF Station

||||||
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* Many searches for exotic Higgs boson decays H — aa have been conducted by

the ATLAS and CMS Collaborations
* The plot summarizes the limits up to 2022

Recent results

]0_:_ ! ! o ! ! I E

: arXiv:2111.12751 :
e | ATLAS
X[ s — st hed {  bbrr: PRD 110 (2024) 052013
% 10 T e ki /1 vyyy:EPJC 84 (2024) 742
EOf T, TS | yyrr: JHEP 03 (2025) 190
s T F T i — Qe i CMS
s f s —aso | mu(obb: EPJIC 84 (2024) 493
ETEoaon . —omm 1 bbbb: JHEP 06 (2024) 097
b oo T, T, | vyyy: PRL131(2023) 101801
i /__,./\,\A/\ | | yyyy: JHEP 07 (2023) 148

my (GeV)
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https://link.aps.org/doi/10.1103/PhysRevD.110.052013
https://link.springer.com/article/10.1140/epjc/s10052-024-12979-0
https://link.springer.com/article/10.1007/JHEP03(2025)190?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20250327&utm_content=10.1007/JHEP03(2025)190
https://link.springer.com/article/10.1140/epjc/s10052-024-12727-4
https://link.springer.com/article/10.1007/JHEP06(2024)097
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101801
https://link.springer.com/article/10.1007/JHEP07(2023)148
https://arxiv.org/abs/2111.12751

« The branching ratio of a —» 777~ are dominant in the 2HDM + S for type-ll|
Yukawa couplings with tanf > 1

47 channel has not been covered by ATLAS
« Especially the boosted 4t search

tan =5, TYPE IlI

| e .
ATLAS Preliminary
= Ss July 2022
T Run 1: {s = 8 TeV
#{:’ Run 2: {s = 13 TeV
0.1 2HDM4+S Type-III, tanf} = 5
\L === expected +10
— ’/"'-'_._-_‘_'_‘—‘—-—-_._,_ —
= - observed
‘? 0.01 T Run 1203 fb! H- aa— pute
= : i 1, PRD 92 (2015) 052002
= N Run 1203 fb" Ho aa— yy7y
\\._, EPJC 76 (2016) 210
Run 2 36.1 fb™' H— aa— pupp
e _ E JHEP 06 (2018) 166
0.001 1 o Run 2 139 fb™" H-> aa— pppp
; 1 JHEP 03 (2022) 041
we — Run236.1fb" H- aa— bbbb
¥y JHEP 10 (2018) 031
Run 2 36.1 fb™ H-> aa— bbbb
l04 PRD 102 (2020) 112006
’ ; Run 2 36.7 fb" H— aa— yygg
1 2 20 S0 PLB 782 (2018) 750

Run 2139 fb™' H— aa— bbyuy

ma [GeV] PRD 105 (2022) 012006

PhD Thesis Defense

5/16/2025



https://cds.cern.ch/record/2927838

The ATLAS Detector

* Multipurpose particle detector
* 44 m long, 25 m in diameter, 7000 tons

44m

* Forward-backward symmetric cylindrical — -
design covering almost 41 solid angle | B Syt

* Various sub-detector system to reconstruct
different type of particles
* Inner detector
e Calorimeter system
* Muon spectrometer

Using the ATLAS 2015-2018 data (140 fb™1)

25m wp‘

Tile calorimeters

. LAr hadronic end-cap and
i forward calorimeters

Pixel detector

LAr electiromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker
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Muon P
Spectrometer

Hadronic
Calorimeter

/ 3 ‘prOngS! ——— others
A The dashed tracks

. are invisible to
|Neutrmo

, the detector

Electromagnetic
Calorimeter

|

=

o

Solenoid magnet  “ 4
Transition
Radiation

Tracki ng Tracker

Pixel/SCT detector
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LARGE HADRON COLLIDER

LHC HL-LHC

EYETS 12.6 Tev LS

13 TeV
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srlr i olimit LIU Installation HL-LHC
7Tev 8T8V butio infera acien triplat
R2E project a; Clvll Eng. P1-P5 pllnl beam ramlu limit installation

--- -------IIIIIII@
ATLAS - CHS
ATLAS - CUS m

experiment
beam plpes
nominal Lumi 2 x neminal Lumi ALICE - LHCb | 2 x nominal Lumi
" upgrade

75% nominal Lumi /_
m m inle_grate_zd

luminosity EN Rl
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY e PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. ‘ PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXGAVATION BUILDINGS coREs

* Instantaneous luminosity to increase from 2.0 to 7.5 X
1034s~1em™2
* Pile-up to increase from currently 55 to 200
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New tracker (ITk)

Less material & finer segmentation

High Granularity Timing Detector (HGTD)

Providing 30 — 50 ps time resolution per track
Improved pile-up separation

New muon chambers

Improved trigger efficiency/momentum
resolution, reduced fake rate
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Overview of 4t Analysis

* Mass range of 4 < m, < 15 GeV
* The most challenge mass range of 41 search

* a - 1, Ty decay mode (23% branching ratio of di-t decay)
* Using di-muon trigger to go lower muon pt threshold

e Boosted di-7 due to low mass of a
* Merged di-7 identification (ID)—=2 resolved with the muon removal technique

. Domhingnt background is the fake uty,4 from QCD = estimated using data-driven
metho
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* AR(T}, Thaa ) = 2my/p7
* The decay products of 7; and 75,4 are mixed in the detector.
 The standard tau identification does not work

® 024 — i . i | T i i — > 2 — T T T T | T T T T T T -| T T
N C = 8 - ATLAS Simulation —— Reconstruction (Reco) 7
5 022 A71AS Simulation - it ey E o 1.8 5= 137ev N = E
5 025 ys=13TeV —+— m,=6 GeV — qg 165 H a—4r Reco and Very Loose ID_J
< 018 m,=8 GeV — T 14 = Generator 1-prong, 7, ., -—=-Recoand I__go_s_e_ D__. 3
0.16 I —— m,=10 GeV - “ T £ Before muon removal I__—— Recoand M_Ed_'”_m_lg_,' ]
0.1 42 I L m-12 GeV —f 12 ;_ Reco and Tight ID _;
0.12] ' mi=14 GeV = T————— . =
0.1 ¢ I m,=15 GeV 4 0 8 C -— . \ ]
. I - . — Bl —— -
0.04 - 04t _ | E
0.02 = 02 . - E

U R 0 A L ,

1 1214 0 0.5 1 1.5
Generator A R(t"® ;1) Generator AR(z}.4, 1)
dt had” '€P . .p . . .
Merged taus Standard tau identification efficiency
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Muon Removal Technique

* Merged t,,Tj44 correction algorithm:
* Overlapped muons are removed from tau seed jet .

isolation region Muon track

* Both the Muon tracks and associated energy are removed Taulet
e Re-calculate the relevant tau identification variables after muon
removal. Muon removal

* Use the official ATLAS tau performance results for the analysis

* An extra efficiency uncertainty was extracted for the muon
removal method

* The T4 four-momentum is corrected to the same energy scale
as for the isolated 1y,,4 using a MC-based correction method.

* Tau id efficiency was recovered after muon
removal

isolation region

MuRmTaulet

5/16/2025 PhD Thesis Defense




> 2 [ T T T T I T T T T | T T T T
a 2 n T T T T T T T T T T T T T T 8 1 8 :_ATLAS Simulation —— Reconstruction (ReCO) _:
c 18 £ ATLAS Simulation —— Reconstruction (Reco) E @ OF 5=13Tev —— N = 1 g
o O 513 Tev —4— N =1 . O 1 6FH—w—dr Reco and Very Loose ID_|
é 1.6FHoaas4r Reco and Very Loose ID 3 i+ F{ Generator 1-prong. ...} —t_RecoandlooselD _
i 4 g FlGenerator ipomg - Efemad i) 14 SR mon Temova Cieoadledinid!
1 2 :_'Bgfore muon remova ---chga-nd-'m:]h-tﬁ)-- E M uon Removal 1 2 :_ eco and Tig _:
E . 1k — =
1W — C .————— —— . -
: — ) s _
0.8 E - == : 06 ——— L B
[ —— L . B —— = . . .
0.6F L e ] = 0.4 oo ommommomomo T } —= > The efficiencies of merged taus
0.4F = = 0'2 = E were recovered (improved by an
0-2 :_ —_ : _: ‘0 E 1 1 | 1 1 1 1 | 1 1 I 1 ] order Of 10)
06""‘“*——’“"' : 0'5 e '1 — 0 05 1 1.5 » AR has very small effect on the tau
' Generator AR( N). Generator AR(7,,4, 1) efficiencies after the muon removal
had>
> 27T 7 T T T T T T %) 2 = ATl AS Siulatian I—+—I Reclonstlructitlnn (Rlecol) -
© , _E ATLAS Simulation —+ Reconstruction (Reco) 3 & 1.8 ATLAS Simulation NP3 =
@ 1'8:— s=13TeV —+=NZ°=3 E 'O F V5=13Tev Reco and Very Loose ID_]
HLE) 16— au—4r RecoandVeryLooseID_: = 1_6:—‘51:_.:;5-_14_1-____1 —+— Reco and Loose ID =
(Generator S-pong ) chkeceandlooseld 3 W 4ERassiiiiiey  CEges g ol
14 4 ?'Béfoﬁa_mfoﬁpr?m-iv-e;‘fil C—L—_Rscg and Medium ID | Muon Removal 1.4 = Affer muon remova ’ —i-Rece @d_l\ieﬁu_m_lD_l ]
1 2 } Reco and Tight D { 1 2 — Reco and Tlght ID -
| — ) R
0.8\ = 0.8 3
- 3 C e e —, -
0.6 s — = 4 : 0.6 T et ' =
04F o T | - 0.4F e | -
Loy o - T i o0 OO OO ]
0.2F — = 0.2 =
O -:-_Eﬂ_,—,_ & L..:':z-o-\ | I 1 1 1 | I I I 1 . O E 1 1 1 | 1 1 1 1 | L 1 1 I ]
0 0.5 1 1.5 0 0.5 1 1.5

