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WHY 4 TOP?

» Four coloured massive particles in the final state
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» Four coloured massive particles in the final state cMs 137 o (13 TeV)
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WHY 4 TOP?

» Four coloured massive particles in the final state
» Sensitive to the Yukawa coupling
» Sensitive to new physics (gluinos, scalar gluons, heavy scalar bosons, ...)

» Constrains SMEFT coefficients: e.g. four-fermion operator
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WHY 4 TOP?

Top Quark Production Cross Section Measurements Status: November 2022
» Measured at the LHC CH ATLAS Preliminary -
'E' 10 o Run 1,2 vs=5,7,8,13 TeV . T::D_:TV E
» ATLAS [Eur. Phys. J. C (2020) 80, 1085; JHEP 11 o a B 0o 02570
(2021), 118; Phys. Rev. D 99, 052009 (2019), el e p MG 57T
C wRpa K- Data 45-46fb"! ]
arXiv:2303.15061] - - -
i . LHC pp Vs =8 TeV
L * BB  Daia 202-203f7" i
» CMS [Eur. Phys. J. C (2020) 80, 75; JHEP 11 (2019), ol Ii e
082, arXiv:2303.03864, CMS-PAS-TOP-22-013, I BN owes2-opl ]
NT 1 E .
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FOUR TOPS OBSERVED

P DAL AR AR MARAL AL A AARAE AR
CMS 138 o (13 TeV) S 1otl 18 m13TeV, 14015 QAW Biz
SRR SARARARRLARA LA 2 - SR W [JQmisiD =
' Expected o L[ Post-Fit @ Mat. Conv. [@HFe
4¢ —— : 0.00,8 M observed I.% 10§— =lg:hwe::r =E|1Fu _
ar o » Significance > 50 10 7 neeranty = PreT
c‘“_ = 134*}§fb . 5 . .
o zomts | | obtained in 1 .
2¢SS : _ .
4 E— multilepton channels
Combine | L EPes T (21SS,31,41) o
i . T F s
TN P T PR NPT O 21
AT 0017237456 Y T 5 L L—
O/ Of;  Significance (SDs) % 0.7 ”“i“i"f*’}#**‘“’”’* *”*’“}'
O 971 02 03 04 05 06 07 08 09 1
SM, NLO (QCD+EW) GNN score
560 [gtﬁf =12.0+24 fb] 6.10
CMS +3 : :
o = 17713 I (stat.) T35 (syst.) fb [Frederix, Pagani, Zaro (2017)] GATLAS _ 99 547 (stat.) +4 (syst.) b
[arXiv:2305.13439] [arXiv:2303.15061]
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WHY 4 TOP?

» Evidence in other channels (1l, 210S)

CMS ATLAS

[arXiv:2303.03864] [JHEP 11 (2021), 118]  arias Prefiminary (5 = 13 TeV, 139 "
-CMS 138 fb_1 [13Tev) 1T I T ;Oltl I LI L I 1T I |||||||| I T TT I T T1TT ' T 1T I ltiltlil
Expected Exp. sig. Obs. sig. stat
B Observed (s.d)  (sd) ' Tot. ( Stat., Syst. ) Obs. Sig.
Singlelepton 1.2 1.4 1L/2LOS @ ] 22 jg ( tg; ) j g ) 19¢
0sDL 0.8 1.5
2LSS/3L Fo— 20 08 (%4 .%1) 430
All-hadronic 0.4 2.5
7 +0.8 04 407
R Combined be— 20700 (%4.%0) 470
IIIIIIIIIIIIIlI]IIIIIIIIIIlIlIIllIIIIIIIIIIIIIIlI
Combination 3.2 4.0 0 1 2 3 4 5 6 7 8 9 1 0
G : - . - L . Best-fit p = GM/ oo

titt signal significance
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WHY 4 TOP?

» Measured at the LHC

» ATLAS [Eur. Phys. J. C (2020) 80, 1085; JHEP 11 (2021), 118; Phys. Rev. D 99, 052009 (2019), arXiv:2303.15061]

» CMS [Eur. Phys. J. C (2020) 80, 75; JHEP 11 (2019), 082, arXiv:2303.03864, CMS-PAS-TOP-22-013,
arXiv:2305.13439]

» Theoretical predictions for total rate: NLO (QCD + EW) available
[Bevilacqua, Worek (2012)], [Frederix, Pagani, Zaro (2017)],[Jezo, Kraus (2021)]

...atLO e.g. pureQCD and H QCD + EW
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WHY 4 TOP?

