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Why four tops?

Four top production is an extremely rare process with an estimated cross section

NLO(QCD+EW)+NLL' ; _
ttit = 13-42_3 fbo| at 4/s =13 TeV

van Beekveld, Kulesza, Valero '22

Direct way to measure the top Yukawa coupling complementary to +tH production
Cao, Chen, Liu '17

Very sensitive to many New Physics models

- Study modifications in the Higgs sector e.g. two-Higgs-doublet models

> Top philic models — new BSM heavy resonances decaying to top quark pairs
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TN —— < ------ e < ~ via FeynGame:
) OO e ¢ ¢ OO ¢ ¢ 7 O0000 :  Harlander, Klein, Lipp 20

Highly accurate SM calculations are essential alongside BSM modeling 2



https://arxiv.org/abs/2212.03259
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.053004
https://arxiv.org/abs/2003.00896
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tttt theory status

First NLO QCD predictions for 4 stable tops: General idea about the size of the NLO QCD
calculations. Top decays are not considered.

Bevilacqua, Worek '12 / Maltoni, Pagani, Tsinikos '16

Complete-NLO predictions for 4 stable tops with sub-leading effects: All the non-vanishing
contributions of (9(0(§ o Ywith i + j = 4,5 are taken into account without any
approximation. Top quark decays are omitted.

Frederix, Pagani, Zaro '18

NLO QCD matched to parton shower (NLO+PS): Besides NLO QCD corrections, the
inclusion of subleading EW production channels at LO accuracy was also considered. LO spin

correlated effects in top quark decays were also studied for the first time.
Jezo, Kraus '22

Threshold resummation for the production of four top quarks: Results for the total cross
section for 4-top production at next-to-leading logarithmic (NLO + NLL") accuracy. Top
quark decays are not included either.

van Beekveld, Kulesza, Valero '22

NLO QCD predictions in perturbative QCD in the 4 lepton channel: Higher-order QCD
effects in both the production and decays of the top quarks are taken into account.
Dimitrakopoulos, Worek '24
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Observation of four top production
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Branching ratios in four-top production

> t — W b: Top quark decays almost
entirely through weak interaction to a
W boson and a bottom quark with a
branching ratio of ~ 100%

3L,]9.

2L(SS),9.8 4

- W boson decays to either a pair of
lepton with its corresponding neutrino
or a pair of two quarks.

21 (0s), 196 1L 395 Br(W — lv;) = 10.8%
//—

ZBr(W — qd) ~ 67.6%

Manganelli, Quinnan 22 qq
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Process description in full NWA

0 0 0 0

doNiO = doNLO al’; X il X i X bt

ull = A0 NLO X 7NLO X T'NLO X T'NLO
Fi’ rf rf rf

, ! dré Y dl'? Y
+ doggz X (NLtO X — X (NLtO K=o
rl‘ rf rt rl‘

_ dr° dri ar? ary
+ dogfz X wits ¥ —wio Nomie X wme
rf rf rt rt

Lo . dry _ dIy dr'y QCD corrections in
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tit = PNLO ™ TNLO “ [NLO “ PNLO top-quark decays

LO o, dary _ dry _ d4r? _ dI;
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titt NLO NLO NLO NLO
I's I I L'}

/

NLO, ..+ No QCD corrections at the decays stage — Only the first term contributes
with the replacement I'V20 — 11O
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Process description in expanded NWA

e NLO,, ' Expansion of the decay rate of the fop quark is taken place. To all orders of
perturbation theory it holds that:

_ _ (0) ey 2
do = doyg ¥ i’ X dly X a1y % al’ doygs = doy; + asdoyz + O(a5)
I'y I' I'y Iy dr, — dfgo) n ozdeg ) 4 0(e?)

e By expanding the above formula and keeping terms up fo O(as) we end up with

: 'NLO d A(TNLO _ 1LO
doNLO _ 4,NLO :da%o % < t ) _ dolO « (I'y o £)
&

exp

where TNLO — 1{0) 4 o (V)

e Advantage of not including higher order effects when top quarks decay with LO accuracy



4 lepton decay channel B B By

Decay treatment oN© [ab]  +0care [ab] —Oecate [ab]  oNEO /gNLO _

exp

HR = pp = flo = 2my
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4 lepton decay channel

Ho =E7/4
scale uncertainties
@ PDF uncertainties

MSHT20 — e
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SCALE  ORDER PDF o [ab] e LI

po=2m;  LO  NNPDF3.1_lo_as_0130 3.7389(2)772" 1.30
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—21%

NLO fiducial cross sections are consistent among different PDF sets

K factors are strongly dependent on the LO PDF under consideration
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4 lepton decay channel - Differential distributions

— 1O, o =FEq/4
—— NLO, po=Er/4

s
o
I\

10—4 -

do/dpr, bbb, [@DIGEV]
=
<

10—5 _

—— LO, po=Er/4
—— NLO, o = Eq/4

IS
L

NLO/LO
w

m ———

N
!

