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Theoretical progresses on the processes pp — tt + X

Fixed-order calculations
1. NLO QCD: [Nucl. Phys. B 303 (1988)/Phys. Rev.

D 40 (1989)/Nucl. Phys. B 351 (1991)/Nucl. Phys. B 373
(1992)]

NNLO QCD: [czakon:2013goa, Czakon:20150wf,
Czakon:2016ckf, Czakon:2017dip]
[Czakon:2017wor, Catani:2019iny, Catani:2020tko]

NNLO QCD+t/t decay:
[Gao:2012ja, Brucherseifer:2013iv, Catani:2019hip,
Behring:2019iiv, Czakon:2020qbd]

electroweak corrections
[Bernreuther:2010ny, Kuhn:2006vh, Bernreuther:2006vg,
Kuhn:2013zoa, Hollik:2011ps]

[Pagani:2016caq, Gutschow:2018tuk, Denner:2016jyo,
Czakon:2017wor]

Resummation in the various
kinematics

1.

the mechanic threshold M;; — §
[Kidonakis:2014pja, Kid
Kidonakis:2014isa, Ahrens:2010zv, Ferroglia:2012ku,
Ferroglia:2013awa, Pecjak:2016nee, Czakon:2018nun,

kis:2010dk, Kidonakis:2009ev,

Hinderer:2014qta]

the production threshold M,z — 2m;
[Beneke:2009ye, Beneke:2010da, Beneke:2011mq,
Piclum:2018ndt, Ju:20200tc, Ju:2019mqc]

TM — This Work

[Zhu:2012ts, Li:2013mia, Catani:2014gha, Catani:2017tuc,
Catani:2018mei]

the jettiness limit 7o — O [Alioli:2021ggd]
MINNLOpg [Mazzitelii:2020jio,

Mazzitelli:2021mmm]
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Experimental measurements on the processes pp — tt + X

Measurements on the process o(pp — tt + X ) at LHC

1) Inclusive cross section o,z;
A) ATLAS: [ATLAS:2021xhc,1910.08819,2006.13076....]
B) CMS: [1711.03143,2112.00114,1911.13204]

2) Differential cross sections doyz(pp — tt + X)/dO:
A) ATLAS: [2006.09274,2202.12134]

B) CMS: [1904.05237,2108.02803,2008.07860,CMS:2022uae]
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Experimental measurements

e Measurements on the differential cross sections doz(pp — tt + X)/dO
1. ATLAS: [2006.09274,2202.12134]
2. CMS: [1904.05237,2108.02803,2008.07860,CMS:2022uae]
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Azimuthal separation between top and antitop quarks

A A®,z is the azimuthal separation of
the top and antitop quark.

Dy Ps
Ad,; = m—A¢y; = arccos #
‘pt,T Hp{’Tl

B Akin to the observable
gr = ﬁti + ﬁt} the A¢tt spectrum
is also sensitive to the soft&collinear
emissions within the region A¢,;z — 0

do.r n In™ tt
Ot Z o n Aq§
dAgtt s d)tt

[Azimuthal plane on LHC]

C Beneficial from the resummation of
those singular behaviours
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Projected transverse

The spectrum of A¢'’ is a

(x-y) transverse plane

momentum distributions doy;/dg,

special case of do,;/dg, with 7 1 5"

A In the limit Agtt — 0, the expansion can be
applied,

N o y
F Dyr Py 2
A¢'t = 7 — arccos |: 6T 6T :| T

Py o llPe el 1Pyl

B An approximate relationship up to leading
power in Agtt:

do,; do,;
Uttt{ - Ztt
gt dlg |

C Generic circumstance:
7-2D unit reference vector: ¢r = |Gz, T

dop
dg-
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Projected transverse momentum distributions do;/dq;

The spectrum of A¢'’ is a special case of do;/dq, with 7 L pi-

A Generic circumstance:
7-2D unit reference vector: qr = |Gy T - 7|
do,;
dg-

B Numeric implementations:

DL
4dr = d4T,out > lfF::tT_iX%,
[P
DL
Gr = QqT,in, if =4 -t

+0(\2).