» Measured at the LHC

» ATLAS [Eur. Phys. J. C (2020) 80, 1085; JHEP 11 (2021), 118; Phys. Rev. D 99, 052009 (2019), arXiv:2303.15061]

» CMS [Eur. Phys. J. C (2020) 80, 75; JHEP 11 (2019), 082, arXiv:2303.03864, CMS-PAS-TOP-22-013,
arXiv:2305.13439]

» Theoretical predictions for total rate: NLO (QCD + EW) available
[Bevilacqua, Worek (2012)], [Frederix, Pagani, Zaro (2017)],[Jezo, Kraus (2021)]

GOAL: extend the precision of theoretical predictions beyond NLO
for pp — tttt by means of resummation techniques
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RESUMMATION

» Perturbative expansion cross-section

2n
o= Z cna” = co + cras + oo 4 ... with ¢ = fr + Zdnkl}k . LF= lnk(l — M?/s)
n k=0
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RESUMMATION

» Perturbative expansion cross-section
2n

o= chaf’; =co+ cras +cpal + ... with ¢ = fn + Zdnkl}k . LF= lnk(l — M?/s)
n k=0

» Large logs L can spoil predictive power, L¥ — oo for M? ~ s with M = 4m,
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RESUMMATION

» Perturbative expansion cross-section
2n

o= chaf’; =co+ cras +cpal + ... with ¢ = fn + Zdnkl}k . LF= lnk(l — M?/s)
n k=0

» Large logs L can spoil predictive power, L¥ — oo for M? ~ s with M = 4m,

» Soft Gluon Resummation

» Systematic treatment to all orders: resummation

—

» Relies on ME and Phase space factorization » Mellin space L :=In(1 — M?/s) — L:=InN
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RESUMMATION

» Perturbative expansion cross-section
2n

o= chaf’; =co+ cras +cpal + ... with ¢ = fn + Zdnkl}k . LF= lnk(l — M?/s)
n k=0

» Large logs L can spoil predictive power, L¥ — oo for M? ~ s with M = 4m,

» Soft Gluon Resummation

» Systematic treatment to all orders: resummation

—

» Relies on ME and Phase space factorization » Mellin space L :=In(1 — M?/s) — L:=InN

~ o~

0 (N) ~ F(as)exp [f/ g1(asL) + g2(asL) + ]
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RESUMMATION

» Perturbative expansion cross-section
2n

o= chaf’; =co+ cras +cpal + ... with ¢ = fn + Zdnkl}k . LF= lnk(l — M?/s)
n k=0

» Large logs L can spoil predictive power, L¥ — oo for M? ~ s with M = 4m,

» Soft Gluon Resummation

» Systematic treatment to all orders: resummation

—

» Relies on ME and Phase space factorization » Mellin space L :=In(1 — M?/s) — L:=InN

o~

0" (N) ~ F(as)exp [Fgl(ozslﬁl)]—k g2(asL) + ]

LL
a® In*"N
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RESUMMATION

» Perturbative expansion cross-section
2n

o= chaf’; =co+ cras +cpal + ... with ¢ = fn + Zdnkl}k . LF= lnk(l — M?/s)
n k=0

» Large logs L can spoil predictive power, L¥ — oo for M? ~ s with M = 4m,

» Soft Gluon Resummation

» Systematic treatment to all orders: resummation

—

» Relies on ME and Phase space factorization » Mellin space L :=In(1 — M?/s) — L:=InN

0 (N) ~ F(as)exp [Fgl(asf))] %—[gg(asf/)]—k ]
LL NLL
a® In?"N  atln’*1N
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RESUMMATION

» Perturbative expansion cross-section
2n

o= chaf’; =co+ cras +cpal + ... with ¢ = fn + Zdnkl}k . LF= lnk(l — M?/s)
n k=0

» Large logs L can spoil predictive power, L¥ — oo for M? ~ s with M = 4m,

» Soft Gluon Resummation

» Systematic treatment to all orders: resummation

—

» Relies on ME and Phase space factorization » Mellin space L :=In(1 — M?/s) — L:=InN

" (N) pr [Fgl(asf))] %—[gg(asf/)]—k ]

Finite LL NLL
contributions  a? In?"N  al In*"" 1N
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RESUMMATION

» Resummed partonic cross section for pp — tttt in Mellin space

A Tes L . . o -
Jij—>tftf — [ Hij—>tttt Uij—)»tttt Sij—>tttt Uij—>tttt } Az Aj
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RESUMMATION

Incoming jet funcions

(soft-)collinear enhancements

~ATes e T o o o
Jij—>tftf — [ Hij—>tttt Uij—)»tttt Sij—>tttt Uij—>tttt } -

» Resummed partonic cross section for pp — tttt in Mellin space
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RESUMMATION

» Resummed partonic cross section for pp — tttt in Mellin space  Mcoming jet funcions

(soft-)collinear enhancements
~Tes _ T o o o
Jij—>tftf — [ Hz’j—rrtttt Uij—:»tttt Sij—:-tttt Uij—>tttt } -

