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Photon production in top quark processes
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Top quark measurements central to LHC program

t(t) + ¥ processes offer insight into both EW and QCD
sectors

Total cross section is the highest among tt+boson processes
Couplings may be sensitive to new physics— EFT interpretations

Important backgrounds for BSM searches and SM measurements

Very challenging from the modeling perspective (see
orevious talk by Daniel Stremmer)

With Run 2 data we entered the precision era for tty:

- Uncertainty in inclusive cross sections down to ~4%

One of the most precise cross section measurements abt CMS!

- Differential measurements performed in several final states
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Overview of processes involving top quarks and photons
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tty processes measured inclusively and differentially by both ATLAS and CMS
(most of this kalk!)

tqy observed (evidence) by ATLAS (CMS), inclusive cross section measurements only

tWy is an important background to tty and challenging to model (tty+ tWy in ey channel
measured by ATLAS, dedicated measurement not yet performed)




CE/RW CMS p)
“Fake” photons: an experimental challenge s j e

JHEP 05 (2022) 091

In tty, very high signal purity can be achieved, however... the main background originates from nonprompt / fake photons
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EXPERIMENT

tfj/ process contains: - Measure o(tty production) = 322 + 5 (stat) + 15 (syst) fb (5.2%)

- tty production: photons from ISR or off-shell top quarks - In agreement with prediction of 299 + 31 fb (MadGraph5_aMC@NLO)
- tty decay: photons emitted from decay products

Limited by systematic uncertainties, mainly tty modelling, normalisation
of tty decay, jet and b-tagging uncertainties

S _IXIT|L:4HSI|IIII|Illl|llll|llll|llll|'||||'lll|"' g LINLINL LI L L I L L L N LB I LB I LN B L
2 _ : < 2000ATLAS 3
250000 VS = 13 TeV, 140 b @ Data  [tfy production | £ - (s =13 TeV, 140 fo"' @ Data I tty production
L%J ~ Single lepton Etfy decay Eh-fake Y ] L%J 180():_Dilepton [ty decay [h-fake y =
- e-fake y Other vy . 1600F-SR [Je-fake y [ ]Othery -
20000/— Pre-Fit Ml Lep. fakes”” Uncertainty _ - Pre-Fit 7~ Uncertainty .
- . 1400F =
i 1200 4 =
15000_— E //é////// -
: 1000}~ & -
C 800~ Y/ -
10000~ - o 1
. , - 600 o ® o 9
Focus on single lepton and dilepton channels 2 e
5000 2
- : : - 200
tty production modeled at NLO in QCD and tty decay at LO | N v TR —_—
. 0 . I l : bl | | lllll . - L1l t || T A S R
_ © yosf . . E A . E
tty production measured separately for the first time 3 It 5 B et
S 0.75F 3 75F B
= : - =) :
. . . _ . . 05: . , , . . . , , , 3 OB
Measuring also total fiducial tty cross section (production+decay) 00102 03 04 05 06 07 08 09 f 0 010209 0405060708 09 1
NN output (tfy production) NN output

Single-lepton (dilepton) channels

- DNNs to separate tty production from other processes (multiclass in

. : : . Fiducial phase space Photon
single lepton channel and binary in dilepton) Number - —-1(2) —=4(2), >=1 b
. . . . . pT (GeV) >20 25 25
 Fake photon contribution estimated with data-driven methods 7] <2 37 25 25 -
Others Not from hadrons Not from haggcéqghfolated from solated from photons and leptons




Cross section measurements of tty+tWy ,@ JHEP 09 (2020) 049

EXPERIMENT
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- Study of tWy is challenging from the modelling point of view, but crucial for o
tty precision measurements

-c_ O ---------------------- =
» In this analyses, both processes are modelled at LO in QCD, with the g 1125 } ¢ * |
interference being removed RN e e 2 */fé/y ” %/////////
S 0.875F

0750
200 300 400 500 600 700 800 900 100011001200

S; [GeV]

* Inclusive fiducial cross section: fit to the sum of both processes, using the
ST distribution, in good agreement with dedicated fixed order calculation
Dedicated tWy measurements with improved

modeling will be crucial for improving our
understanding of top+photon processes

id fid. 0.56 1.04
Smeasured = 39-6 t% g fb “oredicted = 380 T511s (scale) T jg (PDF) fb

 Differential measurements also performed (not covered today, as more recent
results exist)



Events / bin

Data / Pred.

