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Introduction

M Top quark is the heaviest elementary particle in the Standard
Model.

[ Top quark provides the strongest coupling to the SM Higgs
boson and opens doors to new physics.

V<

Tau
neutrino

[ Top quark might play a role of electroweak symmetry breaking

[ The measurements at the LHC offer the ultimate precision in

e Ve top quark physics

Electron Electron
neutrino

M Top quark is a good probe of new physics

@currks O @ cruce Bosons @

2 /17



0 OO0 O

Introduction

https://github.com/haitaoli1/TopWidth

main ~ ¥ 1branch 0 tags

haitaoli1 typo corrected

LICENSE.md license added
README.md typo corrected
TopWidth.m arXiv information added
example.nb typo corrected
README.md

TopWidth

Go to file Add file ~ <> Code ~

ce94fe8 on Feb 10 V) 30 commits

4 months ago
2 months ago
4 months ago

2 months ago

4

Mathematica Package to calculate the top decay width with NNLO corrections in QCD and NLO corrections in EW.

Requirement

The HPL package is required to generate the numerics of the harmonic polylogarithm, which can be downloaded

from https://krone.physik.uzh.ch/data/HPL/ .

HPL is supposed to be initialized through "<<HPL". If not please set the path
"$HPLPath="the:\path\of\the\installation".

Download

Download the package through
git clone https://github.com/haitaoli1/TopWidth.git

go to the directory "TopWidth", run the example notebook "example.nb".

nf1:= (* Note that the mathematica package HPL 1is used for numerical evaluations for HPL functions «)

(» HPL is loaded through "<<HPL "x)

(» Set directory where TopWidht.m is x)
SetDirectory[NotebookDirectory[]]}

<< TopWidth"

(xxxxrx TOpWidth—2.0 sokskx)
Authors: Long—Bin Chen, Hai Tao Li, Zhao Li, Jian Wang, YeFan Wang, QuanFeng Wu
TopWidth[QCDorder, mbCorr, WwidthCorr, EWcorr, mu] is provided for top width calculations
Please cite the paper for reference: arXiv:2212.06341 and arXiv:2309.00762

s —k—k—k—k—%k HPL 2.0 %—s%—sk—%—%—x

Author: Daniel Maitre, University of Zurich
Rules for minimal set loaded for weights: 2,3,4,5,6.

Rules for minimal set for + — weights loaded for weights: 2,3,4,5,6. FirSt fUlIy analytiCal NNLO QCD COrreCtiOnS

Table of MZVs loaded up to weight 6

Table of values at oaded up 0 weight 6 First analytical leading color N3LO QCD corrections

$HPLFunctions gives a list of the functions of the package.

$HPLOptions gives a list of the options of the package. L. B. C he n’ H TL’ Wa n g’ Wa n g, a rXiv: 2 2 1 2_ 06 34 1
More info in hep—ph/0507152, hep—ph/0703052 and at

http://krone physik unizh ch/~maitreda/HPL/ L.B. Chen, H TL, Ll, Wang, Wang, WU, arXiv:2309.00762

(» SetParameters [mt,mb,mw,Wwidth, GF] «x)

(» If the parameters are not set by the users the code will use the default ones «x)

17269 478 h
SetParameters [ A , 80377/ 1000, 2085 / 1000, 911876 / 10 000, 11 663788 - 10
100 ~ 100

(x NNNLO decay width x)

17 269
]

TopW'idth[3, ®@ (x with mb effects ), @ (x with TI'w effectsx), @ (x with NLO EW effects «) ,
100

outiel= 1.31833

also see Chen Long’s talk yesterday for the result from another group
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ATLAS+CMS Preliminary
LHCIOpWG

NNLO+NNLL PRL 110 (2013) 252004 o
------ m,,, = 172.5 GeV, c,(M_) = 0.118+0.001

scale uncertainty

scale ® PDF & o uncertainty

ATLAS, ep

JHEP 07 (2023) 141, L =140b"

ATLAS, l+jets

PLB 810 (2020) 135797, Lint =139 fb"

ATLAS, all-jets

JHEP 01 (2021) 033, Lint =36.11fb"

CMS, en

EPJC 79 (2019) 368, Lim =3591b"

