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Why is the top-quark (still) interesting?

Top mass

Top mass difference

Toz chargel ’ Branching ratios
Lifetime [V,

Top width Anomalous coupling

New/Rare decays

Spin correlation
Charge asymmetry
Color Flow

Production cross section
Production kinematics
Production via resonance
New particles

W helicity s- & t- channel production,
properties and searches in
single top events
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Recent developments

Stable onshell tops and spin
summed:

e Total inclusive cross
sections @ NNLO+NNLL
accuracy [Czakon, Fiedler,
Mitov '13]

e Fully differential
distributions © NNLO

Unstable tops + spin
correlations:

e Off-shell effects with
decays @ NLO + matched
parton-shower
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The amplitudes
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Feynman diagrams

process in mind: pp — tt

production:
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Feynman diagrams

process in mind: t — b+ 2f

production: decay:
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Feynman diagrams

process in mind:  pp — tt — bb + 4f

combined:
production: decay:
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Feynman diagrams

pp — bb + 4f
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Feynman diagrams

pp — bb + 4f

Simplification |

restrict to onshell tops

— Narrow-Width-Approximation

— Factorization of production and decay

— Much simpler production amplitudes
— Neglecting continuum production
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Factorization of decays
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Narrow-Width-Approximation
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Narrow-Width-Approximation
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Narrow-Width-Approximation

enters matrix element as:

1
Ol (i o)

e For crosssections: Integration over phase-space

+ limit I'/m —0:

1 . 2m
(PP —m?)2+m?r2 " 2ml

3(p* —m?)

On amplitude level:

r
M = Mywa + O <)
m
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Amplitude factorization
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Decay spinors

Narrow-Width-Approximation:

i(—ps +m) i( )

AE— b 5) = P M A L Breg)
pZ — m? + iml v V2mr, Y
Decay spinors Amplitude:
- 5 i(p, +m) M =U(pe)A(pp — t)V(pr)
= A bl 2
Ulp) = Alt = bl v) = o o E)
i(_P;+m)~— D= m
Vipe) = = A~ B 7)
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QCD corrections to decay
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QCD corrections to decay

Simplification Il

restrict to leptonic top decays

e Vertex corrections (for massless final state):

v =2 0" [P+ FiPl

ioc*v qy,

F> P, ForP
2m; [F2r Pr + Far L]}

e times W propagator and decay vertex

- IgW v (1 - 75)
(p) G5y V(o)
_i(guu - %)

q? — m3y, + iTwmy o(pe)T"
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Contributions to amplitude

Decay
Productio

LO NLO NNLO

LO

NLO

NNLO
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Contributions to amplitude
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LO

NLO
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tt production amplitudes
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tt production amplitudes

Goal: Evaluate U(p;)A(pp — tt)V/(pz)
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tt production amplitudes

Goal: Evaluate U(p,)A(pp — t)V(p;)
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tt production amplitudes

Goal: Evaluate U(p,)A(pp — t)V(p;)

Contributions to /N4(pp — tt): gglaq
0000 ——

o | &=L B = y
NLO fom+: nm< 3318

NNLO

726/190
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Structure of born-like amplitudes
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Lorentz-structures — Gluon channel

Lorentz-decomposition: A = €1,,(p1)ea, (p2) A

A is a rank-2 Lorentz tensor
Using:
e momentum conservation
e transversality
e equation of motion

leads to 10 independent
structures in d = 4 — 2¢
dimensions

10
A =D AT
j=1

Rene Poncelet
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Lorentz-structures — Quark channel

Tl = m_IV2[73U1[l3V4

o
[

mfzvzggulﬁyjl Va4

= Y sy va

Ta = VoY U phyuva

Ts = m™ ' apsy " i U3y, va
To = m™2Vapsy"y” tr T3 phyu Y va
Tz = Wy Y'Y ur i3 phyu oo va

By
|

e two disconnected fermion lines
e connection by gluons+loops

e parity conservation — no s
7
A=Y AT,
i=1
WIthTJ ~ Vzrjull_l3r;-V4
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Color-structures

color decomposition: A =} c;GiA;

Gluon channel
Quark channel

e Gluons: a, b adjoint rep.

e Quarks: c,d fundamental rep. e Quarks: a, b fundamental rep.

e Quarks: ¢, d fundamental rep.

