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| Introduction 1
Total ¢t cross section test of QCD and nature of top-quark:
e Experimental precision 3 — 4% smaller than uncertainty of
NNLO QCD prediction (Barnreuther/Czakon/Fiedler/Mitov 12-13)
NNLO
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Introduction

Total ¢z cross section test of QCD and nature of top-quark:

e Experimental precision 3 — 4% smaller than uncertainty of
NNLO QCD (Barnreuther/Czakon/Fiedler /Mitov 12—-13)

e Sensitive to m., as, PDFs
— included in MMHT14, NNPDF3.1, ABMP16

— pole mass m; = 173.87]7GeV from o;; measurement (CMS 16)

— determination of a,(Mz) = 0.11771)055¢

(Klijnsma et al. 17)

0,=0.1181+ 0.0011
I ‘ T ‘ T T T T ‘ T T T T ‘ T T T ) :
ATLAS Preliminary Top quark pole mass determinations Lattice QCD (NNLO) o
. T hadronic decays (N3LO) =i
compared to direct measurement |
DIS, PDFs (NNLO) e
DO approx NNLO: MSTWO08, 1.96 TeV 2009 169.17%7 e’e evt shapes,jets x-sections (NNLO) e
DO approx NNLO: MSTWO8, 1.96 TeV 2011 167.5%2 Z decays, EW it (NNLO) D
e tt cross sections (NNLO) —re—l |
ATLAS NNLO+NNLL: PDFALHC, 7 TeV 2014 171.4+2.6 FCC-ee: W decays (NNLO) ]
ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 174.1% 2.6 FCC-ee: Z decays (NNLO) v
25 Pion decay factor (NNLO optimized) OH
ATLAS NNLO+NNLL: PDFALHC, 7-8 TeV 2014 172.9'5% Softjet FFs (NNLO*+NNLL) b
ATLAS NLO: ff+1 jet, 7 TeV 2015 173.7%3 Hard FFs (NLO) —
CMS NNLO+NNLL: NNPDF3.0, 7-8 TeV 2015 173.6'77 ¥ decays (NLO)
- F3 in yy collisions (NLO) —so———
Direct reconstruction LHC+Tevatron 2014 173.3+0.8 pp jets x-sections (CMS, NLO) —
T T T T Cl Energy-energy correlations (ATLAS, NLO) 0
140 150 160 170 180 190 \\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\:\‘\\\\
) . 0.1 0.11 0.12
m?OIE [GeV] (d Enterria 18) as(mz)
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Introduction 3

2
4msj

Resummation of threshold-enhanced corrections, 5 =4/1 — — 0

Opp! X (0 exp [lnﬁgo(ozs lnBZ—I—gl(as lnBZ—i—?Sgg(ozS lnBZ—I—Szggg(ozS lnBZ—I—...]
(LL) (NLL)  (NNLL)  (N5LL)

XZ(%)kX{ Lo w 0457%552 }

(LL,NLL) (NNLL) ( NNLL', N°LL)
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Introduction 3

2
4msj

Resummation of threshold-enhanced corrections, 5 =4/1 — — 0

Opp! X (0 exp [lnﬁgo(ozs lnBZ—I—gl(aS lnBZ—i—?Sgg(ozS lnBZ—I—?ggg(aS lnBZ—I—...}
(LL) (NLL)  (NNLL)  (N5LL)

XZ(%)kX{ Lo w 0457%552 }

k=0 (LL,NLL) (NNLL) ( NNLL', N°LL)

Factorization of cross section for g8 — 0 (Beneke, Falgari, CS 09/10)

= Gyt stiliamz = Y Hr(ma, ) / deo J(V/5 = 2my — )W (w, p)

R=1,8
Hard, soft and Coulomb functions:
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Coulomb resummation using non.-rel. Schrodinger equation.
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Introduction 4

NNLL corrections: (13Tev, MMHT2014)
reduced scale uncertainty, estimate of resum. uncertainty?

)
NNLL(top + +) :  821.4720:3(25%) 5,

—29.6(3.6%)
NNLO __ +28.1(3.5%)
o =802.8_ 4 g5.6%)PP = { NNLL(topixs) :  807.17% ;gggiﬁg; i 133825; pb

7 \\ 7
~~ ~~

\ scale resum

top++: Mellin-space resummation of threshold logarithms
(Czakon/Mitov/Sterman 09/Cacciari et al. 11)

topixs: momentum-space resummation of threshold logs
combined with Coulomb corrections o, /3 (Beneke/Falgari/(Klein)/CS 09/11)

Main numerical differences:
e o? hard coefficient in top++: (NNLL'): Ao ~ 9pb

e bound-state effects in topixs: Aogg ~ 3pb
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Introduction 4

NNLL corrections: (13Tev, MMHT2014)
reduced scale uncertainty, estimate of resum. uncertainty?

