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MOTIVATIONS

| discuss the properties of

the top quark and motivate

the importance of studying
the four top-quark
production process.

QCD CALCULATIONS

| shortly discuss the
structure of QCD
calculations.

SUMMARY AND
CONCLUSIONS

| summarize the
presentation, draw the
conclusion and give an
outlook.
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Particle-level D
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Degrassi, Di Vita, Elias-Miro, Espinosa, Giudice, Isidori, Strumia, 2012

m = 173.3 GeV B i
[=142GeV i
T=5%x102%s
g/e = 7

S | 125
\ S - /2 Higgs mass M), in GeV
8 Zanderighi, 2023
Top-Yukawa coupling Y, = mt\/Z/v ~ 1 S o

Pole top mass M, in GeV

Higgs field value

— Impact on the mass of the Higgs boson and on the
stability of the electroweak vacuum

experimental

knowledge




m=173.3 GeV
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T=5%x10%s
q/e =%

S =1

L
4

Heavy BSM particles can decay into tt.
Rare processes (such as tttt production) more sensitive to these effects.
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Top Quark Production Cross Section Measurements Status: May 2025

- Theory
LHC pp vs=5 TeV
BBl Data 0255025710

LHC pp V5=7 TeV

I Daa a5-460"

LHC pp v5=8TeV
BBl Daa 202-2030b

LHC pp vs=13 TeV

Bl oai: 1400

LHC pp Vs=13.6 TeV

Il 0a: 291t

78
tW  t W ttZ ttH tty ty tZj 4t Snowmass 2021

s-chan fid. fid.

4 h

The production of four top quarks in proton-proton collisions is one of the
rarest processes of the Standard Model.
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The production of four top quarks in proton-proton collisions is one of the
rarest processes of the Standard Model.

\Observed for the first time in 2023 at the LHC. 5
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ATLAS+CMS Preliminary Vs = 13 TeV, November 2023

LHCtopWG
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ATLAS+CMS Preliminary Vs = 13 TeV, November 2023

LHCtopWG
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Accuracy of theoretical predictions must
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Sensitive to
top-Yukawa
coupling

Can be used to
constrain width
of Higgs boson

Can hide new
physics (BSM)

Can constrain
operators in
=
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Sensitive to
top-Yukawa
coupling

Supplementary

Calculated from combination

<44 QObserved upper limit

— Observed cross section

--- Predicted cross section
* JHEP 02 (2018) 031

138 fb~! (13 TeV)
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— 68% CL
95% CL

Phys.Lett.B 861 (2025) 139277

{s=13TeV,36.1-140 fb"
+ Best fit X SM

Can be used to
constrain width
of Higgs boson
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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+NLL' 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 [Bevilacqua, Worek "24]




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+NLL 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 [Bevilacqua, Worek "24]

Effect of soft-gluon corrections at NLO+NLL in the invariant-mass threshold formalism [presented today]

15




\_

2
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Cross section in hadron-hadron collisions

1
Ohyhy—sx (S) = Z/ dei1dzs fo/n, (z1, F) fosns (T2, iF) /d§ 0(8 — 21225) Gap—x (3, LR, LF)
a.b 0
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Cross section in hadron-hadron collisions

1
Ohyhy—sx (S) = Z/ dei1dzs fo/n, (z1, F) fosns (T2, iF) /d§ 0(8 — x1225)) Gap—x (3, LR, LF)
a,b 0
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Partonic cross section

A a n 0 a’s(ﬂ’R)Al GS(HR) 2,..2 ,..
Gar(8, s i) = o (um) |G (3) + == 56,,) (3, pum, o )+( - ) 653 (3, s i) + ..
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Partonic cross section

2
~ ~ ) -~ -~ (}"S ){‘LR ~ ~ {-']:.IS !('i’R . -~
5 s ) = ) [35(8) + L4605 ) + () 86+

/NLO: real corrections\ @ncellation of IR divergences between reals and virtuals
. t (KLN theorem). Consider da/d(Q. Terms proportional to
%, t loo™ (1 — §
) af[ 8" ( Ap)] , m=0.,1
t 1 — P +
g
t survive, where
NLO: virtual corrections A Qz _ 2 2 _ 2
) pP=- s = (Pa + Pb) Q" =px
: :
J ¢ They provide important contributions to the cross
section in the limit p — 1.
t
g

