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Introduction

Why top quark?

v" Top quark is the heaviest elementary particle in the Standard Model

v" Top-quark mass is related to the strength of the interaction between top-quark
and Higgs-boson, which is essential to Higgs boson production at the LHC.

v Top quark might play a role of electroweak symmetry breaking

v' The measurements at the LHC offer the ultimate precision in top quark physics

v Top quark is a good probe of new physics

How to produce top quark?

v’ Primarily pair production via the strong interaction

v’ single production via the Weak-interaction
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Introduction
Top quark pair production
g % i t 9 ooy g H : : i t
g f o BooOO t g t
» It has high precision of the experimental measurements of total and differential cross

sections
» ltis used to study many properties of the top quark

Single top quark production
q t q’ q b w ° W
q' b b t g t r . t
tW production

It allows measurement of V;, per channel

It is Easier to check the chiral structure of Wtb vertex than tt production
t-channel can be used to measurement the b quark density

Sensitive to FCNC (t-channel), or W’ resonances (s-channel)

YV VYV
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Introduction

Measurements of top quark pair production
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Inclusive cross-section [pb]
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Introduction

Single Top quark production

LHCIOpWG

| November 2018

~ Single top-quark production
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ATLAS s-channel
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Top quark properties

Top quark mass
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ATLAS+CMS Preliminary
LHCtopwa
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total uncertainty
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ATLAS, l+jets

ATLAS, dilepton

ATLAS, all jets

ATLAS, single top
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1751+ 1.8 (1.4+1.2)
172.2+2.1 (0.7+ 2.0)

ATLAG\dilepton 172.99 + 0.85 (0.41£ 0.74)
ATLAS, all jets 173.72 £ 1.15 (0.55 £ 1.01)
ATLA®, l+jets 172.08 + 0.91 (0.39+ 0.82)
ATLAS comb. (Oct 2018) 172.69 + 0.48 (0.25+ 0.41)
CMS Jl+jets 173.49 £ 1.06 (0.43£ 0.97)
CMS[dilepton 172,50 £ 1.52 (0.43 £ 1.46)
CMY] all jets 173.49+ 1.41 (0.69+1.23)
CMY l+jets 172.35+ 0.51 (0.16+ 0.48)
CMY, dilepton 172,82 £1.23(0.19+ 1.22)
, all jets 172.32 £ 0.64 (0.25 0.59)
172.95+ 1.22 (0.77 = 0.95)

172.44 £ 0.48 (0.13 0.47)

172.25+ 0.63 (0.08+ 0.62)

172.33£ 0.70 (0.14 £ 0.69)

17234+079(020+076)

Myp SUMMary, s = 7-13 TeV  November 2018

¥s  Ref.
7 TeV [1]
1.96-7 TeV [2)
7 TeV (3]
7 TeV [3]
7 TeV [4]

8 TeV [5]
8 TeV [6)
8 Tev [7]
B TeV [g]
748 TeV [g]
7 TeV [9)
7 Tev [10]
7 TeV [11]
8 TeV [12)
8 TeV [12)
B TeV [12]
B TeV [13]
748 TeV [12]
13TeV [14]
13 TeV [15]

Single top processes
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m=1256ev__Decay width

CDF 2010, lepton+jets

Phys. Rev. Lett. 105 (2010) 232003, 4.3 fb™'

CDF 2013, lepton+jets

Phys. Rev. Lett. 111 (2013), 8.7 fb™'

CMS 2016, dilepton

PAS TOP-16-019, 12.9 fb™'

ATLAS 2017, lepton+jets
———

arXiv:1709.04207, 20.2 fb™'

CMS 2018, lepton+jets

e 4
this analysis, 35.9 fb

February 2018

I, < 7.60 GeV @95% CL

I, <6.38 GeV @95% CL

0.60 < T, <2.50 GeV @95% CL
176+ 0.33 'O GeV

112+ 0.16 705 GeV
D0 2012 2.00 47 GeV
Phys. Rev. D85 (2012) 091104, 5.4 fb™!

