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Motivation of pp — tty(y)

* Unique features with respect to other assoicated pp — tt processes:
* Large fraction of photon radiation from top-quark decays (tty: ~50%)

« Photon isolation criterion to reduce secondary photon production (fragmentation processes, hadron decays)
= Probe t — y coupling
* Irreducible background to pp — ttH(H — yy)

= H — yysmall branching ratio with ~0.2%

Phys.Rev.Lett. 125 (2020) 6, 061801

= pp — ttH(H — yy) first single-channel observation of pp — ttH Phys.Rev.Lett. 125 (2020) 6, 061802

= No observation of pp — ttyy yet
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Feynman diagrams created with FeynGame Harlander, Klein, Lipp ‘20 2
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Theory status (pp — tty)
= Stable top quarks

Duan, Ma, Zhang, Han, Guo, Wang '09 11
* NLO QCD Maltoni, Pagani, Tsinikos ‘16
« NLOEW Duan, Zhang, Wang, Song, Li ‘17
¢ Complete NLO Pagani, Shao, Tsinikos, Zaro 21
« aNNLO QCD Kidonakis, Tonero,21
» Matched to Parton showers at NLO QCD

« POWHEL/POWHEG Kardos, Trécsdnyi '15

= Higher order corrections and photon radiation in decays
. Melnikov, Schulze, Scharf '11
* NLO QCD in NWA Bevilacqua, Hartanto, Kraus, Weber, Worek "20
° NLO QCD Wlth fU_H Off—SheH effeCtS Bevilacqua, Hartanto, Kraus, Weber, Worek '18
* Complete NLO in NWA Stremmer, Worek "24

= All calculations based on smooth-cone isolation Frixione 798



Theory status (pp — ttyy)
= Stable top quarks at NLO QCD

Alwall, Frederix, Frixione, Hirschi, Maltoni,

e NLO QCD Mattelaer, Shao, Stelzer, Torrielli, Zaro '14
Maltoni, Pagani, Tsinikos ‘16
« NLO QCD+EW Pagani, Shao, Tsinikos, Zaro 21

» Matched to Parton Showers at NLO QCD
« POWHEL/POWHEG Kardos, Trécsdnyi '15
e MC@NLO van Deurzen, Frederix, Hirschi, Luisoni, Mastrolia "16

= Higher order corrections and photon radiation in decays
« NLO QCD in NWA Stremmer, Worek "23

¢ Complete NLO in NWA Stremmer, Worek 24

= All calculations based on smooth-cone isolation Frixione 798



Process definition
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= Full calculation divided into three resonant contributions: Prod., Mixed and Decay

= Calculation performed in Narrow Width Approximation preserving spin correlations
» Photon bremsstrahlung and NLO corrections included in tt production and decay

= NLO QCD corrections calculated for each resonant structure separately

= Mixing of resonant contributions in subleading NLO corrections



NLO QCD

LO; at O(a2a*™™7)




Complete NLO
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Computational framework

Virtual Corrections with Recola (Actis, Denner, Hofer, Lang, Scharf, Uccirati '17) + Collier (Denner, Hofer, Dittmaier, Hofer "17)

»  Further Modifications in Recola

27
« Random polarisation method Z IM,yJ? = L ] dp | Me|?
x 27 0

* Alternative reduction to scalar integrals with CutTools (Ossola, Papadopoulos, Pittau ‘09)

and OneLOop (van Hameren “11)

» Mixed renormalisation of cv: " = vy a(0)™
7

Real Corrections in Helac-Dipoles

u Nagy-Soper subtraction Bevilacqua, Czakon, Kubocz, Worek "13

* QCD and QED-like subtraction in nested decay chains with massive/massless emitters

= Partially cross-checked with Catani-Seymour subtraction Catani, Seymour’97 ~ Catani, Dittmaier, Seymour, Trocsanyi 02

Bern, Dixon, Febres Cordero,

= Theoretical prediction are stored in modified Les Houches Event Files (LHEFs) 0 . " o Maitre 14

= Reweighting to different renormalisation/factorisation scales and PDF sets



Prompt photon distribution in pp — ttyy in di-lepton channel at NLO QCD

Stremmer, Worek 23
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= Integrated level: Full = Prod. (40%) + Mixed (44%) + Decay (16%)
= Large contributions from photon emission in decays in bulk of distribution
= Tails dominated by Prod. (79 — 82% of Full)



Prompt photon distribution in pp — ttyy in di-lepton channel at NLO QCD

Stremmer, Worek ‘23
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= Different peak structures for Prod., Mixed and Decay
* Only sum leads to reliable predictions

= Similar conclusions in lepton + jet top-quark decay channel .