\_ t /




Partonic cross section

(n) 0) (3) + a's(f-”R) A(l)(s

&ab(§,#3, f-”F) — a?(ﬂﬂ) s Ry 1

The more terms When not feasible,

we inCIUde, the and.the more Estimate of missing When fegsible, use approximations
. complicated the higher order terms calculation of (e.g. soft gluon
more precise e (O S NNLO, N3LO, etc... .

resummation)

the calculation:

Channel Number of diagrams (fermionic loops)

88 #1

qq #1

48 #l Example: 99 — H
88yt  #10 ple: 99
#38 J.S. Hoff, 2015

)3 #50

qq9 #1

qq #2

q9 #84 = #81 +#3 n;

q8 #124 =#122 +#2n
#294 =#252 +#42n
#2458 = #2293 +#165n;

#2964 =#2752 +#212m 19




Partonic cross section

Gab(8, pry pir) = o (JLR) (D)(S) aS(ﬁR) (1)(3 PRy fLF) + (M) &‘(‘?’)(g’ s 1)

The more terms
we include, the
more precise
the calculation:

... and the more Estimate of missing

complicated the higher order terms
calculation (theoretical uncertainty)

Scale variation

T

When feasible,
calculation of

NNLO, N3LO, etc...

When not feasible,
use approximations
(e.g. soft gluon
resummation)

0 ) < {(051 05)! (051 1)1 (11 05)! (1: 1): (1: 2): (2: 1): (2: 2)}




Partonic cross section

50)(3) + as(pr) .

n 1
Oab(8, i, pr) = o5 (LR) |0 G (3, 11r, ir) +

The more terms

we include, the . and the more Estimate of missing When feasible,
: complicated the higher order terms calculation of

more preCise calculation (theoretical uncertainty) NNLO, N3LO, etc...
the calculation:

When not feasible,
use approximations
(e.g. soft gluon
resummation)

E  LHCtopWG May 2025
[T E=" NNLO+NNLL, PDFALHC21 (pp)
|- BB NNLO*NNLL, PDFALHC21 (pp)

|~ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
| My, =1725 GeV, o,(M,) =0.118 + 0.001

| ATLAS+CMS Preliminary = | |mLO ® NLO ® NNLO ® NNNLO

Tevatron comb. (1.96 TeV, <8.8 fo™') [1]

ATLAS comb., ee, py, ey, H+jets (5.02 TeV, 257 pb™) [2]
CMS comb., ey, I+jets (5.02 TeV, 302 pb™) [3]
LHC comb., LHCtopWG, ep (7 TeV, 5 fb™) [4]
LHC comb., LHCtopWG, ey (8 TeV, 20 fb™) [4]
ATLAS, eu (13 TeV, 140 o) [5]

CMS, ey (13 TeV, 35.9 ™) [6]

ATLAS, I+ets (13 TeV, 139 ™) [7]

CMS, I+jets (13 TeV, 137 i) [g]

ATLAS, eu (13.6 TeV, 29 fb™) [9]

CMS, ee, uu, ey, I+jets (13.6 TeV, 1.21 ﬂ)'1) [10]
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Partonic cross section

q 2 n A A X (g
Gan(3, pir, pir) = ol (r) |Gy (3) + ———2 as(pr)

Ea 2 Fa
Jéb) (51 HR, ;U’F)
m T

When not feasible,
use approximations
(e.g. soft gluon
resummation)

- ATLAS+CMS Preliminary
LHCtopWG May 2025

—_
o
w

NNLL,[PDF4LHC21 (pp)

I
pd
Z
—
)

NNLL,|PDF4LHC21 (pp)

[ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
My = 172.5 GeV, a (M) = 0.118 + 0.001

Tevatron comb. (1.96 TeV,<8.8 fb") [1]

ATLAS comb., ee, uy, ey, I+jets (5.02 TeV, 257 pb'1) 2]
CMS comb., ey, I+jets (5.02 TeV, 302 pb'1} [3]

LHC comb., LHCtopWG, ep (7 TeV, 5 fb") [4]
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Partonic cross section

Ga($, s pir) = O (ur) |65 (3) +

The more terms
we include, the
more precise
the calculation:

... and the more
complicated the
calculation

When not feasible,

Estlmate of mlssmg When feasible, use approximations

PN PV PV S WY o

" Cancellation of IR divergences between reals and virtuals
(KLN theorem). Consider do/dQ. Terms proportional to

+

1—p
survive, where
Q2

p=? S=(Pa+Pb)2 Q2=Pi’

They provide important contributions to the cross
section in the limit p — 1.