Generator AR(7},.4, 1) Generator AR(z},q, 1)

5/16/2025 PhD Thesis Defense




MC-based correction procedures:

* Derive the ratio of reco p%* to reco p%°, R(pOL Untorr

in the same truth py

» Np, PT)

* Correct p* to pi°

OL,Corr __ _ OL,UnCorr OL,UnCorr
* Pr = Pr /R(pr np'pT)

* Correct the nn and ¢ based on the momentum conservation

* After the p; correction, the mean value of p76<°/

Lruth is moving to 1, which means the average p¥

Pt 7
is corrected to pi Ut

reco

* The resolution of p?L also improves a lot after the

correction

* The n and ¢ resolutions are improved very significantly
after the correction

 The MC-based correction is applied after all signal
selection

5/16/2025

_ 35— ===mmmmmna. Fit: ratio = pET’1+ 1.055 +up@
g . F ——— oLt tpbrg 0spieis el
_..9_- [ meeeeeaeaa- Fit: ratio = amsss + 1,384 +§p50_8
o 3 ——————  OLtau, 1-prong, 15<p7<20 GeV
[ ========aa- Fit: ratio = =047 4 1 819 + 7—2@
L gp N T
25 ——=—— OLtau, 1-prdng. p_>20 GeV
S L E T e Fit: ratio = 1_'255143 +2.308+ 22
15— 5
. Y s
B . "-""'(E.S -
L g “h“-'fd,‘d'c:‘ G200 00060 m o
i -...effhhmmﬂw g 1%
Cov v b v b by Iy . |
0 20 40 60 80 100 OL1 285 140
s (Thaa) [GEV]
—— before correction —— after correction No OL charged track
® L B B e B B R BB
E C Medium 1 prong ]
E 05_— ma=4~15 GeV -
0.4F =
0.3F 3
0.2 3
0.1F b .
;7 P S %T}h; IR 7”75
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_ mtruth
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OL tau, 1prong P, "<10 Gev

Normalize

Normalize
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Di-t tagger method

* The di-T tagger is an alternative method to resolve the

background training signal training

background testing —— signal testing

. . . L . X 002 T T T T T T

boosted low-p+ di-T identification: S 008 MO ATLAS Work in Progress

* Consider the di-t pair as one object gy = ggg:j_ :

* Use machine learning method to develop the tagger =, " ootz 13

* Good discrimination between signal and background o A3

* Challenge is to measure the tagger efficiency in data > . N <A
measure the scale factors 0002 ekl

* Merged di-t from Z boson decay requires p% ~ 450 GeV BDT score

(AR(z,T) = 2mz/p7)
* Merged di-t from 10 GeV a boson decay only requires p7 =~ 50

- e ATLAS Work in Progress

GeV 102;—
* Different kinematics = can not directly apply to low-p; di-t
case 101

Inverse Background Rejection

Signal Efficiency
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* Investigating to use Y — Tp44T, process to measure the /7~ High-u N\

tagging efficiency in data Trigger Upsilon yields

* The mass of Y (9.46 GeV) is similar tom, (4 — 15 GeV)

. HLT_mu24 210
* High-u data: HLT mu50 896

* No high efficiency trigger for Y — 75,47, | HLT_mud4_j15_gsc35_boffperf_split_dr05_dz02 <10 Ny
(] LOW'H data: ( ~ LOW',L[

; Check how many ¥ in the data via Y - u process

* Fitting Y — pu invariant mass in low-mu data = Extract the

number of Y 13TeV 1306 0.23 300
* Only 334 Y - difficult to extract Y - 75,7, from background >TeV 147 0.23 34

Y - 14Thaa, 334
totaIN( p-had )
AR ('u, ‘u) < 0.4 \ AR(u,7) < 0.4

%1000_4,,.|.y..,H,.,H,.]‘...],”.],..‘_ %250
=S B \(§=13Tevj Ldt=335.18pb "' —4— Data ] = (5=13TeV _[ Ldt=335.18pb " —— Data
2 R ~— Fitting results — e e e e o Nyjs) = 796 — Fitting results
% 800 Nrus)=4776 —1(15) ] = . ] £ 200M Ny s, = 309 —(1s)
2 TN, = 1585 — S 600 9.0GeV <M, <10.6GeV = o i Ny sy = 201 — 1(25)
= - r(2s) = Y(3S) 2 o HH ] E Nr(1s2s.35) = 1306 T(38)
I, ot T (L Background S o h
Y 600l Nrgs =2530 o J & 500F D13 Tev 3 W Background
[ Nrgsasas) = 8891 400:_ DS TeV =
400 i 3003_ I 100
200 3 200:— E 50
r 100 —
06 7 8 9 10 11 12 13 ok pel e eetr, T

0 01 02 03 04 05 06 07 08 09 1 06
AR(p,p)

m,, [GeV]

m,, [GeV]
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* The requirements of the baseline and signal objects:

_ Baseline requirements Signal requirements

* pr>5GeV,|n| <25 * pr>5GeV,|n| <25
* ATLAS Medium identification (ID) * ATLAS Medium ID WP
working point (WP)
Muons * 7psinf < 0.5 mm * 7psinf < 0.5 mm
° & < 7 . ﬂ < 4
Ody Ody
* No Isolation requirements * ATLAS PflowlLoose Isolation WP
pYneoTr > 20 Gev © PP > 25 Gev
|n¥neorr| < 2.5, exclude 1.37 < o |pUncorr| < 2.5, exclude 1.37 <
Taus (after muon removal) inUneor| 2 152 inuneor| < 157
RNNID > 0.01 *  Medium ID WP
1 or 3 charged tracks * 1 or3charged tracks

Looser than usual to increase the muon efficiency from tau decay

Used to reconstruct the Z in the Z+jets control region

Uncorrected tau momentum is used in the tau object selection

Increase the statistics for fake estimation

* Select the closest utpqq4 pairs with AR(u, 7) < 0.4 and my;, . < 15 GeV.

5/16/2025
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* Pre-selection:

* Good data quality
* Triggers: di-muon + single muon triggers

Event selection

Has primary vertex

* At least three leptons

 Event selection in the SRs:

5/16/2025

Leading py > 14 GeV
Leading p72<°"™ > 30 GeV, sub-leading p72<°"" > 25 GeV

) ) Trigger T Year HLTs
2 signal Utpqq pairs (AR (U, Theq) < 0.4, my,, . < 15 GeVand _ seet e
Thad paSSing Medium RNN |D) Sll‘]glﬁ Muon 2015-2018 HLT_mu50
Uncorr 5015 HLT-mul8_musnoLl
60 < M2 uthaa < 120 GeV Di-muon HLT_2mul®
SSu channel: same-sign charge muons 20162018 HLT-muzZ_mudnoll
HLT_2muld

OSu channel: opposite-sign charge muons and m,,,, < 50 GeV
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214, 2 UTyaq pairs

A

Enhance the sensitivity for higher

- my, <50GeV
masses (m, = [10,15] GeV)
More sensitive to lower LVM HVM
masses (m, = [4,6]GeV) SS” SR VR
>
60 120 Uncorr [GeV]

\ . J \ LTI

Low Visible Mass High Visible Mass
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31, 1 Utpaq pair

yA (G Measure the ut fake factors
CR

|

m, € [71,111]




* Prompt background
* Estimate using MC: qq /99 — ZZ",H - ZZ" (< 0.1%)

* Non-prompt/fake uty,q background |
e Data-driven fake factor (FF) method fail 16 1-=f
* Measure the FF of uty,q in the Z(uu) + jets(uty,q) control
region

__ arZ+tjets Z+jets
* FF = NpassID/NfailID =f/A—=1)

* FF parameterized as function of pY™°™ and N5§¢°
(I_-F(prlrlncorr, Ntrr(i(co))

* Apply the FFs to 2uty,q4 regions by using the events with at least o ]
one UTpqq candidate failing ID e il

A: ptq pass ID, ut, pass ID (SR,VR)
B: ut4 fail ID, put, pass ID

C: putq pass ID, urt, fail ID

D: ut; fail ID, pt, fail ID

A
ut, pass D
UT, pass ID
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Fake Factor

5/16/2025

* Fake Factor parameterized as f (p

* Nominal binning:
Uncorr.

* Pr

Uncorr

(20,30), (30,40), (40,500) GeV
e prongness: 1 prong, 3 prong

* Other parameterization and binning strategies are used to estimate the FF shape uncertainties

) Tprongness)

 |n|Yncor": barrel (0,1.37), endcap (1.52,2.5)

* Pr

1
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« Apply the fake factor (parametrized as f(pT"°'", N15°)) to the HVM
region using the two-object fake estimation equation

* Testing the fake factor method in the HVM validation region

* The fake prediction is agreed with data within the uncertainties

LVM HVM
* The relative difference between background prediction and observed data SR VR
. . . o
is considered as non-closure uncertainty (8%). >
60 120 mgﬂf"l’g [GeV]
> L s s B T T T T L L T > L L T T T LI B B T T ] > T L B B L R L S [ — L e —— — —— .
© 450 ~ @ 300p ] © 450 = > 300! I I !
°© ATLAS , 4 Daa - O L ATLAS , ¢ Dpaa : O, f ATLAS 4 4 Daa L 87 anas ¢ Data
L%J 350 mun;w’> 12’% GeV Total uncertainty—; % E m;;'m"'> 12"’6 GeV Total uncertainty E Ln>lj 350? mgzcrorr; 12’[6 GeV 7 Total uncer‘laintyé % F :;L?;ILE;Q;%% \él;v 7/ Total uncertainty |
T g 10 U T g F had 4 + 20T, —
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200 3 . ] = i
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B Fods ] £
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¢ LA"I_'_'_1 E - iy E bl S
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Systematic Uncertainties