CMS, t+e/n

JHEP 02 (2020) 191, L =35.9 fo

CMS, l+jets

JHEP 09 (2017) 051, L =2.2 fo™

CMS, all-jets *

CMS-PAS-TOP-16-013, L =253 fb”

CMS, l+jets

PRD 104 (2021) 092013, Lint =137 fb

* Preliminary

I|III|II

G ; summary, {s=13TeV November 2023

| —F } {
total stat

o, t (stat) £ (syst) = (lumi)

# 829+ 1+ 13+ 8 pb
H—{ 830+ 0.4 + 36+ 14 pb
| # 1864+ 4.3+ 126 + 18 pb
I—H 803+ 2+ 25+ 20 pb
— 781+ 7+ 62+ 20 pb

44 888+ 2+26+20pb

| 834+25+118+23pb

— —
-4

o 791+ 1+ 21+ 14 pb
: PDF4LHC21 J.Phys.G 49 (2022) 080501
NNPDF4.0 EPJC 82 (2022) 428
MSHT20 EPJC 81 (2021) 341
CT18 PRD 103 (2021) 014013
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» It has high precision of the experimental measurements of

total and differential cross sections

> It Is used to study many properties of the top quark
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Introduction

- ATLAS+CMS Preliminary

LHCiopWG

Single top-quark production
November 2022

Sz L o

B .

t-channel
B ATLAS PRD90(2014)112006, EPJC77(2017)531, JHEP 04(2017)086

® CMS JHEP 12(2012) 035, JHEP 06(2014)090, PLB800 (2019) 135042

¢ LHC comb. uHeros2019)08s

tW
B ATLAS PLB716(2012)142, JHEP 01(2016)064, JHEP 01(2018) 063
® CMS PRL110(2013)022003, PRL 112 (2014)231802, arXiv:2208.00924
¢ LHC comb. uHeros(2019)088

s-channel
B ATLAS PLB756(2016)228, arXiv:2209.08990

® CMS JHEP09(2016)027
¢ LHC comb. uHEP05(2019)088

- - = NNLO PLB 736(2014)58
scale uncertainty

- == NLO +NNLL PRD83(2011)091503,
PRD 82 (2010)054018, PRD 81(2010) 054028

tW: tf contribution removed
scale @ PDF @ o, uncertainty

—— NLO NPPS205(2010) 10, CPC191(2015) 74

& Hg= He= Miop:
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
- tW: p: veto for tf removal=60GeV and p_=65 GeV _
—— scale uncertainty
scale ® PDF @ o, uncertainty
] ]

Vs [TeV]

q q b W
W g
h t g t ) t

»allows measurement of V,,

» check the chiral structure of Wtb vertex than top
pair production

» t-channel can be used to measurement the b
quark density

» sensitive to FCNC (t-channel), or W’ resonances
(s-channel)
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Introduction

ATLAS+CMS Preliminary

Gy, = 0.75 = 0.05(scale) = 0.01(PDF) pb
PRL 131 (2023) 231901

oy, =0.86"q(scale) = 0.02(PDF) pb
EPJC 80 (2020) 428
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MadGraph5_aMC@NLO

ATLAS+CMS Preliminary
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. MadGraph5_aMC@NLO JHEP 10 (2018) 158 MadGraph5_aMC@NLO MadGraph5_aMC@NLO
April 2024 NLO QCD NLO QCD NLO QCD NLO QCD
Omeas. * (Stat.) = (syst.) tmal_ - . .
0.88 + 0.05 + 0.07 pb . AlLASs L= 140 fb”
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LO

NLO

tW production
b\\ ’ ¢ b - %4
<
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Real corrections to tW uction

Giele, arXiv:hep-ph/9511449
Zhu, arXiv:hep-ph/0109269 Frixione et al 2008

Campbell, Tramontano, arXiv:hep-ph/0606289 _ Hollik et al 2012
Cao, arXiv:0801.1539 onshell and offshell anti-top propagator Campbell et al 2005

Kant et al arXiv:1406.4403
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tW production
”GGG\LEN\M W

S1I0TITR a—
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I e

NLO A ;W
& 0000000 % ‘ & 70000000 ¢—<—— b
Real corrections to tW production top quark pair production

0 diagram removal (DR), remove the diagrams for top quark pair production; not gauge invariant

O diagram subtraction (DS), using a local subtraction term to cancel the matrix element square in the
resonance region