Inclusive cross section measurements of tty

T

CMS /1§ JHEP 05 (2022) 091
I JHEP 12 (2021) 180

Focus on single lepton and dilepton channels

Measuring total tty cross section (production+decay)

tty modeled at LO in QCD with MADGRAPH, scaled to NLO using k-factors

Fake photon contribution estimated with data-driven methods
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* Single lepton channel:

Simultaneous fit to 2SRs and 6CRs

Main systematic uncertainties:

normalization of Wy background,
estimation of nonprompt photons,
luminosity

Dilepton channel:

-it to photon pT distribution iIn SR

Main systematic uncertainties:
luminosity, the signal modelling, and
b tagging

Interesting to note different
systematic contributions in the
ATLAS and CMS analyses
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ATLAS, L =140 fb™, Vis 1
arXiv:2403.09452

ATLAS, L =139 fb™, Vis 2
JHEP 09 (2020) 049

CMS, L =138 b, Vis 3
JHEP 05 (2022) 091

CMS, L =137 b, Vis 4
JHEP 12 (2021) 180

*preliminary
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Differential cross section measurements of tty
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Objects defined at particle level

Observables: p+(y), N(y), angular variables involving photons and jets/leptons

Normalised and absolute cross sections measured both for production and production+decay
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+ Objects defined at particle level

- Observables: p+(y), n(y), lepton and jet kinematics, and angular variables involving photons and jets/leptons

- Normalised and absolute cross sections measured
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EFT interpretation using tty ; i JHEP 05 (2022) 091

S . o CMS 138 fb™* (13 TeV) .
« Photon pT distribution sensitive to several EFT operators: ggg Dilepton & tHets combination. 1 ﬁ
> | — 18
|_ —
2 St 1H16 2
138 fb' (13 TeV) = |
c I L L L I —c_?’g'_ 114
2 L CMS simulation Supplementary - : 112
U) s -
-+ | | — Ol o
§ SM _Ctz=1’ct2=0 | :_10
m103:_ ----- Ctz=-1,Clz=0_: g'_ 18
C | - Z Z
- — C;=0,C_=1 1 ! q
£ | — r 7]
I Ctz=0,CtZ_-1_ T ]
©r  SM - -68% CL ]
- = Tl # Bestfit — 95% CL |
N A 06 04 =05 0 02 04 08
107 = Ciz [(A/TeV)?
:'|""|""|""|""|"": : . CMS 77.5 fb™! iz
50 100 150 200 250 300 ' | ' JHEP 03 (2020) 056
| o
Pr(1) (GeV] (o— S e
individually / marginalized
CMS 137 fb1 fy (E+jets)
Ctz JHEP 12 (2021) 180 . .
- Dilepton and single lepton channels combined for EFT interpretation 5 g,“g%;,?%;‘,’y:é:fgg -y Operators modifying ty
: compineq wi +ets , ,
Global ft COUD“I’]Q also modify t£
. , , , , , , R S 4 JHEPO4@021)270 |
- Dilepton channel benetits from high signal purity while the single navidualy fmargialze coupling
epton channel has larger amount of events populating the photon | -
0T tails ’ ' : JHEP 03 (2020) 056
| CMS 137 fb™! tty (E+jets)
CtZ JHEP 12 (2021) 180
: Secanon i s
- Simultaneous fit to photon pT distributions in both final states f Combined with trjets
B T B S R S

95% CL interval [(A/TeV)?]
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- EFT interpretation using tty and tZ - il S fps | /7000 00

- Operators modifying ty coupling also modify tZ coupling — benefit from combination with ttZ

See next talk on
top+V processes by
Jan van der Linden

- Transverse momentum of Z and y unfolded simultaneously

| | | | I | I | I | I | I | I | | I | I

I | | | | I | | | | | | I | I | | | | I 1=

% 125~ ATLAS " 68% Cl (comb.) - > 125 ATLAS " 68%Cl (comb.)
[ Vs=13TeV,140fb™ e 95%Cl(comb) ] = [ Vs=13TeV,140fb" B 95% Cl (comb.)
© 10.0F SMEFT A=1TeV ¢ Globalmode 1 o 499 SMEFT A=1TeV ¢ Globalmode -
< - + Standard Model | < N +  Standard Model -
g : -680/°C|(tt2) :g E -68°/OCI(ﬁZ) E IIII|IIII|IIII | IIII|IIII
= 750 w— 95%CI(@) | & 751 e 95%Cl () ATLAS —— fiy onl
- m 68% Cl (tty) - - mm 68% Cl (tty) i Vs =13TeV, 140fb" tyony
5.01~ W 95%Cl(tty)  — 5.0/ B 95%Cl(ffy) SMEFT A=1 TeV tty + ttZ
- : - § Global auadratic o e Global mode
— — [~ - t- .t’ . .
2.5__ - 2.5__ - opal quadratic 1it, marginalise 68°/o Cl
- ] - N 95% CI
0.0 — 0.0F -
2.5 1 a5k .
I I T T T T K T N T T N M M A A N TN R R R AR El T T T T T T T IE
~10 -5 0 5 10 —10 -5 0 5 10
R[Cry|/A2 [TeV-2] S[Cizl/\* [TeV2]
[ ] [ ] [ ] ] L} L] o 2 -2
Again, the sensitivity is driven by tty, Cin eV

but the combination brings

additional constraints * Results provided in Cig Ciw and Ciz Gty basis
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ATLAS (2023) 137848