Complete NLO predictions for pp = tty in di—lepton channel

o; |fb] Ratio to LO4 ‘ ‘ ‘
LO, O(a2a”) 55.604(8) 34% 1.00
LO; O(ala®  0.18775(5) 204% +0.34% QCD QCD
LO; O(alaT) 0.26970(4) 1237 +0.49%

NLO, O(a2ab) —0.1553(9) —0.28%
NLO;  O(ata)  +0.2339(3) +0.42% BLO; N DL DLy
NLOs  O(a®)  +0.001595(8) +0.003% . o
— = Subleading LO contributions below 1%
LO 56.061(8) T3 7% 1.0082
NLOGen 59.05(5)TL6% 1 0620 = NLO corrections dominated by NLO
. —5.9% :

T +1.5% . .
NLOpra 59.08(5) 5 gy 1.0626 = Subleading NLO corrections below 1%
NLO 59.50(5) T L0% 1.0717

.. . i
Stremmer, Worek 24 Similar conclusions for pp — ttyy

* NLOpq = LO;y + LOs + LO3 + NLO; + NLOg ,rq + NLO3 rd + NLOy4 pra

= No photon radiation and higer-order corrections in top-quark decays in subleading NLO contributions
11



(N)LO, /LO,

Complete NLO predictions for pp — tty in di-lepton channel

Stremmer, Worek ‘24
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= Subleading NLO corrections as large as 10% due to EW Sudakov logarithms in NLO>
= Accidental cancellations between NLO5 and NLL.Oj3
= Negligible differences between NLO,.q and NLO of less than 2%
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Photon isolation criteria

= Smooth-cone isolation Frixione ‘98
1 — cos(R)
- Ek H) < eyl
T,had< ) — Sy (1 — COS(RW')
* Removes collinear photon-quark configurations — Removes fragmentation contribution
« Cannot directly be used in experiments
 Input parameterse,, n (and R ;) are arbitrary

) for all R < R,;

» Fixed-cone isolation

¢ ET,had (R'yj) < ET,max(ET,'y)
+ Collinear photon-quark configurations allowed

A+ X NLO _ 1~NLO ~LO & ~LO (0)
. do? = oy 0+ Ao @ Dy — o= > de 0@l
P p

= Hybrid photon isolation
* First use smooth-cone isolation to remove fragmentation contribution and then the fixed-cone isolation
* Reduces dependence on (arbitrary) input parameters in smooth-cone isolation

= Setup based on recent ATLAS analysis: arXiv: 2403.09452 [hep-ex]
« Erpaa(R=04) <0022 By, 4245 GeV and Erpaa(R = 0.2) < 0.05- Ep .,
= ALEPH LO quark-to-photon fragmentation function

13



Photon isolation in pp — e+veu_17ub15y at+/s = 13.6 TeV
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€, =0.05 n =20,

Fixed cone
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= Fragmentation contribution negligible small with ~0.2%
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e
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Stremmer, Worek

= Hybrid photon isolation reduces dependence on input parameters in (inner) smooth-cone isolation
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Conclusion

» Prompt photon distribution in pp — ttyy in the NWA
* Only 40% of integrated fiducial cross section from Prod.
* Only sum of all resonant contributions leads to accurate predictions

» Calculation of complete NLO corrections in pp — tty and pp — ttyy in the NWA
* Negligible impact at the integrated level
* Enhancement of EW Sudakov logarithms in NI.O5 — Reduction in tails up to 10%
* Accidental cancellations between N1.O, and NLLO5
« NLO,,q1is good approximation — Sufficient to include subleading NLO corrections in tty(y) producion

