ATLAS-CMS comparison: Search for flavour-
changing neutral-current couplings between
the top quark and Higgs boson in multi-
lepton final states

Marvin Emin Geyik for the ATLAS and CMS Collaborations

LHCtopWG Meeting April 2024, 25.04.2024

ATLAS Analysis: [arXiv:2404.02123] [Website] LHC tDP WG

CMS Analysis: [CMS-PAS-TOP-22-002] [Website]

ATLAS-CMS comparison: tHq FCNC couplings in multi-lepton final states
Marvin Emin Geyik | marvin.emin.geyik@cern.ch

25.04.2023 1



https://arxiv.org/abs/2404.02123
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-23/
https://cds.cern.ch/record/2872677
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-002/index.html

Content

1. Introduction

2. ATLAS Analysis Strategy

» Background estimation, signal-background separation and fit results

3. Comparison to CMS Analysis

» Differences in the analysis strategy and limit comparison

4. Conclusion

ATLAS-CMS comparison: tHq FCNC couplings in multi-lepton final states eI >
Marvin Emin Geyik | marvin.emin.geyik@cern.ch o




Introduction

tHq FCNC couplings and multilepton final states
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tHqg FCNC Couplings

FCNC processes forbidden at tree-level in the SM, higher orders suppressed by GIM mechanism

- Any observation at the LHC indication of new physics

* Model-independent searches using an Effective Field
Theory (EFT) with the full ATLAS/ CMS Run 2 datasets
taken at +/s = 13 TeV:
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Multi-lepton final states

 Final states of two leptons with the same charge (2¢SS) or three leptons (37¢)

» Primary Higgs-boson decay mode: H - WW™ (~ 75 % of events)
 Additional contributions from H —» ZZ* and leptonic H —» t*t~ decays
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Exemplary 2£SS final state diagram Exemplary 34 final state diagram
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ATLAS Analysis Strategy

[arXiv:2404.02123]
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Signal Regions and background composition

 Definition of 4 signal regions (SRs): 2 per final state, each focuses either on decay or
production signal (Nj,_¢aes = 1 in all of them)

» Contribution of prompt-lepton background processes (with leptons originating from on-
shell W/H/Z-boson decay) and non-prompt lepton background processes

ATLAS Simulation ATLAS Simulation
Vs =13 TeV Vs =13 TeV
SR2/ Dec HF-dec. Q-mislD SR8/ Dec W3/ + b/c

twz

Pre-Fit Pre-Fit tZq

HF-dec. e HF-dec.
W3/ + b/c Others
; Others
ttZ
ffH tfz ttH
ttw tw
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Background composition in the SR2¢ Dec Background composition in the SR3¢ Dec
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B-hadron decay and Q-mislID background

Leptons from B-hadron decay (HF-decay e/u)

e Assumption: Shape of kinematic distributions
accurately modelled by Monte-Carlo (MC)
simulations

* Free normalisation in final fit

* 4 control regions (CRs) defined to constrain
normalisation (2 CRs per final state)

non-prompt
lepton

Parton level /

\ Particle Jet Energy depositions
P in calorimeters
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ttV and V'V background

ttW and ttZ production

e ttW cross-section measured 1.4 o above
prediction (240105209

 ttZ only measured for high Njets while this
analysis considers Njets = 1 fandv2312.00450,

* Free-floating normalisation for both processes
with 3 CRs

CMS i : ] . . = :
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Reconstruction Algorithms in the Signal Regions

: . — : = N ' ]
« Extensive event reconstruction to optimise signal-background & [ &%/5.Smater s=1eTeV
. . (@] B
separation in SRs 2 ol — tru FONG
; . — Background
* Focusing on H - WW™ decay mode 3
()
= 0.1 -
* Recursive Jigsaw Reconstruction (RJR) > c |
» Aims to reconstruct particles in the decay tree § 06 E T 20'00
» Uses recursively defined jigsaw rules to match final-state ML, teonc) [GeV]
objects and decay-tree particles, maximising a global likelihood [arXiv:2404,02123]
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* Neutrino-independent combinatorics estimator (NICE) —— O [ Srardec '
Reconstruction = ook — tHu FONG
i — Background
» |dentification of leptons from Higgs-boson decay using angular g
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> No direct dependence on H - WIW* decay mode § | 3
k — &) I J
- Good performance also for H - ZZ*and H - t™t g | (. A
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Neural Networks in the Signal Regions
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Variable pre-processing and
Neural Network (NN) training

Separation power of all variables
combined using NNs

N

Training one NN per signal process (tHu/
tHc) and per SR2¢ /3¢ Dec/Prod

Extensive pre-processing

» Variable selection based on added

significance

» Normalisation (u = 0,0 = 1) and

decorrelation of input variables

» Transformation to signal purity S/B
with spline fit to reduce statistical

fluctuations

layer)

