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Al Standard Model of Particle Physics
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Q| a (M,) world average versus time .,

15t estimate from G. Altarelli

0,125 ; Start of FLAG
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Year
S. Bethke, arXiv:1907.01435.
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&l a (M,) world average versus time ./,
. S Z ,

15t estimate from G. Altarelli
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s' NNLO
< | PDG 2016
< 0,11t *
< +LEP |
= +HERA Large theoretical
0,105t uncertainty from
(PDF + a_) on
0,171 . Higgs x sections
pre-LEP _
In particular
1985 1990 1995 2000 2005 2010 2015 2020 tTH & gg-Fusion:
7-13%
Year
S. Bethke, arXiv:1907.01435. CERN YR, LHC Higgs xs WG.
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A QCD and asymptotic freedom .,

Nobel prize 2004

@ Theory:
A
% Renormalisation group equation (RGE) e A
% Solution of 1-loop equation U
% Running coupling constant B2 confine

as(Q7) = 2s(ir) '
1 4+ o (}UQ)BO In (%22) <+ 'Strong' coupling weak for

Q2 - « | j.e. small distances

1
Qg (QQ) — 0 Asymptotic freedom
Boln (F) <+ Perturbative methods
@ What happens at large distances? usable
+ @02
33— 2 Ny
<% Cannot be answered here! Bo =
For Q? — A? perturbation theory not 127 F. Wilczek
applicable anymore! Physik Journal 3 (2004) Nr. 12 nobelprize.org
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\ Unification of couplings?

g sm SUSY
o _ _ 60 - _1i/a, 60 - _1i/a, -
Unification of couplings e.g. in : \ - g
Minimal Supersymmetric i - . 4 | §
Standard Model (MSSM)? ' ' ‘ -
20 - 20 - :
faa 1)‘&3 w©

I T ! 0_.._I|_.____|..I|__

SUPERSYMMETRY e T e e
09g,,(Q/GeV) log,,(Q/GeV)

We (LHC) are here

Need to test RUNNING
even — in particular? —

when no SUSY found!
Standard particles SUSY particles
J. Heisig, DESY
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A Jets at the LHC &

Abundant production of jets:
+ Jets at hadron colliders provide the largest dynamic range ever for a_(Q?)

= Plus insights into high-p_ QCD, the proton structure, non-perturbative and
electroweak effects at high Q

Run : 138919
Event : 32253996
T \[Dijet Mass : 2.130 TeV

a Jet 1 p: 585 GeV

Proton Structure
(PDF)

Proton Structure
(PDF)

Matrix Element Hadrons
Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 11



A Jets at the LHC =y

Proton Structure

Proton Structure
, : (PDF)

(PDF)

Matrix Element Hadrons
~ KlausRabbertz ~ Freiburg,29.01.2020 @ GRK2044 12
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R\ W, Z, top at the LHC

High-precision lepton measurements:
< W, Z, top measurements provide high-precision cross sections
= Also learn about electroweak parameters, the top mass, and the proton

structure

.| CMS Experiment at LHC, CERN
S ¢| Data recorded: Sat Oct 6 11:30:49 2012 CEST
< 2| Run/Event: 204564 / 448966153

_\ E Lumi section: 408
< 3
-
\

S
) 1
Jet 1,
et = 406.76
eta =-0.390
phi = 2.401
Q{ X J‘ Muon 1,
S \ / pt = 266.13
eta =-0.080
phi =-0.590

Proton Structure
(PDF)

Muon 0,
pt =147.81
eta=-0.124
phi =-1.051

Proton Structure
(PDF)

Matrix Element Muons
Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 13



Jets at the LHC
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Standard

el Production Cross Section Measurements

Status: November 2019
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& Jet cross sections ~ a ?
B S

@ Determination of a (M,) in single-parameter fit

@ Test consistency of running of a_(Q)

@ Multi-parameter fit of a (M_) & PDFs

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044
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L.

All inclusive &

Large transverse momenta

CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010jCEST
Run/Event: 136100 / 103078800

Lumi section: 348

Every jet counts

ATLAS:

EPJC 73 (2013) 2509; JHEP 02 (2015) 153; JHEP 09 (2017) 020; JHEP 05 (2018) 195.
Relevant ATLAS & CMS measurements: CuMS:

PRD 87 (2013) 112002; PRD 90 (2014) 072006; EPJC 75 (2015) 288;
EPJC 76 (2016) 265; EPJC 76 (2016) 451; JHEP 03 (2017) 156.

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 16



&l Inclusive jets: cross section -,

Overall agreement with predictions of QCD at NLO d? o 5
over many orders of magnitude in cross section and X O
even beyond 2 TeV in jet p. and for rapidities |y| up to 3 ~ 5 dprdy
at Vs =2.76, 7, 8, and 13 TeV. Here: anti-k, R=0.4, 13 TeV
Data vs. NLO pQCD x non-pert. x EW corrections
— 12 T T T 11 T = H H
> 10 om0 s 3 Exp. uncertainties for |y| < 0.5
(b 107F s=13TeV, 81nb’-3.21" ® yi<05(10) -~ | ‘ — ] | |
o 106:: © o'sgmd'"‘“o:) — c 0 6_ Total Sys. Uncertainty  ATLAS n
- D<ly|<1.5(x10 3 = O ]
= Fe D recyizoninh £ - B JetEnergy Bodle (5=13Tev,81nb"-3.21"
> 103 o oo, 2 —] ) B Jet Energy Resolution , 7
S C o..... A 2'05M<2'5{X10.15]f 8 - EEEm Other anh-kt R=0.4 -
= 1::0 Ceoq, A 285l|<306107) 7 5 04 — ¢ Stat. Uncertainty lyl <0.5 ]
2 = ©00g = )
2 joE - : = = - 7
L 107E ' 3 s 0.2 .
© 0k \ - 2 B -
10°F = o e e S .
10712 = - -
1071552 EE -0.21~ i
1 0—1 8 EE :LO-JE'II;.H. (CT14;$F) % ﬁh-ﬂ_ EE _04 __ __
10—21:_ L :: | ! ! ! Lo ! !
e 3 102 2x10? 10°  2x10° oy
: p_ [GeV] p, [GeV]
NLO: Ellis, Kunszt, Soper, PRL 69 (1992) 1496; T

Giele, Glover, Kosower, NPB 403 (1993) 633;
Z. Nagy, PRD 68 (2003) 094002.
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A Inclusive jets: theory corrections

anti-kt, R=0.4, 13 TeV, |y| < 0.5
Nonperturbative correction factors:

- estimated from tuned MC event generators
- uncertainty of 5 — 15% at p,. = 100 GeV

- strongly dependent on jet size R
- less important at high p.