Standard systematics

Custom systematics

* Experimental uncertainties (from ATLAS performance

group)
* Muon

Tau

e Jet

* Lumi
Pileup

* Theoretical uncertainties

* QCD (renormalization and factorization) scale
uncertainties

* Cross-section k-factor normalization uncertainty
* QCD scale shape uncertainty

e PDF set uncertainties

5/16/2025
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* Fake uncertainties

» Statistic
» fake _FF_1prong_stat up
* fake_FF_1prong_stat _down
* fake_FF_3prong_stat_up
fake_FF_3prong_stat_down
* Parametrization
fake_FF_EtaBinning
* fake_FF_dRBinning
* fake_FF_MuTauPtBinning
* Composition
fake_FF_Bcomposition
fake_FF_2MuTau
fake_FF_1ljet
* fake FF _2jets
» fake FF dRCut
* Non-closure
fake FF Validation

* Moun Removal Technique Uncertainties
* Additional Reco+ld efficiency uncertainties

Limited number of events in Z+jets CR

29




* With/without Bjets
 With1or2jets
* 2UTphqq FEgion

AR < 0.4(0.2)

Fake Factor
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ATLAS Internal —— 1prong_Binclusive

—_
T

[le]

o ATLAS Internal
- L=140fb"
“F AR(ur)<0.4

Fake Factor
o

o
[es]

— 1prong
—+ 1prong_1jet

—+ 1prong_2jets

~ 3prong
—— 3prong_1jet

- 3prong_2jets

Fake Factor

9F L =140 fb'1 —}— 1prong_Btag
F A R(M,T)<O4 —}— 1prong_Bveto
+— 3prong_Binclusive
r —+ 3prong_Btag
+ 3prong_Bveto
=

2
10 p: [GeV]

10

P [GeV]

* Due to the fake composition difference between Z + jets CR and SR/VR

* Estimated by measuring the FFs in regions with different fake composition

~  + N

* Apply the new FFs to SR/VR using the same fake estimation equation

LVM HVM
SS” SR VR
>
{r
120 Mo [GeV]
h; a s F i ]
r = E
09— ATLAS Internal —}= toeens % 09 ATLAS Internal — 1prong -
08k L = 140 fb-1 —}— 1prong_2mutau_leadtau E E o 8_ L = 140 .I:b-1 —+ 1prong_dR02 _:
. E A R(p,,’t)<0.4 —}— 1prong_2mutau_subleadtau B ~E —+ 1pl’0ng_dR03 ]
0.7F T— Preng 0.7 -~ 3prong 3
E —|— 3prong_2mutau_leadtau E _|_ spron g_dRoz E
06 - . 3prong_2mutau_subleadtau 06 E _|_ 3pr°ng_dR03 —:
05f 0.5 E
0.4 f 0.4 f _f
0.3 f 0.3 f é
0.2 i 0.2 : =
0.1° 0.1F =
ot — ot : l)Q :
10 p: [GeV] 1 e [Gev]
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Efficiency

* Taking the average difference between merged tau and standard taus

 Medium RNN
* Object level uncertainty: 1-prong: +8%, 3-prong: +10%
* Event level uncertainty: take into account two merged taus

Reco+ID efficiency, Medium WP

Efficiency

|

——

1.2
B ATLAS Internal
1= (S=13Tev,L=140 0"
08—
ﬂ'ﬁ __L—H_F‘_'_r-'-q-l—o.m.c‘!—l L
e §
04—
02—
[] i 1 1 1 | | |
0 05
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ATLAS Internal Reco+ID efficiency, Medium WP
S =13 Tev, L =140 fb”

A F{{r‘“"ﬂ‘ '%mh)
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* No significant excess is observed.
* The background prediction shows very good agreement with the data in both SSu and OSu

channels.
S 2800 T T T T T =
300F = o S0 ]
ST ATLAS . ¢ Daa . O of ATLAS , 4 Dat -
}2250-_\/5= 13 TeV, 140 6" [ Fakepr, E 2 E§S= 1ggev, 140 6" [ Fakeur, . -
S [ SSuSR 777/ Total uncertainty - © o0 oo M S 777 Total uncertainty 7
T - Post-Fit m, = 4 GeV ] i - Post-Fit 0 m, = 4 GeV ]
200 B(H—aa—471) = 100% ........ m, = 8 GeV ] 500;B(H+aaﬁ4f) =100% ... m, = 8 GeV .
C S I R m, = 10 GeV ] - ---om, =10 GeV .
150F - 400 =
1005_ ; _E 3002— —i
F ] 200F =
50 Z L . . .
. + 100 E
< 0:—-;-;--7 RPN TR %4 DO yl i _ . Oj:"r'i N T 131.» PR S .[....:
N |22 %‘/é//# G5 /// - = V.1 Y ////79}/74%/ /%
= 86_ */#/*/* 4%/ 7 4 /é & 0-615_4’//// Afr*é / / ///;
— . - L L L + L ~ (U = X ., X X =
™ 1 2 3 4 5 s A S R R R RN
Average my. [GeV] Average m,; [GeV]
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L imits

* Upper limits are set at 95% CL on (

o(H)
oSM(H)
* The observed (expected) limit ranges from 0.03 (0.04) to 0.10 (0.13) form, = 10 GeV and m, = 4 GeV.

* The SSu channel is more sensitive for m,; < 6 GeV due to less background.
* The SSu and OSu channels show similar sensitivities for m,; = 6 GeV.

* The dominant uncertainties arise from the statistical uncertainty of data.
* Once interpreted in the 2HDM+S model, this final state offers significant improvements over previous ATLAS results.

) X (B(H - aa — 471) using the CLg and pseudo-experiment method.

—_ 0.4 [ T I I T T T I T T T ‘ _ _ 102 F T T T T T T T T T T T T T T T T
¥ - ATLAS . T UET T ATLAS
T 035 1 —e— Observed ] £
i~ U - - ] = Run 1. s=8TeV
Eﬁ C Is = 13 TeV, 1401b -'-= Expected . % Run2: {s=13TeV
T 0.3 —=— SSy Observed = I = 2HDM+S Type-III, tan = 5
- - 7 Yo
o O 25 — _—- SSI.L Expected 1 - < ('-_z)t(,pec::tec:I +16
X TR . o —— observe
T L 0.2 - —+— OSy Observed = o Run1203b" H-saasuute
© g e - - - OSu Expected ] &\2 :: :i;n:b iJ o;zouz
b o)) —rad—pppp
c __ - JHEP 03 (2022) 041
(@] 10 Run 2 140 fo!  H—aa—t111
E i
—
Lg 10°E =
o~ = 3
ED 0 | C | | | | T ] 1
(e)] 4 6 8 1 0 -1 2 1 4 4 6 8 10 12 14 15
m, [GeV
m, [GeV] . [GeV]
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Summary of 4t analysis

* First (boosted) 41 search has been published in ATLAS (arXiv:2503.05463).

* A novel muon removal technique is used to reconstruct merged di-t decays.
* The efficiencies of merged taus are improved by an order of magnitude.
* The first time of the muon removal technique is used in an ATLAS analysis.

* No significant excess of data over the SM background expectation is observed.

* Upper limits at 95% CL are seton (o (H) /o5y (H)) X B(H = 2a — 41), ranging from 0.03 at
m, = 10 GeVto 0.10 at m, = 4 GeV.

* My contribution on this analysis:
| did almost the full analysis and presented all approval talks

 Specific contributions:

* Analysis contact, contact editor, the muon removal technique validation, MC sample production, DAOD
production, signal region optimization, background estimate, systematic uncertainty estimation,
statistical interpretation study, internal note editing, and paper editing
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https://arxiv.org/abs/2503.05463

Hardware R&D for the Future

HGTD Module Assembly



. ngh Granularity Timing Detector (HGTD)

Located between the barrel and end-cap calorimeters

e Based on Low Gain Avalanche Detectors (LGAD)
technology

* Chinese group makes the major contribution
e Consists of 8032 modules

* More than 3000 modules are planned to be assembled
at IHEP

- Automation assembly with robotic gantry
system is chosen for HGTD module assembly
in IHEP

- High positioning precision
« High assembly rate
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Glue the flex on the two bare modules

/ FPC Connector

Connector for HV Connector for

7 readout/control/monitor/debugging/LV -

HV RC filter -
Stiffener

0000000000000 00 Side view

A i) =1 P < ~— Capacitors for LV —

""" 00000000000 OOCGOCGO

ASIC |

P aD Mbdel bare module

\ 2 bare module;b_ /

Glue the module on the support units

21.76 mm

pas

Support unit (WIWIW|EIRIRR]

LT

Glue dots

Module
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* Robotic pick-and-place for systematic module assembly (gantry), consists of:
* Coretech gantry positioning system with ACS motion controller (500 mm * 500 mm * 150 mm *
340° travel, repositioning resolution ~ 1 um)
* Integrated with Keyence vision system, pressure sensor, multi-channel electro-valves (maximum 32),
Nordson EFD Glue Dispensing controller, flexible vacuum and air pressure piping system, and
custom picking and gluing tools

* Open source C++ Qt program with GUI to control the whole system

""""""" 3+ 00

1 R ;’/ ?

§

-

Rnae

=

BEEY

T

j\/ L EHE

Gluing tool Glue dispensing
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* The gantry software controls the dispenser controller through RS232 port and the gantry motion stage

* Allows to dispense different glue patterns automatically

ob Dispense Action Setting — O o Dispense Pattern Setting _
COM Port  COM1 () Baud Rate: 115200 ()
| hex ~
Action Name: dot 5 new delete Pattern Name: pattern_1 < new delete