K
-

I o ==~

T T T T T T 0 | | | |
0 100 200 300 400 500 600 700 0 100 200 300 400
pr.b, [GeV]

PT,bybbsb, [GEV]

NLO QCD corrections up to 18% for PT, b, and up to 140% for PT,b.b,b3b,4

500 600 700

10



103

do/dpr , [ab/GeV]

75 =
=} wn
|

© o
n

NLOyo, /NLOexp NLOsifNLOxp
= =
=) wn

[l
n

Scale unc.
(=1
o

O
wn

107 4

4 lepton decay channel - Differential distributions
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The effects of QCD corrections in top-quark decays are up to 10-12%
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3 lepton channel - Qcut dependence

e We require at least one light-jet pair to have an invariant mass close to m,,

(Mj; —mw| < Qeut J2

e Large K factors are avoided —
perturbative regime is applicable

. o = Er/4 Preliminary
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g0{ — LO
— 70+ —
Q
S 60
5 g dff/f:/
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301

200+—TTTT—T— 77T 77T T T 7T

e
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U(N)LO/O.LO
= [
o )
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Ocut [GeV]

Diagram was created via FeynGame:
Harlander, Klein, Lipp 20

NLO fiducial cross section increases with
increasing values of Qcut

K factor is 1.5 when Qcut = 100 GeV and 1.8 if

no restriction is applied (no Qcut)
12
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3 lepton channel - NLO_ , vs NLO

vs NLO,

LOdec o
Preliminary
Decay treatment oN'© [ab]  +0scae [ab] —0scate [ab]  oNEO/ ogjf,o -1 Decay treatment oNV© [ab]  +0seae [ab] —0scate [ab]  oNO/ Ug}};o -1
Qcut = 25 GeV Qcut — 00
Js=13.6 TeV
KR = pF = [y = 2my HR = PR = fio = 2my
full 47.92(2)  +4.56 (10%)  —9.22 (19%) +13.4% full 82.45(7)  +33.16 (40%) —24.17 (29%) +24.2%
LOgec 46.76(2)  +12.33 (26%) —11.51 (25%) +10.7% LOgec 67.80(3)  +30.49 (45%) —20.64 (30%) +2.2%
exp 42.25(2)  +8.27 (20%)  —9.72 (23%) - exp 66.36(5)  +29.01 (44%) —20.17 (30%) -
KR = pF = po = Er /4 pRr = pr = po = Er/4
full 50.45(3) 4347 (T%)  —9.32 (19%) +12.3% full 86.7(1)  +33.1 (38%)  —25.0 (29%) +23.5%
L0 50.17(3)  +12.95 (26%) —12.34 (25%) +11.7% i 72.05(3) +31.83 (44%) —21.83 (30%) +2.6%
exp 44.91(2) 4791 (18%) —10.16 (23%) = exp 70.19(7)  +29.69 (42%) —21.12 (30%) -

e Inthe Qcut— « scenario we obtain K = (1.8-1.9) for the expanded case and K = (2.2-2.3) for the
full NWA

e Substantial increase in the size of scale uncertainties if no Qcut is applied, from 23% to 42%

e The differences between various NWA treatments are also very sensitive to the choice of Qcut



3 lepton channel - NLO_ , vs NLO

vs NLO,
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e Inthe Qcut— « scenario we obtain K = (1.8-1.9) for the expanded case and K = (2.2-2.3) for the
full NWA

e Substantial increase in the size of scale uncertainties if no Qcut is applied, from 23% to 42%

e The differences between various NWA treatments are also very sensitive to the choice of Qcut



3 lepton channel - NLO_ , vs NLO Vs NLOeXp
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e Substantial increase in the size of scale uncertainties if no Qcut is applied, from 23% to 42%

e The differences between various NWA treatments are also very sensitive to the choice of Qcut



