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Motivations

Top Quark Production Cross Section Measurements Status: May 2025

ATLAS Preliminary I Theory
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Motivations

tttt is a very rare process:

* can hide new 'physics BSM

o pp-oAtt-titt =
e pp-> Htt— 1ttt

o(pp—~H/Att-tttt) [fb]




Motivations

138 fb~' (13 TeV)

CMS Supplementary

Calculated from combination
<4< Qbserved upper limit

— Observed cross section i
: Lttt 1S a very rare process:

=-- Predicted cross section

» JHEP 02 (2018) 031 ' |
* can hide new physics BSM

* sensitive to top-Yukawa coupling




Motivations

_— BB% CL
95% CL

tttt is a very rare process:
* can hide new physics BSM

* sensitive to top-Yukawa coupling

=" ATLAS o :
5= 13 TeV, 36.1 - 140 o * constrain width of Higgs boson

-+ Best fit X SM

Phys.Lett.B 861 (2025) 139277




Motivations

Four tops production at the LHC, 13 TeV
cQO8 in SMEFTatNLO
=10, A=1TeV

Four tops production at the LHC, 13 TeV
SM+INT30D C(E:'L:" E.:E_EatNLO SM+INT200
SM+INT210 Gell, A= SM+INT210

SM+INT201 ) SM+INT201
SMHNT 1 . SM+INT1XCX

I tttt is a very rare process:

SM+INT+50. SM+INT+S0.

SM SM

BHLO

* can hide new physics BSM
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* sensitive to top-Yukawa coupling
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* constrains width of Higgs boson

SMEFT/SM
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* constrains operators in EFT
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Motivations
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Motivations

ATLAS+CMS Preliminary Vs = 13 TeV, November 2023
LHCtopWG
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Consistent with Standard Model
predictions:

* ATLAS: 1.8, 1.7 standard deviations;
* CMS: 1.3, 1.1 standard deviations.

HL-LHC — reduction of experimental
uncertainties.

Accuracy of theoretical predictions
must improve as welll




State-of~-the-art tttt theory

*  First calculations of NLO QCD corrections in [Bevilacqua, Worek 12]

* Matched with parton shower and studied in aMC(@NLO [Alwall et al. ’14|[Maltoni, Pagani, Tsinikos ’15]
* Full set of EW corrections added in [Frederix, Pagani, Zaro *17]

* Spin correlations in LO top quark decays within the framework of Powheg Box [Jezo, Krauss *21]

» Effect of soft-gluon corrections at NLO+NLI in the absolute-mass threshold formalism studied for the
first time in [van Beekveld, Kulesza, Moreno Valero ’22] |

* Spin correlations in NLO top quark decays using NWA [Stremmer, Worek 724]

»  Effect of soft-gluon corrections at NLO+NLL’ in the invariant-mass threshold formalism [presented today|
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Invariant-Mass Threshold Resummation
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e Enhancement of the cross section
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Invariant-Mass Threshold Resummation

gnom KLf\) -H\EOFLBWL:

« Observable: invariant mass do /dQ

T [lofm[/l-f)L mSAn-A

"""U/l 2 A
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-1 d6p(p) . EOSJMN * Threshold limit: p — 1
dR  Enhancement of the cross section

* Factorization in Mellin space
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Invariant-Mass Threshold Resummation
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Invariant-Mass Threshold Resummation

gnom KLf\) -“\EOFLBM:

Observable: invariant mass do/d(Q
Threshold variable: p = Q% /s

Threshold limit: p — 1
 Enhancement of the cross section
* Factorization in Mellin space
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Invariant-Mass Threshold Resummation

gnom KLf\) -“\EOFLBM:

ole [ Log™ (4-p) } , Maig Observable: invariant mass do/dQ
il

Threshold variable: p = Q% /s

Threshold limit: p — 1
 Enhancement of the cross section
* Factorization in Mellin space
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o8 * RGEs = inclusion of all orders
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NLL’ accuracy







NLL’ accuracy
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NLL’ accuracy

Matching to NLO: NLO+NLL’

dototres — qglo 4 [dcrres — do™™ @(ﬂ.?ﬂ H=H® + &H(l)

NLO obtained with MG5_aMC@NLO. (/HEP 07 (2014) 079 - JHEP 07 (2018) 185) 4?1-
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Results — Invariant-Mass distribution

Mo = Q/Q
—— NLO
—— NLO+NLL'
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Change in shape substantial

NLL’ corrections vary in range
[8%,25%]

NLL’ corrections increasingly
positive with Q

Scale uncertainty substantially
reduced |




NLO

pro = M/2
—= = Q/2

po = Hr /2

Overall scale
uncertainty

pp — Lttt
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LUXqed_plus PDFALHC15 nnlo_100
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Results — Invariant-Mass distribution
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Results — Integrated cross section

%__

po =M
5o =Q/2 []
i #0=HTf2 i

pp — ittt
LHC 13.6 TeV
_ LUXqged_plus PDF4ALHC15 nnlo 100

i

¢ = M)2
o = Q/4
pto = Hr /4

L

NLO

NLO+NLL

NLO+NLL'
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Results — Comparing with experimental data