L1.15

(@]
5
R
S 11
3
9
31.05
(4)]
=
J
S
)
Q
50.95
prd

0.9

\s = 13|TeV —¥— Pythia8 AU2CT10

anti-k, R=0.4  —a— Pythia8 AU2-CTEQ6L1

ly|<0.5 —&— Pythia8 4C-CTEQS6L1
—@— Pythia8 A14-NNPDF2.3LO
—— Herwig++ UE-EE-5-CTEQS6L1
——— Herwig++ UE-EE-5-MSTW2008LO

Uncertainty

| M -

L

= ATLAS Simulation | i
2x10° 10°  2x10°

p. [GeV]

Electroweak correction factors:

- calculated perturbatively

- uncertainty small

- strongly dependent on jet rapidity y
- very important at high p.

—
-
&)

Electroweak correction factor

—
—
|

| I T |
Dittmaier, Huss, Speckner
anti-k, R=0.4

— |y| < 0.5

— 05<y[<1.0

— 10<|y|<15 .
— 15<|y|<2.0 .
— 20<|y|<25 T

1.05- _ o5 | < 3.0 ]

0.95

102 2x10° 10®  2x10°

EW:

Dittmaier, Huss, Speckner, JHEP 11 (2012) 095.

p, [GeV]

Frederix et al., JHEP 04 (2017) 076.
Klaus Rabbertz Freiburg, 29.01.2020
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A Inclusive jets: theory corrections -

j

¢
anti-kt, R=0.4, 13 TeV, |y| < 0.5
Nonperturbative correction factors: Electroweak correction factors:
- estimated from tuned MC event generators - calculated perturbatively
- uncertainty of 5 — 15% at p. = 100 GeV - uncertainty small
- strongly dependent on jet size R - strongly dependent on jet rapidity y
- less important at high p. - very important at high p.
c 22— T | B _§115| CT |
-% 2:_ ALICE Simulation eR=01 | S _ Dittmaier, Huss, Speckner ]
) - PYTHIA8 A14 NNPDF2.3LO gR =02 g - anti-k, R=0.4 .
8‘ 1.8F pp Vs=5.02TeV AR=03 - o - — |y| <05 T
o 1l Antikr In 1<07-R YR=04 | g 117 —os5<p<10 N
pa e . ¢R=05 - = . == 1.0<|y|<15 .
1.4F +A=06 - S | —i15<ly|<20 -
_ : @ B i
1oL + _ < - —20<ly|<25 N
: LR : 1. ; * : 03)1-05 — 25<y|<8.0 i
1 i v A 4 I I A A z I x i 9 ~ _
o [ | O - =
0.8 E . A _ = | . o ° E 5 ] i
0.6} O o ® w1 |
i [ ® n _
0.4+ o - -
02f ° : | |
i . . | | | | | | | | | 095 | | L1 | |
% 50 100 102 2x10° 10°  2x10°
ALICE, arXiv:1909.09718. P T jet (GeVic) E‘i,t\fmaier, Huss, Speckner, JHEP 11 (2012) 095. p T [GeV]
See also CMS, SMP-19-003. Frederix et al., JHEP 04 (2017) 076.
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A

Inclusive jets: a_

Ratio to CT10

[\®]

—_
[0 0]

—
[*2]

—
.p.

—
n

—

0.8

0.6

0.4

0.2

Sensitivity to a (M,) at NLO
- CMS: anti-k, R = 0.7 at Vs = 8 TeV
- QCD scale choice: P .= p.= p,

CM|S | |19|).|7| fb'1(8Ta|9V_)
- CT10 NLO ﬂt?—l?ﬁl?:&?) :
Pt

- -+
" - 0g(M,) = 0.1120 &
- og(M) -
= aS(MZ) =0.1270 T
- ag(M)) = 0.1180 -
" e Data/(NLO ® NP ® EWK) ]
I 1 1 1 L L
80 100 200 300 1000 2000
Jet P, (GeV)

X2 fit of a (M,) for all jet p, and |y| bins

- In fit: all exp. + PDF + NP uncertainties

- PDFs: CT10 NLO PDF sets for various a_(M,)

CMS 19.7 fb (8TeV)
200—
o xFog(M,)]
i — Polynomial Fit
1051 og(M,) = 0.1164" 2%

(/b u/u) = (1, 1)

L x> /N

min  Bins

= 186.5/185
190

0.113 0.116 0.119  0.123 0.127

Ots(l\/lz)

Jets @ NNLO not fully used yet in fits @ LHC — in progress

Klaus Rabbertz

Freiburg, 29.01.2020

Results for ep: — Britzger et al., EPJC79 (2019) 845.

GRK 2044
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A\l Inclusive jets: a_ & PDFs

Simultaneous fit of a_ & PDFs possible combining HERA DIS & CMS jet data using xFitter Tool

Reduced uncertainties of gluon PDF

. CMS NLO HERAPDF Method (Hessian) CMS results for qs(MZ) at NLO
NO - HERA I+l DIS Q%=1.9 GeV?
x 5L [ HERA I+l DIS + CMS jets 8 TeV Orange shading: external PDF sets
2 Bluish shading: PDF fit incl. HERA data
> L
- \s lum o (M) exp NP scale
e [TeV] [fb7] PDF
4 5.0 0.1185 35 "53_24
+29 +53
8 19.7 0.1164 23 28
23 24
4 5.0 0.1192 = 2 e
19 22
o 8 19.7 0.1185 " P
10 10
13 (7 TetV) /f_1t$ (8 TeV) Question: How to deal with uncertainty of
parameter Missing higher orders (aka scale uncertainty)
xFitter (HERAFitter): Alekhin et al., EPJC 75 (2015) 304. in PDF fits? First progress — e.g. NNPDF, EPJC79 (2019) 931.