A
ps| /ait read response timeout 22:28:34 R
Despense Mode @ e Pressure Units BAR
o @ v dispense mode: Timed C touch-down z (mm): 0 pattern type:  dot < fine.2 < Add Action
. ® waiting z (mm): 999.0000 gluing z (mm): 0.0000
e e index Action Name
ress (kPag | 1000 moving speed (mmy/s): | 50.0000 moving acc (mmy/s*2): | 1000.0000
dot_1
Vac (H20): | 00 gluing speed (mmy/s): | 5.0000 gluing acc (mmy/s*2): | 1000.0000 =
dot 1
Trigger: | 100 gluing time (s): 1.0000 gluing pressure: 5.0000
¥*1 (mm): 30.0000 y1 (mm): 0.0000
Send Settings Get Settings oL - . .
x2 (mm): 0.0000 y2 (mm): 0.0000
Dispense ] N ]
. I I 06 send protection force (g): 10.0000 Run Action Run Touch-Down 0 -|_- Remwe.Actlon |\ BipiEetan /| |\ IEIear HIELEE /|
Dispenser controller GUI Dispensing action setting Dispensing pattern setting
-
line matrix

compressor

dot matrix
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https://ihepbox.ihep.ac.cn/ihepbox/index.php/s/mDr0nSgwUaJAlTw
https://ihepbox.ihep.ac.cn/ihepbox/index.php/s/h8gisKcYVrGO7Ku

Gantry table

Y

¢ I BN .
=y
® ]
® BN BE
HE BN

/ \
Tool rack | Full module chuck :T:i);iredc?\ircek

FPC Connector

21.76 mm
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4 Stiffener

hybrids

Side view

Prepare the tools, flex and hybrids

Pick-and-place the hybrids to the
vacuum chuck (hybrid alignment)

Dispense glue on the hybrids

(glue weight, glue pattern)

B RS
AR R
AR AR

Pick the flex and place it on the hybrids

(flex alignment, glue thickness)
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e Four modules have been assembled using the gantry and custom tool

* We chose 8 areas to measure the planarity of the modules

0.180

0.160

0.140

m
=4
il
I~
=

e
g

Aheight/m
=
[
=

0.060

0.040

0.020

0.000

Over 80% of the thickness differences are within 60 um, indicating good consistency in module planarity.

A(flex+glue height)

. —ig2) @ EEEEEE
® Full Module 1 # Full Module 2 & S e — [ ZZJ:‘ 41 3
e T J 2 5 §

* Full Module 3 Full Module 4 B 2 np°"_'

DUUOO
OOOOOOODUOUD
£ee

- - L] L ]
* N : :
» . . ’
‘ L ]
0 1 2 3 4 5 6 7 8 g
Areas
Flex + glue {_F'ex
Sensor
X X ¥ X X Y |
ASIC
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* A high precision positioning gantry system has been built in IHEP for automatic HGTD
module assembly
* The software and hardware have been developed for the HGTD module assembly
e Several HGTD modules has been assembled using the gantry system
* The metrology results are mostly within the specification
* The first time to use a homemade high-precision gantry system to assembly HEP detector modules

* My contribution:
* ATLAS author qualification task
* Help to set up the gantry system
* Gantry system testing
e Software development
* Glue tool design
* Glue dispenser integration
* Glue pattern study and weight calibration
* Module assembly and metrology measurement
* Internal note editing
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Hardware R&D for the Future

CEPC Vertex Detector Optimization



» Jet flavor tagging is important for CEPC Higgs study, Physics
~70% of Z, W, and H decay products are jets

* Vertex displacement is a key variable for the jet flavor

tagging and hadronic 7 identification

e Silicon vertex detector is essential to measure the

vertex displacement

* An impact parameter resolution of about 5 um is required

5/16/2025

Detector Performance
Measurands
process subsystem requirement
ZH,Z —ete ptp~ ' ZH A(l/pr) =
i creT m, o ! ]_ Tracker _,,( /pr) =
H— ptp BR(H — putu™) 2x 107 & S(GoV) sin¥70
H — bb/cz/gg BR(H — bb/ct/gg) Vertex g:‘; -
5@ p(GeV) xsin?/? 6'( pm}
ECAL A E =
H — qq, WW*, ZZ* BR(H — qf, WW*, ZZ*) e/
HCAL 3 ~ 4% at 100 GeV
AE/E =
H — ~y BR(H — vv) ECAL /
22— 3 0.01
E(GeV)

Table 3.3: Physics processes and key observables used as benchmarks for setting the requirements and

the optimization of the CEPC detector.

——5 tracks b jet
------ b hadron \
------ impact

parameter
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CDR vertex

Ideal concept vertex
3-layers of double-sided pixel sensors

5/16/2025

Vertex optimization in this stage

4 A

Vertex prototype

Realistic implementation of CDR vertex
Mechanics: ladder design, support
structure, ladder arrangement
Electronics: chips, read-out
Cooling: air cooling

Ladder

\_ _/

PhD Thesis Defense

Ladder based barrel

Stitching based bent MAPS

TDR detector
Realistic vertex detector for CEPC:
Based on vertex prototype (mechanics,
electronics)
Full-size vertex detector (barrel +
endcap)
Considering beam pipe, MDI, cooling




* Base on the design of vertex prototype (mechanics,

electronics), we try to optimize the full-size vertex
detector (dO resolution as criteria):

5/16/2025

* Barrel optimization
* The radius of vertex detector
* The number of layers
* The radius of second layer
* Lengthen the innermost layer

 Disk optimization

* The number of disks
* Single-disk or double-disk
* The putting place of the disk

Three equidistance double
layers is best

Improve the dO resolution
in front region

* 3 double-disks in endcap is the best

PhD Thesis Defense

34°(c056=0.83) 24°(cos6=0.91)
- 32%(cos6=0.85) o

S /a\ \
5 \
ALO )
-402— \\\ :///’//

60/ S 4

x [mm]
Using tkLayout tool from CMS



The barrel of the optimal vertex detector was implemented in a prototype
We built the prototype with full mechanic structure and 6 ladders

. :
Beam test has been performed for the prototype in DESY . anKiv:2404.03688
* 5.1 um impact parameter resolution achieved for the prototype 0 0.15F
= [ oy = 5.08 £ 0.0 (stat.) um ]
b 0.11F i —Data
- ;"t Gaussian fit
0.07F .
0.04" 1
() miemetnmionsd I B ‘-".T':-..LmlﬂW&WLWL:
~0.05 —0.025 0 0025 005
d, [mm]
10°
$0.15?<‘ L R A B
= jc%=516100(ﬁmjum ]
50 125 ¢ - Data h
: " ‘ — Gaussian fitE
0.08- I -
Vertex detector prototype - 1
Beam test setup 0.04- E

0____a____e___e___J___:t-"-:"“ L PR — —
—0.05 -0.025 0 0.025  0.05

dy [mm]
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https://arxiv.org/abs/2404.03688

* An optimal vertex detector layout has been proposed
* Based on mature existing electronics and mechanical technologies
e A prototype has been built for the barrel of the optimal vertex detector layout
* The beam test results of the prototype fulfill the CDR requirement
* The first time to construct a high-precision silicon-pixel vertex detector prototype in China

* My contribution:
* Vertex detector implementation in the fast simulation tool
* Vertex detector layout optimization
* Full simulation tool development for the vertex detector
* Beam test shifts
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Prospects for Exotic Higgs Decay

 Now reach a few percent level limits for hadronic final state (bb/t7), 10™%- 107° level of limits
for yy/uu final state

* Not find the new physics

* Great improvement in the future for the Exotic Higgs Decay search

 Run 3 + HL-LHC: ~ 20 times data
* CEPC (FCC-ee): very clean signals = improve 2-3 order of magnitude

* New machine learning techniques (Al): signal reconstruction, background rejection
95% C.L. upper limit on selected Higgs Exotic Decay BR

arXiv:1612.09284 = HL-LHC

1

10-1 m CEPC
R m ILC(H20)
8 e EEEER 2N m FCC-ee
= 1072 - L-LHC: 19
E S BEEE B HL-LHC: 1% level
é 1073 | | = 1
¥ I :
RN ]
N I 1 I ] 1 I I ] 1 I I I I 1 1 ]

ME, (bb)*MEr O))*MET (TU*MET bb*MET j}*MET Mg, (bb)(bb) (CC)(CC) W) (bb)(?”if) (T)(ry Uy, (yy)(yy)
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https://arxiv.org/abs/1612.09284

Publications and Awards

e Publications:

* ”Search for Higgs boson exotic decays into Lorentz-boosted light bosons in the four-t final state at Vs = 13 TeV with the
ATLAS detector.” arXiv preprint arXiv:2503.05463 (2025), submitted to Phys. Lett. B

* ”Mechanical design of an ultra-light vertex detector prototype for CEPC.” Radiation Detection Technology and Methods 6,
no. 2 (2022): 159-169

* “"Manipulating Radiation-Sensitive Z-DNA Conformation for Enhanced Radiotherapy.” Advanced Materials 36, no. 29
(2024): 2313991

* “"Beam test of a 180 nm CMOS Pixel Sensor for the CEPC vertex detector.” Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 1059 (2024): 168945

* “Beam test of a baseline vertex detector prototype for CEPC.” IEEE Transactions on Nuclear Science (2024)
* Awards:

e 2019.09 Second-Class Academic Scholarship, University of Chinese Academy of Science
e 2020.09 Second-Class Academic Scholarship, University of Chinese Academy of Science
e 2021.07 Outstanding Student Leader, University of Chinese Academy of Sciences
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Answers to the Comments

EREW BERHSHRE, BEFLEAK, TLEY—T. 7Echapterlo,
BRI ERENABE L ECHTHE.

e |10

1.

=

=

MENKER

2K,

¢ 2.

A AER AT F4EIMER XH AL T50005F R SCHEEAY

fEchapter 10

KEMEAIMLET AANTEBH. BEQTH “My

contributions include helping set up the gantry system, testing the gantry
system, designing the glue tool, integrating the glue dispenser, assembling the
first batch of modules, and conducting metrology measurements.”
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Ly B Answers to the Comments
« B B2

« ATLASE I HIES TR BE A IL—ASES, BIEBEE—=Z1CXXAHRA
ZM EERHRES— AT, IRAE, FBIEENETETE.