— Allows for NNs of very small size (1 hidden

%
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Profile-Likelihood Fit — Control Regions
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Profile-Likelihood fit — 2SS Signal Regions

*: normalised to total Bkg. *: normalised to total Bkg.
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Profile-Likelihood Fit — 3¢ Signal Regions

*: normalised to total Bkg.
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Expected Upper Limits on B(t —» Hq)

» Results compatible with background-only hypothesis
- Determination of upper exclusion limits

« Comparison of final states: 2¢SS more important, but
~ 20 % improvement due to 3¢

 Increase of expected upper limits due to systematic
uncertainties: ~ 20 %
- Analysis statistically limited

3!

21SS

2{SS + 3¢

[arXiv:2404.02123]

Expected 95% CL upper limits / 10~

Fit configuration B(t — Hu) B(1 — He)
Nominal fit 3.070% 3.871 R
Statistical uncertainties only ~ 2.6*;" 3.3*12 | +20 %
2¢SS final state only 3.671 4.3+19
3¢ final state only 6.5%%7 8.9*37
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Impact of Systematic Uncertainties

* Impact of individual systematic uncertainties determined by fixing related nuisance
parameters to +1 o and comparing the differences in the signal normalisation p

Pre-fit impact on p:

0=0+A0 | 6=0-00
Post-fit impacton p:
6 = 6+A6 6 = 6-A0

—— Nuis. Param. Pull

f HF-decay p
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B ttZ
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B W

ttW Ph+Py8 vs. Ph+Hw7
ttZ MG+Hw7
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/

tt modelling (mainly
HF-decay background)

M
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Pre-fit impact on p:
0=0+00 =~ 0=0-00

Post-fit impacton p:
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—— Nuis. Param. Pull
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Muon Isolation (syst.)

- it p:ard
JES Flavor Response
LF/c-dec. Norm.

B ttz
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b-tagB 0
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Mainly related to HF-decay background
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Observed Upper Limits and Combination

Observed (expected) upper limits on B(t — Hq) of this analysis:

B(t » Hu) < 2.8 (3.0)x10™* and B(t —» Hc) < 3.3(3.8)x107*

Results are combined with ATLAS tHq FCNC searches in different
Higgs-boson decay modes (H —» bb ', H » yy @and H —» vt~ B8])

Transformed limits on the EFT Wilson coefficients (at EFT scale of T
A =1 TeV): A~ bb
|Cag™| < 0.71(0.73) and || < 0.76 (0.82) ] i
B(t » Hq) BSM predictions are as high as 10~ | undidl Y
This analysis C ol
Combination i
[1] JHEP 07 (2023) 199 [2] JHEP 12 (2023) 195 [3] JHEP 06 (2023) 155 0 °
ATLAS-CMS comparison: tHq FCNC couplings in multi-lepton final states 55 04,9023
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This analysis "B :
Combination ]
B(t - Hu) < 2.6 (1.8))(10_4 and B(t - Hc) < 3.4 (2.3))(10_4 J

ATLAS Vs =13 TeV, 140 fb™'
T T T T T T T T T T T T
1
H- bb ‘ i
H-vyy |
H-TT i ‘
B(t—Hc)=0
1
HowW* i —— Observed
== Expected 10 |
-- Expected 20

o 5
[arXiv:2404.02123]
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Comparison to CMS analysis

[CMS-PAS-TOP-22-002]
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Differences between ATLAS and CMS Analyses

SPATLAS

EXPERIMENT

CMS

Event selection

2¢SS and 37 final states
(treated separately)
Looser p,(¥) cuts and no
m(ee)-cut in 3¢ final state

2¢SS+n-¢f, n=0,1.2,..
(all treated as one)

Tighter p;-cut and global cut
Im(ee) —m, | > 20 GeV

Background Estimation

HF-decay semi-data-driven .
with normalisation free- .
floating in final fit

ttW, ttZ and VV background .

given specific treatment .
HF-decay data-driven by .
comparing tight and loose

lepton selection (“tight-to- .

loose ratio method”)
All prompt lepton background .
processes from MC simulation

ATLAS-CMS comparison: tHq FCNC couplings in multi-lepton final states
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Signal-Background Separation
and Profile-Likelihood Fit

Extensive reconstruction

Individual NNs trained per signal
process and per SR2¢ /3¢ Dec/Prod
Separate CRs included in fit

41 Bins in total (with 5 free-floating
normalisation factors)

Reconstruction of invariant
masses and Ht

One BDT per signal process
trained on entire phase space
Only this BDT distribution
included in the fit

20 bins in total

25.04.2023 19




Results of the CMS Analysis

- .. s CMS Pre//m/nary 138 fb™ (13 TeV)
* Upper exclusion limits: @ 10° g e e e T
S = gl‘\’n"ggompt postflt
95% CL observed (expected) limits on i 10°= mm Charge Flip —— Signal Ky, =0.1)
¢+ Data
B(t - Hu) /10_4 B(t - Hc) /10_4 Uncertainty (stat. + syst.)