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 21



A Dijets ok

Large masses

Proton
ATLAS:
Relevant ATLAS & CMS measurements: é‘&%‘? 05 (2014) 059; JHEP 05 (2018) 195.

PRD 87 (2013) 112002; EPJC 77 (2017) 746.

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 22



R\ Triple-differential dijets &

Most measurements done with respect to dijet mass d3 o
and either max. rapidity |y| _ (CMS) or rapidity separation y’ X (¥

(ATLAS). One CMS result on a (M,): de,andybdy*

lllustration of dijet event topologies
19.7fb-1 (8 TeV)

108 1 1 1
& S —0— 0= yp<1 0= y*<1(x102)
== ) 107 | CMS =¥= 0= yp<1l 1=y*"<2(x10?) A
| O —A— 0= yp<1l 2<y*<3(x101)
= B 106 } - 1<y,<2 0=<y*<1(x101)
—l o - 1l=syp<2 1=sy*"<2(x101)
| — 105 } -¢ o— 2=<yp,<3 0= y*<1(x100) 4
% *
=2 tE‘ 104 } NLOJET++ (NLO®EW®NP) -
o Y NNPDF 3.0
o | [ =
T| 2 103 } U = PT, max€0-3¥ i
= ant-KeR=0.7
S 102 | -
101 } -
77777777777777 100 } -
: 10-1 .
— i 10-2 | -
: 103 | =
| N » &
é 4 10—4 | | | | | | | 1

200 300 500 1000
PT, avg [GeV]
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A Triple-differential dijets

19.7 fb-1 (8 TeV)

o
Simultaneous fit of a_ & PDFs combining z 1.6 po—
HERA DIS & CMS djet data using xFitter Tool Z14| 0= yy<l
% O=<sy"<l1
=12}
Data over NLO pQCD x non-pert. x EW corrections [
> C 1.0 brremsaere—s—oaren
m —= —
Reduced uncertainties of gluon PDF é 0.8}
4 Data
40— HERAPDF method (Hessian 2 |E S,
?J‘ 35/ CMS HERA I+l DIS S 0.6 114 NLosEWeNP
| HERA I+II DIS + CMS dijets | = 5 T 200~ NEOBENGAF
%3.0 ! 02=1.9GeV? | = 0.4 ABM1l — NLO®EWe®NP
S o 200 300 500 1000
2'0 [ pT,avg [GeV]
s s lum o (M) exp NP scale
Lof [TeV] [fb] PDF
05 7 5.0 0.1185 BENEE
[ ————————— +29 +53
: §%1 - 8 19.7 0.1164 3 .
5 Y- YIS ITIS 7777 +23 +24
E._gﬁ% N 7 5.0 0.1192 N 25
o 104 10-3 102 10-1
g 8 19.7 0.1185  *1o_  *2
16-parameter fit
8 19.7 0.1199  *15  *31
Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 24



\ Multi-jets and a_

Higher multiplicity

Relevant ATLAS & CMS measurements:



Jet cross section ratios

Determination of a (M) in single-parameter fit

Test running of a_(Q) (reduced PDF dependence)

Some reduction in sensitivity
But cancellation of many systematic effects

More scale choices

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044
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8| Sensitivity vs. systematic effects -

CMS Preliminary

19.7 fb™ (8 TeV)

Inclusive 3-jet - =2
: S antikR=07 -3 Inclusive 3-jet to inclusive 2-jet
cross section - | . e . .
e | ——CT10 0 (M) = 0.112 - Min. Value cross section ratio
3 @) - — CT10 (M) = 0.118
O-Sj X Oés EI 15| ——CT10 ¢ (M,) = 0.127 - Max. Value ] RS 2 X as
2 - _,__r—_'__r4 - 1
o I T R
-"(% ~ | —~ 9 CMS Preliminary 19.7 b (8 TeV)
1 - o o
B S < [ oanthkR=07 R,
R e HH‘H’%+++{$++ | i O ly<25 —+— Data/NP
[ A “‘%“ 1 - = ——CT10 0 (M,) = 0.112 - Min. Value
i @) L —CT10 o (M) = 0.118
: EI 15— ——CT10 ay(M,) = 0.127 - Max. Value
05 1 1 1 1 | _9 [
300 400 500 600 1000 1680 ke B
5 CMS Preliminary 19.7 fb”! (8 TeV) "(E I i
- - - 0: e e Bt
Inclusive 2-jet 2 | amtikr=or -2 | |
ti 55 F <25 - Data/(NP®EWK) e R
cross section ¢ - ——CT10 ¢, (M) = 0.112 - Min. Value Reduced | + T
O L —CT10 ¢ (M) =0.118 cer - i
O9: X 052 > 150 _CT10a, M)=04127-Max. value | SENSitivity I
.] S Q B 0_5 1 1 1 1 |
o - 300 400 500 600 1000 1680
= b | H; ,/2 (GeV)
¢ 1l |
1 ] S et el R A e ey S [ l‘+‘+ | |
B S e R a R s S HEC _Ht'
- Much reduced
05| | o L systematic uncertainty
300 400 500 600 1000 1680

Klaus Rabbertz

H; /2 (GeV)
Freiburg, 29.01.2020
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A

3- to 2-jet ratios

M. Wobisch R g02|'CMS""|"|'|'
= B 2 o 020 oMs %2011 ;
- ggg_ggg,_.A 0.18F .ﬁti_-lZTL\io.T a, =0.124 —
A 0.16" SN E
R \ 7
& Ol o B
proton S 01 2_ N =
O34jet 1 o1t E
. ' Fits only above 420 GeV
O 2t jet 2008 T v
Q= (Pr1,2) o006 | e o
- 0 04: | NNPDF I A \ L
CMS: R,, 9%200 400 600 800 1000 1200 1400
- Ratio of inclusive 3- to Py, (GeV)
inclusive 2-jet events
- anti-kT R=0.7 —p \s lum a (M) exp NP scale
- Min. jet pT: 150 GeV 2 [TeV] [fbT] PDF
- Max. rap.: |y| < 2.5 14 5.0 0.1148 23
- Data 2011 7 TeV, 8 19.7 0.1150 22  +50
and 2012 8 TeV prel.
Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 28