CMS 2014

i 1.36 £0.02 01 Gev
Phys. Lett. B736 (2014) 33-57, 19.7 fb”!

o1

| 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
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T, [GeV]

ATLAS+CMS Preliminary November 2017
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PRD 81 (2010) 111503 (R)
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ATLAS 2010 single lepton, \s=7 TeV, L, =35 pb"
ATLAS-CONF-2011-037

ATLAS 2011 single lepton and dilepton, Ys=7 TeV, L, =1.04 10 !
JHEP 1206 (2012) 088

CMS 2011 smgle lepton, 1s=7 TeV, L _22lb"
CMS-PAS-TOP-

LHC combination, fs=7 TeV
LHClopWG
ATLAS-CONF-2013-033, CMS-PAS-TOP-12-025

ATLAS 2012 single lepton. =8 Tev, L =202f" L
EPJC 77 (2017) 264

CMS 2011 single lepton, 15=7 TeV, L_=5.0 fb™
JHEP 10 (2013) 167

CMS 2012 single top, =8 Tev, L =19.710"
JHEP 01 (2015) 053

CMS 2012 single lepton, 1s=8 TeV, L -1.°18f|31 o H

PLB 762 (2016) 512

CMS 2012 dilepton, (s=8 Tev, L =19.7o" ol
CMS-PAS-TOP-14-0

" superseded by published result |
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W boson helicity fractions

Helicity fractions of W bosons from

top quark decays
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QCD corrections

Generic Cross Section in pQCD

Take s-channel single top as an example, other channels are similar.

Extremely complicated at higher orders: initial state splitting, final state
splitting, soft gluon emission, etc.

@ hard particles

O soft particles

@ collinear particles

w: final state energy configure

"(0)6[w — EYO(p)|I) &% energy flow operator
(C. W. Bauer ,et. al., PRD, 2009)

g =

2k 2‘1\1

* Fixed order calculations to improve the hard particle radiation

¢ Resummation is needed for the infrared sensitive radiations

04/23/2019 Peking University



QCD corrections

v' Impressive agreement between experiment and theory:

Standard Model Total Production Cross Section Measurements status: July 2018

f 1 500 ub~1
fe) 11 2%

a 107 F e
e

ATLAS Preliminary
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Run 1,2 /s =7,8,13 TeV
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F Bl Data 45-46fb"
i 'u- | ] —
10° | LHC pp Vs =8 TeV
- oo ! u BA Data 202-203fb!
104 3 I I LHC pp Vs =13 TeV
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103 E' . I u
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102 £ [ ] =y
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i | : g | :
VH
1 E I : ﬂl : ) |
. - Y
I :EHI a I I —
101 | - i . .| i
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s = sl -_—
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QCD corrections

Why resummation?

v' At high energy, a, is small, and the fixed order calculation is reliable

v" Near the infrared region, there is a scale hierarchy between the high
energy scale Q and infrared radiation scale u;p which produced large
logarithmic terms L = InER

Breakdown the convergence of the perturbative theory and resummation is needed!

nt1-z

2
S
In-% InL

. 1
For example the logarithms can be — o In5, In"%, ...

2

M : .
1-M _ ., 0 Partonic threshold resumamtion
S
stt+u—m5—mi=s,-0 1-particle inclusive threshold resummation
qz 0 Transverse momentum resummation
—_—
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QCD corrections

Factorization in SCET

v'In general , the cross section can be factorized as (Bauer, Hornig, Tackmann,
2008)

beam hard jet pert. soft QCD
Ca—fa.ct — —Z_a,Ib & H ® H-i']i ® S b A,U-H
LB IH [y [LS N
J
: ,lu J~my SCET

S = Psoft pg ~ Q

i 4
Hp = AQCD / £ " ‘/_ 2 . ﬁ B
e S
@ N A s
/-
Hp

04/23/2019 Peking University 10



QCD corrections
Resummation in SCET
O=f. R RHR]RS

Short distance Wilson coefficient, can be obtain from fixed order
QCD corrections.

_ Describes final collinear gluon emission from light parton, sensitive
to algorithms for jet definition.

