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Top quark as a unique probe

+ Top quark is unique in the SM and provides access to physics beyond
the standard model through measurements on its production and
decays

w large mass, ~173 GeV; flavor
physics, EW precision fit,
Higgs physics

w Important role in various
extensions of the SM, e.g.,
SUSY, extra dimensions

w short life time, decay before
QCD hadronization and W
depolarization; clean exp. t %
signature



Single top-quark production

+ Top quark can be produced singly at LHC via electroweak interactions,
including t-channel, s-channel, and associated production
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large cross section, ~300 pb at
the LHC 13 TeV; probing EW
coupling

polarized top-quark production
due to V-A structure

sensitive to new charged-
current or flavor-changing
neutral-current interactions



t-channel productio
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Test of the b-quark PDF

w charge ratio w CKM matrix element, |Vip|
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Experimental challenges

+ Experimental measurements rely strongly on theoretical modeling of

the signal and backgrounds

w low acceptance, fiducial vs. full W

phase-space (~1/5)

basic acceptance cuts
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theoretical unc. can be dominant

CMS 13 TeV 2.3 fbl, unfolded

Uncertainty source NGt/ Ut‘flc’flvt At i/ aﬁEﬁ.j ARt/ Rich.
Statistical uncert. £5.3% +£11.5% £9.7%
Profiled exp. uncert. +5.7% +4.9% +3.3%
Total fit uncert. £7.8% +12.5% +10.3%
Integrated luminosity +£2.7% +£2.7% -
* Signal modelling +8.2% +8.5% +5.3%
tt modelling +4.3% +4.5% +4.0%
W-jets modelling —1.6/+2.3% —25/42.3% —1.7/4+2.0%
* ur/ pp scale t-channel —5.7/+45.2% —-72/451% | —0.7/4+1.2%
ur/ pr scale tt —3.5/4+4.1% —4.7/431% | —1.1/4+1.0%
ur/ ur scale tW —0.6/+0.8% -1.1/4+0.7% | —0.2/+0.1%
ur/ pr scale W+jets —3.5/43.0% —4.9/438% | —1.2/40.9%
PDF uncert. —2.1/41.6% —-1.8/421% | —2.2/42.5%
Top quark pt modelling £0.2% +0.2% £0.1%
Total theory uncert. —12.2/+12.1%|| —13.6/+12.9% £7.5%
Total uncert. +14.7% —18.7/418.2% +12.7%

signal modeling suffers from large
QCD uncertainties and is the major

limitation on the measurement




Theory predictions

+ There have been extensive efforts on improving the predictions on
t-channel production through various perturbative QCD approaches

Next-to-leading order (NLO)
corrections to production
known for long time

Bordes, van Eijk, 95

Pittau, 96

Stelzer, Sullivan, Willenbrock, 97

Harris, Laenen, Phaf, Sullivan,
Weinzierl, 02

> Sullivan, 04

o Campbell, Frederix, Maltoni,
Tramontano, 09
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(

(

7//'\\/

W

NLO production + decay in
narrow width approximation
o Campbell, Ellis, Tramontano, 04

o Cao, Schwienhorst, Benitez,
Brock,Yuan, 04

> Falgari, Mellor, Signer, 10

off-shell effects
> Falgari, Giannuzzi, Mellor, Signer, 11

> Papanastasiou, Frederix, Frixione,
Hirschi, Maltoni, 13

> Frederix, Frixione, Papanastasiou,
Prestel, Torrielli, 16



Theory predictions

+ There have been extensive efforts on improving the predictions on
t-channel production through various perturbative QCD approaches

w NLO prediction is insufficient
ATLAS 13 TeV 3.2 fb1, unfolded

Ao(tq) Ao (tq) AR,

Source a'(tq) [%] Tt_q) [%] Tt [%]
Data statistics +29 +4.1 +5.0
Monte Carlo statistics +2.8 +4.2 +5.1

Reconstruction efficiency and calibration uncertainties
A ' Muon uncertainties + 0.8 +0.9 +1.0
)\(
N LO matChed Wlth pa rton Electron uncertainties <0.5 +0.5 +0.7
shower JES +3.4 +4.1 +1.2
Jet energy resolution +3.9 +3.1 +1.1
> Frixione, Laenen, Motylinski, Er™ modelling +09 £lz <0
b-tagging efficiency +7.0 +6.9 <0.5
Webber’ 2005 c-tagging efficiency <0.5 +0.5 +0.6
s AIlOIl Nason Oleari Re 2009 Light-jet tagging efficiency <0.5 <05 <05
’ ’ ’ ’ Pile-up reweighting +1.5 +2.2 +3.8
> Frederix, Re, Torrielli, 2012 Monte Carlo generators
tq parton shower generator +13.0 +14.3 +19
* tq NLO matching +2.1 +0.7 +28
v Threshold resummation L ST
Total systematic uncertainty +17.5 +20.0 +10.2
> Kidonakis, 2011-2016 Total uncertainty +17.8 +204  +114
> Wang, Li, Zhu, Zhang, 2010 :
fiv - Vil = 1.07 £0.01 (stat.) = 0.09 (syst.) = 0.02 (theor.) + 0.01 (lumi.)