1 A
. A Running of as(Q)

—4— CMS Incl.Jet, {s = 7TeV
—¥— CMS tt, s = 7TeV
CMS 3-Jet Mass , |s = 7TTeV
—#— ATLAS TEEC,{s =7 TeV
—&— DO Incl.Jet
D0 Angular Correlation
H1
—a— ZEUS
- = = World Avg %(Mz) =0.1181= 0.0011

CMS Preliminary
Performfitsin g o —— CMS R, preliminary, ys = 8TeV, ag(M ) = 0.1150"0 %
fixed intervals ¢ — | NLO —e— CMS R,, preliminary, (s = 8TeV |
of the chosen 0.26 — CMS Incl.Jet , Vs = 8TeV
scale Q — —=— CMSR,,,\s =7TeV

- O g (Q) 0.22

Jet cross sections 0.16
and ratios

0.14
0.12
0.1
0.08
| 1 1 1 1 | | ] | | I | | ] ] | | L1 1 1 | ]
5678 10 20 30 40 100 200 30 1000 2000
Q (GeV)

Needs an update for

latest ATLAS, CMS, & H1 points ... New range explored at LHC =l
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A

Running of a (Q)

A

Ay

Perform fitsin o 008
fixed intervals ¥
of the chosen 026
scale Q |
0.24
) o.(Q) o
0.2
0.18
ttbar NNLO
0.14
Normalised 012
distributions
0.1
0.08

Needs an update for

latest ATLAS, CMS, & H1 points ...

Klaus Rabbertz

CMS Preliminary

NLO

- CMS R,, preliminary, Vs = 8TeV, ocs(Mz) =

—e— CMS R,, preliminary, {s = 8TeV
CMS Incl.Jet, {s = 8TeV

—8— CMSR,,,\s =7TeV

—— CMS Incl.Jet, Vs = 7TeV

0.11507°9%°°

-0.0023

—¥— CMS tt,{s = 7TeV

—+— CMS 3-Jet Mass , s = 7TeV

GRK 2044

| ) —%— ATLASTEEC,{s=7TeV — 8 TeV

<t —c— DO Incl.Jet

- A DO Angular Correlation —, ATLAS

— s —4— H1

- N —&— ZEUS

a < A = = = World Avg o5(M ) = 0.1181= 0.0011

[ ~ -.ﬂ'+

_— A ~.+ I

[ il

[ q“‘ o

[ g 0

[ | 1 1 1 1 | | ] | | 1 1 1 1 | ] ] | | L 1 1 1 | ]
5678 10 20 30 40 100 200 30 1000 2000

Q (GeV)

New range explored at LHC =l
Freiburg, 29.01.2020
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\ Normalised distributions =

Proton

Event shapes

Relevant ATLAS & CMS measurements:

Klaus Rabbertz

Freiburg, 29.01.2020

Proton

ATLAS:
PLB 750 (2015) 427; EPJC 77 (2017) 872;
PRD98 (2018) 092004.

GRK 2044 31



\ Normalised distributions

Pros & cons similar as for cross section ratios ...

@ Determination of a (M) in single-parameter fit

@ Testrunning of a_(Q) (reduced PDF dependence)

@ Some reduction in sensitivity
@ But cancellation of many systematic effects

@ More scale choices

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044
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. ﬂ Transverse energy-energy correlation

A A
o dcos N Z Z
¢ A=1 1j Zk Tk)
22 TEEC x o

fa\_l IIIIII|III|IIIIIIIII|III|III|III_

w

S 108 ATLAS e Data2012 9

o r —_— - -

Q [ (s=8TeV;202fb" Pythia8 .

P N L Herwig++ _

L anti-k, jets R =0.4

- 15—! ----- Sherpa =
= . 800 GeV < H,, < 850 GeV =
— I_ —

101 e 2 > n>2 =
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— -‘:'."' s —i m
- s T ]
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=

Klaus Rabbertz
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A

(A)TEEC in bins of Q = (p_+p_,)/2 &

Theory: o -
3-jet NLOJet++ ;'; 0.14 —
Scale choice: 0.13 f_\\
2011 7 TeV: -
M= M= (pT1+pT2)/2 0.12 :_
2012 8 TeV: 0.11 f—
M= (pT1+pT2)I2 -
W, = (p;,+p,,)/4 0.1
0.09 f—
\s lum o (M) exp NP
[TeV] [fb"] PDF
V4 0.16 0.1173 20
o) 20.2 0.1162 21
V4 0.16 0.1195 24
8 20.2 0.1196 22

Klaus Rabbertz

Freiburg, 29.01.2020

ATLAS

=

== TEEC 2012 Global fit
== TEEC 2012
—8— CMSR,,

== CMS inclusive jets 7 TeV ==w== CMS inclusive jets 8 TeV

=== CMS tf cross section
mfe DO inclusive jets

N

) ."d-\‘ \
S

<N

N\ World Average 2016
== TEEC 2011
wtfe= CMS 3-jet mass

=== D0 angular correlations

\\\\ \\“ \
\/ <
scale
I ] | | ] ] ] ] | |
+63 2 3
200 10
+76 Q [GeV]
-61
+60
-15
*61_13 Blue: ATEEC
GRK 2044 34



| Dijet azimuthal decorrelation ./,

Determine a_(Q) from additonal parton branchings separated in ® around the two leading jets.
Binning in sum of scalar transverse momentum H_ and rapidity separation y".

d2 O'dijet (A¢dijet <A¢max)

* | . dHTdy*
RA¢(HT7 Y A¢max) o d? o gijet (inclusive)
dHTdy*
Rag o o
a) 2->2 b) 2->3 2 >4

2

Adgijer = T

Klaus Rabbertz

3
2n/3 < AQgjer < T

If Ap__ in 3-jet region

max

Freiburg, 29.01.2020

4

Wobisch et al., JHEP 01 (2013) 172;
KR, M. Wobisch, JHEP 12 (2015) 024.
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A

R,, in bins of Q = H_/2 &k

RA(])( HT! y* 1 A(b max)