3 lepton channel -
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3 lepton channel - Differential distributions with Qcut = 25 GeV

do/dpr,p, [ab/GeV]

O-(N)LO/ULO
N &

o

w

(-]

Preliminary

S

—— LO, yo =E7/4
—— NLO, Mo =E7/4

\\\\\

N \-\\\\-\ t\:\' NN \ \\

N SOONK
ANEANRANTEARANANANN AAIAEIIINARTRNRRNANAN N

0 100 200 300 400 500 600 700

pr.b, [GeV]

do/dpr,;, [ab/GeV]

Preliminary
s —— LO, uo=E7/4

10—1_ —— NLO, [10=ET/4
10—2 i
1073

4
g &
e}
g 2
5 T’
51 S

D ANANNNANNNNNNNNN
0

0 100 200 300 400
pr., [GeV]

QCD corrections are up to 100% in the tail of the distribution for PT,b,

QCD corrections only up to 19% for pr,/,
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3 lepton channel - Differential distributions with Qcut = 25 GeV

Preliminary
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e Very large shape distortions between LO and NLO predictions in observables related to light
jet kinematics

e At LO pure kinematics imply that (vr.;,),,., = % ~ 201 GeV
712
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3 lepton channel - Normalized differential distributions with varying Qcut

Preliminary Preliminary
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No significant shape distortions between Qcut = 15 GeV and Qcut = 25 GeV

Distortions up to 80% in the tails of the distributions for the no Qcut scenario

Scale uncertainties are much higher in the no Qcut scenario even in regions where most events
are anticipated



3 lepton channel - Differential distributions with Qcut = 25 GeV
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Differences up to 22% near AR;,j, = 1
Differences at the level of 10%-12% for A¢,,,
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Summar
4 4 lepton channel

Reduction of the scale uncertainties when QCD corrections are applied both at the production
and decay stages: NLO : 23% = NLO,,, 20%, NLO, ,: 16%

LOdecays

Proper modeling of differential distributions = necessary for correct interpretation of
possible new physics signals

3 lepton channel

QCD corrections at the level of 14%-19% for Qcut = 25 GeV and up to 80%-90% for the no
Qcut case
Scale uncertainties up to 23% for Qcut = 25 GeV and 42% in the no Qcut scenario

Large shape distortions at the differential level for observables related to light jet kinematics

Differences up to 80% in the tails of the normalized distributions when no Qcut is applied

Differences up to 22% for dimensionless observables between NLO,  and NLO, .. for
exp ec
Qcut = 25 GeV 19



Outlook

Comparisons to NLO QCD calculations matched to Parton Shower [POWHEG and MC@NLO]
where the emission in top-quark decays is included in the soft/collinear approximation

Study the impact of including Matrix Element Corrections (MEC) in top quark decays

during showering = already done for ¢t and {1/
Frixione, Amoroso, Mrenna '23 / Frederix, Gellersen, Nasufi '24

20


https://link.springer.com/article/10.1140/epjc/s10052-023-12154-x
https://arxiv.org/abs/2402.12893

Thanks for your attention!
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Backup slides
HELAC-NLO

Ossola, Papadopoulos, Pittau ‘08

van Hameren, Papadopoulos, Pittau ‘09

CUTTOOLS

Bevilacqua, Czakon, Garzelli, van
Hameren, Kardos, Papadopoulos,

Pittau, Worek ‘13 HELAC-lLOOP

HELAC-NLO ONELOOP

van Hameren ‘11

HELAC-DIPOLES

van Hameren ‘10

Czakon, Papadopoulos, Worek "09
Bevilacqua, Czakon, Kubocz, Worek ‘13

e The output is saved in Les Houches & ROOT Ntuple files
arXiv:hep-ph/0609017, arXiv:1310.7439 [hep-ph]

e Tt can be further analysed by adding new cuts, changing the renormalization and
factorization scales, using different PDF set



Backup slides

Setup for the calculation

e We perform our calculations with a center of mass energy \/E = 13.6 TeV

e We try to be as inclusive as possible in the fiducial phase-space:

pr.e > 25 GeV lye| < 2.5, ARy > 04,
P > 25 GeV , |yb| =, 2 ARy 04,
pr,; > 25 GeV, lyj| < 2.5, ARy > 04.

e TInour fixed order calculation we use both a fixed and a dynamical scale yy = 2m, , yy = E/4

Er= Y \[m + P+ ), y/m? + ()

i=1,2 i=1,2

e Scale variations are calculated by varying both YR and U F

(”_R , ”_F> _ { (2,1),(0.5,1),(1,2),(1,1),(1,0.5), (2,2), (0-5’05)}'
Ho  Ho
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Input parameters

G, = 1.1663787 - 107> GeV =,
my = 80.379 GeV,
myz = 91.1876 GeV,

IEO = 1.4806842 GeV .