Describes soft gluon radiation between energetic jet and heavy

quark.

Unp ~ Q
Factorization separates the physics for different
scales, which are absorbed into hard, jet and i
soft functions, respectively. u

C

The resummation is achieved by running the U
hard, soft and jet function to one common
factorization scale Agcp

04/23/2019 Peking University 11
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s-channel single top production
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Fixed order calculations

NLO QCD corrections with top quark decay

NLO QCD corrections + Parton Shower

Smith and Willenbrock, arXiv:hep-ph/9604223

NLO QCD corrections for stable top quark Mrenna and Yuan, arXiv:hep-ph/9703224

Campbell et al arXiv:hep-ph/0408158

Frixione et al arXiv:hep-ph/0512250
Frixione et al arXiv:0805.3067

Cao and Yuan arXiv:hep-ph/0408180

Alioli et al arXiv:0907.4076

NNLO QCD corrections without and with top quark decay:

neglecting the color correlation between the light and heavy

guark lines and in the narrow width approximation

Inclusive cross

section
inclusive LO NLO NNLO
O LT o e e
o(f)[pb] 141875 12% [1.9227237% 12 029+ ) 07
o(t+1) [pb] |3.91670 137 |5.30473 7% |5.5051 0. 30%
o(t)/o(d) |17622501% 117605500 | 175710058
P e 47757 289% 6 47 L30% [ g 0T
o(f)[pb] 299873 38% |4.048%530% 42400 30%
o(t +1) [pb]|7.7727289% 110,497 ) 357 111,03+ 1%
a(t)/a(f)  [1.59370 000 [1.5957 01007 [1.595F0 0%
04/23/2019

Differentical cross
secti

r10p [PD/GEV]

do/dp

= m‘)

Ratio to 6, (1

Peking University

0.08

e
=]
¥

- -
@ ®o

o
»

1.2+

R RS
— NNLO ]
---NLO
—-L0

AN RN R IR
_Q’Tlﬁlnn]oFDFs
r p.=m|=l72.5 GeV

Ly |

H L L

\_..L-_‘
LHC, 13 TeV, top quark

NI S S T W S T T e
L B R R R R R R m =

.
T

C 4//} NNLO, M =m, E\W NLO, = ]

:— NNLO. p_ =m, %;FF NLO. y_ =my- —:

= e NN
e I e e D

[y

i NS WS W NS W S S N R
0 20 40 60 80 100 120 140 160 180 200
P, ., [GeV]

T.top

Liu and Gao arXiv:1807.03835
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Resummed cross section >“<

b

Threshold limit is defined as S, =S +t4u— m? >0 HX. Zhu, C.S. Li, JWang, Zhang, arXiv:1006.0681

The cross section is factorized as

maxT

GTJCH sy Ir]ﬂ_thn 5
f f / dt/ sy fz,’N (Ta, ptF fij T/la ILF) .
?nt,?'.s m,t—s 1’1'{?‘(1?“

where 7% = § +t +m25/(t — m?), and

‘,.!E(Tt.hren )\01 34;(24’51} , o
G—I“T\JH dk™ Tr Hp(p)Sr(E™, f}]:‘ sy — 2E kT,

didil A// /

Hard function, summing Soft function, summing Jet function,
logarithms of the form logarithms of the form summing logarithms
log(, / 1) log( s, / 1) of the form log(u; / 1)

The logarithmic terms at NLO are

a 1 In s,/m?
o@D ﬁf ds, <CO6(S4) +c_4 <§)* +c_, (Tt>*)

04/23/2019 Peking University 14



° w
Resummed cross section Pd
q" b
Zhu, C.S.Li, Wang, Zhang, arXiv:1006.0681 i 00 e[S et
x HL 4 [r}. e Gl (G 12— 1) 2 2A,_‘,’LS} 5(5.)}

an? (0 L [n¥(ss/m2)] 1 ) ) )
+ (F) {5(‘3(7?.,,9)3 [s—l‘} Lt 5PV (18CF o L + 915 — 245) — 50)