 B1%&: RATLASOERBAANSTR, BXHAESYEHAXAST, Bh
BAKAZR. EHHETHE: AR BIAT LASHUHS E 5 RE PIT 3 2 & U e
R, BFBERFARRperformancetffR ST . ELEE —F IRARLE
W RHARATLASH T EZHAASEMN, FEFIZET BEETHE.
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L7 B Answers to the Comments
* REINZ

°wXﬁawu%5%%&%2@%%&%%%@#&—%%E$Eo%%,
wxll}ﬁﬂ%é’]%/\ﬁ RAo —ATLAS%%AtE’\]’L e 1R o4, HGTDfELR
SRR & FICEPCT SR N EH B — S HHh B LA ﬁmﬁ%
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c B%F: ELEWIMEMHETHKINT TIEEREHREN.
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Answers to the Comments
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Answers to the Comments

< T
- KEEI:

C 1AM ETE, B XUEHCTDAERAEFCEPC A WS EMAE, SABSR X MRS ANEY, BX
YEN RS EBEE— BB X, BANSBBARNS LALRHRRER S AREN, AT M
% BUESAREMES XMELHEIAEGER, SEREATLASRUSEN 255 .

- B%: RENANPBENZLALBLELERT, TEYELMEFXNYHILHC EEEFHATLAS Run2 £iiE, {8
EXNTARTRBRKEFRENERT, FRIMBERXE, FHEHL-LHCHICEPCIH R, BrX™-I ALt
TREAEFHETENER, BEXRNHE FAENEFTENTEREARRSBHEE FSRETEIMIER.
Rt ERE XN EEABRRERATATLAS RUn2EFENERMIEMT, MERREXTHEFEETTRRELRIN
HL-LHCHICEPCIi H B A T 1E, EHFHIME TEREE— T ANFTRIRETTARTRINEIT. H
%%%E;I %iﬂ%ﬁ%ﬁ#ﬁ?@lfﬁ REBALEX, XEHTUEFH—NSEYEE L EEETHEEE T YR o R

JUWIEK o

- 2B NELASIBELEETS, Figure 4-18, 5|7 Section 6.2, M @HIERISI A,

« EZ&: MNISXHIAREHKE, BINIZESd-tauEEZMLFNAS, XEHNEXNiZEEX/objectERZ 57 8
EXH ., EREd-tavEEMERNEBTERE — X TtaushE2EIER/NT, HPpIFigure 4- 18 A T L ABFahEE
IEFEdata B9UR, Bk 7T —1N5S5ESXETRNXESRMINEIE, Wikt XEm7422|a9Cross Check X g,
5| FiSection 6.2 4 7 {2 EEEE MR XFCross Check X ja] iy S >4, o] IUBkZ] Section 6.2k

« 3UNXFEE: HERFNNRERBENRIREUESNRT, FNMREHAE

e EZ: BELEBR.
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Answers to the Comments

» Rafael:

» *There are two things that | think it is a bit unfortunte. | find the discussion about how the tau variables were corrected to be
quite shallow. | really hoped for a more in-depth discussion.

» Answer: | added some sentences on how we did the correction in R21 software. We removed the layer information and
track information for the merged taus.

* *The description of the analysis is really good, but I wish you had done an assessment of the result. What does it say about the
several models it motivates? How does it compare to other analyses?

« Answer: In section 9.7.2, | compared our results with other searches including both ATLAS and CMS mumutautau and
4tau searches.

* *|n the technical chapters, about the timing detector modules and about the CEPC vertexdetector, | wish you made it clearer
what was the development that you, yourself, did.

» Answer: Added the contributions I did for the HGTD module assembly. “My contributions include helping set up the
gantry system, testing the gantry system, designing the glue tool, integrating the glue dispenser, assembling the first
batch of modules, and conducting metrology measurements.” For the CEPC vertex detector optimization, all the layouts
I wrote in the thesis are done by myself, so I added clarify sentence in the beginning of this chapter. The sentence is “All
simulations included full silicon outer trackers as described in the CEPC CDR. All the optimization work in this chapter
is carried out by me.”
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LHC

HiLumi

LARGE HADRON COLLIDER

HL-LHC

EYETS 13.6 TeV LS3 13.6 - 14 TeV
13 TeV ——. ©TIETOY

Dlodes Consolldation
splice consolldation cryolimit LIU Installation HL-LHC
8 TeV interaction inner triplet i
7TeV — —__ bution collimators & Civil Eng. P1-P5 pilot beam radlahoﬁ limit installation

R2E project “‘399“5

mq-----ﬂlllll“

ATLAS - CMS
" upgrade phase 1 ATLAS - CMS m
e : 2 x nominal Luni ALICE - LHCb ) 2 x nominal Lumi . HL upgrade
1

nominal Lumi

T5% nominal Lumi /— upgrade

HL-LHC TECHNICAL EQUIPMENT:

I (eeees] 3000 fb!
500 fb luminosity JENE{ %

DESIGN STUDY g PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION

BUILDINGS CORES
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Data and simulated samples

* Data:
« Full pp collision dataset collected by ATLAS during Run 2 of LHC (L = 140 fb™ 1)

« Signal simulation:
« Powheg + Pythia8 + AFII, ggF production, H - aa — 4t
 2lep2had tau filter
- my=4,6,8, 10,12, 14, 15 GeV

« Background simulation:

* Prompt background
* qq/9g9 — ZZ*: Sherpa 2.2.2
« H — ZZ": Powheg + Pythia8
 Triboson, tt + Z /W' Sherpa
« Non-prompt background (only used for fake composition study and signal optimization)
» tt: Powheg + Pythia8
» Z/W + jets: Sherpa
Single top: Powheg + Pythia8
Semi-leptonic diboson: Sherpa
» Dijet: Powheg + Pythia8

e Derivation:
e Customized TAUPG

5/16/2025
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https://gitlab.cern.ch/atlas/athena/-/blob/21.2/PhysicsAnalysis/DerivationFramework/DerivationFrameworkTau/share/TAUP6.py

Trigger

« Combination of single muon and di-muon triggers:

cut name 4 GeV 6 GeV 8 GeV 10 GeV 15 GeV
Full Trig 54 58 56 68 84
Triggﬁl- T).rp.a Year HILTs Resolved Trig 42 44 40 46 53
AllmuTrig 50 55 52 63 82
: ] AlltauTrig 23 13 11 25 52
Single Muon  2015-2018 HLT mu50 AllmuOrtauTrig 53 56 53 64 84
HLT _mul8_mu8nolLl DoubleMuTrig 39 40 35 40 43
Di-muon 2015 HLT 2mul® SingleDoubleMuTrig 40 4t 39 46 53
- SingleDoubleMuNonlso Tr 39 42 ' -
HLT _mu22_mu8noL1 SingleDouble TriMuTrig 41 45 40 47 53
2016-2018 HLT 2muld SingleDouble TriMuTauTrig 49 50 46 60 79

FullTrig: full un-prescaled triggers in run2

CurrentTrig: the triggers currently in use, from the resolved analysis
AllmuTrig: all the triggers including mu in run2

AlltauTrig: all the triggers including tau in run2

AllmuOrtauTrig: all the triggers including mu or tau in run2
DoubleMuTrig: hand-picked dimu triggers

SingleDoubleMuTrig: hand-picked single muon and dimu triggers

» Since the muons in the signals are close to the hadrons, only
triggers without isolation requirements are considered.

» The proposed trigger set efficiency is comparable with other
trigger sets.

» The combined trigger efficiency SF is directly obtained from the The efficiency of different trigger set in run2 trigger
official TrigGlobalEffciencyCorrectionTool (twiki). menu (in percent %)

SingleDoubleMuNonlsoTrig: hand-picked single non-isolated muon and dimu triggers
SingleDoubleTriMuTrig: hand-picked single muon, dimu and triple muon triggers
SingleDoubleTriMuTauTrig: hand-picked single muon, dimu, and triple muon triggers + tau triggers
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https://twiki.cern.ch/twiki/bin/viewauth/Atlas/TrigGlobalEfficiencyCorrectionTool

Event selection (1)

* Event selection in the SRs:
Leading p; > 14 GeV
Leading

2 signal utpqq pairs (AR(U, Thaq) < 0.4, my,, . < 15 GeV and 1,4 passing Medium RNN 1D)

60 <m

Uncorr
Ptz

uncorr ~ 120 GeV

2UThad

Uncorr

> 30 GeV, subleading pr 7

SSu channel: same-sign charge muons
OSu channel: opposite-sign charge muons and m,,,, < 50 GeV

> 25 GeV

cut name 4 GeV 6 GeV 8 GeV | 10GeV | 12GeV | 14 GeV | 15 GeV
AOD generation 5.5e+05 | 3.2e+05 | 2.7e+05 | 2.4e+05 | 2.3e+05 | 2.3e+05 | 2.2e+05
Preselection 5707.6 | 277377 | 22221 1955.2 1725.5 1561.7 1493.3
N(baseline u) = 2 5289.1 25543 | 2020.8 | 17853 1587 1441.8 1372
N(baseline 1) = 1 5276.2 | 2546.2 | 20143 | 1779.4 1579.5 1432.1 1364
N(baseline 7) = 2 2441 1200 872 683 524 456 410
2 baseline pt 2332.6 1135.4 818 576 334 222 176
u leadpt > 14 GeV 2319.6 1128.2 813 573 334 222 176
208 ur 2229 1092.7 784 556 323 215 168
2 mVisl5 put 2229 1092.7 784 556 323 215 168
Lead p; > 30 GeV 2047.7 1010.3 706 500 299 207 164
Sublead p7 > 25 GeV 1678.8 845 581 417 260 184 149
2 signal ut 477 231 167 141 86 67 54
60 GeV < m’ﬂ;‘r < 120 GeV 420 206 150 128 77 60 49
255 u 202+9.0 | 9748 | 78x4.4 | 66+3.7 | 3725 | 31+2.3 | 24+£20

5/16/2025
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Event selection (2)