EXPERIMENT

Top quark charge asymmetry using tty events

O & g™

Top quark charge asymmetry (A.) in tt production: anisotropy in the angular distributions of the
final-state top quark and antiquark - SM prediction at NLO in QCD for tt: 0.6%

Charge asymmetry in tty potentially enhanced (and opposite sign) compared to tt, and present
already at LO - SM prediction at NLO: [-0.5%,-2%] depending on kinematics

q t

t

Caused by interference between q

diagrams such as 9
B g t
\i
t i

/ % q

Analysis strategy: q gl Y

Similar modeling strategy as cross section measurements just reported
NN to separate tty production (signal) and backgrounds

A, extracted from fit to |y(t)-]y(t)|

Result: Ac=—0.003+0.029 in agreement with the Standard Model expectation
(Limited by statistical wncertainty)

Events
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q q
. t
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q q
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12000—ATLAS —
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Quick note on single top with photon - tqy

Measuring single top in association with a photon:
» Important input for EFT

» Background to BSM searches

First evidence from CMS in 2018, using 35.9 flbo-1
of data and only muons

First observation from ATLAS in 2023, with 140fb-"

e

& ) Phys. Rev. Lett. 131 (2023) 181901
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i Hh—y [ ]Fake leptons

1600 = 7 Uncertainty
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CMS, |
41 Phys. Rev. Lett. 121 (2018) 221802
359fb " (13 TeV)
1200 11
_ CMS ¢ Data [ N
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I'he future Is bright! i CMS DP -2024/052
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Putting the SM to the test with top processes involving photon production

Shown today:

Inclusive and differential tty measurements by ATLAS and CMS

Recent improvements in modeling strategy

EFT interpretation using tty events by ATLAS and CMS
Charge asymmetry study with tty events

Observation of the tqy processes

More exciting results on their way: stay tuned!

17



N
N
O
e’
N
N
—
()
0O
=
)
'
Q
()

aint-Malo, France

18



Summary
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Summary
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Inclusive cross section measurements of tty production - fiducial phase space

p) arXiv:2403.09452v1
ATLAS Accepted by JHEP Photons are required to not originate from a hadron decay, satisfy ET > 20GeV and || < 2.37, and that

the sum of transverse momenta of all charged particles surrounding the photon within AR = 0.2 is less
than 5% of its own pt. Muons and electrons are required to have pt > 25 GeV and |Q| < 2.5, and must

not originate from hadron decays. The momenta of nearby photons, within a AR = 0.1 cone, are added to
the lepton betfore applying the selection. Particle-level jets are clustered with the anti-k; algorithm with a
radius parameter of R = 0.4. All stable particles are considered in the clustering, except for the selected
electrons, muons and photons, and the neutrinos originating from the top quarks. Jets are required to

satisfy pt > 25 GeV and |p| < 2.5. A jet is identified as a b-jet if a hadron with pt > 5 GeV containing a
b-quark 1s matched to the jet through a ghost-matching method [81]. Muons and electrons with separation

AR < 0.4 from a jet are excluded. Jets are removed if they are within AR = 0.4 of an isolated photon
candidate. Events are additionally required to satisfy AR(y,€) > 0.4, where ¢ is the electron or muon.

The fiducial phase space in the single-lepton channel is defined by requiring exactly one photon, exactly
one electron or muon, and at least four jets, and in the dilepton channel by requiring exactly one photon and
two leptons, and at least two jets. In both cases, at least one jet must be a b-tagged jet. For the combination

of the channels, a union of the single-lepton and dilepton fiducial phase spaces 1s used.




Inclusive cross section measurements of tty production - syst. uncertainties

. Aoy f production [Os7 ¥ production (%)
p) arxiv:2403.09452v1 Source Single lepton  Dilepton  Combination
E‘e‘l!r h'ﬂo? NSr Accepted by JHEP Statistical uncertainty 1.8 3.3 1.5
MUC statistical uncertainties 1.5 1.5 1.0

Modelling uncertainties

tty production PS uncertainty 2.4 3.7 0.9

Other tfy production modelling 5.1 1.6
tty decay modelling 0.3 1.3 0.8

tty decay normalisation 2.4 3.1 2.1

Prompt photon background normalisation 1.5 2.0 2.0
Fake photon background estimate 0.8 1.5 1.6

Fake lepton background estimate 0.4 - 0.1

Other Background modelling 0.7 0.2 0.5

Experimental uncertainties

Jet uncertainties 3.5 3.0
B-tagging uncertainties 2.6 2.1 1.0

Photon 0.5 1.5 0.8

Lepton 1.3 1.4 1.3

Emuss 0.3 0.4 0.4

Pile-up 0.3 0.7 0.5

Luminosity 0.8 1.0 0.8

Total systematic uncertainty 7.6 7.1 5.0

Total uncertainty 7.8 7.7 5.2