Hard function

constant contributionsas N — o
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RESUMMATION

» Resummed partonic cross section for pp — tttt in Mellin space  Mcoming jet funcions

(soft-)collinear enhancements
~Tes _ T - - -
Jij—>tftf — [ Hz’j—rrtttt Uij—)rtttt Sij—:-tttt Uij—>tttt } -

Hard function Soft function

constant contributions as N — o soft wide-angle enhancements

M/N

dq
Ui (N, M2, p3, u3,) = Pexp [ / P | R (as(qz))]
i
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RESUMMATION

» Resummed partonic cross section for pp — tttt in Mellin space  Mcoming jet funcions

(soft-)collinear enhancements
675 e = Tr [[Blsssgse| (Uiimssier Sijmeier Usjostits
1j—tttt — = A gl R =5 A T i== 1R LA

Hard function Soft function

constant contributions as N — o soft wide-angle enhancements

dalp, || Soft anomalous dimension
q| (e5(4*)) (SAD) matrix

M/N
Uij%tftf(Na Mz: p‘%‘a P’%{) — Pexp |:/
m
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COLOUR STRUCTURE

» One-loop SAD matrix needed at NLL

M/Nd
q
—T

Ui (N, M?, ,U«%?a H%z) = Pexp [/ ij—tttt (as(qz))
7

8% o 2 2

» qq — tttt: 3®§=3®§®3®§_>1@8:0@(2x1)@(2x8)@85®84®10@1‘0@27

6-dimensional colour space

> gg ottt : 88 =393233—-00108sD8,D10D10® 27 =

06(2x1)B(2x8) B8sH84B 105 10627

14-dimensional colour space
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COLOUR STRUCTURE

» One-loop SAD matrix needed at NLL

Uij%tftf(N: Mz: ,U,%», “?{) = Pexp |;/
m

T e (2)

p
> g otitt: 3®3=3R333-—-198=08

Q 2 _ (2
Lijeme (o) = (?S 2)

> gg ottt : 88 =393233—-00108sD8,D10D10® 27 =

ij—tttt (as(qz))

1] —>tttt

Diagonal SAD matrix

2 Re (I‘g))

- [_IRSRURZSR exp 9o

In(1 — 2)\)]

with A = Qfsb() 111(N)
+ ...

(2x1)®(2x8)®8s®8®10® 10 27

6-dimensional colour space

06(2x1)B(2x8) B8sH84B 105 10627

14-dimensional colour space

Laura Moreno Valero
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COLOUR STRUCTURE

» qq — tttt:

aq

1

= \/_N_g' 51::1 €3 5('.2 cy 5(:5::3

5
= -
ek

ol

C6C8

aiy
501 C3 t-ﬂg Cy

ol

Tr+/N.(N2 —-1) ©°

CEC8

=

tor,. tol

€1C3 €2C4 6'36 &)

iy dﬂ. 1o b3 tﬂg tbs

T2\/2(N} —5N2 +4) ©'° caeaeoes
1 Zfal o b3 tag tba
('—1'33 cacy4 cgeg Y
T2\/2N.(N2 - 1)

[Keppeler, Sjodahl (2012)]
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33=3%3R3R3—>158=08

(2x1)® (2% 8)®8s ® 84

4102108 27

6x6 SAD matrix

(1
B i1 = — Cr (Lo, + Ly, +2)

NZ—-1

1
T top2 = 2—M (Lss + Lgss — Lss — Lpys)
_ NI 1
I‘f;};)—mop,]a =+ (Ti5s — Tig — Tos + Tis)
2N,

_ VN2 =
I‘((;z-)—mmp,n = 721\& (TIS — Ty — Toz + Toa)
I_‘g;')—mtop,] 5= 0
L) =0

qq—4top,16
rw -2 Ly, + L — (Lg, + L N —2 (L 4L

gi—4top,22 — F + ( Fag T ,356) - fas T+ ﬂas) - ( a6 T+ ﬁnﬁ)
Ty - (Ths — Tha — Toz + Toa)

gg—4top,23 ch

o —
I‘qq’—>4top,24 -

)

Atop,25
9q—+4top,25 2\/_N

P
L imaop2s =

1
(T15 —Thg — o5 + Tg)

M

g

N —4

(Thg — Tia + Tis — Tig — Tog + Tog — Tos + Thg)

‘[ =Tz — Tha + Tis + Tie + Doz + Toa — Tos — Toe)

==

N? —
2N,

2 1 ]\72 2 1 ]\/’2 2 1
I'.(M—me 33 = = CrLgy, + 57 Lo + N —v D5 + Tls + Tzs + Tzs

1
Pl ipse = o (Lpas + Lpus — Lpas — Lpis)

VN2 — 4

2(1)