 Cutflow table for OSu channel:

cut name 4 GeV 6 GeV 8 GeV 10GeV | 12GeV | 14 GeV | 15 GeV
AOD generation 3.5e+05 | 3.4e+05 | 2.7e+05 | 2.4e+05 | 2.3e+05 | 2.3e+05 | 2.3e+05
Preselection 5707.6 2773.7 22221 1955.2 17255 1561.7 1493.3
N(baseline u) = 2 5289.1 25543 2020.8 1785.3 1587 1441.8 1372
N(baseline 7) = 1 3276.2 2546.2 2014.3 1779.4 1579.5 1432.1 1364
N(baseline 7) = 2 2441 1200 872 683 524 456 410
2 baseline ut 23326 11354 818 576 334 222 176
u leadpt > 14 GeV 2319.6 1128.2 813 573 334 222 176
208 ur 2229 1092.7 784 556 323 215 168
2 mVisl5 pt 2229 1092.7 784 556 323 215 168
Lead p7 > 30 GeV 2047.7 1010.3 706 500 299 207 164
Sublead p. > 25 GeV 1678.8 845 581 417 260 184 149
2 signal ut 477 231 167 141 86 67 54
60 GeV < m;;fr < 120 GeV 420 206 150 128 77 60 49
208 p 218 109 72 62 40 29 24
myy < 50 GeV 214+9.1 | 107+£5.0 | 69+4.0 | 60+£3.3 | 39+2.6 | 27+2.2 | 24420

Table 10: A summary of weighted cutflow of signal region in OS5y channle for m, = 4,6, 8, 10, 12, 14, 15 GeV
(BR(H — 2a — 471) = 1.0 at 140 b1, starting from the AOD generation level.
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Muon Working Points

e Loose WP: This WP maximizes efficiency for prompt muons, particularly in anal-
yses such as Higgs boson decays into four muons, accepting a trade-off with lower pu-
rity. It encompasses CB, 10, CT, ST, ME, and SiF muons. Within || < 2.5, it in-
cludes CB and IO muons from the Medium WP, as well as CT and ST muons in the
MS gap region (|y| < 0.1). For low-p, muons (p; < 7GeV), IO muons with one

e Medium WP: Designed as a balanced option for most analyses, this WP offers
good efficiency and purity with manageable systematic uncertainties. It employs CB,
10, ME, and SiF muons. Within |n| < 2.5, it requires CB and IO muons to have at
least two precision stations (or one in || < 0.1 with at most one precision hole), and a
g/p compatibility of less than 7. Beyond the ID (2.5 < |g| < 2.7). ME and SiF muons
must have three precision stations. This WP applies to p,- ranging from 3 GeV to several
hundred GeV across |p| < 2.7, with over 98% of prompt muons in 77 events being CB

muoins.
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precision station are included in |¢| < 1.3 if also reconstructed as ST muons. Outside
the ID (2.5 < || < 2.7), ME and SiF muons with three precision stations are added.
The Loose WP covers p; from 3 GeV to several hundred GeV and the full MS range
|n| < 2.7, achieving efficiency gains of roughly 20% at 3 — 5GeV and 1-2% at higher

Pr-

e Tight WP: This WP prioritizes high purity and background rejection, making it
ideal for analyses sensitive to non-prompt muons, albeit with a slight efficiency cost.
It includes only CB and IO muons that pass the Medium WP criteria. Requirements
consist of at least two precision stations, a combined track fit z> < 8, and stricter ¢/p
and p’ cuts optimized for p and |5|, significantly reducing background by over 50% at
6—20GeV. It targets p,- from 4 GeV (with 91% efficiency) to above 20 GeV (with 96%
efficiency) within |g| < 2.5, excluding ME, ST, and CT muons to ensure high quality.




Tau RNN Identification

Table I: List of observables used as inputs in the different parts of the RNN. The markers indicate which observables
are used to identify I1-prong and 3-prong 7y,4.vis. See Section 5.1 for the definitions of the observables.

Observable l-prong  3-prong
o o Tracks | Srored o Shard L pomy e 1STM
. e . . ense dense
ERT . . Merge
Z s . . Shared Shared
9 track
2 1y : : Clusters N — °¢ L LSTM |~ LSTM |—» » Dense > Dense = Dense
|z sin 6] . . dense dense
NIBL nits . .
Npixel nits b4 L4
N its L L4 1 -
- ngl.i level Dense —= Dense —» Dense
pleed . . variables
é E_?Jus[er ° .
= cluster . . . . . ~ . ~ . . g . -
L ilmﬂ : : Figure 2: Schematic view of the network architecture used for tau identification. Layers marked as dense are fully
2 dawer . . connected to adjacent layers.
v <’l§1us[er> . .
r{us{er ° * 1'1
p%nlczmbmmd . R g 1DEI.II IIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIE
- . . © - ATLAS Simulation Preliminary 7
= eadirac [1}]
E_ max L4 L4 'F — —
= |Sieadirac . =
3 ‘gi;{ ! . 2 10°F E
= f_l_ruck ° ° ! = 3
%b f’?a”M . . B - —
M j = -
Immwk/l’T . . [ =3 — -
m M-+track ° ° [i}] - -
ptrack - fﬁ 5
w 10°2 3
Table 2: List of defined working points with fixed true m,4.yis Selection efficiencies and the corresponding background - RNN (1 3
jection factors fi ified is in dijet events for the BDT and RNN classifiers ~ (1-prong) .
rejection factors for misidentified Thag-vis in dij S ast S. I BDT (1-prong) ]
Signal efficiency ~ Background rejection BDT Background rejection RNN 10 ° Warking points (1-prong)
Working point  1-prong 3-prong 1-prong 3-prong l-prong 3-prong = RNN (3-prong)

- . 0 C o BDT (3-prong) 3
Tight 60% 45 Jo 40 400 70 700 B m  Working points (3-prong) E
MEdilln1 75({% 60(‘}[0 20 150 35 240 1IIIIIIIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIIIIIIII
Loose 85% 75% 12 61 21 90 0O 01 02 03 04 05 06 07 08 09 1
Very loose 95% 95% 5.3 11.2 9.9 16 .

True t__, . efficiency
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* Prompt background
« Estimate using MC: qq/gg — ZZ,H — ZZ4l

* Non-prompt/fake background

- Data-driven fake factor method fail ID 1—f
« Measure the FF of ut in the Z(uu) + jets(utnqq) control region -
° NZ-F}J.'T _ NZ—}-;.L'T
FF = pass RNNLoose,Data pass RNNLoose, truth matched MC
NZ:{—,J.‘T _ NZ?f-j_L‘T
fail RNNLoose,Data fail RNNLoose, truth matched MC
* FF parameterized as function of pZ™<°™ and prongness (FF(p¥™coTT,

A
ut, pass D
UT, pass ID

prongness))

Apply the FFs to 2ut;,,4 regions by using the events with at least one uty, 4
candidate failing ID

* Fake(utfut}) = [FFoptipty + FFyptipty — liusa = [FF2nTi0TS + e
FFutipth — p, fail ID

]truth matched MC
o FFyutiuts, FFiptiuth: estimate the single fake ut events, fake ut, and fake ut,
A: ut, pass ID, ut, pass ID (SR,VR)

FELEFob . estimate the double fake ut, minus sign is to remove the double counting B: uz, fail ID, it pass ID
ouble-take-ut events C: ut, pass ID, urt, fail ID
D: ur, fail ID, ut, fail ID

PhD Thesis Defense
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* The binning strategy for the SSu and OSu signal regions is optimized to target approximately
20% statistical uncertainty for background events

* The last two bins were specifically optimized to enhance the signal significance over all mass
hypothesis simultaneously while ensuring non-zero background events in each bin.

m, = 4 GeV m, = 8 GeV

'E 90_|||||||||||||||||||||||||||_ .{ﬂ Frrrrjrrrrrrrrprorr o rr oy ‘{E 60__p||||||||||||||||||||||||||||__ 2 L e B L e B
g - ATLAS Internal  [lim.=4GeV [lFake 7 § L ATLAS Intemal [im.=4Gev [JFake I g [ ATLAS Internal m a8 GeV [JFake ] § [ ATLAS Intemal m agGev [WlFake
@ 80F fs5=13TeV, 140 i [HZZ4! Mzz 9 @ "9 [5=13Tev, 140 0 QEHZZA Ozz w C (s=13Tev, 140 fo™' [lHZZ4I Ozz 1 © 100f 5=13Tev, 140" @HZZ4I Ozz -
F m,=4GeV “ZUncertainty . - m,=4GeV “7 Uncertainty = S0~ m, =8 GeV “7 Uncertainty - - m,=8GeV 7 Uncertainty 1
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Observed yields in SRS

* The observed number of events In data Is consistent with the background
prediction within 16 in both SSu and OSu channels.

* No excess Is found. The fake prediction shows very good agreement with the data.

5/16/2025

Process SSp region OSpu region
Data 121 380
Fake background 129.1 + 11.5 3497 +314
qgg — ZZand gg — ZZ < (.01 < (.01
H—Z7Z7* 0.01 + 0.01 0.09 + 0.04
Total background 129.1 £ 11.5 3498+314
H— aa — 41 (m, = 4GeV) 202 +32 214 +£33
H — aa — 41 (mg = 6 GeV) 90.7+1.5 10.7 + 1.7
H — aa — 47 (m, = 8 GeV) 78+13 6.9+ 1.1
H — aa — 41 (m, = 10GeV) 6.6+ 1.1 6.0+ 1.0
H — aa — 41 (mg = 12GeV) 3.7+06 39+ 06
H — aa — 41 (m, = 14 GeV) 3.1+£05 2705
H — aa — 41 (m, = 15GeV) 24 +04 24+ 04
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L imits

 The likelihood function is built as a product of Poisson probability

0450 ATLAS Internal  observed imit E

functions for each average m,,, . bininthe SSu and OSu SRs. o4l E=13Tev,L=140m" st

E_ H—-2a— 2'ch'rp, SS n+ 0Ss K Toy Observed limit _E

« Nuisance parameters with Gaussian constraints are introduced to ot T Toybncntimt
model sources of systematic uncertainties and their impact on the 0.250- 52::::::;; E

expected signal and background yields.