O b-jet veto, together with a careful choice of the factorization scale

Campbell, Tramontano, arXiv:hep-ph/0506289
Frixione et al, arXiv:0805.3067
Hollik ,Lindert ,Pagani, arXiv:1207.1071
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tW production

Beyond NLO

pp ->tW  cross section «=m=172.5 GeV

MSHT20 NNLO pdf
425PIM A\1/2 gy 14 P00 0 o e e L L L L B L
dM;dcose = 39ms M2 Z/ ;Z/ ?mfz'/p(wa.uf)fj/p(z/wa,UJf)H(.Uh)UPIM(,UhaNs“uf) 18—
ij 7 ) i i K-factors over LO i
" (1 M*(1-2)" o ) e e e LOp —
X _ 1—2 SPIM n 2 77)/"8 /e \ - :________--—-':_'" —————————— /_
(1= 2)l2n . T |61 nrecemonns 1500 f 3
[pb) PIM 1PI = [ :
NG 8 TeV | 13 TeV | 8 TeV 13 TeV & 1000 1 ~
+5% +5% +5% +3% &) i I
LO 7.0_4532(7& 22.41%53 7.2_;1307 22.9;%53 i |
NLO 9.92;?1;‘; 32.81%52 10.0;%5‘; 33.01%52 i I
aNNLO 11.61%‘; 37.11%2 11.2;162%1 35.9;166?; 500 - :
NLO+NNLL 11.477% | 36.771% | 11.7712% | 37.3¥16% l _
aNNLO/NLO 1.16 1.13 1.12 1.09 : :
(NLO+-NNLL)/NLO | 1.15 1.12 1.17 1.13 o T
10 20 30 40 50 60 70 80 90 100
. . VS (TeV)
Li, HTL, Shao, Wang, arXiv:1903.01646
For soft gluon contribution in threshold region, see Ding JialLe’s talk yersterday Kidonakis, Yamanaka, arXiv: 2102.11300

9 /7



tW production

Toward NNLO

Teut Tmax do
Many methods has already developed at NNLO level 0= ([ dr + J' dT) dr
0 Teut
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tW production

Toward NNLO

Many methods has already developed at NNLO level 0 = (

SCETH® B, ®B,® S standard NLO corrections to tW+]
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tW production

Toward NNLO

Many methods has already developed at NNLO level 0 = (

SCETH® B, ®B,® S standard NLO corrections to tW+]

N-Jettiness soft function HTL, Wang, arXiv:1611.02749 and 1804.06358

TMD soft function can be extracted from the soft function for top quark pair production

NNLO beam function is universal which have been available

Hard function can be extracted from virtual-virtual contributions
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tW production

Toward NNLO

Many methods has already developed at NNLO level 0 = (

SCETH® B, ®B,® S standard NLO corrections to tW+]

N-Jdettiness soft function HTL, Wang, arXiv:1611.02749 and 1804.06358

TMD soft function can be extracted from the soft function for top quark pair production

NNLO beam function is universal which have been available

Hard function can be extracted from virtual-virtual contributions

real — virtual

we have to deal with the resonance divergence for tW+j production
real — real
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Toward NNLO

1. double virtual

N B

——

W.

Amplitude reads A =/,

%) (o
4r :

1-loop square

Tree

1-loop

MM+ M M

2-loop X tree
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Toward NNLO

1. double virtual Amplitude reads J = ’ |

Y . Y Tree
| 1-loop -
. 2
gx gg* <Z—n) (1M 2+ M52 + S M5
i J@@w i 1 1-loop square 2-loop X tree

analytical result 1-loop square chen, Dong, HTL, Li, Wang, Wang, arXiv:2204.13500
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Toward NNLO

1. double virtual Amplitude reads J = I

- - s Tree
éﬁ | E § 55?;; 1-loop -
2
" " A 2 ren gyren ren ren
i - — ) (| AT+ MM+ MM
1 2 0 0 2
| dr

_ J@@@W R 1-loop square 2-loop X tree

analytical result 1-loop square chen, Dong, HTL, Li, Wang, Wang, arXiv:2204.13500

| 1 1
D+n| NE + N-F, 1 G |+n | NNE +N-F A G
N% l( C*1 ct1 NC l> h( C*™h Ct h NC h)