Partonic cross section

A A n ~ ﬂ As\HR) . A
Gab($, prs i) = o (pr) | Gy () + %a&?(s, R, 1F) + (

(15(;13))2 - (2)

T O ab (; HR, :MF)

When not feasible,
use approximations
(e.g. soft gluon

Cancellation of IR divergences between reals and virtuals resummation)
(KLN theorem). Consider da/d(Q. Terms proportional to
n llagm(l o :5)

. - ] ., m=20,1
1—p N

o

survive, where

Q?

p= o s = (pa+ )’ Q° = px

They provide important contributions to the cross

@ction in the limit p — 1. /




Partonic cross section

a-ﬂb(gr MR, ,J’F) = a?(ﬂR)

50(3) + XU 505 i,

The more terms

When not feasible,

we include, the and.the more Estimate of missing W E fegsible, Ve Ep R
, complicated the higher order terms calculation of (e.g. soft gluon
more pI’ECIse calculation (theoretical uncertainty) NNLO, N3LO, etc... >

the calculation:

valid to all orders

resummation)

We consider in the soft gluon emission
limit p — 1 all-orders contributions
proportional to

5

Q[M] Cm<on_1
+

1—p
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SOFT GLUON
RESUMMATION
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COLLINEAR SOFT
HARD PROCESS A EMISSIONS
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The amplitude
factorizes




1=1
p-e

Footei = . COLLINEAR
pP-q HARD PROCESS

/ EMISSIONS

p—1,ie s—Q°

Kinematic part
separates into soft
and hard physics
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Kinematic part
separates into soft
and hard physics

Color part of soft
still sensitive to
color of hard
process
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Color part of soft
still sensitive to
color of hard
process

Kinematic part
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Kinematic part Co!or parfc Pf —_ Factorization
still sensitive to

separates into soft achieved in Mellin
: color of hard
and hard physics space
process
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H does not need to be evolved.
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Renormalization group equations

—exp{zutxk_ aslogN)}

H does not need to be evolved.




How are all the orders included?

The resummation exponential reads:

00 n+1
exp {Z oy Z G rm log™ N}
n=1 m=1




How are all the orders included?

The resummation exponential reads:

n+1
Za ZGnmlog N} B

\ n=1
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What about the individual objects?

Soft function:

S = S(O)\ | aSS“)Jﬁ...
47
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What about the individual objects?

Soft anomalous dimension:

I = %rm] ( )fr@)}r 5

NNLL




What about the individual objects?

Jet functions:

A;(N) —exp{Za i ( aslogN)}
k=1
g1 LL, g, NLL, g5 NNLL




NLL accuracy

Improves NLL with NLO hard and soft functions.

H® includes one-loop virtual corrections and
accounts for O(a;) log N-independent contributions
not captured by the NLL jet functions.

A; =exp{gi1log N + g2}




NLL accuracy

Improves NLL with NLO hard and soft functions.

H® includes one-loop virtual corrections and
accounts for O(a;) log N-independent contributions
not captured by the NLL jet functions.

( Matching to NLO: NLO+NLL
do_f.n.+res _ do_f.n. + [do_res . dﬂ_r85|@(a?)]

\NLO obtained with MG5_aMC@NLO (/+:r 07 (2014) 079 - JHEP 07 (2018) 185))

A; =exp{gi1log N + g2}




* Absolute-mass threshold resummation p = (4m,)?/s

* soft-gluon corrections to o from region where final state produced almost at rest.

e Invariant-mass threshold resummation p = Q?/s

» soft-gluon corrections to o for all the invariant-mass configurations of final state.

» effect of soft gluon corrections on the invariant-mass distribution of final state.

\_




/ Soft radiation sensitive to overall color structure of hard process
— H and S are matrices in colour space:
* gq channel: 6-dimensional colour space

* gg channel: 14-dimensional colour space

\ Color decomposed amplitudes extracted from custom version of OpenLoops

~N




Additional details

Diagonalization necessary to get rid of path-ordering operator.

It needs to be performed for every phase-space point in IMT.