)
NNLL(top + +) :  821.4720:3(25%) 5,

—29.6(3.6%)
NNLO __ +28.1(3.5%)
o =802.8_ 4 g5.6%)PP = { NNLL(topixs) :  807.17% ;gggiﬁg; i 133825; pb

7 \\ 7
~~ ~~

\ scale resum

top++: Mellin-space resummation of threshold logarithms
(Czakon/Mitov/Sterman 09/Cacciari et al. 11)

topixs: momentum-space resummation of threshold logs

combined with Coulomb corrections o, /3 (Beneke/Falgari/(Klein)/CS 09/11)

= Upgrade topixs to partial N3LL
e First step: expansion to N3LO
e estimate of unknown N3LL ingredients

= complementary estimate of higher-order corrections
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Towards N3LL 5

Joint soft/Coulomb resummation for a.logj ~ 1, %~

e interplay of Coulomb (a,/3)” and power corrections ~ g
e logarithmic NNLO contributions from «.3 potentials

® NO o./f x a,log”! B x B corrections
to soft NNLL resummation for oiot, do/dM,; (Beneke/Falgari/CS 10)

e Known corrections relevant for N3LO threshold expansion

2

Qg

@ X s 3% log B ~ ai’ log B

— "next-to-eikonal” effects in DY /Higgs

(Kramer/Laenen/Spira 98; Laenen et al. 10)

— (ultra)-soft corrections as in e~et — tt (Beneke/Kiyo 08)

e systematic treatment: extended factorization
_ () () m
o= Zijklm B" By HF) @ w® jim)

( LL resummation for DY: Beneke et al. 18 )
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Towards N3LL §)

Input to resummation formula at N3LL

Ié\ 1(, \$\
oo/ Y ,"'
Hard function
e NNLL: one—loop H; ( Czakon/Mitov 08; also Hagiwara et.al. 08)

e NNLL'/N3LL: two-loop H;
from constant in NNLO threshold expansion

(Barnreuther/Czakon /Fiedler 13)
Soft function
e NNLL: 1-loop soft function for arbitrary R (Beneke/Falgari/CS 09)

e NNLL'/N3LL: 2-loop soft function for singlet/octet
(Belitzky 98;Becher/Neubert/Xu 07; Czakon/Fiedler 13)
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Towards N3LL §)

Input to resummation formula at N3LL

" ,g\é , W,BR =

RGEs

s »

R L el ]

, JNNLO —Q! E dVNNLO E
~ td

e known for N3LL:

— 4-loop Ycusp (Moch et al. 17/18; not needed for N*LO,pp)

— anomalous dimensions extracted from 3-loop splitting
functions and quark and gluon form factors
(Moch /Vermaseren /Vogt 04/05)
® missing:
— 3-loop massive soft anomalous dimension ~?

(Massless result: Almelid/Duhr/Gardi 15)

— NNLL resummation in (p)NRQCD for colour octet
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Potential function 7

PNRQCD colour-and spin projected potential includes

“non-Coulomb” potentials suppressed by o, !4, 2

dros D 2
VIS (p,pl) = Los [VC VE. ™ _lal +V, < SRV
q my m? 2m?

r P+ P’ }JFMS R,S

2 Yann?

(R=1,8, 5=1,3, Coulomb coefficients D; = ~Cr; Ds = 5(Ca — 2CF) = 3x)
Known for colour singlet and octet:

[ TWO—'OOp Coulomb Vg (singlet: Schroder 98; octet: Kniehl et al. 04)

e One-loop spin-dependent Vl/ ,
(Wiister 03; colour-singlet: Beneke/Kiyo/Schuller 13, colour octet: Piclum/CS 18)

e One-loop annihilation contributions v} (Pineda/Soto 98)
Unknown for octet
e Two-loop V{}m (singlet: Kniehl et al. 01)

estimate by naive replacement Cr — (Cr — C4/2)
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Potential function 8

Resummation of % corrections: (Fadin, Khoze 87; Peskin, Strassler 90)
solve NR-Schrodinger equation for Green's function

