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Top quark pair production
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A standard candle for the LHC and future colliders

* Test of the SM at the energy frontier
* Possible signals of new physics

* Major background to many searches

* Precise theoretical and experimental results have already

enabled us to gain useful information!
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Deviation in My spectrum?
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Top quark mass?

2 0tk 3

@ = Dilepton: parton ® Data =

(\D - e — Powheg v2+Pythia8 -

ﬁ_ S NNLO+0,, (LUXQED17) 7

ol & 107 = _me¥- A NNLO+a2, (NNPDF3.1) =

O -g - Y NNLO+NNLL' (NNPDF3.1)

’ . —|O i — |
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Threshold effect?
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QCD for top-pair production

% Baseline is NNLO...

* and beyond NNLO resummation corrections
(kinematics dependent, analytic resummation)

* Today’s Talk: State-of-the-art for differential Mtt and pT

distributions: NNLO+NNLL': Czakon, Ferroglia, Heymes,
Mitov, BP, Scott, Wang, Yang: 1803.07623



Total cross section Differential distributions

Baernreuther, Czakon, Mitov: 1204.5201;

NNLO QCD for top pair

Czakon, Heymes, Mitov: 1511.00549

Czakon, Heymes, Mitov: (2015)

Czakon, Fiedler, Mitov: 1303.6254 125
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Scale choices for distributions

The difficulty for fixed-order calculations: multiple-
scale process with complicated kinematics!

pl\ /p4 top quark mass
ot of top
/ \\ o7 of anti-top
D2 p3

rapidity of top

Many kinematic variables: . ,
rapidity of anti-top

Invariant mass Mg

Which (combination) should be used for the
renormalization/factorization scales?
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NNLO with dynamic scales

Czakon, Heymes, Mitov: 1606.03350
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Determine optimal “scale scheme” by
minimizing higher order corrections
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NNLO with dynamic scales

Czakon, Heymes, Mitov: 1606.03350
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Vastly different behaviors with different scales, even at NNLO
and especially for pr, M« >> m: (boosted regime)
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Beyond NNLO: resummation

CMS Preliminary  35.9 fb™ (13 TeV)
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BP, Yang: 1003.5827 Scott, Wang, Yang : 1803.07623



Soft gluon resummation

Hard function | Kidonakis, Sterman: hep-ph/9705234

Ahrens, Ferroglia, Neubert,
BP, Yang: 1003.5827

RG evolution
from hard to
soft

Governed by
IR structure

Soft function

11



12

IR anomalous dimension

Becher, Neubert: 0904.1021
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3-parton correlations




13

The soft function

Ahrens, Ferroglia, Neubert,
Known at NLO  gp vang: 1003.5827

Known at NNLO in the massless limit

(except an off-diagonal 3-parton piece)
Ferroglia, BP, Yang: 1207.4798

Recent calculation at NNLO with massive tops
Wang, Xu, Yang , Zhu: 1804.05218
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Beyond NNLO: resummation

CMS Preliminary  35.9 fb™ (13 TeV)
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Boosted top production

Hard extra emissions
suppressed

v \

soft gluons quasi-collinear gluons

Top quark nearly massless

A 2
s — Mg Need to resum both! o my

2
Mtf Ferroglia, BP, Yang : 1205.3662 ME{

In
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Soft and small-mass
factorization

Ferroglia, BP, Yang: 1205.3662
In Mellin space: Q@ ~ /s,vV/—t> Q/N > m; > m;/N
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Soft and small-mass

resummation
Massless hard function Massless soft function
H(Lh7,uhN S?:uS Q/N)
\ /RGflow
Co (LC, e ' mt) SD(I—sm Msc | mt/ I\@)

All ingredients known at NNLO (for NNLL resummation)
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Hrand the large-M¢ region

In the boosted limit, t- and u-channel @@ —— @m\
propagators push the effective hard 1
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* Hris emergent scale in large Mtt region!

supports fixed-order scale choice Czakon, Heymes, Mitov: 1606.03350
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Matching with NNLO

We have 3 different calculations

Soft .
NNLO . Soft+small-mass resummation
resummation

v

af(n<2) 1IN"™N TN IN" (MM o)

a(n > 2) 1/N suppressed | 1/N suppressed terms; my/M
5 terms suppressed terms

Need to remove double- and triple-counting
when combining them!
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NNLO+NNLL for M¢ spectrum
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NNLO+NNLL for pr spectrum

Czakon, Ferroglia, Heymes, Mitov, BP,
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BP, Scott, Wang, Yang: to appear
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Ongoing: combination with
electroweak corrections
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Summary and outlook

* Top quark pair production is important
* The most precise QCD calculation: NNLO+NNLL
* Ongoing:
* Rapidity distributions
* Combination with NLO electroweak corrections
* Outlook:
* Combination with Coulomb resummation (first bin)

* Top quark decays