10*

SPATLAS 2.8 (3.0) 3.3 (3.8) 10

EXPERIMENT

102

7.2(5.9) 4.3 (6.2) 10

1
48 12 =

. Additional sensitivity in ATLAS (probably) due to L TR N R
» More inclusive event selection - Larger signal statistics OO o i

o

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

» Larger number of (signal-sensitive) bins BDT Score

» Dedicated treatment of production signal (tHu specifically) Post-fit BDT distribution in the tHu channel

[CMS-PAS-TOP-22-002]
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Comparisons of Combinations

ATLAS ________ -wewwn CMS Preliminary 138 b (13 TeV)
* No H — 77 channel in CMS combination Ty ‘ ARRARERRRRERRE NSRRI R
. . _ g i : H— bb
* In ATLAS: Strong upward-fluctuation in H — 17 vy I t—uH
analysis (both tHu and tHc channel) - 1| . H—y v
. . H-Tt i
* In CMS: Strong downward-fluctuation in H — yy - ‘ Bt Ho) = 0 l - ,
I - | H h | H-WV* ‘i —— Observed : leptonic
analysis (only tHu channel) o = et sie | |
 Resulting combined limits: combination| | ’ == Bxpected x20 | | B combined
o I s Y . —
95% CL observed (expected) limits on 95% CL limit on 5t  Hu) x 10* = H—-bb t —cH
_ _ ATLAS s =13 TeV, 140 b
B(t » Hu) /10~* B(t » Hc) /107 ‘FO = Hes y y
H-bb !
| i | | - leptonic
$ATLAS 2.6 (1.8) 3.4 (2.3) wn | |
EXPERIMENT o : ]
H- Tt i ‘ 1 combined
- o B(t—Hu)=0 _
. VYL i — Observed | | " 95% CL Expected Limit +10 Exp. Limit
CMS ! 1 57 37 (3.5 e i i == Ex;:ct:d +10 |
) ) ) ) o | --—= Expected +20 — 95% CL Observed Limit +20 Exp. limit
\ 9( ) ( ) Combination | - {4 N A B B B IR B BB
- [ L 0.1 0.2 0.3 0.4
- 95% CL limit on B(t — Hc) x 10 Branching Ratio (%)
Strongest observed limits to date [arXiv:2404.02123] [CMS-PAS-TOP-22-002]
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Conclusion

« Searches for tHqg FCNC couplings in multilepton final states together with combinations
« ATLAS search in multilepton final states most sensitive single-channel search to date

. . ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS “Preliminan
» Both ATLAS and CMS combinations show very LHotopWG ez s pas top s
high sensitivity e e B
Each limit assumes that [9] JHEP 07 (2017) 003 18] CMS-PAS-TOP-17:017
all other processes are zero Theory predictions —-SM 2HDM(FV) [E]2HDM(FC)
e - fomaXwi311.2028  [IMSSMLIRPV  [DIRS
959% CL observed (expected) limits on e I = m g
2
B(t > Hu) /10~* | B(t - Hc) /107* b | —e m
| <@ 2
t—yc - B —® i
—0 [4]
$ATLAS 2.6 (1.8) 3.4 (2.3) 2
EXPERIMENT t—=yu
I . M
t—ge | - i
SN @ 6]
CMS ; t—>gu J /7 K —0 [:
1.9 (2.7) 3.7 (3.5) - —— AT e — — T
t—=Zc -
t—=Z "
—>u| 7 P R S R RN RN TR 770 v NN I Mo . R
) 107" 107" 107"° 1077 10 107!
Thank you for your attention! © Branching ratio
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Signal region background composition
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Neural Network distributions
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Normalisation factors — Post-Fit values

Process tHu fit tHc fit

HF-decaye 1.05+0.24 1.02+0.23
HF-decayuy 0.94+0.18 0.92 +0.18

VV3t+b/c 1.41+0.23 1.37+0.24
ttW 1.15+£0.14 1.19+0.14
tt7 1.16 £0.11 1.17+0.11
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Control Regions — Pre- and Post-Fit
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Signal regions (tHc) — Pre- and Post-Fit
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Signal regions (tHu) — Pre- and Post-Fit
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CMS BDT (tHu) — Pre- and Post-Fit
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CMS BDT (tHc) — Pre- and Post-Fit
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