5l Bl
Ad,; = cos™! {Pt B ] ~ g — IT.out

| P[P | 1B
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Factorization

QCD factorisation formula

[Collins:1989gx]

dor /
P, B s [ 4@r Oxin d(ar — |dr - ) %
AMZ d* P dYygdar iy 165(27r ‘ PZ‘
where
= tt o tt + 7
Okin 7e[f— M~ |qT\] e[MT — i, —mT]
x © |sinh™! (
and,

dz, dzs T
Ett—Z/ iifz/N(In ) fiyn(zn) Z / debkm
T m

> IMG+i =T+ X 2m)'! <pi+pj—pt—pt—2km>
m

hel,col
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Factorization

Asymptotic expansion and the leading regions

dop f as(Mgg)1™ In"™(\
—t o Z s (Mif) cg?nﬁ—i— CSL?” In"(Ar) + cs,%)n ArIn"(A)+... |,
dq- 47 Ar
m,n D NLP N2LP
LP
n-Beam :
Momentum Modes for the LP terms

Hard : kn, ~ My [O(1),0(1),01)], ,

Soft : ks ~ My [O(Ar), O(Ar), O(A-)],,
Beam-n: ke ~ Mg [0(1),0(\;:%),0().)], .
[

Beam-ii: ks ~ Mz [O(X.2),0(1),0\,)]. ,

n

)

n-Beam
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Factorization

Asymptotic expansion and the leading regions
Phase space:

Ouin =~ O (Vs — MZ)© (Mtt —2y/m2 + (PL)? )

M2
x© [sinn=1 ( 2= Yl + 00
2Mtt\/> “

Squared amplitudes and PDFs SCETH+HQET [Bauer:2002aj,Lange:2003pk, Beneke:2003pa,Neubert:1993mb]

S - 1\7 3 [ @¥br exp (iBr-an) S Mo B 1, Yoo 1) WW + 00,

where & € {gngn, q\T%, a5 T},
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Factorization

Asymptotic expansion and the leading regions
Absence of the interaction in the heavy parton correlation if M; 2 2my

— 1 _ 1 +¢ B
Wi =N, Tr (0|hy, (0) [t)(t|hv, (0) Tt|0> -1,
Wi = = 1 T 0l 0) 105 0)10) = 1,

Coulomb enhancement if M7 — 2my [Beneke:2009ye,Beneke:2010da, Beneke:2011ma, Ju:2019hwp, Ju:20200tc]

-

[ LHC13TeV, m=1725 GeV

[ NNPDF31_nnlo_as_0118
[ ou=u=Hia

3

do/dM(pb/GeV)

—NLP Wt ® Wt_ — ']C(AEtt_) & ok

°f where B, = /1 — 4mf/Mt2{

L L L L Lot L L
4
300 310 320 330 340 350 360 370 380
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[Ju:20200tc]
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Factorization

Asymptotic expansion and the leading regions

Absence of the interaction in the heavy parton correlation if Mz 2 2my

— — 1 +¢ B
W _4thc Tr (0] hv, (0) [£)(t[ho, (0) Tt|0> =1,
We=s 4m1Nc Tr {0lx; (0) Wﬂl%gmg (0)[0) =1,

Coulomb enhancement if Mtf — 2’H’Lt [Beneke:2009ye, Beneke:2010da, Beneke:2011mq, Ju:2019lwp, Ju:20200tc]

We @ Wy — Je(AEy;)

Numeric Calculations
Imposing M,z > 400 GeV which guarantees ;7 2 0.5 being away from the Coulomb
singularities
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Factorization

Ingredients from the soft-collinear radiations

gt a0 . 5. izd
Shna) LBl (g, by, 1, 0) B (b)) S {HE;WMH—, Buz, ot )

a,B

xSpe B}

‘ZnQn

ignyn] N Z {B[gn] nn’iju’ )13’[9,"]]1 (nn,gT,#, V)
a,B,hn h b bl

X Hfg?]hn,h’ h,L(Mzt’Btumt’“) nggﬁ](bT“u’ V)} ’

1) Hard function:

Color-helicity dependent amplitudes, Recola@NLOjactis:2012qn Actis:2016mpe]. RGE@NZ2LO.