Ft(1§—>4t0p,35 5 \/— TN, Ly, — Ly — Ly + Ly + Tig — Tha — Tog + Ta)

(1

F tpao = 2 \/— (=Lpyy = Loy + Ly + Lo — Tig + Tha — T + Ta)

_1 1 N2_9 1
I‘géLAtomu —Cr o — Crlg, + cLﬁa. + —g N (T3 + Toa) + N (T4 + Tos)
Togsiopas = Z\f—N (Los — Lo — Lo + Lo + Tis — Tis — Tos + Te)

7

rqq—»dtop 16 = 2\/— Lﬁas Lﬂza + Lﬂu - Lﬁna +Ti5s — Tig + Tas — Tze)

= 1 NZ-6 NZ—6
I‘<(1§L4t0p,55 =-Cr+ Q_Nc +5v 2N, (Lﬁaa 3Ly —3Lgy + Ly, — 62 Ly — cQ L’ﬁua)

3 2
+

—6
(T4 + Tig + Toa + Tos) + — (Tus + Ths + Tog + Tig)
2N. AN,
- NZ_d
T8 stopss = Z (—Lpae + Lpys — Tia + Tis + Toa — Tig)
= 1 N2 -2 1
I‘qu::top,ﬁe =-Cr+ 5+ 2N ;N (Lﬁss + Lﬁaﬁ) + W (L.B.u - Lﬂss - LBAa + LBaa)
N2-2 1
Ty (Tis + Tys + Toa + Tig) o (Tm + T + Tz + Tis)
e

SAD matrix diagonal at threshold
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COLOUR STRUCTURE

> gg ottt : 88 =3932393—>05158:s98, 1061062705 (2x1)B(2x8)BB8s® 84 H 104106 27

14x14 SAD matrix

1 1 1 ) -
9_ - ar as 9 _ I . LN
C!']? TR Ng — ltC2C4 tCSCS 3 C'g Ne ,—N2 1 6&1!125c204 6.:503 ) I,(ﬂ)_‘mm ‘ [Lﬁ,‘Jr[-sn)Jr—(TquTu+Es+Tm] I-'fly)_,,wpm—ﬂ T itopan = e CpLﬂ,‘+ﬁLh+T(‘HJ + T+ Tos + Tg)
Logosopr1a =0 N4
B = (L Ly, Lo+ L o i) — (Ti5—Tig—Tos + Ti)
ng _ 1 1 s d , tbl Cg 1 ’.l,f b ag-+itop12 9-“\/1"3—*1{ 35~ Ligy — Lgss + Lasg) r;;r}a;nw,?z: —9Cp—Cr (L, 4L, gg-+itop 34 = l 1
3 = 3 caeqtaraz brbegeg o 4 czcg ajaz by "—'GCB’ =) 0 L T T
T VANE —5NE +4) TR Ney/2NE=T) eV2ANE 1) B = 5 g s~ Lo Lo rw**'“v?f“ oyt 5 = (e i L + L)
NI . "
1 1 N T stop24 = (Tls’Tls*Tzs+T;sﬁ) T S el Ly — Ly, — Lgs + L
! = e t" d, cld = = d d the B = (L + Ly~ Lig ~ Lsy + 0T~ 2Tas) Y. o rt0p36 = e (b~ b~ Lo L)
5 T coeqWbrarazPeses 6 — 2 araro v o o Czﬂ4 braiby Uhrazbslegeg !Y“‘W“_gifm s T Lo~ s ~ L T 0~ Sy . AN -4)
Tr Vz(Né1 —5NZ +4) TR 2(N? _4)\1Nc2 -1 o Toamas = ﬂ P S P e
&) ANZ-4) = gg—dmp]?“@[ 8y + Loy, — Lay, — Ly, + 2T — 2Ty)
By iopis = m T (Lo~ Ly~ Lyss + Lag) Ty s = 2\, (L = Ly — Lo + Lg,,) .
1 1 - N o - Tyytop3s —U
b . b. T, —  (Ligs—Liy — Lass + 1, - = -
C‘gg = _2 tc;mdb]mbﬂszuzbstczcg ’ ng = 0204?’fb]u132 CGER 3 LT ( b bt _yf o r;]s;)-*'imv“ (B +Liy, — Lt~ Ly + 413 — 4T~ 2Mon + 2T)
TR - 5Nc2 +4 TR Ne V N2 1 3o [‘:u}amp?s ﬁmz ~Ty =Ty +Ty) 4( .
1] —
1 1 b b 1 r("’J""“’”” 1\ 87- 1(L3’5+L5"’ Lo = L + 205 =213 o 0 F;;J-'mpam— 2(;: 4 (Laas‘Lﬂx‘Lﬂu +1g,)
ng —_ th f d o8 ng _ f f ag-+4tap29 = N,
9 T 72 caeq Lbrarby Obaagbslegey » 10 — 72 czc41‘ brayby? bzazba CﬁCg’ WL Ly Ly 9T +0T, . 1 - N.-2 1
TR —5N3+4 TR 2N/NZ - INA/NZ -1 Fymnn= 2/ e I'g'ly]almpzln:ﬂ[‘ﬁ%’Lﬂsn’Lﬂxs*LM) Fw»;mya:ﬁm(l-aﬁ Lyg)+ 4'\ f Lsm Ls,,,)+m(Tzz—Tu}
- 1 [N:-4 - NZ-4 - N.-2
C“{? = i—Q tzlc a b anb. tg s ) C‘tiig = i 2 glc iob anb tlc,;c s r(’g"‘“"’” 1\ 3o I(Lﬂ“_l'g“JrLS‘s Lo+ 2Tis ~2Mi) I'Lly)-uwpm=#(L£E—LBM—LB¢+L3‘,] r;;]-nm,alz:m(Lﬂan*LﬂnHm (Eag — Loy +F (T2s - Tn)
Tk —5N2+4 2Ca™ arbrashy eges T —5N2+ 2Cs a1biaghsy 8 f 3
¢ € iy =- A4 Ly, +La, +La, +1, m ’4 5 1 [(N-2)(N+3)
1 9 1 9 wtop 0= ] T (4t Ly + L+ L + Ly B = (Lo = Lsy, — Ls + La,,) pg;l_'m_m:@ m“ﬂ"‘ Loy, - Loy +Lsy)
[— by 27 b 9 _ by ba ¢ .
13 — tc . Pa byash t cg ? 14 — t(‘.gE u byagh tc € + 25+ M 2 + 20 &(1) 1 V +3 =(1)
Tr Noy/NZ+ 2N, — 3 2 @heahaieos TR Noy/NZ = 2N, — g 20 heabaieocs 000 e L e
e ag+iop 11l = 2 .
- - =(1 N:-2 1 Ne
r(;;-umpuz:'] I‘?y)—)lwplli =0 T;,)-«m..u = ’;Trt —Crly, +ﬁf‘iu+jmi +Ti6+ o5+ T)