2 2
x [_n_h‘ (# u )] +(— CLAO) — 2 L1+ TCR (L2
t +

If desired, it can be used to generate higher I
order expansion of threshold singular terms. For T U Bl (O A )

. . s [ealm] (g, 50 Lot ) 224 (S - 2r8are
example, the 2-loop singular terms are given by: (] (it sertet) b (ot

2 4
3R ) b 00H G L+ (08 = 60 = 20)

Teusp

2 5 3 1
(QCmf»’.,!p(ré + 6 + €)= 3CH(tmp) L = 57°CF (busp)® = 3CF Yoy T L

Cy s

+2Cf"""{!\lsp + \—‘(r[r: 1)? + 2T ol h s — ?T'?WE +4600° + 4("1_?)’) L,
Ne

+(3) = 2900k + ¢} + ) — Bole] + 21) + 90T (10 Ca

390 0 0,33, 0 o, 5 5 0 1 1 !
- CrYeusp s + 37 Creusp Vs + vl CFB0Yeusp + 75 — 27 | X o NE (59)

Total cross section for single top and anti—top production at the

1. T 11 gUENEEEEENENNNNNY,

Tevatrem—and=EHE

JdLO ONLO Oexpand :. ORES “:

Tevatron (top) 0.318%0051 pb  0.44370:0%0 pb  0.4637((07 pb2 0.46770¢10 pb i
Tevatron (anti-top)  0.31870:703) pb  0.4437(:(3) pb  0.46370(0; pb= 0.46770010 pb
LHC (7 TeV, top) 2037001 pb 271700 pb 2.82701% pb ¢ 281700 pb i
LHC (7 TeV, anti-top) ~ 1.147001 pb ~ 1.53%50s pb  1.601003 pb = 1.601005 pb =
LHC (14 TeV, top) 5217008 pb 691700 pb 7703 pb ¢ 711703 pb
LHC (14 TeV, anti-top)  3.3670Y pb 446700 pb  4.647919 gb :: 4.6179-2% pb E

®ssssnmsmnnnnns®

We can see that the resummation effects enhance the NLO cross section by about 3%-5%.
The total uncertainties is obtained from varying the hard, soft, jet and factorization scale
separately by a factor 2 and 2, and then adding up the individual variations in quadrature.

04/23/2019 Peking University



Resummed cross section

Transverse resummation for s-channel top quark production

They considered p+p—>t+jet+X

q t
>JK/~<
q' h

b

Sun, Yan, Yuan, arXiv:1811.01428

Resummed the logarithmic terms ln% ,where g, =p¢, +pj1

04/23/2019

do/dq, [fb/GeV]

0: YL
10 20 30 40 50 60 ¢ 8501 392 03 04

q.[GeV]
/ = tan =

Resummed region

Peking University

.O
: 0.6
~ C
S i
Q C
=04
S =13TeX < i
[ ] [ S—)
. *
W St+jet <
pp v S
p=my, Py.>30 GeV % 0.2
. b
~
y1<3, Iyl <3 =

§S=13TeV

pp-W ' i+jet

H=m

P30 GeV, by l<3

sm 6,, cosf, = = tanh

77] Nt

16
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t-channel single top production

/

q q

Peking University
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T-channel Single Top Quark Production K

a y (d) d ()

4-Flavor

scheme

In 4-Flavor scheme,

v'There is no b-quark in the initial state.

v'The LO process for t channel single
top production is, for example,
ug - dthb

v'the gluon splitting process brings
In(Q? + m?) /mZ, which

04/23/2019

b« (d)

d ()

5-Flavor

W
scheme

In 5-Flavor scheme,

v There is b-quark in the initial state.

v’ The LO process for t channel single top
production is, for example,

ub - dt

v’ These logarithms from gluon splitting

into bb are to all orders in
the b-quark PDF.