= First calculation of pp — tty at NLO QCD with fixed-cone isolation
* Small fragmentation contribution ~0.2%
* Large dependence on input parameters in smooth-cone isolation — Requires tuning of parameters
 Basically no dependence on input parameters in hybrid photon isolation

Outlook

= Extend study of realistic photon isolation condition to pp — ttyy and lepton + jet top-quark decay channel

15



Backup

16



Setup b
(0~ vy bb

e 1T (i — ej:._,[iﬁi
(70 jj 0byy

pp — tt(vy) = WIW bb(y7y) —
= LHC with+/s =13 TeV
» Calculation performed in Narrow Width Approximation preserving spin correlations
» Photon bremsstrahlung and NLO QCD corrections included in tt production and decay
= Diagonal CKM matrix

= 5 flavour scheme (m;, = 0)

= Top-quark width treated as fixed parameter (I;"'*9 (uz = m,))

17




Setup of the calculation
V2 M3,
= G, scheme: o= ?GMMEV (1 — M—%”)
= External photon radiation with o' = o~ 1(0) = 137.035999084

Er

» Renormalisation/Factorisation scale: ur = prp = po = e Er = \/ m? + p?m + \/ m? + p%yf + D1,y T DT,

« NNPDF3.1(IuxQED) NLO PDF set with a,(M,) = 0.118

= Smooth-cone isolation Frixione ‘98

ZETZG)(R — R’YZ) S €y ETfy (1

1 — R) \"
cos( ))> for all R < R.;

— cos(R~;
= with R,; =04 ande, =n=1

* Anti-kr jet algorithm (R = 0.4) Cacciari, Salam, Soyez ‘08

18



Setup of the calculation (2)

Exclusive in n;, = 2

Event selection:

pr.e > 25 GeV, Y| < 2.5, ARy > 0.4,
pr.p > 25 GeV, yp| < 2.5, ARy, > 0.4,
pr.~ > 25 GeV , Y| < 2.5, AR, > 04,
ARy > 04, AR~ > 04, AR+, > 0.4

Additional cuts in lepton+jet channel:

pr,; > 25 GeV, ;] < 2.5, AR;; > 04,
ARy > 04, ARy; > 0.4, AR,; > 0.4

|mW — ij’ < 15 GeV
Modifications in fixed-cone isolation setup:

n, =2, pr~ > 20 GeV | Y| < 2.37

19



Integrated Fiducial cross section in di-lepton channel

pp — tt(yy) —

— WHEWbb(vy) — €10 vz bbyy

Lo LO NLO K = UNLO/ULO
opar [fD)] 0.13868(3) "5 %0 0.1773(1) LSS 1.28

By /4 Oprod.  [fD] 0.05399(2)F305%  0.07130(6) "2 5 1.32
Otixed  [fD)] 0.06022(2) T35 7%  0.07733(8) " 57 1.28
TDecay  [fD] 0.024473(7)T399%  0.02863(4) T 07 1.17

= NLO QCD corrections ~30%

= Scale uncertainties reduced from 31% to 6%

= Relative size to Full: Prod. (40%), Mixed (44%) and Decay (16%)

= Internal PDF uncertainties: NNPDF3.1 1.0%, MSHT20 1.4%, CT18 2.0%

Stremmer, Worek ‘23

20



Resonant contributions

99 99/pp qq qq/pr  q9+ag9  (q9+qg)/pp
oREOIfb]  0.0999(1)  56.4% 0.04307(4) 24.3% 0.03428(4) 19.3%
oRLO |fb] 0.02587(4) 36.3% 0.02672(4) 37.5% 0.01871(3) 26.2%
ooy [fb] 0.04928(8)  63.7% 0.01408(2)  18.2% 0.01398(2) 18.1%
Doy b 0.02476(4)  86.5% 0.002268(3)  7.9% 0.00160(2) 5.6%

= Full dominated by gg with 56.4%

Stremmer, Worek ‘23

* qq channel decreases, gg channel increases in absolute size from Prod. to Mixed