SAD matrix not
diagonal at threshold + 65 more components!

[Keppeler, Sjodahl (2012)]
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COLOUR STRUCTURE

> gg ottt : 88 =3932393—>05158:s98, 1061062705 (2x1)B(2x8)BB8s® 84 H 104106 27

\/§ 3 \/§ \/7 / 3 1 / 3 7
=99 __ g9 . _ 99 _ 949 g
C{g = 1 1 tall taq 9 — —1 Cl - Cg + " 2 10 0(',?1 ("‘].2 + 40(T33 k

= T_RNE 1 CaCq CgCg 7 ng = Nc ,—N2 1 5551“25,;2345%% s 1
1 1 1 e’ = —_ng Cg =01~ ofs + Cg
T S NN 39— if 2\/‘ 22
DT Tr NI BNZ ) e e TRN\/i—l el foca il
=99 Q
1 1 N, &gl = ——=c’ + —=c’,
C‘ggz—— dy ) ng=——c dyyay,dp btb \/E \/5
3 eoey bra1az¥eges 6 2 2 czc:4 1a1bz“bzazbz begeg
TR \/2( 5N +4) TR 2(Nc _4)VNC 1 —gg 1 gg ]‘CQQ 1ng+ 1 369
€= 75 A% T 5% T 5% T 5\ 5435,
2v/2 2 2 2V 2
1 1
e R A 1 R g = ify 1 /5 3 1 /5 2 3 /3
T2 N4 —5N2+4 caey 0101025 020203 egeg 8 TR N N2 c2c4 10102 Ccscw cyg _ 1 _cgg + gg _ 1 D gg n —cgg _ 9 —cgg
lR c . c b b Vl Cs 5\ 1141 2\/3—5% 5\ 7¢10 =Gz T 5\ 7ps
9 _ 1, 3 9 _
Cg - T}% —5N3 +4tczc42fb1mbgdbzazhstcscsa C"lio T?i 2N, ’—NQ czc41'fbl'1152%fb2a2b3 cges 99— 1 c‘?g + 3 99 1 c‘i’g " lcsl’g B 3 Csl’g 3\/3(,'?9
go_ 1 2 . i o1 2 nopl Tooeyr!t Tsym oy Y Vo N UL
1= T — 2 €ocy ﬂlblﬂqbz CpCg ) 12 = T, —rn2 cacy T arbyaghylegeg 0 ~ 1 1
R 5NZ +4 R SNZ +4 e = 549 + Eagy,
= s e P cfz=i—2 Pt U L gy L By L[5, 33
3 cacy™ arbraghycgeg ! 3 cpCy™ arbragbyegeg
Tr N, NZ+2N.-3 Tr N, Nz —-2N.-3 99 — _cg 99 =99 = 209 2 _cgg+_cgg,
13 2\/7 (5} \f 10 4 9 11 4 2 12 8 13
SAD matrix not et e B Al e -

diagonal at threshold

[Keppeler, Sjodahl (2012)] I::> SAD matrix diagonal at threshold
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SAD MATRIX