v’ It is easier to pursue high order QCD
corrections

Peking University 18



v" NLO QCD corrections for stable top quark

Fixed order calculations

v NLO QCD corrections + Parton Shower

v" NNLO QCD corrections without and with
top quark decay neglecting O(aS2) color

suppressed interference term

fiducial [pb] LO NLO NNLO
- total 4.07T7 8% 2,954 1% 12 701 2%
duat corr. in pro. -0.79 -0.24
corr. in dec. -0.33 -0.13
i total 2.45T TR 1.78159% |1 g2t 2%
t quark .
corr. in pro. -0.46 -0.15
corr. in dec. -0.21 -0.08

Fiducial cross sections for top

(anti—)quark production with decay

at 13 TeV
Berger, Gao, Yuan, Zhu, arXiv:1606.08463

04/23/2019

Peking University

0

Bordes 1995, Stelzer 1995, Harris
2002, Sullivan 2004, Campbell 2004,
Q.-H. Cao 2005, Campbell 2009

Frixione 2005, Frederix 2012, Alioli 2009,

Bothmann

Brucherseifer, Caola, Melnikov, arXiv: 1404.7116

2017, Carrazza 2018

Berger, Gao, Yuan, Zhu, arXiv:1606.08463
Berger, Gao, Zhu, arXiv:1708.09405
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T-channel Single Top Pro. in SCET ><

Wang, C.S.Li, Zhu, arXiv:1210.7698

* |n SCET, Bauer, et al. 2000,2001,2002, Beneke, et al. 2002, Hill, et al. 2003

Separate differenct o :
‘ Factorization ‘ Resummation
scales

Collinear: Q(1%,1,2) H(W) = Un Gt i) H 1)
Soft: Q(4,1, 1) — I (W) = U-(,u’,u-)](,u-)
Ultrasoft: Q (12, 12, 12) o =Hx]Jx S(8) = Ui S
1) = Us(u, pus)S(pis)
* For t-channel single top production,

.uh,l J/ .uh,h >» >

Hj Hs

threshold
by o

04/23/2019 Peking University 20
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Resummed cross sections

Wang, C.S.Li, Zhu, arXiv:1210.7698

Threshold limit is defined ass, = s+t +u —mf? - 0

The resummed differential cross section for t-channel single top production

dorthres _ Z Ao hard function
didi < G4 N2 ¢ evolution

q' q
K
b t

) —2ar (u, supiHF, up)

exp [45( [th up: L up) — 2 o Hhup: [LF up) (
eXp [2*5{(}["”?1-._&?1‘ }I'F,dn) 2adn Hohdn > ;U'Fdn (

_|_ m ) —2ar (ph dn JF,dn)
t

R dntTt

Hup{:uh._up)

H (114 dn)

~ 1 [ 54 \"eEn
(0 + Ly, 15)5(0y + L, s )54 (mg) () 1€ convolution of jet
t and soft functions

04/23/2019 Peking University

2 . .
jet function
[ 4S (5. ,upup)JrZa (115, pzpup)} (}2) e :

L evolution
9q my(—t +m?)\™ :
exp[—2S (fts. ftpgn) — 20° (s, fiFan) | ( ! A t)) % soft funs:hon
ps( =) evolution
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Leading Singular contributions K

Wang, C.S.Li, Zhu, arXiv:1210.7698 :

Expanding the equation in the last slide for all scales equal, we obtain the
leading singular contributions.

The logarithmic structure is

Noaj )L donT v
(647TN2§2> dida 0(s4) + e {AQDQ + A1 Dy + A06(34)}

2
«
- (—4;) {B4D4 + B3D3 + BaDa + B1D1 + 305(34)}’

In"(s4/m?)

A — BF D = ¢

2 0> n [ S4 N

Ay = (Lj +2L)T0 + v — 27

do = (“Lpz gz Ll T\p v o ILi— 2L
0 — 9 h,up h,dn+2 j_'_ s 4 0~ Yup,0&h,up Ydn,0 h,dn“"’)/() J Yo Ls

H J S
+C1 +Cl +C1,

For expressions of B;, see arXiv:1210.7698 We are going to resum them to all order in a;
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Resummed cross sections K

Wang, C.S.Li, Zhu, arXiv:1210.7698

The resumed top quark pr distribution

do/dp; [fb/GeV]

500 ——————

H m=Resum | mm— Resum
12 N1 O ] ; 400 mmmN] O
10} — S m— O

of | E 300

i Tevatron 1.96 TeV | o 3 LHC3 TeV
6" o 200
N S 100
2 i
o, T— 0 o ‘ N

60 80 100 120 140 80 100 120 140 160 180 200
pr [GeV] pr [GeV]

v

The resummation for top quark with low transverse momentum is not appropriate.