= gg channel supressed for increasing number of photons in tt production

= Conclusions also hold in lepton + jet top-quark decay channel

21



Diftferential Fiducial cross section in di-lepton channel Stremmer, Worek 23
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= NLO QCD corrections up to 65% = NLO QCD corrections ~25% — 30%
= Smaller corrections for /Lo = Tt =  Scale uncertainties reduced from ~35% to 5% — 8%
= Scale uncertainties 5% — 13% * Increasing scale uncertainties in tails for (1o = 7
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Diftferential Fiducial cross section in di-lepton channel

Stremmer, Worek ‘23

. t o= Er/4
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do /dHY* [fh/GeV]

= Fixed scale unstable for general dimensionful observables:
« Large shape distortions
* NLO scale uncertainties, up to 50%, exceeding LO ones
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— Dynamical scale in general required
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Integrated Fiducial cross section in lepton + jet channel
\mW — ij’ < 15 GeV

10 LO NLO K =oxvLo/oLo
oral [fH] 0.24214(4) T30%0.2073(3) 1% 1.23
o Oprod.  |fD] 0.11960(3)*507%  0.1405(2)"2 1% 1.17
T/ Onrs fl +‘31 9/- +L 5% -
Mixed  [fb] 0.09632(3) 3197 0.1205(2)TH2F 1.25
ODecay  [fb] 0.026230(9)33% 0.03629(7 )j;;;ﬁ 1.38

Stremmer, Worek ‘23

= NLO corrections ~23%, scale uncertainties reduced from ~31% to ~5%
* Prod. increased from 40% (di-lepton) to 48% (lepton + jet) because of by additional cut

ol (e, = 0.5) = 0.2832(7) fb 1 — cos(R)

opiO (B~ 64 = 10 GeV) = 0.2666(8) fb

= Significant deviations (5% — 10%) between different input parameters
in Smooth photon isolation prescription

Eri©O(R—Ry) <e B
; i O( vi) < € TV(ICOS(RW-

)
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Integrated Fiducial cross section in lepton + jet channel

} LO Stremmer, Worek ‘23
0.5¢ NLO
NNPDF3.1
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= 03
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= Large NLO QCD corrections of ~140% for Qcut — 00
caused by hard radiation in production stage

= NLO QCD corrections drastically reduced by additional |mw — M;;| < Qcut
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Differential Fiducial cross section in lepton + jet channel

Stremmer, Worek 23
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= Huge NLO QCD corrections caused by = LO spectrum limited by finite W boson mass
hard jets in the production stage DT.js maz ~ Mw /AR;; ~ 203 GeV

= Scale uncertainties in tails ~50% = Scale uncertainties in tails ~50%

26



Complete NLO predictions for pp — ttyy in di—lepton channel

o; [fb] Ratio to LO; ‘ ‘ ‘
LO, O(a2ab 0.15928(3) 3137 1.00

22.1%

~
p
(=]
—

O = N
~
p
=1
—

A ‘ Y Jr'2!3(.)80/'i: 07
LO; O(aa®) 0.0010991(2) 157 +0.69%
NLO; O(aab) +0.0110(2) +6.89% @ @ @
NLO» O(a2a’) —0.00233(2) —1.46%
NLO;  O(ala®)  +0.000619(1) +0.39% RO NLO; L, N
NLOy O(a%a?) —0.0000166(2) —0.01% . o
— = Subleading LO contributions ~1%
LO 0.16076(3) T30 0% 1.0093
NLOGeD 0.1703(2)T19% 1.0690 = NLO corrections dominated by NLO
. e 06¢
T +1.7% ‘ . .
NLOprq 0.1694(2) 75 g 1.0637 = Subleading NLO corrections ~1%
NLO 0.1700(2) T 5% 1.0674

Stremmer, Worek 24

* NLOpq = LO; + LOs 4 LO3 + NLO; + NLOg ;,yq + NLO3 ;rq + NLOy 1y1q

= No photon radiation and higer-order corrections in top-quark decays in subleading NLO contributions
27



do /dpr4, [f/GeV]

Ratio

Ratio to LO,

Complete NLO predictions for pp — ttyy in di-lepton channel

Stremmer, Worek ‘24
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= Subleading NLO corrections as large as 10% due to EW Sudakov logarithms in NLO>

= Accidental cancellations between NLO5 and NLL.Oj3
= Negligible differences between NLO,.q and NLO of less than 2%
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