Diagonalization soft anomalous dimension

49
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Accuracy: NLO+NLL (NLO = NLO QCD+EW)

PDF: LUXged plus PDF4LHC15 nnlo_ 100

LHC centre-of-mass energy: 13.6 TeV
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Accuracy: NLO+NLL (NLO = NLO QCD+EW) _ . __
() invariant mass tttt

M = 4m,

LHC centre-of-mass energy: 13.6 TeV

4
Hr =Y\ /mé+13,
1=1

PDF: LUXged_plus_PDF4LHC15 nnlo_100 J

Scale choice: up = up = g, withug =Q/2,M/2, Hy /2

\_ /




Invariant-mass distribution
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Change in shape substantial J

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

NLL corrections increasingly positive ]
Scale uncertainty substantially reduced J

Q [GeV]
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Invariant-mass distribution
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Ho = M / 2

—— NLO

—

e

’_'_\—‘_‘_\ NLO+NLL'

Change in shape substantial J

NLL corrections vary in range [5%,-20%]

sign and then increasingly negative

NLL corrections start off positive, change ]
Scale uncertainty substantially reduced J
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Invariant-mass distribution
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Invariant-mass distribution
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do /dQ [fb/GeV]
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e displays better convergence
e lower overall scale uncertainty

e central values differ at most 3%

e central values differ up to 36 %




Total cross section

b m=M
iopp=Q/2
E EDZHT/Q

— LUXqed_plus_ PDF4LHC15_nnlo_100

pp — titt
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Total cross section

o pp sttt
LHC 13.6 TeV
_ LUXqed_plus PDF4LHC15 nnlo 100

i S

b =M ¢ py=M/2
opup=Q/2 o =Q/M4
| + E0=HT/2 3 m:HT/‘l_

LO+LL NLO NLO+NLL NLO+NLL/

NLO [fb] NLO+NLL [fb] ~ KNML NLO+NLL [fb] — KNLY

+23.0% +39.6% +24.1%
13.83123-0% 14.381395% 1.04 12387217 0.90

+30.1% +27.9% +15.8%
10.16+30-1% 10.5527-9% 1.04 12.001155% 1.18

+29.3% +31.7% +17.3%
11.70+293% 11.89+317% 1.02 12.25+17:3% 1.0




Total cross section

NLO-+NLL' [fb]

VS [TeV]  po
10.431530%

13 M/2 s
Q/2  10.16+157%

—14.8%
Hr/2  10.3571701%

—15.7%

Ho = Q/2:

e 1.8 0 from CMS
e 2.2 o from ATLAS
Ho = M/2:

e 1.5 o from CMS
e 2.0 o from ATLAS

ATLAS+CMS Preliminary
LHCtopWG

JHEP 02 (2018) 031

{s = 13 TeV, November 2023

Io = 12.0 22 (scale) fblc = 13.4 772 (scale+PDF) fb  ———
arXiv:2212.03259

tot. stat.

NLO(QCD+EW) NLO(QCD+EW)+NLL'

Gy T tot. (£ stat. £syst.) Obs. Sig.
ATLAS, 1L/2LOS, 139 fb™ 7 415
JHEP 11 (2021) 118 26 145 (38 i) b 190
ATLAS, comb., 139 fb™ s
JHEP 11 (2021) 118 H=—H 245(t4 ) b 4.7 0
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PLB 844 (2023) 138076
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PLB 844 (2023) 138076
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ATLAS, 2LSS/3L, 140 fb™
EPJC 83 (2023) 496

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

+29.3%
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| 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.

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

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

Ho=Q/2 NLOQCD [fb] NLOyo qg [fb] NLL’INLO [fb]
== NLOyo .,

, 125.2% 120.2% 121.6%
= NLLwo 13.135, 5% 13.0525 1% 13.4575 "9

+33.3% +28.1% +28.7%
9'38—25.8% 9'77—23.9% 9'92—24.1%

+32.3% +26.0% +27.0%
10'88—25.8% 11'22—23.7% 1 1'44—24.0%

pp — titt

LHC 13.6 TeV NLL' expanded reproduces NLO,,, qg reliably, both at the
LUXaed plys PDTALHCLS mlo-100 differential and integrated level.

qg contribution to the cross section is very small.
Differences between NLL'|y;o and NLOy,, 44 do not
exceed 3%.

Differences between NLL'|y; o and NLO are at most 6%.

1000 1200 1400 1600 1800 2000 2200
Q [GeV]
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