L(A[0.%) = [ | Puilsi(6.%) + B:(6. %)) x| | Geoy)

* 95% CL upper limits are set on (c(H)/cSM(H))(B(H — aa — 41) o
using the CLs method. . (GeV]

« The upper limits for each signal mass are obtained by using both AL
. - 0.45 nternal — Observed
pseudo-experiment and asymptotic method.

{s=13TeV,L=140f0" ... Expected
 The expected and observed upper limits are comparable for pseudo- (£ Expected = 1o
experiment and asymptotic method. . 03

95% CL limit on 2 Br(h — 41)
SM
o
w
1
|

[ | Expected +2¢

x Br(H—aa—41)
o
™~

» The upper limits using pseudo-experiment method are considered as the final %3025
upper limits for publication. s 02
= 0.5
* The observed (expected) limit ranges from 0.033 (0.044) to 0.10 )
(0.13) for m, = 10 GeV and m, = 4 GeV. 2 008
S [ R v
figure for approval m, [GeV]
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UMassAmbherst
Acceptance in H —» aa — 4t analysis

* Weusem, = 6 GeV. The study is done at truth level. We use MG5_aMC + Pythia for this study.

—mmm

50,000 100% 50,000 100% 50,000 100%
Thad (PT,1) 9,178 18.36% 11,167 22.33% 8,537 17.07%
i (pr, 1) 1,793 3.59% 2,748 5.50% 1,972 3.94%
HThad AR 1,788 3.58% 2,731 5.46% 1,964 3.93%
[Thaq mass 1,788 3.58% 2,724 5.45% 1,964 3.93%
Higgs mass 1,519 3.04% 2,267 4.53% 1,615 3.23%
m With ggF acc [fb] | Relative diff

geF 48.58 1,475 1,475 0.00%

VBF 3.78 171 114 49.24%

VH 2.26 73 69 6.32%

Total 54.62 1,719 1,658 3.68% 41
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A search for a pair of light pseudoscalar bosons (a;) produced from the decay of the
125 GeV Higgs boson (H) is presented. The analysis examines decay modes where
one a; decays into a pair of tau leptons, and the other decays into either another pair
of tau leptons or a pair of muons. The a; mass probed in this study ranges from 4 to
15 GeV. The data sample used was recorded by the CMS experiment in proton-proton
collisions at a center-of-mass energy of 13 TeV and corresponds to an integrated lu-
minosity of 138 fb~'. The study uses the 227 and 4t channels in combination to
constrain the product of the Higgs boson production cross section and the branching
fraction to the 47 final state, o(pp — H + X) B(H — aja;)B?(a; — 7). This method-
ology takes advantage of the linear dependence of the fermionic coupling strength of
pseudoscalar bosons on the fermion mass. Model-independent upper limits at 95%
confidence level (CL) on ¢(pp — H + X)B(H — a,a,)B%(a; — 77), relative to the
standard model Higgs boson production cross section ogy4, are set. The observed (ex-
pected) upper limits range between [0.007 (0.011) and 0.079 (0.066) across the mass
range considered. Exclusion limits at 95% on ¢(pp — H+ X)B(H — a;a,), relative
to og), are derived for various Two Higgs Doublet Model + Singlet scenarios.

138 fb" (13 TeV)

—o— QObserved

----- Expected

B +16 expected
+2¢ expected

CMS

Preliminary

0.00
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The gap and rotation results

v’ Several digital module and full module has been assembled using the gantry and custom tooling (semi-automation assembly)

v Wire-bonding was performed successful
v The metrology results are very close the specifications

EREEFZ mEERid

B3B5(mm) B4B6(mm) Nominal gap(um) Average A nominal(um)

Full Module 1 0.215 0.200 280 -72
Full Module 2 0.235 0.311 280 -7
Full Module 3 0.157 0.196 280 -104
Full Module 4 0.282 0.285 280 3
Full Module 1  Full Module 2 Full Module 3 Full Module 4
Average rotation angle[°] -0.067 0.128 0.070 -0.182
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Specification of the module mass and

dimension

Module weight
30g

Nominal thickness of the module
2.52 mm

Maximum thickness of the module
3.32 mm

Maximum width of the module
40.6 mm

Nomuinal gap between two bare modules
200 pm

Minimum gap between two bare modules
50 ym

Glue thickness:
504£30pum

Single lap shear force:
>2N

Total coverage of glue area:
80%, no spillage

Alignment between module flex and bare modules:
< 100pm displacement, < 0.1° rotation
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Fig. 11. (a) (xyp, yup) and (xgp, ygn) represent the extrapolated positions
of the upstream track and downstream track, respectively, at z = 0 plane.
The point (xpy, ypy) denotes the midpoint between (xyp, yyp) and (xgn, ydn)-

(b) Projection to the y-z plane. The

impact parameter is the perpendicular

distance between the PV and the tracks.
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» Taking u as the seed
 Finding the closest 7 to construct the ut pairs

» Selecting the ut pairs with AR(u, t) < 1.0 (0.4 used in analysis), m}jis < 15 GeV
* If one T matches to more than one u, only keep the ut pair has the smallest AR (u, 7)
» No duplicated u or 7 in different ut pairs

— ada4 —=— abab a8a8 —— a10a10
—~ a15a15 a30a30 a60a60 —adad - a6a6 aBas ——a10a10
ﬁ :_ ! ! ! ! | ! ! | _: ° 7—_T_a15?15 . ;’130339 . aBIOaSO | _
= 0.12 ] N 0.6F i
= - 5 2 = :
2 o1 E S 0.5 g
- ruth ut pairs E A ruth ut pairs =
0.08 Truth 0.41 Truth
0.06f; - 0.3f W E
0.04 —: 0 22 E
0.02 _: 0 1; ] L é
0= | Z_[Lr[ L, LI"L | ‘ . . | .
’ vis % 20 40 _ 60
AR (,u, Thad mZ‘l[S [Ge\/]
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removal

« After proper muon removal, tau id variables are recovered to the
similar distribution of standard taus

* All the RNN variables are re-calculated after muon removal

Recalculated tau RNN variables

E 1_ T T 1 T T T T T T ] "_C_' 1 = L L . i|:Z{]Si‘lI']1lll‘|.}l."'tig[.-i'i!.[|'n‘k
© - 7] o - -
§ 0.9 ———— before removal, truth AR < 0.4 — § = ———— before removal, truth AR < 0.4 _ trFlicht PathSi
R - after removal, truth AR < 0.4 . :g : after removal, truth AR < 0.4 : & irkhghtiathog
-Q 0 -8 :_ > _: == efore removal, tru >
"8- = before removal, truth AR > 0.4 = "'% :'_ — bef I, truth AR > 0.4 ] . innﬂr’l"rk;’u’g]’)iﬁt.
.'E 07; E -'E 1 0_‘I :;—-_‘_.-—a—- =
W 0.65— _E L = L 3 e SumPtTrkFrac
T E - R e ]
0.5 —] = = e . e massTrkSys
- . L —— |
0.4 ;— _; . - +_{_ e centFrac
- . 1 0_ — —
0 . 3 _ —— — - -
E ] - N » ptRatioEflowApprox
0.2 —— — B ]
0.1— = - —i-_l_ ‘ _[—++——[: e dRmax
= - - 1
OF?=: ‘ é Ly 4'-_'_._,\_é . é L 1:0 10*30 Ol ] s 0\2 | 0|3 L 5.4 s mEflowApprox
e etOverPtLead Trk
nChargedTracks dRmax ' ’
¢ EMPOverTrkSysP
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MuTrackFinder

| MuHadAxisSetter I

| MuHadTrackFinder |

I TauTrackClassifier I

12

| TauCalibrateLC |

| MuHadClusterSubStructVariables |

[MuHadTauVirtexVariables| Adap“ ng a IgOch ms

| MuHadElectronVeto Variables l

| MuHadIDVarCalculator |

TauTrackFinder

| TauTrackClassifier |

| MuHadJetRNNEvaluator |

| TauWPDecoratorJetRNN |

| TauJetBDTEvaluator |

l TauWPDecoratorEleBDT |
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» The reconstruction efficiency is defined as the fraction of 1-prong (3-prong) hadronic tau decays which
are reconstructed as 1-track (3-track) 7,,4—_,is Candidates:

> reco efficiency _ N(T,tlgéffvis reconstructtiilltc;ls 1-track (3—track) 1) Ref: ATL-PHYS-PUB-2015-045
N(Thad—vis)

» The identification efficiency is defined as the fraction of 1-prong (3-prong) hadronic tau that are
reconstructed as 1-track (3-track) t,,,4_,is Candidates, which also pass the RNN score selection:

. . . N(Thad—vis Passed RNN score selction
> id efficiency = — o thad=vis ) ,
N (T}, 4-pisTeconstructed as 1—track (3—track) t)

reco + id = reco eff X id eff
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https://cds.cern.ch/record/2064383/files/ATL-PHYS-PUB-2015-045.pdf
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» Very small difference between MuRm taus and Std taus (~3%), which is comparable with the public tau energy scale
uncertainty (2-4%) Eur. Phys. J. C75 (2015) 303
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https://link.springer.com/article/10.1140/epjc/s10052-015-3500-z
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’UlS”

1s used for the final fitting.
K‘f;)/z

\/Zp#p}(cosh(n“ —17) — cos(p* — ¢p7)),(m = 0,E > m)

* The variable “average m,,

* average m”‘s = (m}j‘TS1

. ml%s —
» The reco average mms shifts to lower value compared to
the truth value.

» The reason is because we only re-calculate the RNN 1D
variables in the muon removal algorithm, but not re-
calculate the tau momentum variables (pr, n, ¢).

» Solution : Correct the tau momentum in the SR and VR.