-2

sD

- ( Or —I—E) GO(E, 7 ) — RGO (B ) = (2m)383 (F — )
2m, r

NLO potential function from perturbation theory

»
6G(0,0,E) =&t | 6V i":/dngﬁé’)(O%E)(iWR(z))Z'Gg)(g’O’E)

e all terms a,(as/B)"
NNLO Green function: (using implementation of Beneke/Kiyo/Maier/Piclum 16)
e double/single insertions of NLO/NNLO potentials

e expansion to O(a?): (for colour-singlet agreement with Kiyo et al. 09)

st (o () 33 () 325
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Potential function 9

N3LO Green function: (using implementation of Beneke/Kiyo/Maier/Piclum 16)
contributions relevant at N3LL:

AJS(?))

oot () () () (5)

e colour singlet completely known;

scale-dependence reproduces known results (Kniehl et al. 02)

e colour octet: not completely known
— two-loop 1/m-potential

— (ultra)-soft corrections (singlet: Beneke/Kiyo 08)
with chromoelectric vertex % - £,/

— unknown contributions to cross section
(5033)1n 5—{—50(10 Ing+...)

e Estimate (Sc:(Z % for octet by naive replacement Cr — (Cp — C4/2)
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Further effects 10

e No 3-loop Coulomb correction ~ o?/p3 for I' — 0

Careful treatment in distributional sense:  (Beneke/Ruiz-Femenia 16)

ATS®) (E) = —alD? my 5(E)
R,LO o s R 8 3

Small correction to cross section: Ao =0.6pb at 13 TeV.

e P-wave contributions o\ ((¢t1)F) ~ 83
Coulomb corrections different from S-wave  (Bigi/Fadin/Khoze 92)

. . 3 . .
= contributions ~ o? x const., ~ % relative to leading S-wave

e Sub-leading soft corrections to DY /Higgs production:
(Kramer/Laenen/Spira 96; Laenen et al. 10)

{ln(l - :1:)} . {mu — 2)
-

—In(1 —x

enhancement by second Coulomb correction = ~ o?1n 3 effect
Numerical effect 0.9pb at 13 TeV
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Partonic cross sections 11
Terms predicted by expansion to N3LL
(3) AL (0) o3 20
Ao s = A0, NNLL T Toss (4n)? {( 298530 + 157.9146¢ 5" ) In” B
(2) (1 0) 2775.05 3
+(48175.5 + 12947 1+ 157.9146¢0,7 ) In g — 5 ;g)(s)
%[pb] %[pb]
4. »
~ ———ggligmsLL
10/ \\ 300 —_——— Egll:gaNNLL
\‘\ 200
5 \\i\\
\\j\\\ S 100
o2 \I‘G;{::\\I:"I{:;I:JS_T:_:TO k B
st ~100L
Estimate of uncertainty:
e Variation of éc\/;) by +2; estimate 7, = £(v)%/7};,,
e Estimate of constants C® (u,, us) by scale variation
e Expansion in v = \/\/E/mt —2=28 (1 +28% +. ) instead of 5
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Partonic cross sections 11

Terms predicted by expansion to N3LL

Ao ;:;) gy = A0 ;?;>8 L o o {( 298530 + 157.9146c73”)) In?
8 ’

ggs8 (4 )3
+ (48175.5 4 1277 +157.9145¢0:7) In 5 - — e
dAag‘;[ b dA‘Tg’g)[ bl
B T %
i 400 -
i N3LOupp
A —  _ N3LOwwiL » N3LOupp
10t \ — — — N3LOnnLL
r \
N 200[
N\
5 N\
\\\\\§\\ o 100 -
N\ \\\7/\7 J— N
T o 'HiATOB 0 P
st —100L

Corrections to cross-section +1.6% relative to NNLO (MMHT14 PDFs)

AN HOwr (13TeV) = 12.25 7787 458 4 0.11 + 0.60 pb,
=~

—6.24
" " (2) (5,0)
c®  kin.  Yms o 9¢yp
pp
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Factorization scale dependence 12

Scale-dependence of approximate N2LO cross section

3

6P (B, pp) = 60 (2)” N gl ()

m=0

obtained in two ways:
e Expansion of resummation formula
e Direct computation using Altarelli-Parisi equations

Convolution of scaling functions g™ (p) = 8™ (p)
with = — 1 limit of splitting functions

Py (@) & (2T Eusp (@) o + 2777 ()d(1 — @) ) 65
3,3) _ 1 (22) _ 9 (22 (0)
Gpp ~ = 3 [86 Ipp ® Pp/p]
as” = 4B alyt + 381 gy — ol @ PO — gV @ P,

g = 8B0.9i5" + 681 94" + 482 gy
429 @ pO _ J10 o ph) _ 00) g p(2)

p/p p/p p/p’
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Factorization scale dependence 12