> Wang, Li, Zhu, 2013 : : ——
NLO corrections are large in the fiducial

region inducing dominant uncertainties
.



Theory predictions

+ There have been extensive efforts on improving the predictions on
t-channel production through various perturbative QCD approaches

NLO matched with parton
shower

o Frixione, Laenen, Motylinski,
Webber, 2005

> Alioli, Nason, Oleari, Re, 2009
> Frederix, Re, Torrielli, 2012

Threshold resummation
> Kidonakis, 2011-2016

> Wang, Li, Zhu, Zhang, 2010
> Wang, Li, Zhu, 2013

NNLO production of stable top
quark

> Brucherseifer, Caola, Melnikov, 2014

NNLO production + decay in
narrow width approximation

> Berger, JG, Yuan, Zhu, 2016

achieving a realistic NNLO
simulation at parton level



Factorization at NNLO

+ The perturbative QCD corrections can be factorized into three parts,
at the light-quark vertex, heavy-quark vertex, and decay

Double DIS C’)(oz ~

w double deep inelastic scattering w narrow width approximation
(DIS) approximation (NWA)
1 > 8 > F
2 1 t
O(O‘S Ng) %’\— O(E)

off-shell effects known to NLO

violation start at NNLO )
9 small in general



Factorization at NNLO

+ Infrared singularities from double-unresolved phase-space regions
prevent a direct evaluation of the fiducial cross sections at NNLO

oD |- +
[VV] [RR]
w direct two-loop calculation by w singularities entangled with phase-space
integrating out loop momentum integration of QCD partons
~ Antenna subtraction [Gehrmann-De Ridder,
© DIS form factor [Kramer, Lampe, Gehrmann, Glover], inclusive jet production

1987] ~ Sector-Improved FKS subtraction

© vertex t— bW [Bonciani, [Czakon], top-quark pair production

Ferroglia, 2008; Asatrian, Greub, Ph ‘L . y
© Phase-space slicing [Catani; JG, Zhu, Li;
Pecjak, 2008; Beneke, Huber, P g [Catani t

i _ Boughezal, Liu, Petriello], vector boson pair
X.-Q. Li, 2008; Bell, 2008] production; top production and decay; vector
boson plus jet production

© Projection-to-Born [Cacciari, Dreyer, Karlberg,
Salam, Zanderighi], WBF Higgs boson production

10



Factorization at NNLO

+ The perturbative QCD corrections can be factorized into three parts,
at the light-quark vertex, heavy—quark vertex, and decay

d
projection- to born
1-jettiness phase space slicing et
1
Double DIS © a2— ‘
Ve
varlant of beam thrust S
phase space slicing inclusive
—_— ! jet mass
L'y
NWA - O(=2)
my
w light-quark vertex w top-quark decay
> projection-to-born method (P2B) > phase-space slicing with jet mass
> phase-space slicing with 1-jettiness [JG, Li, Zhu, 2013]

method used for isolating out

~ heavy-quark vertex the infrared singularities

> phase-space slicing with beam thrust
[Berger, JG, Li, Liu, Zhu, 2016]
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Inclusive cross sections

+ Total inclusive cross sections for LHC 7, 8 TeV(left axis), and 13, 14

TeV(right axis) with QCD scale choice in [my2, 2m¢]

w total rate, top quark

w charge ratio

80 200 2.20_ 1.85
o' [pb], with scale unc.  —@— LO | oY/, with scale unc. ~ —@— LO
CT14 NNLO PDFs — = NLO CT14 NNLO PDFs —=—~ NLO
7ol H=m=1725GeV —e— NNLO {80 5 10l pu=m;=172.5 GeV —e— NNLO .80
° _
60 .} 1160 - 11.75
. 2.00}
o : |
é
‘ L
50} {. 1140 | . 11.70
‘ 190 ®=*°* o
i‘ r ..0 .
40+ 1120 : ¢ 11.65
1.80}
30 ' ' ' ' 100 ' ' ' ' ' 1.60
LHC 7 8 13 14 [TeV] LHC 7 8 13 14 [TeV]

small corrections, within 1%,
scale variations almost vanish

moderate negative corrections,
~5% for NLO, ~3% for NNLO; scale

variations reduced to within 1%
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Inclusive cross sections