Grid-based results [chen:2017jvi]; Partial analytic resultsipivita:20191pl,Badger:20210wl, Mandal:2022vju]
2) Quark-beam function:

N3 LO[Luo:2020epw, Luo:2019s22]

3) Gluon-beam function:

N3L0@he|icity—conserving FF[Luo:2020epw,Luo:2019szz];

N2LO@he|icity—f|ipping F F{Luo:2019bmw, Gutierrez-Reyes:2019rug, Catani:2022sgr];

4) Soft function:

Azimuthally averaged N(2>Lo[Zhu:2012ts‘Li:2013mia‘AngeIes—Martinez:2018mqh];

Azimuthally resolved NLO in CSScatani:2014qha, Catani:2021cbl];

Azimuthally resolved NLO in exp rapidity regulator — This work;
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Factorization

Azimuthally resolved soft function with the exponential rapidity regulator

Exponential regulatoriti2o16axz] to curb the rap div

" _ @ (/’L m afB,(m) 7
S[(,X{?(anu'v V) = Z |:ZT):| S[N]B< )(bT7M7 V)7 (1)
m=0
where
SO by, v) = Sag

(]
SE0 D B,y v) = 7 (| Ta - Ty [ef) Zan (B, 1, v)
a,b

Mellin-Barnes (MB)

transformation [Smirnov:1999gc, Tausk:1999vh] & MBtool S[Czakon:2005rk,Ochman:2015fho, Czakon:Hepforge]

(a) Light-light correlation (b) Light-heavy correlation (c) heavy-heavy correlation
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Factorization

Combing the ingredients aforementioned, performing the multipole/asymptotic
expansion in Ar = Qr/M,; and integrating out the rejection components ¢, and
br, , we arrive at the leading power factorization formula

dop

Sl ~
- Z[OO deH cos <bTH qT) EE’;] (bTH 7?7 Mtfvﬁtfv Tt, Yt{’ H, V)
K

dM2 d2 P dYipdgr

A Definitions:
br =br, + by =br, 7 X i + by 7,

(TT :(TTL +‘TTH :qTL?Xﬁ'FqT”F‘
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Resummation

doz/dq, is free of azimuthally asymmetric divergence !!
Proof:
dop
dM?2 d2 P dYigdgr

oo
~ [ by costbryan) s {sunn (Burvan, Yeo)
— 00

+ am,n(Sign[bT”]vﬁta fl?taytf)}
= {25mn (Bt 0, Vi) + amn(+1, By 21, Vi)
+ amﬂl(_l: ﬂtf7 T, Y;tf)} ]_-’ﬁn) (QTu Mtf) )
where the function ]-'ﬁ”) is defined as,
(n) >~
Fr ' (gr, Myg) = / dbr cos(br qr) Ly -
0

and

T 27 M2
-F‘f('0>(qT7Mtf):07 F7('1)(qT7Mtf):_7v ]:7('2)((17'th{) =——1In 7? PR
qr qr 4q7

Azimuthally asymmetric divergences in the generic circumstances
[Nadolsky:2007ba,Catani:2010pd,Catani:2014gha, Catani:2017tuc]
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Resummation

Logarithmic exponentiations with RGE and RaGE

[Chiu:2011qc, Chiu:2012ir,Li:2016axz, Li:2016ctv]

A Renormalisation group equations (RGE) —
exponentiate the visuality-associated logs

B Renormalisation rapidity group equations (RaGE) —
exponentiate the rapidity-associated logs

Master formula for resummed spectra
res
do}?

dM?2 d2 P dYzdg,

oo ~
=2 /_oo dbr cos (an ‘IT) S by 7, My, B, Vi)
K
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Resummation

Master formula for resummed spectra
res
do}?

dM?2 d2 P dYzdg,

oo ~
=2 /,oo dby cos (an qT) St by 7, My, B, Vi)
K

- 1 \2 » )
(s Myg, Bygs @ts Yig) = (7) DIY 5 (b, Myg, iy By sy Vb Vs) e
2N la} az

XB.[;qu]("IﬁvbTaHvab) > {s[(;;il](ET,us,us)[vc[f Qﬁ](ﬁtt’»%v“sv“h)
{a,8}

Jlanan] SCEE S
X 31[32 (Bigs Tty sy Hp) g By (Myg, Begs Tes ) (s

sres
t

2
Jlangnl 1 res
IR (B, Myg, Byg, ©t, Yep) = ~Z 1 Dlgngn] T Mg lhs Bbs sy Vb, Vs)
é

x X {BEﬁf}L (s B g v) BYL (B ) SELEL (B v

{a,B8,h}
X
x {V[glnaq;](ﬁt{, LTS uh)} Vl[;gl%i"] (B> @ty Hss Wp)
X H‘[f;;;ll haihl hn(Mf{’ Bigs Tts p) } .
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Resummation