AN

The soft gluon effects can enhance the differential cross sections at high transverse
momentum of top quark by about 9~13% and 4~9% at the Tevatron and the 8 TeV LHC,
respectively.
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Other efforts g

Transverse Momentum Resummation

4prrrrrrr A Taras e e SR 0 6F T T T
E i, (a); - (0 W Res B Res, T=0 |
1i —=—-Asy === NLO ] B

The process p+p->t+jet+X 3 H —te
qL =Dt TDj1

B Pythia

Vs =13 Tev -

pp i +jet
p=Hy, |y <45

0.4F

pp-t+jet I-L' ‘\ P;.>30 GeV, |y, |<3
g p=Hr

1 E P;.>30 GeV B
lysl<45,Ivd<3 e

ny-1¢ 0.2t

do/dq, [pb/GeV]
[\

¢* = tan

1jodald¢ [bin/0.05]

_A .
n-4¢ sin6,, cosf, = tanh
2

T TP bieiinios T A 0. S TR o
00 10 20 30 40 50 0o 01 02 03 04
q.[GeV] ¢
Cao, Sun, Yan, Yuan, Yuan, arXiv:1801.09656, arXiv:1902.09336

Higher order soft gluon effects are calculated in traditional resummation scheme

K|d0nak|s, arX|V1103.2792, t-channel top quark p_. distribution at LHC m=173 GeV t-channel antitop quark p. distribution at LHC m =173 GeV
arXiv:1306.3592, arXiv:1510.06361
£ ST 08 -
> £
S g
Top—quark transverse—momentum = :
. . . = E
distribution
0 2‘0 4:) 6‘0 Hl(l | lIHl 1 50 140 0 2Il] 4‘[) GIU HI() | lI}U 1 5() 140
p; (GeV) py (GeV)
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tW production

7%

Peking University
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Theoretical status

O can be used to direct measurement of the CKM matrix element 1/,

WA sdersltisileiar 1 has the second largest cross section in single top production at the LHC
O have been measured directly at the LHC

Giele, Keller, Laenen, 1996
— NLO QCD corrections: S.Zhu 2001,
Campbell and Tramontano, 2005

Theoretical status ™™= NLO QCD with Frixione et al 2008
E. Re 2009

parton shower:
Jezo et al 2016

Resummation and
approximated NNLO

Kidonakis, 2006, 2010, 2017

—
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Interference with top quark pair production

In NLO corrections to tW production
P This top can be on-shell

This effect has been measured
at the LHC

ATLAS, PRL, 2018

We need to find a way to differentiate the two processes or to define tW

\pré)i%(é?as'mpl%o 8€%F(DR): remove the diagrams for top quark pair

production; not gauge invariant

v’ diagram subtraction (DS): using a local subtraction term to
cancel the matrix element square in the resonance region

v’ b-jet veto: together with a careful choice of the factorization

scale
04/23/2019 Peking University 27
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Pair invariant mass Limit < 1

C.S.Li, Li, Shao, Wang, arXiv:1903.01646

Partonic threshold: Pair invariant mass (PIM) 1—-z=1-

The RG improved differential cross section in SCET can be written as

tn ~ Q
dQO_PIM )\1/2 dz
p :327rsM2 / / —fz/p(x pp) [ o2/, g ) H (n ) Upin (i s, fy) Ur Upin (pn, p
Zn M2(1 — z)? e~ e
X ——————5pmv | In ———— + 0, ) /Ls)
1— 2)1—27 ( 2 ! (2
( 2) Z 5 (2n) N=(Ca+Cr)aousp (1o spis) Us
AQCD