2Re ) MO MP = N}A + NEB + C -

S,C
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Toward NNLO

1. double virtual Amplitude reads J = |

Y . Y Tree
| 1-loop -
. 2
gr gg* <Z—ﬂ) (1M 4 M M2+ M5
i J@@w i | 1-loop square 2-loop X tree

analytical result 1-loop square chen, Dong, HTL, Li, Wang, Wang, arXiv:2204.13500

. 1 1 1
2Re ) MO MP = N}A + NEB+ C+—D +n| N2E+ NoF +—G | +n, | N2E, + NcF), +—G,

N¢ N¢ N¢

S,C

analytical LC 2-loop amplitude Chen, Dong, HTL, Li, Wang, Wang, arXiv:2208.08786

numerical full 2_|00p amp”tude Chen, Dong, HTL, Li, Wang, Wang, arXiv:2212.07190
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Toward NNLO

1. double virtual

AN

analytical result 1-loop square

2Re Y MO M® = N*A 4

S,C

analytical LC -

numerical full . vop wiipniuuc

AN

2
H( ) /H(O)

-100p-

(‘0&& O 5

Gy,
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Toward NNLO

2. real-virtual

b
g f@’ﬁ'm w

& 70000000

tW production

& 70000000

& ”0‘6‘6660'(5‘—4——5;

t

W

b

0 diagram removal (DR), remove the diagrams for top quark pair
production; not gauge invariant

O diagram subtraction (DS), using a local subtraction term to cancel
the matrix element square in the resonance region

O b-jet veto, together with a careful choice of the factorization scale
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tW production

Toward NNLO

2. real-virtual

0 diagram removal (DR), remove the diagrams for top quark pair

b
R A production; not gauge invariant
' + 8 diagram subtraction (DS), using a local subtraction term to cancel
i the matrix element square in the resonance region
g GEOEET——— g GEGGE b

O b-jet veto, together with a careful choice of the factorization scale

) B® B
A = sy, — m? In A = 0 limit, the amplitude square is ‘/%tha ‘ WS Tt BY + ...
The leading singular contribution can be subtracted by
’ 04 40| o, ol BY
Dong, HTL, Wang, arXiv:2411.07455 <‘%th‘LO> — ‘ﬂlz T ‘%m ‘ — 5 (RLO>2 = ‘%n T /ﬂzz B A2
PS
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tW production

Toward NNLO

2. real-virtual

fj=]

b
A W g GEE666EY—>

A

& "0‘0‘0‘6‘6‘0‘6‘—4—5

2 G660 —— !

)

2

A = sy, — m; In A — O limit

The leading singular contribution can be

Dong, HTL, Wang, arXiv:2411.07455

—

IIIIIIIII IIIIIIIII IIIIIIIII lllllllll |

do/dm, ;. [b/GeV]
o

1072

[fb/GeV]
o O

=

do/dm _

I
6)

dd — bWt
IS = 14 TeV
5 = 0.006

I () R () 9}
IM,, +M,,, |

I lllllllll lllllllll lllllllll lllllllll |

i
1

Illlllll | Illlllll

lllllllI L1l

LN
o

| | ]
300
m, . [GeV]

] | |
100 200

top quark pair

lon term to cancel

on

factorization scale
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tW production

Toward NNLO

2. real-virtual

f{ .
Possible diagrams with resonance contribution Y Y Y Y AAAAN
factorizable + soft gluon contribution factorizable loop with top propagators

Loop corrections to top quark pair

_ generate nested IR or In A structure
production and decay

) c®» c
RVi.. = 2Re [,/%“)) M) ] = | FCO + ...
- A> A ORI (2){ = 1[ <ﬂ2> <M2>
CP=—=B®{ ——+—[(Cy—2Cp) log| — ) =2 (C, —2C) log
27 €2 € S12 —3513
+(Cy—4C,) 1 s +(Cy—4C,) 1 bl
All the coefficients contain IR poles AT PR\ Ty ) T UAT TR T e m?
IR poles for 1-loop amplitude is well studied —2(CA—2CF)log( e 2>+(CA—2CF)10g< e 2>—£CF]}
—525+mt S35 — My 2