Matching resummed spectra on the fixed-order outputs within the multiplicative

scheme [Banfi:2012jm,Banfi:2012yh,Bizon:2018foh]

domat dofe  do® (u
dté { |: dg — tt(ggmat):| ftran(gacmv’rm)+

dQ
res

B do} -
—ftran(Q,Cmﬂ"rn) dQ fs(ﬂmat)

exp

deFO ma
+ {]- 7ftran(Q,Cm,Tm)} %st) + ...,

where

A Q € {qT,0ut, 4T,in, Az} and the definitions read,

DL
dr = dqT,out lfTiinX|PJ_|;
P’L
Gr = QT,in> if 7=+,
[P
pl . pl
Ad,;; = cos™ 7{? .F_),{ _ ITout + O(A
| P P | P

dgfg(l‘mat)

} Res (Hmat)

-
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Resummation

Matching resummed spectra on the fixed-order outputs within the multiplicative
scheme [Banfi:2012jm,Banfi:2012yh,Bizon:2018foh]

domaat dote®  doS-(pmat) doS-(ptmat )
dté _{ |: dg — ttdea ftran(Qa Cmarm) + ttdigma Rfs(/’l‘mat)
doiss
:ftran(chmmi) dg Rfs(/imat)
exp
do}© (pmat)
+{17ftran(gycm77’m)} 7“dgma RN
where
A Qe {(ZT,ouh 4qT,in> A¢tf}
B ftran represents the transition function.
1, Q<cm —Tm;

_ (2 — em + rm)?

1 2
2rg,

cm —7m™m < Q < cm;
ftran(Q; em, Tm) = 5
(Q —cm — ™m)

_— cm < Q < cm + T™m;

272,
0, cm +m™m < Q,
with
cdef — 30 Gev, rd¢f =20 GeV.  if © € {aT,out- 94T in}
cdef — g3, pdef — .2, if Q= Adyp.
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Resummation

Matching resummed spectra on the fixed-order outputs within the multiplicative
scheme [Banfi:2012jm,Banfi:2012yh,Bizon:2018foh]

do%; (Jimat)
dQ

dcrt“tlaLt _ do}gs B do;(timat)
dQ dQ dQ

:| ftran(Q7 Cm, Tm) + } Rfs(ﬂmat)

do’$
:ftran(chmyrm) < Lt > Rfs(ﬂmat)

exp
FO

d ¥ ma’
+ {1~ furan(Q,cm,7m) } % L

where

A Q€ {q1,0ut, 4T, in» D47}

B firan represents the transition function.
doTO (jimar) /dQ

C R = .
fs (,Umat) dO’fg(Hmat)/dQ
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Resummation

Matching resummed spectra on the fixed-order outputs within the multiplicative
scheme [Banfi:2012jm,Banfi:2012yh,Bizon:2018foh]

domat do™ o™ (jimat) Ao (imat)
dté { |: dg B “dea feran(Q, em,™m) + —2 .

do } Ris (Hmat )

do_res
:ftran(chmmi) a0 Rfs(ﬂmat)
exp

d ma
+ {1 _ftran(Q7Cm7Tm)} %St) + ...,

Definition of the logarithmic accuracies

Logarithmic accuracy H, S, B Ceusp Yt,h,s,b
NLL O(a?) 0@@2) | O(as)

NZLL O(as) | O(7) | O(a)

NZLL 0(@?) [ 0(ad) | O(a?)
aNZLL’ O(a?)10g | O(a®) O(a?)

Table: Precision prerequisites on the anomalous dimensions and the fixed-order functions for a
given logarithmic accuracy.
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Numerical Results

e O € {qr,0ut, 9T,in, Ad;7} and the definitions read,

. P‘tl
dr = d4T,out if 7=47x |}5»tJ_| )
= P
47 = {qT,in, if 7=+ |P‘;‘ )
Pl‘ﬁ} qT ,out
AD;= cos ! | ——E- — 220 0002).
BEIBL [P

o pp =vp = My, vs = pp = ps = bo /b,

e Throughout this paper, we take all the input parameters (including electroweak
coupling as well as the involved masses and widths) [PDG].