1L ® Aq)max =7m/8 B ATLAS | — NLO pOCD
; B AO,,,, =51/6 ; Vs =8 TeV ; --- LO pQCD
C A AQpay =314 T L=0010-202fb" |f + non-periurb. correct.
- Y A0, =203 | " ety
I 04—\ _ N _ :
-1 L .E
10 - -'“-‘.‘“\.\; . ._.“*'\.\-_‘ 3
L L .
2 X b4 y ¥y, ¥
E 4 E 1~{i -
_ o _ C Ug=ug=H;/2
i Y i _ MMHT2014 PDFs
- 0.0<y*<0.5 - 05<y*<1.0 - 1.0<y" <20
11 | 1 1 1 1 1 L1 1 | 1 1 1 1 1 L1 1 | 1 1 1
0.5 1 2 4 0.5 1 2 4 05 1 2 4
H; [TeV]

From more precise results with

Ag__ =71/8 in the two y* regions below 1.0:

\'s
[TeV]
8

lum a (M,) exp NP
[fb1] PDF
20.2 0.1127  *3¢

-19

Klaus Rabbertz

scale

+52
-19

Freiburg, 29.01.2020

Theory:
3-jet NLOJet++

Scale choice: y = py_=H./2

ATLASR,,

ATLAS TEEC

CMS M, ..,

CMS incIJusive jets
CMS R,,

DO R,z

D@ inclusive jets
ALEPH event shapes
JADE event shapes
ZEUS inclusive jets
H1 incl. jets + dijets

ATLAS

0.2

0.15

4bgocOmP>PO> 0

0.1

+0.0063
E Ots(mz) =0.1127 _o.0027

2 3

10 10

GRK 2044



Heavy stuff ¥es

L.

Heavy quarks

top-antitop

PLB 728, 496 (2013), JHEP 11, 067 (2012)

- [Erratum: PLB 738, 526 (2014)],
Relevant CMS measurements' CI\;IrSa-':'jE)nP-17-001,arXiv:1812.10505

CMS-PAS-TOP-18-004.
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W, Z, tT at the LHC

‘!
| e |
D A-Q total (2x)
11
Q_ ]-0 COAQ inelastic
[ —
b o . .
106 izl Standard el Production Cross Section Measurements Status: November 2019
o E A0 total (2x) = =
O 0. 10" Fgamy v ATLAS Preliminary
. Rl Theory
5 dijets b o Run 1,2 vs=5,7,8,13 TeV
10 o 10°F | &, ]
‘ \ E n|:i|ja'.s v E
WN 2
2 ey LHC pp Vs=7 TeV 3
3 Bl Do 45-49ib! e
_ LHC pp Vs =8 TeV _
F = ; : A Data 20.2 —20.31b™" 3
:_ I‘I - t-chan ‘.H‘Il VW _:
g St PN - LHC pp V5 =13 Tev
4 : < % gz :
10 0O n=o0 [ - e PO BEl Daia 32-798fb _
A0 : g o E
: han ”n'b""A O :
o= H—rr EAOD —
3 @ mn o E
. B A Wi B
103 2210 O &‘20 O i IHEB;L‘I{A K 4 - Ko ]
o - total i g L
1 GeV nj=2 A o [ H-yy i ]
a .
102 VA o O > 1 3 Hozz-ef A I 6“?
= o [ i A A
103k -g s
E nl-VZ E
B a4
PP Jets 7V w z tt t VV ¥y H WV VyWHEZ ttH tty 7YY Vij ww Wyy  Zyjj
tot. tot. tot. tot. tot. o EIXO:: Zyy WW? \Ii\}:(jj
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top-antitop production =y

Determination of a (M) correlated with m, (and gluon like for jets)

Differential cross sections

What top mass? Pole? MS,_?

Top measurements already in PDF?
Theory at NNLO or NNLO+NNLL

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 39



| Fits with tt production cross section -,

Top-pair production is especially sensitive to: NNLO
m, and a_and g(x,u.?) as the main production process at LHC is from gg

Using only the ttbar cross section measurement (dilepton channel) combined fits
are not possible.

Fix m, (& PDF) — constrain a_(or vice versa)

CMS 35.9 b (13 TeV) @ Analysis @ 13 TeV much improved:
%:0'125_ 5] NNPDF3.1 + Obtain o, in sim. fit from data with m"° as
Gl nuisance parameter
mErER + Running MS__mass m(m) as scale
6{igL % Conventional scale uncertainty
% Choose PDF and fix m(m,) as given
01 % Determine a_(M,) from fit to o,
] " Sensitivity of o (m,) + Try various PDF sets
., tom(m)inPDF Vs lum a (M) expm, scale
[TeV] [fb] PDF ...
OLD: 7 TeV, NNLO + NNLL, NNPDF23 —> 7 2301131 F o T
NEW: 13 35.9 0.1139 23 "

HATHOR, Aliev et al., CPC 182 (2011) 1034.
Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 40



A

Inclusive W,Z production

Very recent result from combined fit for set of
inclusive W and Z cross section measurements,
e and p decay final states only.

CMS 38 pb' (7 TeV) + 18.2 pb™ (8 TeV)

~o CT14 ; —

= HERAPDF2.0 ~— ;iJ!f i

& MMHT14 i T

~* NNPDF3.0 ; Y

B i TEE—y—

— | T e——

= .I‘ {1 |

: —

- — Py

- pae = N

- —Eeee——

| II|IIII|IIII|I\II|IIII|I\II|III|IIII|IIII‘III
0.085 009 0.095 0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14
CMS, arXiv:1912.04387. S 7

Klaus Rabbertz

Freiburg, 29.01.2020

7 TeV W
7TeVW,
7Tevz,
7TeVW'
7TeVW,
7Tev Z,
8 TeV W
8 TeV W,
8 TeV Z,
8 Tev W'
8 TeVW,
8 Tevz,

01,0 X 04(8)

Results using NNLO pQCD
for four PDF sets with CMS
data.

In total data from ATLAS,
CMS, LHCb and Tevatron
are investigated in
separate publication!

D. d’Enterria, A. Poldaru, arXiv:1912.11733,
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ﬂ Inclusive W, Z Pr oduction AJ’L

Recent result from combined fit for set of OLO &X Qg
inclusive W and Z cross section measurements,
e and p decay final states only.
10LHC combined | Results using NNLO pQCD
= o CTi4 i for four PDF sets with 28
< I 1 LHC datasets:
8_— - HERAPDF2.0 ATLAS 7
- —- MMHT14 CMS 12
6 - NNPDF3.0 LHCb 9
o
o
| — : n(My) = 0.1188 351
0 Derived from MMHT14 only!