The evolution factor embodies RG running from hard and soft scale to factorization
scale, which is expressed as

M2 ) (CA+CF) aycusp (fis,in)

Uptm (pe, fss i) = (—

5 exp {2(@1 + Cr)S(pn, ps)
Hh

—+ a (/1/5, [lzh) + 2a7¢q (MS? /Lf) + 2a7¢’9 (/’LS’ u’f):|

. : 1 In1-
The factorized cross section captures all the log terms: 6(1 — z), (:) , ( nl ZZ) ......
—z/ 4 -z /4
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One Particle Inclusive limit < 1~

C.S.Li, Li, Shao, Wang, arXiv:1903.01646

Partonic threshold:  One-particle inclusive (1Pl) s, = s+t +u—m? —mi, — 0

The RG improved differential cross section can be written as

d20_1PI 1 1 dxl Sinax d84 Mh ~
dp%dy " 167s ; /lenin x—l /0 S4 + M‘%V — m% — 1t fi/p(xla ,uf)fj/p(x% Mf) l,[f UlPI(Iuh I 'uf)
S
H(un)U 51p1(0) 1 ([ sg e 2w o
X H (pn)Urpt(pn, prss g ) S1pi( nn“s)g <MW,us) I'(2n)
Hs
Agcp

The evolution factor is

MQ ) (CA+CF)a'yCUSP (Ns >Nh)

Urpt(fhs fis, pif) = (M_2 exp [2(0A + Cr)S(pn, prs) + ayn (s, pin)
h

My My i3 :
+2a0q (s, f1f) + 205 (Hsy pry) + @yeusn (s, pip) | Caln i) +Cr mW B Different RG factor
1 ity

In principle, these two definitions describe the same physics in the
soft limits.

However, they include different power suppressed corrections when the
radiation is not exactly soft.
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Leading contribution

C.S.Li, Li, Shao, Wang, arXiv:1903.01646

The fixed-order total cross section and the power corrections in
different schemes

[pb] PIM 1P]
b-veto DS DR b-veto DS DR

LO 6.96" 2. 7.217°7%

NLO bg 12.07 55 1.7, 5%

NLO leading 11.2, 5% 11.5, 5%

NLO 9.317%% | 9.9272% | 10.0%5° | 932707 | 10071 | 10272

power corr. | —L87100. | —1.267010 | —1.177518 | 2147530 | —1.46705% | —1.297052

v' There is huge corrections (29% ~ 44% ) for the total cross section
from LO to NLO
v the leading power terms of the bg channel can approximate the total

result of the bg channel very well
v The power corrections are negative and around —20% ~ —12% in PIM

and —23% ~ —13% in 1PI kinematic scheme depending on the methods

The contributions of the higher order power corrections can be
obtained by calculating the full NNLO QCD corrections or by making
use of the next— to—leading power factorization and resummation.
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C.S.Li, Li,

do /dM (pb/GeV)

K —factor

Leading contribution > ji

. t
Shao, Wang, arXiv:1903.01646 LHC STeV (1P1)
LHC 8TV (PIM) e
wwwwwwwwwwwwwwwwwwwwwwwww 0.12- — 1L.O B
0.10 — 1O E I
i — NLO b
I — NLO by 0.10 1 g 7
0 = NLO leading -
’ — NLO leading % oost cactie
L 4 ~ [ 7
L ] = — NNLO leading 1
006 — NNLO leading | § ool & ]
] = I
L ~
0.041 < 004]
0.02) 0.02]
L Eaaa e - Laf ]
1.15 | [ 1.1} ,
L Q [ |
1’0; 1 L'C|—6' l'oj’__///———/\/\/\;
0.9? = 0-9; :

There is huge corrections from, LO to NLO

The leading power terms are dominant in all the invariant mass
or the top pr regions, as in the case of total cross sections.
The NNLO leading terms increase the NLO leading cross section by about 10%
in most of the region.
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Resummed cross section : , b g