VS [TeV] 19 NLO+NLL' [b]
13 M/2 10.43123:6%

—20.8%

- 15.7%
Q/2 1016777

Hr/2  10.357171%

15.7%
Ho = Q12
e 1.8 0 from CMS
e 2.2 0 from ATLAS

Uy = M2
e 1.5 0 from CMS
e 2.0 0 from ATLAS

ATLAS+CMS Preliminary
LHCtopWG

Oge = 120735 (scale) b [ o,

JHEP 02 (2018) 031 © arXivi2212.03259
NLO(QCD+EW) NLO(QCD+EW)+NLL'

ATLAS, 1L/2LOS, 139 fb™'
JHEP 11 (2021) 118

ATLAS, comb., 139 fb™
JHEP 11 (2021) 118

CMS, 1L/2LOS/all-had, 138 b &

PLB 844 (2023) 138076

CMS, comb., 138 fb™
PLB 844 (2023) 138076 -

ATLAS, 2LSS/3L, 140 fb
EPJC 83 (2023) 496

CMS, 2LSS/3L, 138 b
PLB 847 (2023) 138290

Vs = 13 TeV, November 2023

=13.47J (scale+PDF) fb  ——t—r—it—o

tot. stat.

G T tot. (+ stat. £ syst) Obs. Sig.

26717 (819 fb 19¢
2477 (x4 b 47 ¢
36 12 (7 ") fb 3.9¢c

1745 (x4 +3)fb 4.0

B e
+6. 7 +4.
2257, (_4_3 _3_4) fb
-24.4%
++%A!z' 9+Oé°7 +2.3
17755 (51 2% 1o

22.6%°




Conclusions

» [ presented the most accurate QCD predictions for tttt to date. The NLO results have been combined with
NLL> (NLO+NLL"), and thus include all-order corrections in the soft gluon emission limit.

* The NLL’ corrections reduce the theoretical uncertainty and improve the convergence of the predictions.

* For the first time, soft-gluon corrections to the invariant mass distribution Q of the tttt system have been
obtained.
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Conclusions

[ presented the most accurate QCD predictions for tttt to date. The NLO results have been combined with
NLL’ (NLO+NLL’), and thus include all-order corrections in the soft gluon emission limit.

* The NLL’ corrections reduce the theoretical uncertainty and improve the convergence of the predictions.

* For the first time, soft-gluon corrections to the invariant mass distribution Q of the tttt system have been
obtained.

Qutlook

* The new theoretical predictions are in agreement with the experimental results. However, both the
theoretical uncertainty and the experimental error are st111 quite large. With HL- LHC further effort from
theory side is needed.

* Next step: performing the calculation at NLO+NNLL accuracy.










Absolute-~ vs Invariant-Mass Threshold Resummation

NLO VS =13.6 TeV fo = M/2 Cross sections in [fb]
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Absolute-~ vs Invariant-Mass Threshold Resummation

NLO VS =13.6 TeV fo = M/2 Cross sections in [fb]
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13.837 25 67
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Absolute-~ vs Invariant-Mass Threshold Resummation

NLO VS =13.6 TeV fo = M/2 Cross sections in [fb]
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Absolute-~ vs Invariant-Mass Threshold Resummation

NLO VS =13.6 TeV fo = M/2 — Cross sections in [fb]
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Absolute-~ vs Invariant-Mass Threshold Resummation

NLO VS =13.6 TeV fo = M/2 Cross sections in [fb]
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A complicated calculation

Color decomposition of the amplitude

Soft radiation sensitive to overall color structure of hard process
— H and S are matrices in colour space:

* qq channel: 6-dimensional colour space

* gg channel: 14-dimensional colour space

Color decomposed amplitudes extracted from custom version of OpenLoops (Eur. Phys. J. C 79 (2019) 866)

Diagonalization of soft anomalous dimension

Diagonalization necessary to get rid of

path-ordering operator. Performed for every

phase-~space point.




Invariant-Mass distribution (additional scales)

o = M/2

—— NLO

—— NLO+NLL'

Ho

— Hy/2
—— NLO
—— NLO+NLL/

pp — ttit —| |___
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Approximate NLO

to = Q/2
== NLOy, ¢
~—— NLL/|nro

po  NLOqep [fb] NLOyo ¢¢ [fb] NLL'|npo [fb]

T/ y +25.2% 9 ne+20.2% 9 1=+21.6%
M/2  1B13T55, 1305557, 1345056

Q/2 9.38 5530, 9.77 53 9% 9.9275, 1%

+32.3% +26.0% A4 +27.0%
Hr/2 10887 %5 11.227 53 7% 11.4475 1 0%

o NLL' expanded reproduces NLO,,, qg reliably, both at
LHC 13.6 TeV L
LUXqed_plus PDFALHC15 nnlo_100 the differential and integrated level.

* qg contribution to the cross section is very small.

* Differences between NLL' |y and NLO,,, 4, do not
exceed 3%.

800 1000 1200 1?2)0[(* 15]00 1800 2000 * Differences between NLL'|y;o and NLO are at most 6%.
aeV
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