» One-loop SAD matrix needed at NLL
Uij%tftf(N: Mz:,uf%‘a“%z) = Pexp |;/
7

I (552

Fij—)tftf(as):(
v
> qg o titt: 33=32333--198=00

> ggotttt: 88 =32333—00108sd8, 0100100 27 =

ij—titt (as(qz))

ij—>tttt

Diagonal SAD matrix

2 Re (I‘g))

- I_JRSRURZSR exp 9o

In(1 — 2)\)]

N with A = agbg ln(N)

(2x1)®(2x8)®8s®8{®10® 10® 27

00 (2x1)®(2x8)D8s B84 P10 106 27
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SAD MATRIX

» One-loop SAD matrix needed at NLL Diagonal SAD matrix

2Re (I‘g))
Ufij—)*tftf(N: Mz: ,u‘%'a “%3) = Pexp |:~/M 27bhg

« s\ % (2 ith A = aebo In(NV
| PP (ag) = (7: (?“3) I‘?(;j)_ﬁ&f_k with asbp In(N)

> q7 >ttt 393=3939393-198=08(2x1)® (2x8)©8;08{® 100 10® 27

M/N

d _
Eq Uijsemr (as(qz))] UrSrUg = Sg exp

In(1 — 2)\)]

2Re [T | = diag (0, 0,~-3,—3,-3, —3)

,qq—tttt

> gg ottt 88=393233—00168s58,210010627T=00(2x1)B(2x8)H8s B84 B 106 106 27

R,gg—tttt

2Re [I‘(l) ] - diag( —8,—6,—6,—4,—3,—3, 3, -3, —3, —3, -3, —3,0,0)
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SAD MATRIX

Cs(1) =
Co(8(s/4)) =3
» Quadratic Casimir Invariants N, = 3 C5(10,10) =6
Co(27) =
C2(0) =

> q7 >ttt 393=3939393-198=08(2x1)® (2x8)©8;08{® 100 10® 27

2Re [T | = diag (0, 0,~-3,—3,-3, —3)

,qq—tttt

> ggotttt: 88 =323R33 00108508, 010010® 27 =

,gg—tttt

06 (2x1)®(2x8) D8 B84 B10 106 27

2Re [rg) ] = diag( —8,—6,—6,—4,—3,—3,—3,—-3,—3, -3, —3, —3,0,0)
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RESUMMATION: NLL and NLL

H-Hg® + MH(U +
s
g_gs® as(:JR)S(l) L

» NLL accuracy: exponential functions at NLL together with

Tr [Hs] — Ty [H(G)S(O)]

» NLL accuracy: exponential functions at NLL together with

Tr[HS] _ [H(O)S(O) os(pr )H(l)S(O) s (R )H(O)S)

T T
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RESUMMATION: NLL and NLL

I'R)

H_H@+%;ﬁ”+u with
g_gs®, as(:JR)S(l) L H(l);V(l) oM
» NLL accuracy: exponential functions at NLL together with One-loop virtual \

corrections Constant terms

Tr [HS] =Tr [H(O)S(O)] (extracted from from collinear
aMC@NLO) contribution
» NLL accuracy: exponential functions at NLL together with

Tr[HS]: [H(O)S(O) os(pr )H(l)S(O) s (R )H(O)S )]

T T
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MATCHING 7/

NLL dN  _ .
Ottt ()( ) = fCQ—m’T N (N + 13M%)fj(N+ 1, uf) azfitttt(N)

» Combination fixed-order + resummation — Matching

NLO+NLL(’ dN _
O.tftf i ( )(T) o-rlf\tTI]‘,:;;O(T)] / 7'(' N f’b( ]-7M2F) fj (N —I_ 17”’%‘)

~res ~ATEeS
QCD-only NLO and 8 [Gijﬁtm (N) = 0ij (N )lNLO}
QCD + EW NLO avoid double counting with NLO!