* Only taus having charged tracks overlapped with muon should be
corrected

» The total number of events for each region keeps the same
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« Step 1. Correct the pt
* In the same truth p; bin, the average reco p; are different for the taus with OL muon and without OL muon.

« We can make the ratio of overlapped tau p; to unoverlapped tau:
» OL taus: having charged track overlapped with muon; UnOL.: no charged track overlapped with muon

* R(p?:,py ny,m) = pPt/pinot

* Fit the ratio with a function
« Correct the p9L to p¥™OL using p%L /R
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 Step 2: Correct the n* and ¢*
 After correcting the p , we have:

* (07 )

* DMt $")

* Pl )

. Wlilere variables marked with color are already known, variables marked with red color are
unknown

» According to the momentum conservation, we have p,, = p, + p,

* We solve the equation:
* 7 = ¢HT — sin"Hpy /pF sin(pF — $F)]
. p#r = (p7 cosg® + pqﬁfcosqb”)/cosqb‘”
* n* = tanh™[(py tanh(nk*) — prtanh(n*))/pt ]
* Finally, we can correct n* and ¢* using the above formulas.
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 The function used to fit the p; ratio is the energy resolution parametrization function:

. : ot OE _ G c
energy resolution parameterization: ; == +b+:
« R(p?t,pr,mny,) = pPh/pinot = pOL +b+ OL

« The barrel and endcap have almost the same ratio curves, so | merged them into one ratio curve for final
parameterization:
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 The reco m”‘s IS consistent with truth m”‘s after tau momentum correction.

 The mY* has a relatively large effect on m”‘s for the lower mass signal. If we consider truth
mYs = 0, reco m"‘s IS also consistent W|th truth m”‘s for lower masses after correction.
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* The tau momentum correction is applied for both data and background in the VRs, then
the relevant variables are re-calculated after tau momentum correction.
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* The fake prediction still agrees with data in the cross-check region after correction.
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signal mass (GeV) 4 6 8 10 12 14 15

expected limits without m;’ﬁ_ correction 0.134 0.0846 0.0493 0.0414 0.0624 0.0767 0.0957
expected limits with ml"ﬁr correction 0.131 0.0769 0.0471 0.0418 0.0609 0.0775 0.0946
Alimits 2% 10% 5% -1% 2% -1% 1%

expected limits with additional correction systematic 0.131 0.0782 0.0473 0.0418 0.0609 0.0775 0.0946

@ The limits with and without the mL’i_ correction are shown in the table. Alimits are the differences between the limits
vis
nT

vis

vis . Vis
and without m iir

nT wT
correction) - 1.

with m correction: (expected limits without m}}>_ correction)/(expected limits with m

@ The Alimits can already reflect the impact of 100% variation of m;’ﬁ_ correction on the final limits. The impact of any
other variations should be smaller than this variation. We can clearly see the impacts are very small on the limits after

the correction.

vis
wT
correction as shown in next few pages.

@ The relatively large effects on the limits of 6 and 8 GeV after performing the m are because the separation

vis
©nT
@ The limits for my; > 8 GeV signal almost keep the same as before the correction, because the signal and

background are always well separated before and after correction.

between signal and background is better after the m

@ The Alimits are then applied as cross-section uncertainties in the fit for each mass point.

@ After applying the additional m‘ﬂfr correction uncertainties, the limits are almost the same as before. The
maximum effect on limits is only 2% for 6 GeV signal.

@ The conclusion is that the m‘;ﬁ_ correction has very small impact on the analysis. We don’t need to apply an
vis

o correction because it will contribute negligible effects on the final limits compared to other

uncertainty for the m
major systematics.
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Average m”‘s (m, = 6,8 GeV)

* The same binning strategy Is used for m, = 6,8 GeV signal.

*: normalised to total Bkg.
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More cutflow table

cut name Events passed | Efficiency | Cumulative efficiency
AOD generation 5.5e+05 1 1
Preselection 5707.6 0.010459 0.010459
N(baseline p) > 2 5289.1 0.92668 0.0096917
N(baseline 7) = 1 5276.2 0.99755 0.0096679
cut name 4 GeV 6GeV | 8GeV | 10GeV | 12GeV | 14 GeV | 15GeV N(baseline 1) > 2 2441 0.46264 0.0044728
. T 2 baseline put 2332.6 0.95562 0.0042743
AOD ;L_,cnt:r_dllun 5.5e+05 | 3.4e+05 | 2.7e+05 | 2.4e+05 | 2.3e+05 | 2.3e+05 | 2.3e+05 4 leadpt > 14 GeV 2319.6 0.99441 0.0042504
Preselection 5707.6 2773.7 2222.1 1955.2 1725.5 1561.7 14933 208 ur 2229 0.96094 0.0040843
N(baseline u) = 2 5289.1 2554.3 2020.8 1785.3 1587 1441.8 1372 2 mVisl5 pt 2229 1 0.0040843
N(baselme 1) = 1 5276.2 2546.2 2014.3 1779.4 1579.5 1432.1 1364 Sleﬂd(.;’; > 32;}(?’\( fg‘;gz g-ziggg g%;;gz;
ST ublead pJ. > e . X .
N(bdh&:]]n_ﬂ T)212 2441 1200 872 683 524 456 410 ) Sigilrlii] i 477 0.58435 0.00087474
2 baseline ut 23326 | 11354 | 8I8 576 334 222 176 60 GV < mi* < 120 GeV 420 0.88001 0.00076995
i leadpt > 14 GeV 2319.6 1128.2 813 573 334 222 176 285 u 202 0.48146 0.0003707
208 ur 2229 1092.7 784 356 323 215 168 _ ) . _
. Table 7: Weighted cutflow of signal region in the SSu channel for m, = 4 GeV (BR(H — 2a — 471) = 1.0 at 140
2 mVisl5s HT 2229 1092.7 784 556 323 215 168 fb"], starting from the AOD generation level.
Lead p7 > 30 GeV 2047.7 1010.3 706 500 299 207 164 = TER e
§ cut name vents passe ciency umulative efliciency
Sublead _p; > 25 GeV 1678.8 845 581 417 260 184 149 AOD generation 545742205 i i
2 signal ut 477 231 167 141 86 67 54 Preselection 5707.6 0.010459 0.010459
60 GeV < m;;‘r < 120 GeV 420 206 150 128 77 60 49 N(baseline ) > 2 5289.1 0.92668 0.0096917
N(baseline 7) > 1 5276.2 0.99755 0.0096679
205 p 218 109 72 62 40 29 24 N(baseline 1) > 2 2441 0.46264 0.0044728
myyu < 50 GeV 214+9.1 | 107£5.0 | 69+4.0 | 60+3.3 | 39+2.6 | 2722 | 24+20 2 baseline ut 2332.6 0.95562 0.0042743
u leadpt > 14 GeV 2319.6 0.99441 0.0042504
Table 10: A summary of weighted cutflow of signal region in OSy channle for m, = 4,6, 8, 10,12, 14, 15 GeV 20S ur 2229 0.96094 0.0040843
(BR(H — 2a — 41) = 1.0 at 140 fb™"), starting from the AOD generation level. 2 mVisl5 pr 2229 1 0.0040843
Lead py > 30 GeV 2047.7 0.91866 0.0037521
Sublead py. > 25 GeV 1678.8 0.81986 0.0030762
2 signal ut 477 0.28435 0.00087474
60 GeV < m{,’L‘T < 120 GeV 420 0.88021 0.00076995
208 u 218 0.51854 0.00039925
myy, < 50 GeV 214 0.98207 0.00039209
Table 9: Weighted cutflow of signal region in the OSy channel for m, = 4 GeV (BR(H — 2a — 47)= 1.0 at 140
fb~!), starting from the AOD generation level.
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» The SS u*z;" , and OS utz;,, have similar fake composition §Lﬁﬁ34§4' e
« Quark jet is dominant 2 R

« Cross-check the fake estimation method using SS u*zi_, |
« Measure the FFs of SS uttiL . in Z + jets region 05 -
02— E

« Apply the FFs into a signal-like region with 2 SS uir;fad of -

< £
EE =

= Others 4:—; Others

>

& 8

Gluon Gluon

Tau Tau

Quark Quark

UnMatched UnMatched

o] Ony
ersio, muon truth Yersiop, muon truth
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» Only select two pass-id SS utt;" , without any other cuts to increase the statistics
 The fake in the cross-check region is estimated using the same equation
 The prediction shows very good agreement with data (discrepancy < 3%)
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e Quark is dominant
e Gluon is sub-dominant
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 The binning of each signal mass point is optimized to make
the statistical error of signal + background of each bin
around 20% and never 0 background events in each bin.

« The edge of each bin is manually chosen to separate the
shape of the signal and background.

« The overflow bin is added to the rightmost bin of each
distribution.
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Average m”‘s (m, = 6,8 GeV)

* The same binning strategy Is used for m, = 6,8 GeV signal.

*: normalised to total Bkg.
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Average mZ% (m, = 10,12 GeV)

Ut
 The same binning strategy Is used for m, = 10,12 GeV signal.

" normalised to total Bkg.

- normalised to total Bkg.
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* The same binning strategy Is used for m, = 14,15 GeV signal.

Events

Data / Pred.
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Comparison between asymptotic and pseudo-experiment (toy)

method

@ The expected and observed limits are summarized below.
@ The differences between the asymptotic and toy methods are within
6% for the expected limits and within 11% for the observed limits.

signal mass (GeV) o 6 8 10 12 14 15

asymptotic expected limits 0.13 0.077 0.047 0.042 0.061 0.078 0.095
toy expected limits 0.13 0.081 0.050 0.044 0.063 0.081 0.097
asymptotic observed limits 0.099 0.062 0.031 0.030 0.046 0.061 0.074
toy observed limits 0.10 0.066 0.034 0.033 0.051 0.067 0.081
A expected limits 0% 5% 6% 5% 3% 4% 2%

A observed limits 1% 6% 10% 10% 11% 10% 10%
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