C=(TTh)
C=(T T
CG=Tr{T°T"} 6

G = 0aclbd
C2 = 5ab5cd
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Projection

Idea: Construct projectors: P; =, By(T;)!

Extracting the By:
> PA=A
spin/pol / col
leads to system of equations
S BiAc Y (TN Tu=A
1,k spin/pol / col

Inversion — coefficients Bj
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Projection

Idea: Construct projectors: P; =, By(T;)!

Extracting the Bj: Example: Lorentz-structures
! gluons
> PA=A
spin/ pel/ el PM1“1 [é Ty €0 Lty E21/2] a7 =
. pol spin
leads to system of equations .,
[ P"L1 L( (pg +m) -
Z leAk Z (TI)Jf Ty = Aj ( G ”2u1"1u: F P2pugPluy ) .
1,k spin/pol / col 1+ "2
( G Pluq P2uy T+ Plug P2ug ) A“2V2:|
P1 - P2

Inversion — coefficients Bj
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Summary

U(p:)A(pp — Tt)V(pz)
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Summary

U(p:)A(pp — t)V(p7)

e NWA — decay spinors
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Summary

U(pe)A(pp — tt)V(pz)

e NWA — decay spinors

e |orentz- and color-decomposition

A = ZCU C,'Aj
ij
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Summary

U(pe)A(pp — tt)V(pz)

e NWA — decay spinors

e |orentz- and color-decomposition
A = ZC,‘] C,'Aj
ij

e Evaluation of the coefficients
e functions of ms = m?/s,x = t/s, e
e and scalar 2-loop integrals

— reuse of numerical integrals from spin summed
calculation

Rene Poncelet 22 /26



Renormalization and finite remainder
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UV renormalization and decoupling

|Mg’q(a%,m0,e)> = 47ra05 |:’Mg?2,(mo,e)> + ( ) ’M 1) m° e)> < > ‘I\/ng(m e)>:|

UV-renormalized amplitude:

2 vE\ —2€
n e
’ng (a(s f)(ﬂ)a m, [, €)> = <M47T > Zg,qZa ‘Mg,q(a& moa €)>

Decoupling
o 7,72y, Zg : onshell

renormalization constants e ng = n; + np is not feasible
e m’=Z,m e decouple the running of as from
. o = (55)" 20l 1) the my quarks
= MS-scheme with n¢ flavours o a(s"f) = Casa(sm)
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IR divergences and the finite remainder function

M (0 (n). o)) = 232, (o). m, 1. 0)

ng (ozg"f)(,u)7 m, i, e)>

e Amplitude still contains infrared e Z can be calculated by its
divergences anomalous dimension equation
e Usually: Cancellation with d
divergences from real-emission Z=-T2
oL dinp
contributions
e Complete factorization of IR e depends on kinematics
structure — Z operator e matrix in color space

— finite remainder
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Summary of progress

Projection LO, NLO, NNLO e Implementation of NNLO finite
amplitudes remainder
Finite remainder of all coefficients e Real-Virtual and Real-Real

Implementation of Color and Spin contributions

Structures in STRIPPER e Implementation of decay

Implementation of decay spinors in phase-space and handling of decay

STRIPPER products in STRIPPER
Implementation of LO, NLO e Merging with the results from
coefficients in STRIPPER Mitov et al.