Dong, HTL, Wang, arXiv:2411.07455 TR 13 /17



tW production

Toward NNLO

. . do di ds [—A—i0\"* dy di+d —A —i0
div _ G2 1 8 w2 1 S
2. real-virtual laaspwe = 2+ 0 F ( = ) — 2" ‘stk’g( ey )

Proportional to the difference between the infra-red
divergences of the matrix elements for dd — bWt and

210g<m>.“sB@)[(CA_zCF) (1og( m >_1+ﬂf 10g(1—ﬁt>> dd — tt with on-shell f = bW

2r 20, 1+ p,

m2 m2 - da = BWt
—2(C,—2Cx) | lo L] -1o [ 2 [
(Ca F)< g(_SB &\ 2, 107 /S =14 Tev
- 0 =0.006
m? m? m?
+(Cy — 4Cy) | log * ) —log t +2Crlog t +2Cy
—523 2p; - P 2P P3

IR poles introduce additional In A terms

2
835 — My

= VieentInro

-do/dmws [fb/GeV]
I

107 ¢
Subtracted RV contribution o2l -
— — wi
2 C? 4 1@ = 2F | | | ] =
‘%rwé‘ = Veen + InLo =2+ (Rvar), = Veen + I nio — > S 4 (Mysl,) G
V+I PS 2 A é . . PS
T E
Dong, HTL, Wang, arXiv:2411.07455 s -1 . :
¥ 25 qo0 'm0 300 400 500

my5 [GeV] 14 /17



tW production

Toward NNLO

3. real-real

IR cancelled by NLO subtraction method

Resonance singularities cancelled by
Power Expansions

factorizable + soft gluon contribution

Dong, HTL, Li, Wang, work in progress
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] Single top-quark production: a direct measurement of the
CKM matrix element V,, and new physics

] Toward NNLO QCD corrections to tW production
] Present the two-loop matrix element for tW production

(] Resonance singularity in the tree and loop amplitude has to
be subtracted

] Real-Virtual and Double real can be dealt with power
expansion method

-do/del.) [fb/GeV]

Wb

-do/dm__ [fb/GeV]

S
S
SOSoS O

. W WL L . .
. . W W

A8
S
S S
~

7
‘
———

N

i

[

NS

e

-1 '

) dd — bWt .
E \S=14Tev 3
E & = 0.006 g
; = VietInro %
:Fl | | 1 1 | I 1 | | | I | 1 1 | | 1 | | I?:
__ 1 | I 1 I 1 I 1 I 1 I I 1 I 1 | 1 1 1 1 {___
E_ ' (IMtwiliM) _f
E 1 1 I 1 1 .l ] 1 l 1 1 1 1 I 1 1 1 I 1 | | 1 IE

100 200 300 400 500

m,_ [GeV]
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M= 17 REN ARG 7H>) P

Jul 6 — 20, 2025

Asia/Shanghai timezone

Overview
Registration

Participant List

Contact

™M haitao.li@email.sdu.edu...
B jian.wang@email.sdu.ed. ..

NEHARERR T BAFIERMAIVA. BaAE. RREBRFLZWAIR, "HMINEFIHCRENA"H
HHEET2025F7 A6 H Z20H FELLRAZROKRXED. 7TH6HRE, 7H20HE=.

HE I E FIZICHINENME AETEARS, HESICER. EFEBMNANFEL. WEIER
¥. MIEFIHEHE. BRHEBRBRNA. FMERRAEZZFNDAEM, RNZHERITRIZHN T
MIBFEZF. 5INRRN, SEFEFESFHENETRIHE,

RRALFANEZEAQARE, FKREBCEME ., BRIFFHRINRRE MRS, ARASIHE—H#EE
&, RARSAH, FHMELLNEN4A30H, FiEHLLE, SRFRERERBANZARAETRNARNE
KMERLRE, ATHRIERFVR, BRERBEZZDHAS0OA, BREESM, TEZER,

FSHENFARHAER, FENRERHBE, IFAFTERL), JRKARSH, ENEMBOEA.

RRALFNHEREANZESZERYETI. EREBANZEEZEIFFAIB R . XXFARE
HEAWLRKRFEED.

=5H: B, KiE, BF, FeF, FHN, NEH, BisiE 358, TR, Tl RE

WIPEETT: https:/indico.ihep.ac.cn/event/25318/

R R

https://indico.ihep.ac.cn/event/25318/

Thank You !!
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