1

LO calculations

my = 172.5 GeV,
I'NLO = 2.0972 GeV
mp = 0 GeV .

I'NLO = 1.3535983 GeV .

1

NLO calculations
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4 lepton channel - Scale variations

35 MSHT20, uo = 2my 35 MSHT20, uo = E7/4
—8— NLO (ugr = pr = &uo) —8— NLO (ug = pr = &uo)
%5 —8— NLO (ur = &uo, ur = po) 55 —8— NLO (ur = &uo, Ur = Ho)
—8— NLO (ug = Ho, pr = &po) —8— NLO (ug = Ho, pr = &ho)
—8— LO (ur = ur = o) —o— LO (g = pr = Elo)
25 4 25 4
I~ Iy
= 2
g 20 A .s 20 A
© ©
& &
v 154 v 15 1
£ 2
(S} (O]
10 4 10 4
54 5 4
0 T T T T 0 T T T T T T T
1/8 1/4 1/2 1 2 4 8 1/8 1/4 1/2 1 2 4 8
3 3

The primary source of scale uncertainties originates from variations in (p
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4 lepton channel - Differential agreement among different PDF sets
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4 lepton channel - Applying p.- veto

Mo = E7/4

—r 1

e i~
, -E::::
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—— NLO
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4 lepton channel

Preliminary results
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10—2 ]

10—3 J

do/dpr,p, [ab/GeV]

o =

Scales

=
ol UIN CUTRUIN

Matching

100 200 300 400 500
pr,b, [GeV]

o

Preliminary results

do/dpr, 11,151, [ab/GeV]

o

Scales

o B ; E
ocURrUIN cULTRUIN

Matching

0 100 200 300 400 500 600 700
P, Ll [GEV]

The size of the scale uncertainties is underestimated in POWHEG and MC@NLO for

certain types of observables
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3 lepton channel - Integrated fiducial cross sections at LO, NLO

Qcut = 25 GeV, [s=13.6 TeV

PDF ol© [ab] Oscale oNLO [ab) Oseals OpDF i =gite jgte
KR = PP = po = 2my
1 25.883 (13%) 1827 (20%) +1.76 (4%)
HISHIED _13.082 30%) 2PQ) 979 (23%) —1.32 (3%) 115
+21.781 (71%) +8.28 (20%)  +0.89 (2%)
NNERERL ¥ “18s3 (30%) 2 971 (23%)  —0.80 (2%) L3
126858 (T1%) 18.20 (20%)  +2.42 (6%)
2L _1a655 (39%) 18R _g6o 23%)  —2.00 (5%) bk
1R = pir = po = Er/4
+29.111 (74%) +7.91 (18%) +1.84 (4%) ,
MsHT20 15632 (40%) 492 _j016 (23%) —1.38 (3%) LH
+24.868 (73%) +7.87 (18%)  +0.94 (2%)
AEEREA ~13.a13 (30%) 9P 1016 (23%) -0.94 (2%) 130
0 o7 =1 (RO
CT1s 42018 (1) oo +T86 (18%) 4251 (6%) Los

~16.169 (39%)

—10.06 (23%)

—2.08 (5%)

LO results only provide a
rough estimate with huge
scale uncertainties ~74%

Different PDF predictions
are consistent at NLO
within the uncertainties

NLO scale uncertainties up
to 23%

K factors vary between
different PDF sets from
1.08 0 1.37



Scale
uncertainties
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3 lepton channel - Dynamical vs fixed scale
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Cross-checks

e For subtracting the IR divergences we employed two
different subtraction schemes to cross-check our
results, namely the Catani-Seymour and
subtraction schemes

e Cancellation of the 1/e and 1/¢*poles between the virtual corrections and the real
emission has also been confirmed for multiple phase space points

e The finite value for the virtual amplitude has also been cross-checked with
RECOLA arXiv:1605.01090 [hep-ph]


https://arxiv.org/abs/1605.01090