Laura Moreno Valero Soft gluon resummation for four top quarks



RESULTS

; LUXged_plus_PDF4LHC15_nnlo_100, Vs = 13TeV
17.5 N-resummed; -my=-172:5-GeV; tig= L

> \/§=13Tevr Ur = UF

» Comparison expanded resummed cross 25 T e
section (NLL | NLO) against NLO (no gg)

» Dominant part of NLO corrections 7.5
captured by soft-gluon radiation .
— NLL'|nLo —— NLO (no qg)
Fixed-order results obtained with 007555 0i5 1i0 2.0
[Frederix, Frixione, Hirschi, Pagani, Shao, Zaro (2018)] u/(2my)

[Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro (2014)]

Laura Moreno Valero Soft gluon resummation for four top quarks



RESULTS

. LUXqed_plus_PDF4LHC15_nnlo_100, VS = 13TeV

a1 372 5. (=ca\/l 14 I
g TR =-ria: g U = tUf

> \/§=13Tevr Ur = UF

» Fixed order QCD

7.5
é Te~e
NLO (QCD+EW): EW corrections up to O(az) 250 NLL'|nio — NLO
NLO (no qg) -=- LO
0.0~ *‘ :
Fixed-order results obtained with 0.25 0.5 1'0/{2m ) 2.0
[Frederix, Frixione, Hirschi, Pagani, Shao, Zaro (2018)] H ¢

[Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro (2014)]
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RESULTS

< LUXqged_plus_PDF4LHC15 nnlo_100, VS = 13TeV
17.5F -\ 7 SN
. L@V R =i

> \/§=13Tevr Ur = UF

» Fixed order QCD

» Exponentials at NLL

—
7.5
| T
5.0 -.---..___'-‘-.‘ |
3 | TT~=
NLL'|nLo —-== LO
NLO (QCD+EW): EW corrections up to O(az) 2.5¢ NLO (nogg) —-= NLO+NLL ]
—— NLO

0'0 i i i
Fixed-order results obtained with 0.25 0.5 1'2/(2m ) 2.0
[Frederix, Frixione, Hirschi, Pagani, Shao, Zaro (2018)] ‘

[Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro (2014)]

Laura Moreno Valero Soft gluon resummation for four top quarks




RESULTS

< LUXged_plus PDF4LHC15 nnlo_100, vS = 13TeV
17.5¢ Y d; rr=172.5-GeV; g =
» S =13TeV, up = Ug
15.0
» Fixed order QCD 125
» Exponentials at NLL 2 10.0 .
&
5
» Upgrade to NLL s
S.OF T T
| 5 Te~—
NLL'|nLo -== LO
NLO (QCD+EW): EW corrections up to O(az) 251 NLO (noqg)  —-- NLO+NLL ]
—— NLO —— NLO+NLL'
0'0 i i i
Fixed-order results obtained with 0.25 0.5 1'0/(2m ) 2.0
[Frederix, Frixione, Hirschi, Pagani, Shao, Zaro (2018)] H ‘

[Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro (2014)]
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RESULTS

i LUXqed_plus_PDF4LHC15 nnlo_100, V5 = 13TeV
1753 : N-resummed; mp=-172.5-GeV; Hgp = [tF

> \/§=13Tevr Ur = UF

15.0
» Fixed order QCD 125
» Exponentials at NLL 2 10.0 ——
=
» Upgrade to NLU s
» Match to NLO (QCD+EW) 50
NLL'|nio —-= NLO+NLL  “===_ .
NLO (no gg)  —— NLO+NLL'
NLO (QCD+EW): EW corrections up to O(a?) 237 ___ NLO —— NLO(QCD+EW)+NLL'
-=- LO
0'0 I i i
Fixed-order results obtained with 025 05 1.0 2.0
p/(2my)

[Frederix, Frixione, Hirschi, Pagani, Shao, Zaro (2018)]
[Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro (2014)]
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RESULTS

16
> 7-p0|nt scale variation | |
ouir |h] K-factor {
12 - e v L .
° 1
25.2% ¢ _
NLO 1 1'00(2)1_24-5% 10 . N............[}B | [ | — SN S i
+21.3% —_ T
NLO+NLL 11.46(2)_17.7% 1.04 g
) +41% g 8
NLO+NLL 12.73(2)_11_8% 1.16 S
6+ ®
NLO (QCD+EW) 11.64(2)7232%
NLO (QCD+EW)+NLL' | 13.37(2)¥35% | 1.15 i
2 = : .
NLO (QCD+EW) EW corrections up to O(Qﬂz) : LUXqed_plus_PDF4LHC15_nnlo_100, Vs = 135TeV
PDE error: + 6.9% 0 N- resummed my=172.5 GeV, Ho 2my, 7- pomt scale uncertalfinty
S ¥ N » N &
Fixed-order results obtained with $V0x $\9x \OC%&
[Frederix, Frixione, Hirschi, Pagani, Shao, Zaro (2018)] \\\9 X

[Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro (2014)]
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RESULTS

