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Top-quark mass on social media

¢ Top-quark mass already known with unprecedented precision from world

combination ATLAS, CMS, CDF, DO coll. ‘14
me = 173.34 + 0.27(stat) £+ 0.71(syst) GeV

Sven-Olaf Moch

Top-quark mass in twitter scheme
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First LHC/Tevatron joint result on the mass
of the top quark announced at #Moriond.
home.web.cern.ch/about/updates/ ...

Top quark mass measurements
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Combined result
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P —t 173.34 = 0.76 GeV/c*
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Discovery of charged photons

Physik-Nobelpreis: Auszeichnung fur drei Quantenforscher | tagesschau de — Mozilla Frefox

Physik-Nobelpreis: Auszeic x = 4+

« - C @ O B &8 httpswwwiagesschau.de/ausland/europajnobelpreis-pl B ¥¥ In @

@

Champions league &3

Clauser habe eine Apparatur gebaut, die zweiverwickelte Photonen gleichzeitig
ausgesendet habe. Dann habe er miteinem Filter die Ladung der Photonen gepriftund
festgestellt dass diese mitVorhersagen der Quantenmechanik Gbereinstimmten.

Aspect habe das Experimentweiterentwickelt, indem er Atome dazu angeregthabe,
Photonen schneller zu emittieren. Aulierdem habe er die Messeinstellung verandert,
nachdem ein verwickeltes Photonenpaar die Quelle verlassen habe. Dadurch habe die
Einstellung, die zum Zeitpunkt der Emission bestand, das Ergebnis nicht beeinflussen
konnen.

Sven-Olaf Moch

¢ Spectacular achievements of the
2022 Nobel laureates
(according to tagesschau.de)

"[Clauser] then used a filter to check the
charge of the photons”.
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Based on work done in collaboration with:
®  One-loop soft anomalous dimension matrices for ttj hadroproduction
B. Chargeishvili, M. V. Garzelli, and S. M. arxiv:2206.10977

®  Phenomenology of ttj + X production at the LHC
S. Alioli, J. Fuster, M. V. Garzelli, A. Gavardi, A. Irles, D. Melini, S. M.
P. Uwer and K. Vol3 arxiv:2202.07975

® Cross-sections for tt H production with the top quark M S mass

A. Saibel, S. M. and M. Aldaya Martin arxiv:2111.12505

®  Heavy-flavor hadro-production with heavy-quark masses renormalized in the M S, MSR
and on-shell schemes
M. V. Garzelli, L. Kemmler S. M. and O. Zenaiev arxXiv:2009.07763

° I...]

® Parton distribution functions, cs, and heavy-quark masses for LHC Run Il
S. Alekhin, J. Blimlein, S. M. and R. Placakyté arxiv:1701.05838

° I...]
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http://arxiv.org/abs/2206.10977
http://arxiv.org/abs/2202.07975
http://arxiv.org/abs/2111.12505
http://arxiv.org/abs/2009.07763
http://arxiv.org/abs/1701.05838

Why top-quark physics?

Experiment
Top-quark hadro-production processes measured at the LHC with high
precision
tt
ttV withV =~ W, Z
tt+n jets withn = 1,2, 3,4
ttce and ttbb
tttt
ttH
single-t, ty, tW,tH, tZq

Theory

Challenge for theory predictions

Dependence on fundamental parameters of the Standard Model
top-quark mass m:
strong coupling

Constraints on new physics
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Standard Model cross sections

¢ Standard Model cross sections and predictions at the LHC cMs coll. 22

CMS preliminary

Overview of CMS cross section results
18 pb~! - 138 fb~! (7,8,13,13.6 TeV)