Scale-dependence of approximate N2LO cross section

3
605, pg) = 60) (2L )T N gl (1)

m=0

obtained in two ways:
e Expansion of resummation formula
e Direct computation using Altarelli-Parisi equations

Scale dependence similar to NNLL from top++

soc 360,
I s 1
! 800[
750 :
N 750f
700? — — - NNLO 700}
650F """ N3LOapp 6501
------ NNLLiops+ f
B I E— s wlme T — 5wl
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Results 13

Final prediction ( "approx” uncertainties added in quadrature, Aa; = 0.002)

N3LO.pp o +19.88(2.4%) +9.49(1.2%) +42.67(5.2%)
Tt (13TeV) = 815.70_ 57 95 45 (5¢ale) 570 557 (APPTOX) 557 5 700) (PDF+avs )pb

Other approximate N2LO predictions:
e NNLL in one-particle inclusive kinematics (Kidonakis 14)

e Including subleading collinear; 3 — 1 terms, (Muselli et al. 15)
includes +1.9% approx. uncertainty

0y1lpb]
950 LHC (13 TeV)
i NNLO NNLL  N3LOapp ATLAS CMS
900 |
850 E T
| I Y
800
750 o fop++
I = topixs
i MMHT2014,a5(M7)=0.118
700 m=173.3 GeV m Musellietal.
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Summary and outlook 14

e partial N3LL soft/Coulomb resummation

— unknown: 3-loop massive soft anomalous dimension,
logarithmic terms in N3LO Coulomb Green function

— kinematically suppressed contributions enter o?1n*' g terms
(P-wave contributions, next-to-eikonal corrections, ultrasoft potential corrections)
e N°LO,,, results

— complementary to NNLL resummation

(includes input beyond NNLL; estimate uncertainty due to unknown input)
— moderate correction ~ 1.6% compared to NNLO

— smaller than other N2LO,,, predictions but consistent
within 1 — 2% systematic uncertainties of approximations

— available at nttp://users.ph.tum.de/t31software/topixs/

e Qutlook

— implement resummed N3LL,, prediction.
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16

Fixed-order prediction in QCD (Barnreuther/Czakon /Fiedler/Mitov 12—13)

ATLAS+CMS Preliminary LHCfOpWG O,z summary, Vs =13 TeV Nov 2016

NNLO+NNLL PRL 110 (2013) 252004

NNLO/41om x7 m,,, =172.5 GeV, a (M ) = 0.118=0.001
O,r ( 1 3T€V) sc|all,e uncertainty z total stat _
tt scale ® PDF ® o uncertainty Oy (stat) = (syst) = (lumi)
ATLAS, dilepton e [WVE 818+ 8+27+19pb

PLB 761 (2016) 136

(
802.85+ii$$t33?§ pb MMHT2014 :r:i'i/i;fb;ilepton ee/up *

ATLAS-CONF-2015-049

= 749 + 57 + 79 = 74 pb

Ly =85pb”
+28.284+46.01 ATLAS, l+jets * b— Wi | 817:13:103=88pb
805-14_45.29_45.35pb CT14 :leiscp%Nonwo“g
CMS, dilepton ey e L] 746 + 58 + 53 + 36 pb

PRL 116 (2016) 052002

pu— +2818+17.13 = " 50 ns
< 794'00—4513—1735pb NNPDF3.1 I(-.“,"I(\/Is“,sc;’itl,eptgneu* o 793+ 8+38=+21pb

CMS-PAS-TOP-16-005

Ly=22fb",25ns

785.02 17000 Tigaspb  ABMP16 S 4 esesezsaz
Ly =23fb"

Vs ' CMS, all-jets * —te+— 834:x25:+118+23pb

CMS-PAS TOP-16-013

\ Scale PDF—'_QS L =253 b NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC 75 (2015) 5
my = 173.3GeV, as(Mz) = 0.118 + 0.002; ;:;:i:i::;ybeam ; CT14 PRD 93 (2016) 033006
ABPM16: m¢ = 170.4 GeV, aS(Mz) = 0.1147£0.0008 f:;'ﬁ\g:’;cez":"?gei‘éul:; @3’\!}5552}39@015)054028
cloan b b b b b |
® O Included Ta PDF flts 200 400 600 800 1000 1200 1400

o, [pb]
e Scale uncertainty ~ 5% > PDF+a, uncertainty

e Experimental uncertainty reaches ~ 3 — 4%
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17

e Top-pair production dominated by 5~ 0.6
= justification of threshold approximation?

