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A Jets at the LHC

Abundant production of jets:

- Jets at hadron colliders provide the highest reach ever to determine the
strong coupling constant at high scales Q

= Also learn about hard QCD, the proton structure, non-perturbative effects,
and electroweak effects at high Q

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

a Jet 1 p: 585 GeV

Proton Structure
(PDF)

Proton Structure
(PDF)

Matrix Element  Hadrons
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Jets at the LHC

Proton Structure
(PDF)

Proton Structure
(PDF)
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Matrix Element Hadrons
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&‘ 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
/,_,—Iepunkictop candidate
\ '

hadronic top
-candidate

\ - leptonic top - g
= Missi E; candidate -

-L.EXPERIMENT

Run Number: 167576, Event Nurnber: 10¢
Dat 010-10-24 12:10:09 EDT
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ﬂ Jet cross sections ~ a_?

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

@ Test consistency of running of a_(Q)

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

Klaus Rabbertz Dresden, Germany, 27.08.2018 QCD@LHC 2018
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A\ All inclusive

Large transverse momenta

CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010§CEST
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: CMS:

PRD 87 (2013) 112002; PRD 90 (2014) 072006; EPJC 75 (2015) 288;
EPJC 76 (2016) 265; EPJC 76 (2016) 451; JHEP 03 (2017) 156.
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| 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| upto 3 ~ 5 dedy
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
= Ay T E Exp. uncertainties for |y| < 0.5
@ 10°E (5-13Tev, s1nb"- 321" ® <0510 o | , — , —
Ko 106:: : °'5Sb'"1'°{“°:] :: c 0 6_ Total Sys. Uncertainty ATLAS m
ok c 10SbI<18010 ) 3 © ‘Ol mm Jet Energy Scale - a4 4
> 103 =Ce ®oe, O 155“"‘2'0{“0_11 . % = Jet Energy Resolution 1S B 13TeV,81nb"-3.210" 7
o) = o..... A 20<|y|<25(x 10.15]E 8 - BB Other anh-k1 R=0.4 h
= 4B oo, 4 28<hl<30p107) 3 5 0.4r — ¢ Stat. Uncertainty lyl <0.5 |
Q‘ — OOOOO T ()] — —
Q —3[F oo s = - i
6 107 = - 3 3 02 B
© 0E \ - T - -
10°F = O S e 7
10 125 = N I
107155: EE -0.21~ i
18 :: NLOJET++ (CT14 PDF) = :E _— —_
10 :: Non-pert. cn(:rr. % EW c)urr. ﬂh_g_ :: _0 4 L _
-10—21_ | L _ | ! ! L ! ! !
102 3 102 2x10? 10°  2x10°
p_[GeV] p, [GeV]
NLO: Ellis, Kunszt, Soper, PRL 69 (1992) 1496; T : : .
Gi"je’ gl';f;r K%I;‘:’wer, NPB( e ()1 e e Fo[‘r all details on ATLAS jet measurements:
Z. Nagy, PRD 68 (2003) 094002. — Talk by Bogdan Malaescu on Wednesday
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| 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.

3_1.15

Non-perturbative correction facto

- |y|<0.5 —4— Pythia8 4C-CTEQSL1
1.1 —e— Pythia8 A14-NNPDF2.3LO
- —8— Herwig++ UE-EE-5-CTEQSL1
1 o5l ——— Herwig++ UE-EE-5-MSTW2008LO

—%— Pythia8 AU2CT10

I I T T
\s =13 TeV
anti-k, R=0.4 —a— Pythia8 AU2-CTEQ6L1

Uncertainty

1=
: —-— v
0_95:_ M _:
i{;ﬂﬂa i

=~ ATLAS Simulation |

Og I ) I I L1 \3 I . |
2x10 10 2x10
p, [GeV]

Klaus Rabbertz

Dresden, Germany, 27.08.2018

Electroweak correction factors:

- calculated perturbatively

- uncertainty small

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

—Talk by
Marek Schénherr
on Wednesday

=1.15(1 —
4% i Dittmaier, Huss, Speckner
‘E - anti-k, R=0.4

0 - — lyl<05
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10°  2x10° 10°  2x10
g‘ilt\::maier, Huss, Speckner, JHEP 11 (2012) 095. pT [GeV]

Frederix et al., JHEP 04 (2017) 076.
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QCD scale choice: p_ = p_= P et