w 7Tev JHEP 10 (2011) 132 » (W) = 9.5e+07 b 36 pb~!
w 8TeV  PRL112(2014) 191802 § oW = 11es081b 18 pbt
w 13TV SMP-15-004 W o(W) = 18e+08 fb 43 pb~1
z 7TV JHEP 10 (2011) 132 4 9e+07 1 36 pb~!
z 8Tev PRL 112 (2014) 191802 3.4e+07 fb 18 pb~t
z 13TeV SMP-15-011 ¥ 0(2)=5.6e+07 fb 2fbt
wy 7TV PRD 89 (2014) 092005 =i olWy) = 3.4e+05 b 5fb~*
wy 13TeV  PRL 126 252002 (2021) - o(Wy) = 1.4e+05 fb 137 fb~t
2y 7Tev PRD 89 (2014) 092005 ®  0(Zy) = 16e+05fb 5fbt
2y 8Tev  JHEP 04 (2015) 164 0(Zy) = 1.9e+05 fb 20fb~?
ww 7Tev EPIC 73 (2013) 2610 i o(WW) = 5.2¢+04 b 5fb~t
ww 8TV EPIC 76 (2016) 401 W o(WW) = 6e+04 fb 19 fb~!
ww 13TV PRD 102 092001 (2020) B Oo(WW) = 12e+05 fb 36fb!
wz 7Tev EPIC 77 (2017) 236 i owz) = 2e+04 fo 5fb~t
wz 8TV EPIC77(2017)236 @ owz)=24e+04 10 20 fb?
wz 13TeV  Submitted to JHEP ¥ o(WZ)=5.1e+04 b 137 fb~t
2z 7Tev JHEP01(2013) 063 . 2e+03 b 5fb~t
2z 8Tev  PLB740(2015) 250 - 77403 b 20 fbt
2z 137TeV  EPIC 81 (2021) 200 0(22) = 17e+04 fb 137 fb=*
vww 13TV PRL 125 151802 (2020) ' a(VWV) = 1e+03 fb 137 fb~!
www 13TeV  PRL 125 151802 (2020) . OWWW) = 5.9e+02 fb 137 fb=*
wwz 137V PRL125 151802 (2020) W oWw2) = 3e+02fb 137 fb~t
H wzz 13TV PRL 125 151802 (2020) i 0(WZZ) = 2e+02 fb 137 fb~t
E 222 13Tev  PRL 125 151802 (2020) . 0(222) < 2e+02 fb 137 fb~*
E wvy 8Tev PRD 90 032008 (2014) —_— o(WVy) < 3.1e4+02 fb 19 fb~!
5 wyy 8TeV  JHEP 10(2017) 072 - oWyy) = 4.9 b 19 fb?
Wyy 13TeV  JHEP 10 (2021) 174 1+ olWyy) =14 fb 19 bt
zw 8TV JHEP 10 (2017) 072 = ozy =130 19 fb~t
Zyy 13TeV  JHEP 10 (2021) 174 = o(Zyy) =541b 19fb?
VBFW  8Tev  JHEP 11(2016) 147 mill=  o(VBF W) = 42e+02 fb 19 bt
VBF W 13TeV  EPIC 80 (2020) 43 e O(VBF W) = 62403 fb 36 fb~?
VBFZ 7T JHEP10(2013) 101 i o(VBFZ) = 150402 b 5 bt
VBF Z 8Tev EPIC 75 (2015) 66 il o(VBF Z) = 1.7e+02 fb 20 fb~!
VBFZ 13TV EPJC 78 (2018) 589 M o(VBF 2) = 5.3e+02 fb 36 fb~!
EW WV 13TeV  Submitted to PLB O(EW WV) = 1.9e+03 fb 138 fb~t
ex. yy—WW8 Tev. JHEP 08 (2016) 119 S olex. yy-WW) =220 20 fb~*
EWaqWy  8Tev JHEP 06 (2017) 106 s  O(EW qaWy) = 11fb 20 fb~?
EWqqWy 13Tev  SMP-21-011 O(EW qaWy) = 19 fb 138 fb~t
EWosWW 13Tev  Submitted to PLB Sl o(EWosWW) =10fb 138 fb~*
EWssWW 8 Tev PRL 114 051801 (2015) O(EW ssWW) = 4 Tb 19 fo~!
EWssWW 13TeV  PRL120 081801 (2018) =il OEWSssWW)=4fb 137 fb~*
EWaqaZy 8 Tev PLB 770 (2017) 380 wEI  o(EWqaZy) = 1.9 20fb~*
EWQaZy 137ev  PRD 104 072001 (2021) O(EW qqZy) = 52 fb 137 fb~t
EWqqWZ 13TeV  PLE 809 (2020) 135710 (EW qaW2) = 18 b 137 fo!
EWqqZZ 13TV PLB 812 (2020) 135992 B oW qaz2) =033 fb 137 fb=*
tt 7Tev JHEP 08 (2016) 029 & oltt) = 17e+05 fb 5fb~t
n 8TeV  JHEP 08 (2016) 029 B ool = 246405 20 fb?
tt 137eV  Accepted by PRD B oltt) = 7.9e+05 fb 137 fb~*
t 136TeV  TOP-22-012 #  olt) =8.9e+05 0 1fb~?
teoen 7Tev JHEP 12 (2012) 035 W Olt-c) = 6.7e+04 b 2fbt
[ 8Tev JHEP 06 (2014) 090 B Olte ) =8.4e+04 b 5fbt
teocn 13TV PLB 72 (2017) 752 ol olto) =23e+057b 2fbt
w 7TV PRL110(2013) 022003 B=l o) = 16e+04 b 5 bt
w 8Tev PRL112 (2014) 231802 Bl o) =23e+04 b 20 fb~!
w 13TV JHEP 10 (2018) 117 W= o(tw) = 6.3e+04 fb 36 fb~!
tecn 8Tev JHEP 09 (2016) 027 = willle ot =13e+04fb 20fb~?
tty 8TV JHEP 10 (2017) 006 oltty) = 3.5e+03 fb 20 bt
wy 137V Submitted to JHEP —4 olty) = 12e403 b 138 b~
zq 8TV JHEP 07 (2017) 003 IS o(70) - 2.9¢+02 b 20 b?
tzq 13TV Submitted to JHEP B o(za) =87e+021b 138 fb~!
wz 7TV PRL 110 (2013) 172002 - I oltt2) = 2.8e+02 fb 5fbt
wz 8TV JHEP 01(2016) 096 B o) - 24e10210 20 fb~!
®z 137eV  JHEP 03 (2020) 056 = o(ttZ) = 9.5e+02 fb 78 fb~!
tv 13Tev  PRL 121221802 (2018) olty) le+03fb 36 fb~?
ww 8TV JHEP 01(2016) 096 - B o) = 3ses02 20!
W 13TV TOP-21-011 — i O(ttW) = 87e+021b 138 fb~*
e 13TeV  EPIC 80 (2020) 75 . ot =13 137 fb~t
agH 7Tev EPIC 75 (2015) 212 5fb~*
agH 8TV EPIC75(2015) 212 20fb!
goH 137V Nature 607 60-68 (2022) 139 fb!
VBF qaH 7TV EPIC 75 (2015) 212 5fb~*
VBFqgH 8Tev  EPIC75(2015) 212 20fb?
VBFqaH  13TeV  Nature 607 60-68 (2022) 138 fb~!
H 8TV EPIC75 (2015) 212 [} 20fb!
WH 13TeV  Nature 607 60-68 (2022) « @ o(WH) = 2e+03 b 138 fb~!
zZH 13TeV  Nature 607 60-68 (2022) 0(ZH) = 1.1e+03 fb 138 fb~!
ttH 8Tev EPIC 75 (2015) 212 - B octh) = 42e+0270 20 fb~!
ttH 137V Nature 607 60-68 (2022) olttH) = 4.8e+02 fb 138 fb~!
™ 13TV Nature 607 60-68 (2022) . S o) = 5404020 138 fb?
HH 13TeV  Nature 607 60-68 (2022) O(HH) < 1.1e+02 fb 138 fb~!
n L L L L
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07 1.0e+09

Measured cross sections and exclusion limits at 95% C.L.

See here for all cross section summary plots

Sven-Olaf Moch

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty

Light colored bars: 7 TeV, Medium: 8 TeV, Dark: 13 TeV, Darkest: 13.6 TeV, Black bars: theory prediction

o [fb]

September 2022
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Top-quark cross sections

Cross sections and predictions for top-quark production CMS coll. 21

May 2021 CMS Preliminary

§ 7 TeV CMS measurement (L < 5.0 fb™) :
- # 8 TeV CMS measurement (L <19.6 fb™)

: § 13 TeV CMS measurement (L <137 fb™)

= E Theory prediction
njet(s): : : : : : : L YU % CMS 95%CL limits at 7, 8 and 13 TeV
T : : : : Lo
- : : : : : L.
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All results at: http://cern.ch/go/pN;j7
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Top-quark mass

Top-quark is the heaviest elementary particle
Masses and couplings are formal parameters of the theory
m: and a, = g2 /(4m) are no observables

Classical part of QCD Lagrangian

| _

flavors

field strength tensor F;, and matter fields g;, g;
covariant derivative D, ;; = 0,.0i; + igs (a),; Aj

Parameters of Lagrangian have no unique physical interpretation
radiative corrections require definition of renormalization scheme

Challenge

Suitable observables for measurements of as, my, ...
comparison of theory predictions and experimental data

Sven-Olaf Moch Top-quark hadro-production and the top-quark mass — p.8



Coupling constant renormalization

Running coupling constant «s from radiative corrections, e.g. one loop

A A ®

— screening (like in QED) — anti-screening (color charge ofg)