16

— 14 : 1 ; I
» N versus N = eVEN 1 !
12 4 !
L ] :
10
e.g. up to NLO
=3 8 x  N-resummed
~ NLL/ N ~NLL/ Qs (0) q(0) 2/ & ¢ N-resummed
Tij |NLO(N) — 04 |NLO(N) :?TI[HR Sk { Z O”(bg (N+1) ° :'
n={1,5} 6L
s N+1
—log® (e"8(N 4 1)) — log —-log [ ————
og" (¢ (N +1)) ngL?F °8 ((N—l—l)eTE)) ) O S S S
1 N+1
— 2Re [I‘Eg)] log (—(N n l)e’?’E) }] 5 LUXged_plus_PDF4LHC15_nnlo_100, vS = 13TeV
my=172.5 GeV, up=2my, 7—pefrint scale uncertainty
0 (8] v \‘\\
N
Fixed-order results obtained with i N ox‘?‘ Ox%" 0,3:
[Frederix, Frixione, Hirschi, Pagani, Shao, Zaro (2018)] N N\ 0@(;‘@'
[Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro (2014)] Nl
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RESULTS for /S = 13.6 TeV

» 7-point scale variation

oser D] K-factor
NLO 13.14(2) 723 2%
NLO+NLL 13.81(2)7207% | 1.05
NLO+NLL/ 15.16(2)74%% | 1.15
NLO (QCD+EW) 13.80(2) 72297
NLO (QCD+EW)+NLL’ | 15.81(2)7%5% | 1.14

NLO (QCD+EW): EW corrections up to O(a?)
PDF error: + 6.7%

Fixed-order results obtained with
[Frederix, Frixione, Hirschi, Pagani, Shao, Zaro (2018)]

ot (fb)

[Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro (2014)]
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16+ I | I
Fy X
12 ........
x
10 et R A e SR AL R b e b y 13 Tev
¢ 13.6TeVv
6 %
4 .............. .............................................
2 L S H ST SR,
LUqud plus PDF4LHC15 nnlo 100 \S = 13 GTeV
0 N resummed, mt =172.5 GeV, po =2mg, 7- pomt scale uncertamty
9 O >
X
e} 8} N\
N N\ x<<§
o
&
S
é\’
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TOP MASS DEPENDENCE

—— LO(QCD+EW)
---- NLO(QCD+EW) |
—— NLO(QCD+EW)+NLL'

» Top mass € [170,175] GeV e

1 s e
] S - W—— o
O e
L e ———
Y N N o o .
Error bands: 7-point scale uncertainty 4 I s Bt i oo
NLO (QCD+EW): EW corrections up to O(c?) |
N-resummed, (o = 2m, 7-point és.cale uncertainty
P70 171 172 173 174 175
m; (GEV)

Fixed-order results obtained with
[Frederix, Frixione, Hirschi, Pagani, Shao, Zaro (2018)]
[Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro (2014)]
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CONCLUSIONS

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

» Soft gluon resummation at NLL accuracy

! 04 =12.0"32 (scale) fb l 04 = 13.4 713 (scale+PDF) fb

i 02 018 051 R fot. stat.

NLO(QCDEW) s ooyt 0vm. 50 » Significant reduction of the total scale
e el 26890 190 uncertainty
ATLAS come 190107 uGEadp 470 4 ™
ovs, 1L2LoSakad, 1381 { i n  geq NLO (QCD + EW) + NLL at 13 TeV

CMS, comb., 138 fb™'
arXiv:2303.03864

0 0
17:5 («4 =3)fb 400 1337 (2) i‘?lﬁﬁ% i—ggé: fb
\§ J

ATLAS, 2LSS/3L, 140 fb™
arXiv:2303.15061

225%° (j;; :f) fb 6.0

CMS, 2LSs/3L, 138 fb™

arXiv:2305.13439 17755 (27 2% b 560

-3.5-1.9

0 20 40 60 80 100 120
O I10]

Talk by Zheng and Van den Bossche
(23rd LHC TOP WG meeting)
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CONCLUSIONS

30

i, [PD]

o

15F

0E

LO ===-- NLO4NLL -----
NLO —— NLO+NLL ——

P;f —resuwmmed, my = 1572.5 GeV, my, = 4.75 GeV, py = my
LUXged plus PDFALHCI5 nnlo-100, VS =13 TeV

0.5 1 2
i/ o

» Soft gluon resummation at NLL accuracy

» Significant reduction of the total scale
uncertainty

4 )
NLO (QCD + EW) + NLL at 13 TeV

3.6% +46.9%
13.37(2) 3145 “6.0%

- J

» Next: ttbb production, invariant mass
threshold resummation, ...
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in collaboration with Melissa van Beekveld and Anna Kulesza
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(based on the paper arXiv:2212.03259) SR
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