— QCD corrections to decay
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Thank you for your attention.
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Recent results: Measurements

ATLAS+CMS Preliminary LHCIOPpWG  my,, summary, Vs=7-8TeV Aug 2016
World Comb. Mar 2014, [7]

stat

total uncertainty

My, = 173.34 +0.76 (0.36 + 0.67) GeV.
ATLAS, I+jets (*)
ATLAS, dilepton (*)

total stat
My, * total (stat + syst) Vs Ref
172.31+ 1.55 (0.75 £ 1.35) 7TeV [1]
173.09 + 1.63 (0.64 + 1.50) 7TeV [2]

CMS, l+jets 173.49 + 1.06 (0.43 + 0.97) 7TeV [3]
CMS, dilepton 172.50 + 1.52 (0.43 + 1.46) 7TeV [4]
CMS, all jets 173.49 + 1.41 (0.69 + 1.23) 7TeV [5]

LHC comb. (Sep 2013)
World comb. (Mar 2014)

173.29 £ 0.95(0.35 +0.88)  77Tev [5]
173.34 +0.76 (0.36 £0.67) 1957 Tev.

=

ATLAS, I+jets 17233 £1.27 (0.75 £1.02)  77eV 8]
ATLAS, dilepton 173.79 £ 1.41 (0.54 £1.30)  77ev )
ATLAS, all jets 175.1£1.8 (1.4 £1.2) 7Tev [9)
ATLAS, single top 172221 (0.7 £ 2.0) 8Tev [10]

ATLAS, dilepton 172.99 + 0.81 (0.34 + 0.74) 8TeV [11]

ATLAS, all jets 173.80 + 1.15 (0.55 + 1.01)  8Tev [12]
ATLAS comb. (o= %01) 172.84 +0.70(0.34 £0.61)  7:87ev [11]
CMS, l+jets HeH 172.35 + 0.51 (0.16 + 0.48) 8TeV [13]
CMS, dilepton 172.82 +1.23 (0.19 + 1.22) 8TeV [13]
CMS, all jets 172.32 £ 0.64 (0.25 + 0.59) 8TeV [13]

CMS, single top
CMS comb. (Sep 2015)

172.60 + 1.22 (0.77 + 0.95) 8TeV [14]
172.44 £ 0.48 (0.13 +0.47) 748 TeV [13]

(%) Superseded by results
shown below the line

@

(B Py CTA QO T [10]ATLAS-CONF2014085

180 185

1 | 1 1 1 1 | 1 1 1
165 170 175
My, [GeV]
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Recent results: Measurements

Top-quark pole mass measurements July 2016
DO oftt), 1.96 TeV 5.20
PLB 703 (2011) 422 [ a— 167.50 ™0 4 79 GeV
MSTWO8 approx. NNLO

DO oft), 1.96 TeV 330
DO Note 6453-CONF (2015) @ 169.50 -3.40GeV
MSTW08 NNLO

DO oftt), 1.96 TeV 4338
arXiv:1605.06168 (2016) —e—— 17280 -3.57 GeV
MSTW08 NNLO

ATLAS oftt), 7+8 TeV +2.50
EPJC 74 (2014) 3109 —@— 17280 % 550 GeV

ATLAS tt+j shape, 7 TeV 12.28
JHEP 10 (2015) 121 —@— 173.70 -211GeV

CMS ofth), 7+8 TeV

—@— 173.80 *170 GeV
arXiv:1603.02303 (2016) -1.80

CMS tt+j shape, 8 TeV ® 169.90 ¥4:52 _ _ GeV
TOP-13-006 (2016) 366

CMS o(tt), 13 TeV +2.70
TOP-16-006 (2016) d 172.30 -230GeV
World combination 0.76

ATLAS, CDF, CMS, DO @ 173347070 75 GeV
arXiv:1403.4427, standard measurements

| 1 1 1 1 | 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1

150 160 170 180
m, [GeV]
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STRIPPER - SecToR Improved Phase sPacE for
real Radiation

The subtraction scheme The NNLO event generator
e Method of evaluate the double-real o fully differential event generation
emission radiation contribution to o several scales simultaneously

NNLO processes e different pdfs simultaneously

e Decomposition of the phase-space
to factorize the singular limits of
the amplitude

e stable tops

o predecided binned distributions
e Suitable parameterizations to e fixed top mass=173.3
derive (integrated) subtraction

terms
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Why precision predictions for top-quark pair pro-

duction? — Applications

e top quark mass and
production cross-sections
— precision test of SM

e measurements of ag
e Constrains on PDFs
e SM phase diagram

e BSM searches in
production and decay
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Why precision predictions for top-quark pair pro-
duction? — Applications

e top quark mass and
production cross-sections
— precision test of SM

e measurements of ag
e Constrains on PDFs
e SM phase diagram

e BSM searches in
production and decay

o(Q?)