QCD beta function %as(,u) = Blas)
| o ‘ru‘nn‘ing C(‘)uplir‘lg‘ | o
perturbative expansion : s () |
to five loops 040 -
Baikov, Chetyrkin, Kiihn ‘16 ’
Herzog, Ruijl, Ueda, Vermaseren, Vogt ‘17 035
Luthe, Maier, Marquard, Schroder ‘17

very good convergence 030
of perturbative series f f
even at low scales 21 |
N 1.0 o 1.5 o 2.0 o 2.‘5 o 3.(;
7!
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Quark mass renormalization

Heavy-quark self-energy >(p, m,)

R >R S

q — E(pv mq)

QCD g
QCD corrections to self-energy >(p, my) t‘&
dimensional regularization D = 4 — 2¢
one-loop: UV divergence 1/¢ (Laurent expansion)

sbarey ) = 28 2y —mo) [ —Cr L +fin.) +my (30~ +fin.
e 4 \'m2 e € ¢ €

Relate bare and renormalized mass parameter m*® = m.™ + dm,

{}: + é%+%%+...

eren<p7 mq) (Zw — 1)}75 _ (Zm o 1>mﬂl
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Mass renormalization scheme

Pole mass

Based on (unphysical) concept of top-quark being a free parton
my " coincides with pole of propagator at each order

P —mg — X(p,myg) — P mgde
:mq
Definition of pole mass ambiguous up to corrections O(Agcp)

heavy-quark self-energy >(p, m,) receives contributions from regions
of all loop momenta — also from momenta of O(Agcp)

MS scheme

MS mass definition
one-loop minimal subtraction

s
g —
iy

MS scheme induces scale dependence: m ()

(1) _

om,

m

1
3CF (— — YE —i—ln47r>
€
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Running quark mass

Scale dependence

¢ Renormalization group equation for scale dependence

® mass anomalous dimension ~ known to five loops
Baikov, Chetyrkin, Kiihn ‘14, Luthe, Maier, Marquard, Schréder ‘17

(f@% 1 Blas) 8‘3) m(n) = y(as)m(u)

® Plot mass ratio m;(163GeV)/m.(u)

running top quark mass

1.00 CT T 1 11 LI — T LI R — LI R — /\ T

0.99

0.98

0.97

0‘96 L TR R L L L L Lo Lo i
90 100 110 120 130 140 150 160
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Scheme transformations

Conversion between different renormalization schemes possible in
perturbation theory

Relation for pole mass and MS mass

known to four loops in QCD Gray, Broadhurst, Gréfe, Schilcher ‘90;
Chetyrkin, Steinhauser ‘99; Melnikov, v. Ritbergen ‘99; Marquard, Smirnov, Smirnov,
Steinhauser ‘15

example: one-loop QCD

58 (i (5)) -
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0.1
0.08
0.06
0.04
0.02

-0.02

Meta-stability of the universe

Large top-quark mass implies large Higgs-Yukawa coupling v

Renormalization group for the Higgs self-coupling A(x) dependent on v,
¢ limit of small Higgs mass my implies \(u) decreases with

Renormalization group evolution of A with uncertainties in m g, m: and a;

20

178

— [
3 3
B )}

—
~
\S)

t

mP€[GeV/c“]

—
-
(]

168

122 123 124 125, 126 127 128
My [GeV/cT]

o
o
¢ Implications on stability of electroweak vacuum
® Higgs potential unbounded from below for A(x) < 0
o
up to ur = Mpianck (USING pProgram mr Kniehl, Pikelner, Veretin ‘16)
MR D L L U L L O L L B
N Higgs self coupling A(u,)
\ m,, = 125.09 £ 0.24 GeV
- mfoe = 170.4 £ 1.2 GeV
- o, (M,) = 0.1147 £ 0.0008
'_|I P I N N B Y Y I A BN S B B I
4 12 1
10 10° 10 10'° 10

Sven-Olaf Moch

b, (GeV)
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QCD factorization
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QCD factorization

e LB

2 2 2

Opp—X — Z f’b ® f] )® a-’ij—>X (as(/'LQ)?Q y U 7mX)

Factorization at scale u
separation of sensitivity to dynamics from long and short distances

Hard parton cross section &;;_, x calculable in perturbation theory
cross section &, for parton types ¢, 5 and hadronic final state X
Non-perturbative parameters: parton distribution functions f;,
strong coupling «s, particle masses mx
known from global fits to exp. data, lattice computations, ...
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Hard scattering cross section

Parton cross section 6, calculable pertubatively in powers of a
known to NLO, NNLO, ... (O(few%) theory uncertainty)

A
|
[ “ iz
Accuracy of perturbative predictions
LO (leading order) (O(50 — 100%) unc.)
NLO (next-to-leading order) (O(10 — 30%) unc.)
NNLO (next-to-next-to-leading order) (< O(10%) unc.)

N?LO (next-to-next-to-next-to-leading order)

Sven-Olaf Moch Top-quark hadro-production and the top-quark mass — p.17



Parton luminosity

Long distance dynamics due to proton structure

Cross section depends on parton distributions f;
Upp%X—Zfz ) ® fi(u ) [}

Parton distributions known from global fits to exp. data
available fits accurate to NNLO
information on proton structure depends on kinematic coverage

Sven-Olaf Moch Top-quark hadro-production and the top-quark mass — p.18



Parton kinematics at LHC

Information on proton structure depends on kinematic coverage
9

10 AALL BRRALL BLALLL BRRALL BLALLL BRRLL
LHC at 7 TeV
108 L X227 (M/7 TeV) exp(y)
Q=M LHC run at /s = 7/8 TeV
10’ parton kinematics well covered by
) HERA and fixed target experiments
10° M=1TeV

Parton kinematics with =1 » = M/+/Se™V

s

m " " L] " L]

S10° forward rapidities sensitive to small-x
o

SRR |\|\|\n

Cross section depends on convolution of

||||||IT| ||||||I'I'| T T 11T

10 M=100GeV et I parton distributions
103 - . : small-x part of f; and large-x PDFs f;
/ ; o 2 2
102 A : 3 Jpp%X—Zfi(,u )® fi () ® [}
10 DIS
(HERA, fixed target)