50

>\ Approx NNLO, Leading Born " Approx NNLO, Leading Born
0.8 t & Approx NNLO, Exact Born - - - - - ] Approx NNLO, Exact Born - - - - -

. Exact NNLO =— 40 —~ Exact NNLO =——

0.6 '\ , ﬁ\

/ \ partonic NNLO x Flux 30 / \\

- > X .
0.4 N\ Y 20 LN
/ \ \N/lsm 2008NNLO(68c.1.) / Y \
0.2 \ 10 ’ . \
LHC 8 TeV ) U
0 \ N 0T Mgy = 173.3 GeV \

N MSTW2008NNLO(68cl) e
-10

2

PygOgg

(=)

B B

d“:ﬂL(B,W)&, (Barnreuther/Czakon/Mitov 12; Czakon/Fiedler/Mitov 13)

dB T s(1—82)2

= threshold corrections give estimate of higher-order corrections

= careful estimate of uncertainties necessary
e resummation not mandatory for ¢t production at LHC

= compare resummed results to fixed-order expansions

0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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Heavy Quarks as test case for resummation methods

KnNLL
1.30 ’ NNLL (Topixs)
1.25¢ NNLLg;, (Topixs) A7
L . NNLL top++)

1.20¢F NNLLp=0(top++)

(KNNLL — O_NNLL/O_NLO,

15——__ _ _ _———

St — e - - -

P
-
-

''''''' LHC 5 = 8 TeV)

-
-
-
——
e

- =

[0 S—

1.05;

M0 e o s 20009
NNLL: momentum-space, running u, = 2mg 32 (Topixs default)
NNLL;, : momentum-space, fixed p. (Topixs)
NNLL (top++): Mellin-space (Cacciari et al. 11; Czakon/Mitov 11-13)

NNLL,—o (top++): Mellin-space, two-loop constant term set to zero
= resummation methods agree well for larger masses
e differences at m,: estimate of resummation ambiguities

e main difference: treatment of H> = o?logB? terms (NNLL')
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-IT S N3LOapprOX? 19
Expand NNLL to O(a3), e.g. (Beneke/Falgari/Klein/CS 11)
(3) (0) a3 6 5 4 3
Aot L =750 iy 147456 In® 8 — 169658. In° 8 — 140834. In* 8 + 524210.1n° 3

1
+ 3 [—15159.71114 B —5364.821n3 8 4+ 19598.91n? 8 — 17054.7 In 5]

1
+ 5 [346.343In> B + 522.978In 3 — 71.7884] } + {log 2,1/8,C® } +scale dep.

-~

not known exactly

N3LO,: keep all terms, including u., u,-dependence and constants

N3LO3: only keep terms known exactly

dogq dogg
[pb] — [pb]
dp B
[ /7 = LA
r ™~ N\ N "
ol // \\‘\ ANNLOapp IOO/ \\\‘ ANNLOapp
I . — \ e
i / \\‘\ o — N3LOAKh=2ks=1) 80 V. — ——— N3LOA(kh=2ks=1)
L AVAN
67 l \\ T N3LOB
[ \
4+ \
i N,
i N\
2H AN
| N
AN X
\\\\\\\\\ ~ <= L L I L N
0.2 0.4 06— ——08 10
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P-wave processes 20

P-wave contributions to gg — tt in R = 1,8, colour representations:
" (gg — (1)) = 6" (g9 — (1) %) B,
1 4
o™ (gg — (1) ™) = o™ (gg — (tD) ™) 2 5%

LO-Coulomb Green function for P-waves: (Bigi/Fadin/Khoze 92)

Jg(E) = mE <1 + (asalg)th> Jr(E)

_ ( E )3/2 [1 L as(=Dr) [mi  aiDRB+7) my

my 2 E 12 E
, am(=Dr)’ (mt ) e ]
- -

= contributions ~ o? x const., ~ %ﬁ relative to leading S-wave
e NLL resummation sufficient for N3LO,pp

e no formal proof for NNLL resummation (see Falgari/CS/Wever 12)
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P-wave processes 21

NNLO potential function explicitly scale-dependent:

d
dln p

J3(E) = —*5 JS(E)

5} Vfr;f
Vf,S(l) — —(47T)2DR (QDR (l/si)in + Z) —+ 5 + b?)

O(a?) limit of NLL anomalous dimension in pNRQCD (Pineda 01)

Expansion of NNLO potential function to o?

ag m D?
AJ}?{,(J?;I)NLO(E) — J(O(E) 4Sr'u) { Et 6R [WQ (260LE + a1) — 125043]

[ T L ooro 1 Rsq
-+ EDR [—§BOLE—|—§ (’yJ —251—4&150) L + const.
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