A T R R I T RN S AN SR R SR SRR . o DT
0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12 0.122
NNLO
D. d’Enterria, A. Poldaru, arXiv:1912.11733 aS (mZ)

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 42



A Wrap up & concerns

as(Mz) results from ATLAS and CMS

Inclusive jets, NLO

7 TeV, p1, as(Mz) ' L 4

7 TeV, pr, as(Mz)+PDF —

8 TeV, pr, as(Mz) +—8——

8 TeV, pr, as(Mz)+PDF +——+

Dijets, NLO

8 TeV, (p1,2), as(Mz)+PDF —+-o—+—

3-jets, NLO

7 TeV, M3, as(Mz) —o—

7 TeV, R3p, as(Mz) —8—

8 TeV, R3p, as(Mz), prel. ————

8 TeV, Rag, as(Mz) +——

EEC, NLO

7 TeV, TEEC, as(Mz) —

8 TeV, TEEC, as(Mz) —o—

7 TeV, ATEEC, as(Mz) —_—

8 TeV, ATEEC, as(Mz) —

top-antitop

7 TeV, Oy, ag(Mz), NNLO+NNLL —e—

13 TeV, Oigt, as(Mz), NNLO —e—+

13 TeV, o4, a(Mz), NLO, prel. +—o—+

13 TeV, oy, a(Mz)+PDF, NLO, prel. —o—

(Inner uncertainty: All except scale)

World average [PDG 2016] -9
A I I
0.11 0.12 0.13

as(MZ)

@ Correlations to LHC data already in
PDF fits

@ Correlations between a (M), M
a(x)

@ (Gu)estimation of nonperturbative
effects:

top’

+ Different event generators &
tunes, different orders, different ...

+ |Incoherent among ATLAS, CMS,
Tevatron, ...

@ Conventional scale variation by
factors of 2, 2 and 10 assumption

@ Central scale choice ...!

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 43



A Scale choices &,

@ Inclusive jets o —‘ @t, ID

po = pr,1, Ppr,1-exp (0.3y")

@ Dijets
. to = (pr1 +p1.2) /2, ‘/27

i

@ 3-jets mﬁif‘\%
%y
Py fl\ |
@ Ratios X)(
NG
— "P(Y =

@ Shapes ‘m/
@ V+jets Lo = \/M% _|_pr2rz + Hr et ?

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 44



Q| Perspectives & educated guesses -,

@ Experiment:

Done: Observables 0 ~ a ? o R,, ~a_; 7 TeV; full phase space

Mostly done, 8 TeV data: Some reduction in experimental uncertainty

Partially done, 13 TeV: Final precision?

+ ¢+ + ¢

Best JEC phase space: Further reduction by some permille?

L

Other observables: Ratios (n+m) / n jets (incl. y, W, Z),

Normalized cross sections (A)TEEC,R,,, R, (— DO0)

A®’
@ Theory:

% Scales: NNLO important — reduction by 2 — 3 percent!?

% PDFs: Much improved after LHC |, also HERA 2 data available

- Better known gluon (Attention circularity jets — g(x) & jets — a )
- Fits combining observables at various s to disentangle g(x), M, a

% NNLO ratios?

% NP effects?
Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 45



A PDG Summary 2019 &

PDG2019 0.35 = L B L L
m T decay (N°LO) o~ ]

low Q? cont. (N°LQO) Fe— -

03 L DIS jets (NLO) F+— ]

Heavy Quarkonia (NLO)
e"e” jets/shapes (NNLO+res) F+—
pp/pp (Jets NLO) —e— -

EW precision fit (N°LOy-e— ]

pp (top, NNLO) =+

All except lattice

aS(MZ) = 0.1176 = 0.0011] o2

Lattice FLAG 2019

S mf 2012range -
CMS(Mz) = 0.1182 = 0.0008 [ |
0.15
0.1 - .
Final PDG average — a (M) = 0.1179 + 00010 :
as(Mz) = 0.1179 = 0.0010] 0
Q [GeV]
Aag(M
sWMz) _ gyl
as(Mz) PDG'92: 2.4%

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 46



A

PDG Summa

ry 2019

low Q2 cont. (N°LO) e~ |

Heavy Quarkonia (NLO)
e"e” jets/shapes (NNLO+res) F+—
pp/pp (jets NLO) Fe— -
EW precision fit (N3LOy-e— 7]

— (M%) = 0.1179  0.0010

II|. L L I.JIJI.IJ i |

2012 range .

h

T decay (N°LO) +o—

DIS jets (NLO) F+

pp (top, NNLO) v -

10
Q [GeV]

Baikov 2008 PDG2019 035 7
Davier 2014 I\
Boito 2015 T deg{:ays New: B
Pich 2016 5 W
Boito 2018 low @ QQ bound states 03 F
PDG 2018 : Tt
! —
Mateu 2018 4 QQ
Peset 2018 i o Ié}ound statet |
1
1 0.25
BBGO6 —e— | -
JR14 —— -
MMHT14 [—;L DS[S . -
H ]
ABMP16 —e—i | PDF fit A A
NNPDF31 : He i g 0.2
CT14 I—.—'—-z:—l S i
___________________________________ el
ALEPH (j&s) sk *
OPAL (j&s) |_..=..l_| A
JADE (j&s) — 0.15
Dissertori (3]) . - aete- 5
JADE (3]) ; L i jets
Verbytskyi (2]) |-=-..—| &
Kardos (EEC) —— shapes NEW'
Abbate (T) o ! - ] 0.1 F
Gehrmann (T)  p———@——ri I hadron CO||IdeI'
Hoang (C) i N
(= W B
glrags{nt}? (tt) IEARE '_'_'_j:'_ 4 hadron . 0.05
HI (jets) |—q——:-| collider Most precise: 1
— = Lattice
) H 0 electroweak
Gfitter 2018 HS . — / Q M
FLAG2019 He lattice aS( Z)
0.110 0.115 0.120 0.125 0.130 M
2
August 2018 as(Mz) aS Z

Klaus Rabbertz

= 0.8%

Freiburg, 29.01.2020
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PDG92: 2.4%
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A Summary & Outlook &

@ LHC at7 TeV and 8 TeV enables measurements up to scales of 2 TeV
@ 13 TeV data yet to be fully evaluated
@ Theory at NNLO QCD + electroweak corrections are a must!
@ Typical uncertainties on a_(M,):
+ Experimental: ~1-2%
+ PDF: ~1-2%
+ Scale: 3-5% —1-2% at NNLO(?) but still an issue.