‘I IIIIIu|I IIIIIu|I IIIIIu|I L1111

107 10° 10° 10" 107 0% 107 1

X
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Top-quark theory status
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Exact result at NNLO in QCD Czakon, Fiedler, Mitov ‘13
600 T r 1 1 [ 1 T T [ T T T [ T T T T ] E ! ! ! L L T T E
: opqlPblatLHC8 1 260 F Spp 1t [PP] at LHG8
20 — NN ] 240 E mpoe =173 GeV
400 : """ NLO _: 220 E_ —E
: N 200 F _ =
300 | 4 180 E: E
200 E_ - _E 160 E_ - N _E
=TT 140 F =
100 F e T 3 120 E =
0 : 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 : 1 00 ;_ I _;

150 160 170 180 190
mpoe [GeV] 1

Total cross section

p‘/mtpole

NNLO perturbative corrections (e.g. at LHC with /s = 8 TeV)

MS renormalization scheme for o, on-shell scheme for m;
K -factors: KroonLo = 1.46 and KnrLoonNLo = 1.12
scale stability at NNLO of O(+5%)

point of minimal sensitivity at low scales y ~ O(m./4) ~ O(45) GeV
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260
240
220
200
180
160
140
120
100

pole mass me-

Total cross section with running mass

Comparison pole mass vs. MS mass Dowling, S.M. ‘13

o, _, s [Pb] at LHC8
mpoe = 173 GeV

Opp s i [pb] at LHC8
m(m) = 163 GeV

260
240
220
200
180
160
140
120
100

- T ==

EEERER
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

IIIiIIIIIIIIIIII:IIIIII

IIIIIIIIII:IIIIIII IIIIIIIIIIIIIIIIIIIII

y

1
wmm) - VS mass

NNLO cross section with MS renormalization scheme for o, and m;
running mass with better apparent perturbative convergence
K -factors: KroonLo = 1.26 and KnrLoonnLo = 1.03

point of minimal sensitivity at natural hard scales
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Top-quark mass from total cross section

Cross section for tf—production with parametric dependence
Opp— X Z filn®) @ f;(1°) ® Gijox (os(p®), Q% 1, m¥)

~~

_ 6@ a5 L 4260

Oii X Tij X
PDFs f;, strong coupling s, masses mx
PDFs and a,(M7z) already well constrained by global fit
effective parton (z) ~ 2m;//s ~2.5...5- 1072

Top-quark mass determination

Choice of renormalization scheme for treatment of heavy quarks
MS-scheme for quark masses and .

Intrinsic limitation of sensitivity in total cross section

Aot Amy

O¢t me

~ 5 X
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Data on top-quark cross sections (2017)

® Pulls for tt-inclusive cross sections in ABMP16
o(ttX)

ATLAS, dilepton + b-jet(s) .
[PLB 761, 136 (2016)] g

CMS, dilepton + b-jet(s) e
[arXiv:1611.04040] L)
CMS, dilepton + jets ® .
[PRL 116, 052002 (2016)] .
CMS, lepton + jets

[CMS-PAS-TOP-15-005] ®
CMS, all-jets o——
[CMS-PAS-TOP-16-013] .
ATLAS, dilepton + b-jet(s) v
[EPJC 74, 3109 (2014)]

CMS, dilepton + jets V-
[JHEP 08, 029 (2016)] .

ATLAS, lepton + jets 7v7
[PRD 91, 112013 (2015)] :

CMS, lepton + jets —v—
[arXiv:1602.09024] .
CMS, lepton + T --> hadrons "y
[PLB 739, 23 (2014)]

CMS, all-jets :
[EPJC 76, 128 (2016)] : v

ATLAS, dilepton + b-jet(s) - A-
[EPJC 74, 3109 (2014)] .
ATLAS, dilepton + jets A
[PRD 91, 052005 (2015)]

CMS, dilepton + jets _ 'A_
[JHEP 08, 029 (2016)]

ATLAS, lepton + jets |
[arXiv:1602.09024] —tA+

ATLAS, lepton + jets, b —-> pvX A .
[ATLAS-CONF-2012-131]

ATLAS, lepton + T--> hadrons J
[PRD 92, 0702005 (2015)] A

CMS, lepton + T --> hadrons :
[PRD 85, 112007 (2012)] A
ATLAS, jets + T--> hadrons | A |
[EPJC 73, 2328 (2013)] N
CMS, jets + T--> hadrons -
[EPJC 74, 2386 (2013)] A+
ATLAS, all-jets I A I
[ATLAS-CONF-2012-031] A~

CMS, all-jets +—
[JHEP 05, 065 (2013)] A :
CMS, ep

[CMS-PAS-TOP-16-015]

CDF&D0, combined O
[PRD 89, 072001 (2014)] :

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
-1 -0.8 -0.6 -0.4 -02 0 02 04 06 08 1
data/Hathor-1

O Tevatron

LHC Vs=7 TeV

>

LHC Vs=8 TeV

<

LHC Vs=13 TeV
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Fit quality

Goodness-of-fit estimator x* for extracted o (M) and m;(m;) values

v* of global fit with NDP = 2834
data on top-quark production with N D P = 36 Do, ATLAS, CMS, LHCb

o 3450

3440

3430

3420

3410

3400

3390

O

3380 O 0O

3370

0.112 0.114 0.116 0.118 0.12 159 160 161 162 163 164 165

o, (n=5,M,) m (m) (GeV)
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Correlations
¢ Correlations between gluon PDF g(z), as(Mz) and mq(m:)

0.12

AN

|

0.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119

e
P S (R SR N R RN S SRR R R

\ \ \ O\ N\ |
A
AREARRRRRRRAN
IRRRRRRRRRNN

\

o~ [1-] w oy o~ ] v (=3 2] -] o~
=1 (= = <o = = <o (=] il o w
— v— v— v— v— v— v— v— -

(A29) (w)'w

Ots(nf=5,MZ)
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® Fits with fixed values of m; and as(Mz) carry significant bias



Data on top-quark cross sections (2022)

® tt-inclusive cross sections from ATLAS and cwms at /s =7, 8 and 13 TeV

® high precision data with small experimental uncertainties
® cross section combinations at /s =7 and 8 TeV with accuracy of

O(+2 — 3%)

ATLAS+CMS Preliminary

LHCtopwG o, summary, s = 7 TeV June 2022

NNLO+NNLL PRL 110 (2013) 252004
"""" My, = 172.5 GeV, aS(MI) =0.118+0.001

scale uncertainty loml_._._.

scale & PDF @ o uncertainty

Gy = (stat) £ (syst) + (lumi)