03

02t

0.1}

September 2013

v Tdecays (N3LO)

a DIS jets (NLO)

o Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
® e.w. precision fits (N\NNLO)

v pp—> jets (NLO)

v pp —> tt (NNLO)

= QCD 0g(My) = 0.1177 +0.0013
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Why precision predictions for top-quark pair pro-
duction? — Applications

gg luminosity at LHC (s = 7 TeV)

-~ 12 T T T
5 ‘ ‘
d 1.15 —— MSTW08 NLO
e top quark mass and 2., fffleff"
production cross-sections g ' i NNPDF2.1
— precision test of SM 2 " .
© 105
e measurements of ag S R
. N o0.95 K A1
e Constrains on PDFs E Jamm
. 0.9
e SM phase diagram g ™ |
. o 0.85)° H
e BSM searches in S E | . ‘ ]
. = 08 =
production and decay & ot 107 M,Gev) tt 107

arXiv:1106.5788 \s/s
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Why precision predictions for top-quark pair pro-
duction? — Applications
e top quark mass and o
production cross-sections * R
— precision test of SM § 0 Q&\\w‘;ﬁ”‘ % o
e measurements of ag E o ‘\Amsjj 3 @)
e Constrains on PDFs FN e 7
e SM phase diagram \ "l sy

e BSM searches in
production and decay

Higgs pole mass M, in GeV'
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Why precision predictions for top-quark pair pro-
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e measurements of ag
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production and decay
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Kinematics and polarization

External Momenta

p

p=0
p =m

P;

wN HEN

2

Mandelstamm variables

s=(p1+ p2)°
t=(p1—ps)°
u=(p2— P3)2
s+t +u=2m?

Rene Poncelet

Polarization sum external
gluons (axial gauge)

* —
E ei;ﬁiu =

B NipPiv + NivPiy
Buv T n;i - pj

Equation of motion for
external (anti)quarks

(pfm)U:O
(p+m)V=0
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IBP reduction

General two-loop integral:
d?h d9h 1 n
— TI NV
e T g I

with D;= (X p+ Y. 1> —m?and N;=/-p

Basic Idea of Integration-By-Part (IBP) reduction:

d’h dh o0 _
(27)? (2r)d D I(h, by {pext}) = O withq = h, b, {pexe}

e Relations between different

integrals
= Relate difficult integrals to easy integrals

ones

e Reduction to set of master

Rene Poncelet
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Differential equations for master integrals

o Differentiation of master integrals
with respect to ms and x:
msdimsl,-:... X%/i:...

e IBPs — reduce the R.H.S again to
masters

— coupled system of first order
ODEs

d
msr%li = Z Cklk

d
—I; = dil
de Z Kk

e Boundary conditions — Solution

Boundaries

e Analytic expansion around the high

2
energy limes mg = MT — 0
Using Mellin-Barns representations
and a lot of handwork to extract a
series in €,mss and x for each
integral
Expanding the differential
equations also in ep and solve the
algebraic system

e — deep expansions in ms and x

Rene Poncelet 8/9



Numerical evaluation of master integrals

The grid
e Using the differential equations to

intearat cally f th Choice of points:

integrate numerically from the )

pre-calculated boundary conditions ° ﬁ = V1 —4m, = /80 for
i=1,..,79

e 42 points for x: Gauss-Konrod
points in available phase-space

e leaving the real numbers and
integrate in a complex plane to
grid points

Im mg, Im «

N

Ms0, To M1, T Re mg,Re z
0, %0
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