Central scale choice?
+ Nonpert. Effects: 1 % (really?)
@ Beyond one experiment ( see also - LHC EW Working Group):
+ Combined fits of ATLAS & CMS (LHC) measurements
%+ Combined fits of HERA, Tevatron & LHC measurements
= CHALLENGE: a_(M,) at 1% or better from hadron colliders!

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 48



Thank you for your attention
and the invitation to speak here!

Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 49



Backup Slides
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| Inclusive jets: NNLO & scale choice -

I

QCD scale choice: p_ = p_= P et

- close to recommended one

Theory/Data

12 |y|<0-l5 o T e _ ATLAS
1.4F b
E L=81nb'-3.2fb"
VR - 1 e
0.8F {s=13TeV
0.6:—
12 | Data
g i il i NHH iy oo
0.8 o NNLO QCD
1'3 O|y|15 o ® Kew © ke
; 2 NLO
11 |H H‘N‘ H“i”ﬂﬂlﬂq + MMHT 2014 NLO
' NNLO
8 g ‘ MMHT 2014 NNLO
107 2010 10 2><10[Gev] Currie et al., PRL 118 (2017) 072002

Klaus Rabbertz

anti-kt, R=0.4, 13 TeV

Acta Phys. Pol. B48 (2017) 955.
Freiburg, 29.01.2020

CD scale choice: p_=p_= Pr max

- NOT recommended

Theory/Data

i% y<os |
: -ﬁ__““#mwﬁmmm“ 4 :
?;;05 e
IN f— 1
12’ VPR 3
1121 ’HM\NH '

GRK 2044 .



A

Cross sections ~ as3

@ As compared to a_’:

fa

-

o

Higher sensitivity

Smaller statistical precision
Smaller dynamical range
More scale choices

Theory at NNLO not available

Klaus Rabbertz Freiburg, 29.01.2020
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A

3-Jet mass

P

ATy
—1
Sensitive to a_beyond 2—2 process _, 10 CMS , 5.0fo  (7TeV)
= E
. @ CMS, EPJC 75 (2015) 186. 1
NLO with 3-4 partons (NLOJet++) G 10°¢ 1
Sensitive to PDFs S 10" | ]
Involves additional “scale” p,, £ 10—2; —— NLO x NP -
go 3 F _+_ |J/|max S 1
18 CMS 5.Ofb—l1 (7TeV) S 10 _¢_ 1 < [Y]max <
Qisl ' Z4= Daia/NP ' S
= i ~ 10 3
, CT10-NLO, APDF CL68 © 5
§1 41 " Anti-kt B =0.7, |y|max < 1 T 10-5 . CT10-NLO M, d, = m,/2
9/1 2 — — Ei_ Antl'kt R = 07 |y|max - 2.0, pT3 > 100 GeV
Q10 ] 10-6 Lo — '
Zos| | T~ 500 1000 2000 GeV]
20.6 | —— MSTW2008-NLO + Most PDF sets compatible to data do :
=0 | _ :
0.4 = =+ NNPDF2.1-NLO o 37et 3
AL HERAPDF1.5-NLO _ Q — m3/2 Qg
02F ... ABM11-NLO 1 Extraction of a(M,): — O_ M3 et
200 10 2 ey Vs lum o (M) exp NP scale
[TeV] [fb"] PDF
7 5001171 28 &
Klaus Rabbertz Freiburg, 29.01.2020 GRK 2044 23



Mass bins

5/

1/c do/dy(it)
o
o

o
-

0.05

I

Ratio

0O —=-

MG5_aMC@NLO, Alwall et al., JHEPO07 (2014) 79.

1 2

1 2

m>°=172.5 GeV

| —og=0.118, y2=61

- 0g=0.113, %2=56

|-~ 0s=0.123, x2=87

Initial description of data at NLO with CT14 PDFs for 3 values of a_(M,)
Freiburg, 29.01.2020

Klaus Rabbertz
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| Wi [ ] [ | | [ Jl
| Sensitivity of differential cross section .-,
Binning in y(tt), M(tt), and jet multiplicity N NLO
g in y(tt), M(tt), and jet multiplicity N, |
N, =0 N_ >0 Normalised
- > - L >
CMS Prehmtnary 35 9 fb (13 TeV)
300<M(tf) 4{]{}<M(ﬂ) T I5()0<I'w1l(ﬂ) T |300<Mztf) T 4{}{]<M(t’[} T 500<M(tf) ¢ Data, dof=23
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| Fits using tt differential distributions &
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Description of data after fit of a_(M,), m ', PDFs to HERA + tt data
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| Fits using tt differential distributions

Comparison of x? for a_(M.)

with HERA only and with
additional tt data

NLO

Cross check a_(M,) fit @ NLO

with external PDFs ABMP16,
HERAPDF20, and CT14
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Inclusive W,Z production
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0.085 0.09 0.095 0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14
odNC(m ) D. d’Enterria, A. Poldaru, arXiv:1912.11733,
z CMS, arXiv:1912.04387.
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| Combining LHC & Tevatron tt data -,

- fitting procedure similar to CMS; more conservative scale dependence treatment

- combines results using NNLO or NNLO+NNLL for theory prediction

- updated and complemented set of ttbar cross section measurements from LHC

- includes Tevatron results

- consideration of correlations among measurements

- combine results only from PDF sets without ttbar data (CT14nnlo, NNPDF30_nolhc)

Datasets:
o, (pb)  Statistical unc. (%)  Systematic unc. (%) Luminosity unc. (%)  Epeqm unc. (%)  Exp. m, unc. (%)
ATLAS (7TeV) [16] 182.5 1.7 2.3 2.0 0.3 03
ATLAS (8TeV) [16] 2424 0.7 2.3 2.1 0.3 R
ATLAS (13TeV) [17] 816.3 1.0 3.3 2.3 0.2 ol
CMS (7 TeV) [13] 1734 1.2 2.5 2.2 0.3 03
CMS (8 TeV) [13] 2441 0.6 2.4 2.6 0.3 o
CMS (13TeV) [14] 809.8 1.1 4.7 2.3 0.2 o8
Tevatron (1.96TeV) [18]  7.52 2.7 3.9 2.8 0.0 ia

Bethke et al., NPPP 282-284 (2017) 139.
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ﬂ Combining LHC & Tevatron tt data &
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V+jets production

@ NNLO available for V and V+1jet
@ NLO available for up to V+4/5jets

@ Very precisely measurable, in particular in leptonic decay modes

@ Not used so far for a (M,) or a (Q) by LHC experiments

Observables and labels for the fits.