ATLAS, l+jets Lo ton] 179+4+9+7pb L,=0.7 fiy
ATLAS, dilepton (#) e 173+£6°1 “Spb L0715
ATLAS, all jets (#) t 167 £ 18 + 78 + 6 pb L-10M
ATLAS combined i 177 £3'5 +7pb 1,-0.7-1.0 b
CMS, I+jets (#) —tor— 164+3+12+7pb L0811
CMS, dilepton (#) o+ 1704 +16+8pb L1t
CMS, 1,41 (#) e 14924 269 pb L1t
CMS, all jets (#) 3 136 £20+ 40+ 8 pb L=11fb
CMS combined —io— 166 + 2 + 118 pb L,=0.8-1.11b
LHC combined (Sep 2012)(#) LHCtopWG -+ 173+ 2+ 8 £+6pb L,=0.7-1.1 fb
ATLAS, l+jets, b—Xuv e 165+2+17 £3pb Lo=4.7 fo
ATLAS, dilepton ey, b-tag HeH 182.9+31+42+36pb L,-46M
ATLAS, dilepton ey, N -E7** e 181.2£28751+33pb  L46m
ATLAS, 1, +jets ———H—8——+———194 £ 18 £ 46 pb L1271
ATLAS, all jets ———————————  168£12°%+7pb L7
ATLAS, 1, .+ ——a——i 183+9+23+3pb L-46 1
CMS, l+jets e+ 161.7£6.0+120£3.6pb L,-50m
CMS, dilepton ey o 173.6+21°05+38pb  Los0m
CMS, 1, +l ———— 14314 £22+3pb L221b
CMS, 1, +jets e 1521232+ 3pb L-391b
CMS, all jets —t——t 139+£10+26+ 3 pb L,=35fb
LHC combined (May 2022)(*) LHCtopwG HH 178+ 2+ 3+3pb [
(#) Superseded by results shown below the line NNPDF3.0 JHEP 04 (2015) 040

() Preliminary

MMHT14 EPJC75 (2015) 5
CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028
[aS(MZ) =0. 113]

lllllllll‘llll‘llll‘llllllll‘llllllll

50 100 150 200 250 300 350
Gti [pb]
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ATLAS+CMS Preliminary

LHCtopWG

NNLO+NNLL PRL 110 (2013) 252004
m,,, = 172.5 GeV, 0o,(M,) = 0.118+0.001

scale uncertainty
scale ® PDF @ a, uncertainty

o,z summary, Vs=8Tev June 2022

total stat
oyt (stat) + (syst) £ (lumi)

ATLAS, lepton-+jets —— 248.3+0.7+13.4+4.7pb
ATLAS-CONF-2017-054, L;,, = 20.2 fb”
CMS, lepton+jets —tot— 228.5+3.8+13.7+6.0pb

EPJC 77 (2017) 15,L,,, = 19.6 fb”
ATLAS, 7, +jets -
PRD 95 (2017) 072003, L, = 20.2 fb”"
CMS, lepton+t,

PLB 739 (2014) 23, L, =19.6fb"
ATLAS, dilepton ep

EPJ C74 (2014) 3109, EPJ C76 (2016) 642,
Liy = 20.21"

CMS, dilepton (ee, up, ep)

JHEP 02 (2014) 024, L, =5.3fb"
CMS, dilepton ep

239+ 4+28+5pb
s 257+3+24+7pb

242.9+1.7+55+51pb

239.0+£2.1+11.3£6.2pb

+6.3

ATLAS+CMS Preliminary
LHCtopWG

Gz summary, Vs=13TeV May 2022

NNLO+NNLL PRL 110 (2013) 252004

scale uncerla\nly

scale ® PDF @ a, uncertainty
ATLAS, dilepton ep
EPJC 80 (2020) 528, L =36.1fb"

ATLAS, l+jets
PLB 810 (2020) 135797, me = 139"

ATLAS, all-jets
JHEP 01 (2021) 033, L =36.1 [N

CMS, dilepton ep
PRL 116 (2016) 052002, LW =43 pb 7,50 ns

CMS, dilepton ep
EPJC 79 (2019) 368, L‘m -3591fb7, 25ns

CMS, dilepton t+e/p
JHEP 02 (2020) 191, L =3591b", 26 ns

Mygp = 172.5 GeV, a,(M) = 0.118+0.001

x

+
ifd

——#—1864+4.3+126+18 pb

-

i

total stat
ot (stat)  (syst) £ (lumi)

826+4+12+16 pb

830+0.4+36+ 14 pb

746 £ 58 £ 53 £ 36 pb
803+ 2+25+20pb

781+ 7+62+20pb

2449+ 1.4 +6.4 pb i
JHEP 08 (2016) 029, L, =19.7fb" o8 P ﬁ—l’\EAl?(l)QI?ZeOEz) 051 L =221 25ns 2l 888+ 2+ 26+ 20pb
LHC combined ep (May 2022)* 2433 +1.0 +4.2 + 4.1pb ) C T TR
LHCOpWG, L, = 20.fb™" CMS, all-jets * —te+— 834+25+118+23pb
arXiv:2205.13830 CMS-PAS TOP-16-013, L, =2531b", 25 ns
CMS, all jets —t+et—— CMS, lsjets 791+ 142114 pb
EPJ C76 (2016) 128, L, =18.4fb" 2756 6.1+ 37.8+£7.2 pb PRD 104 (2021) 092013, L =137 b, 25 ns g + lxslzdap
NNPDF3.0 JHEP 04 (2015) 040 " NNPDF3.0 JHEP 04 (2015) 040
. MMHT14 EPJC75 (2015) 5 . | MMHT14 EPJC 75 (2015) 5
Preliminary Preliminary
CT14 PRD 93 (2016) 033006 CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028 ABM12 PRD 89 (2015) 054028
[ocs(MZ) = 0.113] [us(mz) = 0.113]
llll‘llll‘llll‘llll‘llll‘llll lllll‘lll‘lll‘lll‘lll‘llll
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Theory status 2022

NNLO QCD differential predictions for top-quark pairs at the LHC

Czakon, Heymes, Mitov ‘15

Top-quark pair hadroproduction at NNLO in QCD

Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan ‘19
to be implemented in future public release of MATRIX code
Catani, Devoto, Grazzini, Kallweit, Mazzitelli ‘19

NNLO event generation for top-quark pair production
Mazzitelli, Monni, Nason, Re, Wiesemann and Zanderighi ‘20

Top-pair production at the LHC with MINNLO_PS

Mazzitelli, Monni, Nason, Re, Wiesemann and Zanderighi ‘21
Narrow-width-approximation at NNLO

NNLO QCD corrections to leptonic observables in top-quark pair
production and decay

implemented in private STRIPPER code

Czakon, Mitov, Poncelet ‘20
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1/c doldp_(t [GeV]

Pred.
Data

Differential cross sections (I)

CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 b (13 TeV)
T T T I T T T I T T T ‘_H T T T I T T T I T T T
I~ dilepton, parton level ® Data. dofe 7 = I~ dilepton, particle level 7
p p ata, dof=6 Q p p ® Data, dof=6
102 | O POW-PYT, x2=15 — S 102 | =
E S! Ll ot 0 aNLo, 42=35 E e E ok O POW+PYT, X2:17 E
[0 % MATRIX (NNLO), x2=3 ] o~ o oo * STRIPPER (NNLO), x?=11 ]
L O @sd #* STRIPPER (NNLO), 72=8 - % | @ Total unc. _
3 + MINNLOPS (NNLOPS), x?=4 o
10 & — © 103k Stat unc. |
= - . Total unc. 3 e = O @i 3
: @i Stat unc. 7 C ]
4 i Ot @it | B Cex 7]
10 = E 10 = =
- S E Coe E
B | | ] . | |
3|3
1.2 — s 1.2 -
i o 0
1= W 7S ov PR O LXKy ? b EN— a 1 —e— Oy O & O i 2 *
o B - o
0.8 — = 0.8 — -
0 200 400 0 200 400
p_(t) [GeV] p_(t) [GeV]

NNLO QCD predictions in fiducial phase space
dynamic scales ur = pr = Hr /4 with

Hr = \/p(t)7 +mi + /p(O)F +m]
top quark mass is set to m; = 172.5 GeV with NNPDF31 NNLO PDFs

Parton level with stable top-quarks (left)
Particle level with decay leptons (right)
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Differential cross sections (1)

Summary

The beyond-NLO theoretical predictions provide descriptions of the data that are of
similar or improved quality, compared to POW+PY'T, except for kinematic spectra where

the theory scale uncertainties are large.
CMS TOP-20-006-PAS

Challenges

NNLO codes not publicly accessible

Very long run times (few CPU years) for distributions with fixed input
parameters (m:, PDFs, ...)

Accuracy of NNLO subtraction schemes
local sector subtraction (STRIPPER)

phase space slicing with ¢3** (MATRIX)
Needs
NNLO QCD predictions for range of m. values
Variation of PDFs (complete set of eigenvectors)
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Phenomenological studies at NLO

do/dpt [fb/GeV]

Ratio

Ratio

Differential cross sections (11I)

103 E

P2 =301

102 E

101 E

pp-t0<y<l1 \
100]  HP=4m2+p?(uunc) N
1 B=8 mPoe =169.6 GeV
] B m(m)=162.1 GeV
1071 { B mMSR(36eVI =170.7 GeV

1.2

TOZ0%0 0

10 B ? IN IN

Vi //! 1 /] |/>< >< ﬁx

0.8 -

1.2 1

1.0 ~ —_—

0 200 400 600

pr [GeV]

Sven-Olaf Moch

® Top-quark pr distribution at NLO

¢ Different top-quark mass
renormalization schemes

® on-shell scheme for m;

® MS mass renormalization
scheme my ()

® MSR mass m}"°%®(R)
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t

do/dp [pb/GeV]

Scale uncertainties for running mass (I)

pp —tt

Vs=7 TeV

t

mt(mL) =163 GeV

do/dp [pb/GeV]
1

_ 2. 2 1 &
HR - 4ml(mt) ’ pt 0'6 __ ; !
rrrrrrrrrrr ABMP16

pp — tf, ABMP16, Vs =7 TeV
W=, =\4m(m)’ +p?, p_=m(m)
M, =M, K =m(m), LO

K =W, 1 =m(m), NLO

(j.lR, _LLF) 7-point Scale Unc.

(j.LR, o ) 15-point Scale Unc.

cale Unc. [ABMP16] '

I R R R T ! T O oo T
100 200 300 400 500 600 0 100 200

p(Q) [GeV]

NLO QCD predictions with MS mass: fixed m (m;)
dynamic scale ur = pur = \/p% + 4m?2(m;)

pr = pr (left)
ur = kpp With 1/2 < k < 2 (right)

300 400 500 600

p(Q) [GeV]

top quark mass m:(m:) = 163.0 GeV with ABMP16 NLO PDFs
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1

do/dp [pb/GeV]

Scale uncertainties for running mass (1)

pp — = 1.2 pp — ti, ABMP16, Vs =7 TeV
o) 0
~
s =7 TeV "E‘.. 1 Bo= R =\4m@ Y +p%p = By
o
0.8 . m, = ml(I'LR) = M, =H =K ,LO
B 038

B =K =, NLO

0.6 “’R = 4m1(MR)2 + ptz

ABMP16 (I.LR, I.LF) 7-point Scale Unc.

¢ i :
E=N N
I AT T A T N

(=]

Scale Unc. [ABMP16] (].LR, Mo K _) 15-point Scale Unc.

S
T
o
b

<

0 100 200 300 400 500 600 100 200 300 400 500 600
p(Q) [GeV] p(Q) [GeV]

NLO QCD predictions with MS mass: running m (jt,, )

dynamic scale pr = pr = /p% + 4m? (pim )
pr = pr (left)
ur = kpur With 1/2 < k < 2 (right)

top quark mass m:(m:) = 163.0 GeV with ABMP16 NLO PDFs
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Determination of top-quark mass (I)

Correlated determination of PDFs , as(Mz) and m.(m.) using HERA
DIS data and ¢t cross sections by CMS collaboration
Garzelli, Kemmler, S. M., Zenaiev 20

ansatz from HERAPDF for PDFs

Settings Fit results

pole mass x*/dof = 1364/1151, xZ;/dof = 20/23

pp = pp = H' mP = 170.5 + 0.7(fit) + 0.1(mod)*90 (par) + 0.3(u) GeV
CMS, arXiv:1904.05237 |ag(Mz) = 0.1135 4 0.0016(fit) ) 5003 (mod) 0 5003 (par) 70085 (1)
pole mass x?/dof = 1363/1151, x%/dof = 19/23

UR = iF = mfde mf‘ﬂe = 169.9 £ 0.7(fit) £ 0.1(mod) ")) (par) 55 () GeV

this work as(Mz) = 0.1132 + 0.0016(fit) - 0003 (mod) - 350s (par) 700055 (11)
MS mass x?/dof = 1363/1151, x%/dof = 19/23

pr = pp = mg(me) my(my) = 161.0 + 0.6(fit) + 0.1(m0d)f8j8(par)f8j§(u) GeV

this work as(Mz) = 0.1136 £ 0.0016(fit) 00002 (mod) T 0001 (par) 0 0060 (14)
MSR mass, R = 3 GeV | x?/dof = 1363/1151, x?/dof = 19/23

pr = pp = mMR mMSR = 169.6 + 0.7(fit) + 0.1(mod) 0 (par) 105 (1) GeV

this work as(Mz) = 0.1132 £ 0.0016(fit) - 0508 (mod ) 0990 (par) T5-005 (11)