The PDFs utilized in this work is NNPDF3.1 from [Ball:2017nwa].

e Imposing M;; > 400 GeV which amounts to 8;z 2 0.5 in a bid to circumvent the
Coulomb singularities.

23/30



do/dqrin[pb/GeV]

do/donto

do/doyer o

Validation

pp = tF+ X (13 TV LHO)
T

T L T T Ty

o = |7 7| where 7P
[PRELIMINARY] ® arin =00 7| where 7| P
el | PRI =

E [2M,7, Mz /2]

| pivpociiiguiteesiot

Y S

® Uncertainties: matching scale

102
qrin[GeV]

24 /30



do/dqreunlpb/GeV]

do/donio

do/doneo

Validation

P

pp — t+ X (13 TeV LHC)

® g7 out = |G% - 7| where ¥ L P?

® Uncertainties: matching scale

et

o.; 7 and exact results in g7 — 0

) S g

1.6
8
‘
o8 MA\\ | E
06 ETT NN | Lol

!

107"

P

2

10
roulGeV]
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do/dAgylpb]

do/donto

do/doyer o

pp = tF+ X (13 TV LHO)

Validation

RELIMI

PTG T

mEaas T

INLOJ|
e IN2LO|
S NLO,|
5SS N2LO|

NARY]

ol ol ol ol

1l

i

R e

e Apyf =m — cos™! [‘7

]~

S

49T ,out 2
— + O(X
T o)

e Uncertainties: matching scale
[2M 5, M5/2]

e Obvious agreements between approximate
and exact results in g7 — 0

Agri
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do/dqunlpb/Gev]

do/doyereio

10

LA RN R AR RN R R AR R AR RN R
ST T T T T T T T T

Resummation

pp — t+ X (13 TeV LHC)

r NLL+NLO
r N2LL+N2LO
E aNZLL'+N’LO

[PRELIMINARY]

o 5 10 15 20 25 30 35 40 45 50
qrinlGeV]

e Uncertainties: intrinsic scales

21, /2] & parameters {cpm,Tm } of

tran

e Asymptotic regime

e The central values are close to each
other.

e With the accuracy growing, the
uncertainties decrease considerably.

e The error bands of higher accuracy
are contained by those with lower
accuracy.
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do/dgreulpb/GeV]

do/doeraneio

Resummation

pp = tF+ X (13 TeV LHO)

20
NLL+NLO
N2LL+N2LO . . Lo . .
NILIANILO e Uncertainties: intrinsic scales
21, p/2]) & parameters {cpm,Tm } of
tran
e Asymptotic regime
e The central values are close to each
other.
e With the accuracy growing, the
uncertainties decrease considerably.
e The error bands of higher accuracy
are contained by those with lower
accuracy.

[PRELIMINARY]

0.6 NI ROWRRRRRET T T e P e e

0 5 10 15 20 25 30 35 40 45 50
Tout[GeV]
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Resummation

pp = tF+ X (13 TeV LHO)

_—.gs 103:\u\‘\u\‘uu‘uu‘uu‘uu AR AR AN AR
g c NLL+NLO |
0-10° N2LL+N2LO T
%‘ F LN ] e Uncertainties: intrinsic scales
S E 21, /2] & parameters {cm, Tm } of
3 [PRELIMINARY] foan
e ] e Asymptotic regime
soo | 1 e The central values are close to each
E J other.
o oF e With the accuracy growing, the
T o12f uncertainties decrease considerably.
¥ E .
= e The error bands of higher accuracy
; 08 b are contained by those with lower
T <F accurac
B o6 NI |, RN i

0 005 01 015 02 025 03 035 04 045 05
A
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Conclusion

Upshot

o In the context of SCET;+HQET, we derive the leading power factorization
formula of the g, spectra on the tt production

e Akin to |¢j’it\, q- is another observable insensitive to azimuthal asymmetric
divergences.

e Based on the framework of RGE and RaGE, we carry out the resummation for
three particular observables Q € {¢T out, ¢T,in, D¢z} at the accuracies NLL,
NNLL, and the approximate NNLL’.

e With the increase in the logarithmic accuracy, the manifest reductions in the
theoretical uncertainties are observed.
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