C.S.Li, Li, Shao, Wang, arXiv:1903.01646

g

[pb PTM 1Pl
120 ATLAS
Vs 8 TeV 13 TeV 8 TeV 13 TeV CMS
5% 5% 5% 3% 10r
LO 7.0 i 22.41% 7.2 i 22.91%5) " I}
NLO 9.92;%3 32.81%5 10'01?;5; 33.0;%3 3560 1PI III
aNNLO 11.6;%3 37.1;?5 11.2;162% 35'951667;
NLO-+NNLL 114770 | 36,770 [ 11.7772% | 3737107 o
fE=%
8 TeV 13 TeV 14 TeV

v" The NLO+NNLL predictions increase the NLO total cross section by 12% ~ 17%
depending on the collider energy and the threshold variable, but with larger scale
uncertainties

v These large uncertainties are mainly from the variation of the factorization scale Us

v The NLOHNNLL predictions are in good agreement with the data at the
8 TeV and 13 TeV LHC
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Comments on future directions < ;i

C.S.Li, Li, Shao, Wang, arXiv:1903.01646

The NNLO QCD corrections can be achieved making use of the N-jettiness subtraction method

» It was first used in top decay and

do(X) | f ™ g7 42 ary 95| ash lied t

v 1) N T | e T .as een fapp |§ | 0 many processes
in hadronic collisions

/ Gao, C.S.Li, Zhu, arXiv:1210.2808
! ! ' Boughezal et al arXiv:1504.02131
Predicted by the factorized @ Predicted by the standard Gaunt et al arXiv:1505.04794
cross section in SCET NLO QCD corrections

]

n

o(X) = [)dTN

o(Ty < Ty*) = fH®B®B®S®

v The NNLO beam functions are available
Gaunt, Stahlhofen, Tackmann arXiv:1405.1044, arXiv:1401.5478

v The NNLO N-jettiness soft function for this process is also
available Li, Wang arXiv:1611.02749, arXiv:1804.0635

v The only missing part is the two—loop hard function
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NNLO massive N-jettiness soft function
Hai Tao Li, Jian Wang, Phys.Lett.B.784(2018)397

e So far, N-jettiness slicing method is successful for the NNLO
differential calculation of jet production at hadron colliders.

 How about massive colored particle production, ttbar or tW?

do do do

_ 4 4+ —
dO | dOl7yv<a| dO I Tn>A Th Z"',i“':”"”"‘:' _

d do
° _/dq)Z 20 /dtadtdesH(BtaCOSQt:U)Bl(taaxaau)BZ(tbaxbau)

dYdr d®;
x| S(7g, B, cos O, p)o (T — Ts — t&jgtb) (1 0 (\;g>)

XS>5(T—Zmin(n-ﬁk,ﬁ-f’k))<)(s 0>.
k

+ 1 —picosb, o — 1+ 3 cos 6, (3 sin 6,

IRV RV 1- 57

t

TY, Y. V]

3 <0‘TYJ Y.Y,

S
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Conclusion

v Reviewed the measurements for top quark

production at the LHC

v" Discussed how to include higher order QCD
corrections for the process at the LHC,
especially resummation in SCET approach

v Presented the theory predictions for s-
channel, t-channel single top production

10°

10

Single top-quark cross-section [pb]

v Show our recent work on the soft gluon
resummation for tW production at the LHC
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t-channel

=== NLO+NNLL QCD atm, = 172.5 G
MSTW2008 NNLO PDF

—— NLO QCD atm, = 1725 GeV
MSTW2008 NLO PDF

s-channel

3 t-channel 4.59 fb"' PRD 90 (2014) 112006

8 t-channel 20.2 fb™ epy c77 (2017) 531

T t-channel 3.2 fb™" sep 04 (2017) 086

§ tW 2.05 fb" pLB 716 (2012) 142

T tW 20.3 fb™ JHEP 01 (2016) 064

§ tW 3.2 fb™" JHEP 01 (2018) 063

¥ s-channel 95% CL limit 0.7 fb™' ATLAS-CONF-2011-118
} s-clhannel 204|3 fbo' pLB 7516 (2016) 228
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