Table 1. The values for ag(Mz) and the top-quark mass in different mass schemes obtained in
CMS, arXiv:1904.05237 and in this work by fitting the CMS data on ¢f production and the HERA
DIS data arXiv:1506.06042 to theoretical predictions. The fit, model (mod), parametrisation (par)
and scale variation (1) uncertainties are reported. Also the values of x? are reported, as well as the
partial x* values per number of degrees of freedom (dof) for the tt data (x?;) for 23 ¢¢ cross-section
bins in the fit. The scale H' is defined in the text.
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Determination of top-quark mass (1)

Extraction of m.(m.) at NLO from differential ¢¢ cross-sections using data
of CMS collaboration

Garzelli, Kemmler, S. M., Zenaiev ‘20
value of m:(m:) compared to other determinations

world average labelled as PbG2018, appr. NNLO is based on a single
determination of Do collaboration

this analysis, NLO

ABMP16, NNLO
Phys. Rev. D96 (2017) 014011

ATLAS, NLO
JHEP 1911 (2019) 150

Fuster et al., NLO
Eur. Phys. J. C77 (2017) 794

PDG2018, appr. NNLO
Phys. Rev. D98 (2018) 030001

145 150 155 160 165 170
mt(mt) [GeV]
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Top-quark pairs with one jet
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Top-quark pairs with one jet

Large rates for production of ¢¢-pairs with additional jets
NLO QCD corrections for tt + 1jet Dittmaier, Uwer, Weinzierl ‘0708

Scale dependence greatly reduced at NLO
left: corrections for total rate at scale ur = ur = m, are almost zero
right: dynamic scale ur = ur = Hr /2 shows better scale stability
with Hr = \/p(t)7. + m? + /p(t)% + m? + p(j)r

Bevilacqua, Hartanto, Kraus, Worek ‘15

pr>30GeV, 0| <24, R=04, N; > 1, g = my P >30GeV, |n;| <24, R=04, N; > 1, yo = H2/2
) ] —@— NLO Kr=Kr=2=x 10003 _ —@— NLOKr=Kp=c=z
500 : 2500 1

250@77'* $ 4\% © 250_3 W

O 21 O 21 1

— ] — ]

~ g ~ ]

S S |

3 =

ZO'. ZO-_ i
T X
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Top-quark mass from tt + jet-samples

Differential ¢t + jet cross section as function of invariant mass /s 150t
offers possibility for top-quark mass determination
additional jet raises kinematical threshold

Normalized-differential t¢ + jet cross section
Alioli, Fernandez, Fuster, Irles, S.M., Uwer, Vos ‘13

1 dogijet
R<mt7p8> — > (mt,,Os)
Ott+1jet dps
. L 2m0 . . . — .
variable ps = e with invariant mass of ¢t 4+ 1jet system
Je
and fixed Scale moz]_?OGGV E_'_‘35kTTT{TTTT{TTTT{TNTT{TNTT{TYTT{TYTN{TTTN{ xxxxxxx
i, —m=167 GeV, K =Kg=1
=3 — m=172 GeV, K=K =1 .
. . . R —177G V K =K =1
Normalization with 1/0,7 ;e E M=l re R

cancels many
(experimental)
uncertainties

0 ‘
0 0102 03 04 05 06 07 08 09 1
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Mass sensitivity of tt + jet-samples

¢ Differential cross section R(my, ps)

® good pertubative stability, small theory uncertainties, small
dependence on experimental uncertainties, ...

® Increased sensitivity for system tt + jet compared

AR Amy
—— | ~ (mS) X
R My
1T 1T 7T | 1T T 1 I ||||||||||||||||||||||||||||
- tt+1det -
; AM*°= 5 GeV -
— tt - —~
; B | 1 =
2 04l == AM °=10 GeV 5 —17 X
(.2. - mmnm Amf0|e= 5 GeV L : n mx
= i 2] 5.
“ B |
0.05— —8.5
0 e BRI T RS . | 11 1= | | I | I_
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
p

¢ Significant mass sensitivity for p; > 0.5

Sven-Olaf Moch
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Theory status for ttj production

® Theory predictions at NLO QCD for ¢t production with different scale
Alioli, Fuster, Garzelli, Gavardi, Irles, Melini, S. M., Uwer, Vof3 ‘22

® dynamical scale with better apparent perturbative convergence

10001

do /dps [pb

scalevar/

NLO/LO central

choices

at
o
e}

pr>30CeV, 0] <24, R=04, N; > 1

[\

—_

B B _ 77B
fo = My /2 po=Hr /2 po = Hr /4
| |
LO
] AXY NLO
NLO/LO
| T S
A1 W%WT///K{{{4/:
20055055 G O o S G G S G HBID
N M\,{ - = :/
| i s s I,
3@//////// Y L L L Ay L 8
0.0 02 04 06 08 1.0 02 04 06 08 1.0 02 04 06 08 1.0 02 04 06 08 1.0

0

Ps
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Dependence on parton distributions

¢ Predictions for m.; (left) and p, (right) distributions at LO computation

Alioli, Fuster, Garzelli, Gavardi, Irles, Melini, S. M., Uwer, Vof3 ‘22
® PDF uncertainties of ABMP16, CT18, MSHT20 and NNPDF3.1 NLO sets

= BN CTISNLO
< 067 i ABMP16
2] MSHT20
§ 3 W NNPDF31
S 601 — T
~ : )
) |
- ]
= 1.21
2]
L 1079 |
E |
A 0.8 . - T ' T ' '
9 1.2
_ _
E % 1.07 . — |
A ] —— _ _
“08 : -

500 750 1000 1250 1500 1750 2000
My [GeV]
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Gluon distribution

® PDFs sets ABMP16, CT18, MSHT20 and NNPDF3.1 at NLO for
Q? = m; = (172GeV)?