Observable(s)

TABLE 1.
Label
New study of published all -
ATLAS data on inclusive 2}, ncl
Z+2/3/4 jet observables @ NLO  3; ;.
for extraction of a (M. )!
(No ratios [n+1]/n though ...) 4, incl
all y
all p*
Vi
P

Combination of all histograms

Combination of the transverse momentum and rapidity
of the second jet for the two-jet inclusive sample

Combination of the transverse momentum and rapidity
of the third jet for the three-jet inclusive sample

Combination of the transverse momentum and rapidity
of the fourth jet for the four-jet inclusive sample

Combination of all the rapidity distributions

Combination of all three transverse momentum
distributions

Rapidity for the i-jet inclusive sample

Transverse momentum for the i-jet inclusive sample

M. Johnson, D. Maitre, PRD 97 (2018) 054013.
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\ Z+2/3/4jets production

ATLAS ATEEC 7TeV [38]
ATLAS TEEC 7TeV [38]
ATLAS ATEEC 8TeV [3]
ATLAS TEEC 8 TeV [3]
CMS 3 jets 7TeV [7]
CMS 3j/2j ratio 7TeV [2]
CMS inclusive jets 7TeV
CMS top pair 7TeV [39]
This work:

NNPDF3.0

MMHT

CT14

(4]

NN

0.110

Scale dependence & NP effects evaluated with
“standard” method & profile X2 resp. nuisance parameter

Klaus Rabbertz

Freiburg, 29.01.2020
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A PDG 2019 Comparison &

a_at NLO from jet production a_from lattice groups

CDF 1.96TeV (1)) 1 : i 1
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Mal.&Star. 7TeV (1)) | G

H1 319 GeV (1)) : ] < PACS-CS 09A ; l

CMS 7TeV (1)) : IR

CMS 8TeV (1)) } ' 7 Bazanov 14

Britzger (1j) I !

.............................................. | HRERERERERAN HPQCD 10

ZEUS 318GeV (R32) | ’ :

DO 1.96 TeV (RdR) : i Maltman 08

CMS 7TeV (R32)

CMS 7TeV (m3)) | 3 JLQCD 17

ATLAS 7 TeV (TEEC) : i | =

ATLAS 7 TeV (ATEEC) = HPQCD 14A

H1 319 GeV (nj) | : o

ATLAS 8 TeV (TEEC) | ] HPQCD 10

ATLAS 8 TeV (ATEEC) :

ATLAS 8 TeV (RdPhi) L [ M B

| I B ' T A |

R 0.110 0.115 0.120 0.125 0.130 August 2019 0.115 0.120

ugust 2019 (Mz)
as(M2) Qs{Mz
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A Jet energy scale and a.

Two goals for a_:
k)

Incredibly Uncomfortably
shrinking error  growing error

1. Measure the running of a (Q) up - .
to the highest scales possible - - m . "”

— In CMS mostly looked into a (Q)! §' : L

2. Measure a (M,) as precisely as P 0B '
possible S :

— For a (M,) might want to stay g 0 ; ——
at minimal JEC uncertainty: = L :
200 — 800 GeV, central rapidity S o L L h

3 Vo :

Better in: s | L :

<+ JEC uncertainty g " r) D Lo ]

+ PDF uncertainty b _

= Evolution to Mz -0.75 PP PR 2:. sl 3

Worse in: NP effects 1 10 10 Q/GeV
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A| a; Projections from Snowmass .|

Still at LHC:

Only jets probe running a, at highest scales
< 1% uncertainty at M, challenging ...
Need NNLO and improved PDFs (gluon) plus some experimental optimization

Method Current relative precision Future relative precision
_ expt ~ 1% (LEP) < 1% possible (ILC/TLEP)
eTe™ evt shapes o o . _
thry ~ 1-3% (NNLO+up to N3LL, n.p. signif.) [27] | ~ 1% (control n.p. via Q*-dep.) 1%
L expt ~ 2% (LEP) < 1% possible (ILC/TLEP) 0
eTe et rates . ) c o
thry ~ 1% (NNLO, n.p. moderate) [28] | ~ 0.5% (NLL missing
t ~ 3% (Rz, LEP 0.1% (TLEP [10]), 0.5% (ILC [11
precision EW P /{\_( s ) / ( y | D 5% ( 1) <1°A)
thry ~ 0.5% (N3LO, n.p. small) 9,29] | ~ 0.3% (N*LO feasible, ~ 10 yrs)
q expt ~ 0.5% (LEP, B-factories) < 0.2% possible (ILC/TLEP)
7 decays
) thry ~ 2% (N3LO, n.p. small) [8] | ~ 1% (N*LO feasible, ~ 10 yrs)
~ 1-2% (pdf fit dependent 30,31], | 0.1% (LHeC + HERA [23
ep colliders %o (p e%)en ent) | ) / ( T ) 123) <1%
(mostly theory, NNLO) 32,33] | ~ 0.5% (at least N®LO required)
TEES——"— — —SN—S—-...SSS_————
~ 4% (Tev. jets), ~ 3% (LHC tt - 1% challengi
hadron colliders i %o (Tev. jets), _ % ( 2 < 1% challenging ~1%
(NLO jets, NNLO tf, gluon uncert.) [17,21,34] | (NNLO jets imminent [22])
lattice ~ 0.5% (Wilson loops, .correlators, ...) ~ 0.3% <0.5%
(limited by accuracy of pert. th.) [35-37] | (~ 5 yrs [38]) -

Snowmass QCD Report, arXiv:1310.5189.
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