+ Differential inclusive cross sections for top-quark at LHC 13 TeV with
QCD scale choice in [my2, 2my]

w top-quark transverse momentum w leading jet pseudo-rapidity
| — e ——
'CT14 NNLO PDFs — — NLO . 'CT14 NNLO PDFs L NLO
_ 200f p=m=172.5Gev . Lo 200} u=m=1725GeV 1.0,
B AL —
z |oF 2
_Q: 1.00+ : &=
g | 3
=
g 3
8 0.0/
=
g
S R
g
7
PT.0p [GEV] n;

QCD corrections change the shapes significantly and

NNLO show a large reduction of the scale uncertainties




Inclusive cross sections

+ Differential inclusive cross sections for top-quark at LHC 8 TeV with
QCD scale choice in [my2, 2my; vs. ATLAS data [1702.02859]

w top-quark transverse momentum w top-quark rapidity
— 15.0/CT14 NNLO PDFs i AUAS - 1000tcT14 NNLO PDFs i ATAS
'> - u=m,=1725GevV . NLO 1 o - u=m,=172.5GeV ... NLO
) ' = 750p
C,IED 10.0f:: s = SN
= L £ 500} Sy S
o - 2 [ .
é: 50 i % 2501 ]
<] | i | 5 | |
5 | e | = :_
'g 00} LHC 8 T eV top quark ’ 0 LHC 8 TeV, top quark
— :.‘:.':.':.':.'.:' NNLO/NLO s NLO/NLO | 4;_ “< NNLO/NLO = NLO/NLO
o 12} —F ATLAS/NLO T
S S 10k — | L
& 0.8} -
06 .....................
0.0 0.5 1.0 1.5 2.0

improved agreement to data on the normalized transverse

momentum distribution of top quark at NNLO




Fiducial cross sections

+ Effects of QCD corrections on cross sections within an experimental
fiducial volume at LHC 13 TeV

v fiducial volume (1 family) w spectator jet pseudo-rapidity
jet pr >40GeV, |n| <5 _
Iv 2 iets. 1 beiet 0.8} CT14 NNLO PDFs N ggg)
exactly 2 Jets, 1 bje L =m=1725GeV 0
charged lepton pr > 30 GeV 06r i
- S é T
| <2.4, || < 2.4 =
—
2
v« total rate 3
fiducial [pb] LO NLO | NNLO
total 4.0717 5% 12,951 1% 12,7011 2% %
tauark] o in pro. 079 | -0.24 .
corr. in dec. -0.33 -0.13
i total 2.4517T8% 11 7813 9% 11,621 2%
t quark COTT. In pro. -0.46 -0.15
corr. in dec. -0.21 -0.08 n;

large negative corrections, acceptance QCD corrections show a very

LO 0.0283, NLO 0.0214, NNLO 0.0201 different shapes wrt. inclusive case




Fiducial cross sections

+ Effects of QCD corrections on cross sections within an experimental
fiducial volume at LHC 13 TeV

w lepton charge ratio as a w cosine of angle between lepton
function of pseudo-rapidity and spectator jet

-------------------

o4 _
— NNLO | |
|CT14 NNLO PDFs NG

Cp=m=1733GeV 10

'CT14 NNLO PDFs —-—-NLO ]
22 _ Iu:mt=1733 GeV .. LO ] 100

201

otjo”
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1.6}

141
1042
1.02f
1.00+
0.98]
0.96}
0.94¢

: he e FB asymmetry, ALo=0.383(0),
NNL D hin 1%
O QCD corrections within 1% Anto=0.362(5). Annio=0.346(3)
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Summary

+ Top quark is unique for test of standard model including quantum
chromodynamics and as a probe of new physics beyond standard model

+ Large Hadron Collider is a top-quark factory and has demonstrated a
great success of precision top-quark measurements, e.g., on pair
production and single top-quark production; and ...

+ Improvements on theoretical predictions are still needed to match the
precision of ongoing projects at LHC Run 2, e.g.,, NNLO QCD
corrections further matched with parton showering and hadronization,
and can be crucial for the measurements of SM and searches for new
physics beyond

¢

Thank you for your attentlon'



t-channel production [Backups]

+ t-channel production mode enjoys special interest for its large cross
section and several strong physics motivations

Ratio of u- and d-quark PDF
Measure R, = o,(t)/o,(t)

NPT
Direct measurement of W
|V,, |2 (a cross section) —_ > Vv
ol N r m
Unitarity test of CKM matrix t Top quark properties:

Measurement of o,(t+t), g _9997 \ . b Polarization, p;, rapidity

extract |Vy| / Measure differential
Ldistributions J

Test of the b-quark PDF

. . . . . . i T -1
% Polarization: angular distribution intop M krietst+1 1977 8 TeV)
S 15 POWHEG (5FS) + Pythia 6 E
quark rest frame wrt. spectator quark 3 o o - aMG@NLO (4FS) + Pythia & E
D g~ COmpHEP +Pythia6 E
1 do 1 @ 1 E 0'7§ » Unfolded data PR
- — —(1+P¥ 0= =+ A 0 © 070 T stat. | Total T
o d cos 0% 2( + P cos f) (2+ X €08 X) X sl | * E
o UL -
> 0.5F % =
Ay (t) = 0.29 + 0.03 (stat) + 0.10 (syst) = 0.29 + 0.11 o4l $ E
A, (t) = 0.21 4 0.05 (stat) & 0.13 (syst) = 0.21 +0.14 . 3; E
A, (t4 1) = 0.26 4 0.03 (stat) + 0.10 (syst) = 0.26 +0.11 0'23 E
< < %l L1 ‘ L1 1 ‘ L 11 ‘ L1 1 ‘ L 11 ‘ L1 1 ‘ L1 1 ‘ L1 1 ‘ L1 1 ‘ L1 lA
SM NLO prediction on angular 01 08 -06-0402 0 02 04 06 08 1
asymmetry Aj, 0.44 Unfolded cos6;
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Factorization at NNLO [Backups]

+ Infrared singularities from double-unresolved phase-space regions
prevent a direct evaluation of the fiducial cross sections at NNLO

00 |+ +
[VV] [RR]
w direct two-loop calculation by w singularities entangled with phase-
integrating out loop momentum space integration of QCD partons
© DIS form factor [Kramer, Lampe, double-unresolved singularities
B :/Zar:]ex t— bW?* [Bonciani, double soft triple collinear mixed soft-coll.

Ferroglia, 2008; Asatrian, Greub,
Pecjak, 2008; Beneke, Huber,
X.-Q. Li, 2008; Bell, 2008]
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Phase space slicing [Backups]

+ A generalization of phase-space slicing method to NNLO is utilized
for QCD corrections in top-quark decay [JG, Li, Zhu, 2013]

px w for >Teut, at most singly-unresolved,
O—% can be dealt with NLO techniques
P IRV] + [RR]

w for 1<tcut, QCD radiations are
unresolved, I';

phase space slicing
(in top-quark decay)

- Zxp” g v (v

my

unres.

Hard function Jet function Soft function

o [ G

O(Tews In® 7ent)  factorization in soft-collinear effective theory
20



Phase space slicing [Backups]

+ A generalization of phase-space slicing method to NNLO is utilized
for QCD corrections in heavy-quark vertex [Berger, JG, Li, Liu, Zhu, 2016]

px w for >Teut, at most singly-unresolved,
' can be dealt with NLO techniques
pr P [RV] + [RR]

phase space slicing

. w  for 1<tcut, QCD radiations are
(in heavy-quark vertex)

unresolved, o

‘ unres.

2pX " Pn slicin
B Q2 + m? variab?e [VV] + [RV] + [RR]

t

Hard function Beam function Soft function

+O(7ews In* 7o) factorization in soft-collinear effective theory
21



Numerical validation [Backups]

+ Residual dependence on the arbitrary cutoff parameter can serve as a
good test of the method; vanishes when cutoff small enough

w dependence on the cutoff

[JG, Li, Zhu, 2013] [Berger, JG, Li, Liu, Zhu, 2016]
! rg2) /l-(O) 0 20 i . G(V\)/
2r e rr®  top quark decay | neutrino DIS -~ o
| r@/ro : 0.10}
3 0.00f
© _0.10} 7
—-0.20} ]
- ~0.301 vFe-cquark, E,=88.29 GeV, 0)
-0.015 zr?/r® S -0.20} 20?, -—-- 26, - 0.0003
-0.020 ] % —0.22} -
_4f -0.025 3 }
0080 o 024k, . . -
P 026k
~12 -10 -8 -6 10> 10* 102 102 107"
|n(‘l'o) 817

in practice a cutoff ~10-4 is found to be sufficiently small to converge to

true NNLO results while keeping the MC integrations stable
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Numerical validation [Backups]

+ Residual dependence on the arbitrary cutoff parameter can serve as a
good test of the method; vanishes when cutoff small enough

w dependence on the cutoff

[JG, Berger, Zhu, 2017]

—— 1
4 —— all channel ] 0 55
| --—-  b—quark channel | 0.10¢f
2L ----  gluon channel 1= ;
Na) [ ] 2 0.05
& O-_-(—--‘—-c—-o—o-—o--—o-—o--._.__.__. ] b I
8 | e 1 2 000}
3 ! o < :
= : S [
% 72 t-channel, total inc. A g 005
/) S - aepamm et Sae B RO T) !
_LHC 13 TeV, top—quark comr. frombeavyline] g ;]

107> 10~4 1073 1072 107! 0 50 100 150 200

Th, cut

in practice a cutoff ~10-4 is found to be sufficiently small to converge to

true NNLO results while keeping the MC integrations stable
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