* effective parton (x) ~ 2m;/\/s ~5-107%...107" for m;

= 3

O —— CTI8NLO
=2 —— ABMPI6
oy —— MSHT20
g —— NNPDF31
B |

j=

o

PDF/CTISNLO =
= 5 =

e
~
Ut

<
ot
S

6 x 102 101 2% 107! 3x 107! 4% 1071

Sven-Olaf Moch Top-quark hadro-production and the top-quark mass — p.42



Top-quark mass determinations (I)

ATLAS+CMS Preliminary

Myp from cross-section measurements

LHCIOpWG September 2021
total tat Mygp T tot (Stat + syst + theo) Ref.
otal slia

o(tt) inclusive, NNLO+NNLL

ATLAS, 7+8 TeV —e 1729 %% (]

CMS, 748 TeV —e—1 1738 54 2]

CMS, 13 TeV ——i 169.9 57 (0.1+15 72) 1

ATLAS, 13 TeV —— 1731 2 (4]

o(tt+1j) differential, NLO

ATLAS, 7 TeV e 1737 2 (15114 32 (5]

CMS, 8 TeV ——f—e—t | 169.9 57 (1.1 57 17¢8) (6]

ATLAS, 8 TeV A 1711 6 (0.4 £09 %3)

o(tt) n-differential, NLO

ATLAS, n=1, 8 TeV etq  173.2+16(09+08+1.2) g

CMS, n=3, 13 TeV e 170.5+£0.8 [9]

my,p, from top quark decay (1] EPJC 74 (2014) 3100 [5] JHEP 10 2015) 121 [9] EPJC 80 (2020) 658
CMS, 7+8 TeV comb. [10] i S
ATLAS, 7+8 TeV comb. [11] [4] EPJC 80 (2020) 528 (8] EPJC 77 (2017) 804

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1

155 160 165 170 175 180 185 190
Myep [GEV]
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Top-quark mass measurement
from ¢¢j production becoming
competitive

tt7 cross-sections use NLO
(NLO+PS) predictions for mass
determination

Elevating accuracy of theory pre-
dictions beyond NLO improves m;
values and decreases their uncer-
tainties
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Top-quark mass determinations (I1I)

® CMS measurement of m; (pole mass) from distributions for ¢t + 1jet
samples accurate to ~ 0.8% CMS coll. ‘22
m; = 172.941137 GeV

36.3fb" (13 TeV)

(oN 3 5_| TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT]
S ~E ]
8 - CMS Preliminary $ oo ]
b‘é 3+ W ti+jet NLO CT18NLO m=172.16 GeV
°© - 777/, ti+jetNLO ABMP16NLO m=172.94 GeV 1
T 2.5 :_ Stat. @ Syst. uncertainty _:
A C ]
1.5F =
1 ]
O5F e N—
O FHHHHHHHHHHHHHHHHHHHH R
© N
£ O
Q 1 7% P P22 2222222 i
. o 2% IRARRRRRR
PhD thesis S. Wuchterl o
o 0.9
L1l ‘ L1111 ‘ L1111 ‘ L1l ‘ L1111 ‘ L1l ‘ L1111 ‘ L1l ‘ L1111 ‘ L1l

0 01 02 03 04 05 06 07 08 09 1
p
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Progress in theory (1)

Beyond NLO

Scale uncertainties dominate theoretical uncertainties; need NNLO
computations (very difficult)

Focus on kinematical limits
threshold logarithms from emission of soft and/or collinear gluons
high energy (boosted) regime from ¢-channel gluon exchange
Coulomb corrections

Sample of Feynman diagrams at Born level
g t g t g t g t
BENNSPENIS
9 t g 9 9 9 9 s
q t q t q t
TS
q g q g q t
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Progress in theory (II)

Soft and collinear singularities
Soft/collinear regions of phase space

massless partons 1 1
p—|—k  2p-k  2E,E,(1—cosfy,)
1
d*k > s [ dE,dO
/ (p + k “ / I 2B, By (1 — cosfy,)
r — QS%X( .) indim.reg. D =4 — 2¢
€
Threshold logarithms

Sudakov logarithms in velocity 3,; = 1/1 — 4m?2 /s of heavy quarks or
T \/1 — my;, /s for ttj-system

all order resummation of large logarithms a” In*"(3) +— a? In*"(N)
in Mellin space (renormalization group equation) Kidonakis, Sterman ‘97;
Bonciani, Catani, Mangano, Nason ‘98, Kidonakis, Laenen, S.M., Vogt ‘01, ...
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Factorization and resummation

Partonic cross-section factorizes in threshold limit Collins, Soper, Sterman ‘83
C=1viQUY; QHRXS®J

W; - initial state jet functions, modeling the initial state collinear
radiation

S - soft gluon exchange
H - hard matrix squared
J - final state jet function

Strategy of calculation
Evaluation of each functions perturbative
Resummation of logarithms through renormalization group evolution

Previously applied to ¢¢ production processes with associated bosons
tt + W /Z/H Kulesza, Motyka, Theeuwes et al ‘17, Broggio, Ferroglia, Pecjak et al. ‘17.

tt7 production
complicated because of richer color structure
final state jet with non-trivial soft singularity structure
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Soft function
Renormalization group evolution for soft function

d o 0 0 O\ o) o) ()
'ud,uSLI o ('u(?,u—i_B(aS) Oaug Str = (FS )LB Spr—5La (FS )AI’

soft anomalous dimension (Fgf)) computed from UV divergence of
LI

eikonal amplitudes (Wilson lines)

C1 C3
Cq
Co V5

Integrals at one-loop level known Kidonakis, Sterman ‘97.

Color basis for Wilson lines
,0
Sl _ <C{Lf}yc§f}> .
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Color basis Sisdahl ‘08

gg-channel color basis gg-channel
1 . te S 1 __g4e€ 6
Cabede = b cdOab Cabede = b cdOab
2 . 2
Cabcde — Zfabeécd Cabede = teab5cd
3 . 3 .
Cabcde — ZdabeéCd Cabcde — tTIr)LatZdemne
4 . . 4
Cabcde = Zfabnlfmentﬂgd Cabcde = trrl?atrf:ddmne

5 . m
Cabcde — dabn'l/fment cd

6 . m .
Cabede — Zfa,bndment cd PZ are projectors:

CZLbcde = dapndment cq PAananncp — 5ijPz7ilBCD
Cibcde — ;l())?;il_i_otncld
cgbcde — P;l?n_@i_otngd
cclzgcde — _Pa?gmetrgd

Recent work on color evolution

11 0 : : w
Cobede = Popmel od and infrared physics Platzer 22
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* Components of (I'%/’
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Results for tt+ jet
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Summary

Data analysis

Top-quark mass extraction subject to correlations with as(Mz) and PDFs
fixing of gluon PDF g(z) and as(Mz) may lead to bias

Use of different mass schemes: MS, MSR and on-shell schemes
preference for short distance mass schemes MS, MSR

Theory improvements

Experimental precision of < 1% makes theoretical predictions at NNLO
in QCD mandatory

Need public NNLO QCD codes for hadro-production of top-quark pairs
(incl. benchmarking)

Need QCD perturbation theory for ttH, ttj + X production at NNLO

generally very difficult: 2 — 3 processes with masses are beyond
current state-of-the-art
progress in kinematic limits (threshold, high-energy, .. .) feasible

Future tasks
Joint effort theory and experiment
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