- for small p. better agreement with NNLO

Theory/Data

T yeos 7 71 ATLAS
1:3'_ i | ] L=sinb'-321"

1 N” H#H#Mﬂmﬂmﬁ "t %
0.8F Is=13TeV
0.6§—| o |
1.3 - 05<ly|<1.0 : anti-k, F=0.4

: E Data
1.2 =
1.1 |HM 3

Wil o] oo
0.9F } e ® Keyy @ Kyo
0'8' —+—+—+—+++H —t _ NNLO QCD
1-‘31 10<|y|<15 © ke © ko
1. 2 3 NLO
il NHN Hiﬂﬁﬂﬂﬂh
8 g ‘T MMHT 2014 NNLO

10° 2><1o2 10 2x10°

o8 [GeV] ¢ Carrie et al., PRL 118 (2017) 072002,
A t Phy P |. B48 (2017) 955.
Klaus Rabbertz Dresden, Germany, 27.08.2018

A Inclusive jets: NNLO & scale choice

anti-kt, R=0.4, 13 TeV

CD scale choice: p_=p_= P max

- for small p, better agreement with NLO

d

Theory/Dat

ig}w#mﬂmm“-, . I
H N il umm "
Al i \\m o

QCD@LHC 2018 10


mailto:QCD@LHC

N Inclusive jets: a_

Sensitivity to a (M) at NLO X2 fit of a (M,) for all jet p, and |y| bins
- CMS: anti-k, R = 0.7 at \s =8 TeV - In fit: all exp. + PDF + NP uncertainties
- QCD scale choice: p_= .= p. . - PDFs: CT10 NLO PDF sets for various a_(M.)
Jje
_ ,CMs 19.7 fb™' (8TeV) CMS 19.7 o (8TeV)
_I I | T T T | T _
5180 lyl < 0.5 - 200/~ 7
© F CT10NLO anti-k, (R = 0.7) . o 2log(M,)] |
2 1'6:_ B  — Polynomial Fit ]
& 14 = i i
1_2: ____________________________________________ e é 1951 0g(M,) = 0.1164" —
! # %+}$++#f%+ﬁﬁ{+ﬁ% IIIIIIII 8 w oL (u/u, o) = (1, 1) ]
0.8 a i |
- - B 12 Np,, = 186.5/185 ]
o6f = 0s(M,) =0.1120 & 190 _
- ag(M,) - ]
0.4— . = og(M,) = 0.1270 = i
0 23_ ag(M)) = 0.1180 - i
[ -eDat a/NLO@NP@EWK) ] |
0_| L I I I Lo | L
80 100 200 300 1000 2000 0.113 0.116 0.119  0.123 0.127
Jet P, (GeV) ag(M)

Jets @ NNLO not used yet in fits @ LHC; — Talk by Daniel Britzger tomorrow for results in ep scattering
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N Inclusive jets: a_ & PDFs

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

Reduced uncertainties of gluon PDF

s CMS NLO HERAPDF Method (Hessian) Results for a (M,) at NLO from 7 and 8 TeV
R B HERA I+1l DIS Q%=1.9 GeV? CMS jet data
X 5 [ [ HERAIIIDIS + CMS jets 8 TeV
(o)) L
x | a(M) exp PDF NP sum  scale
2 -
0.1185 19 28 4 35 el
1
O . 1 16 4 +14_15 +25_29 1 +29_33 +53-28
E 0.1192 +23_19 +24_39
c
3 0.1185 +19-26 +22-18
Q
o b
Wosab_ioad o0l il ] . ]
1074 1072 10 2 107" Darker/lighter shading: / jet data
13 (7 TeV) / 18 (8 TeV) Reddish/bluish color: / PDF fit
parameter fit Open question: Uncertainty of missing higher
XFitter (HERAFitter): Alekhin et al., EPJC 75 (2015) 304. orders (aka scale UncertaintY) in PDF fits
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N Dijets

Large masses

Proton

ATLAS:

JHEP 05 (2014) 059; JHEP 05 (2018) 195.
Relevant ATLAS & CMS measurements: s, 2014 (2018}
PRD 87 (2013) 112002; EPJC 77 (2017) 746.

Klaus Rabbertz Dresden, Germany, 27.08.2018 QCD@LHC 2018 13
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ﬂ Triple-differential dijets

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

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

2

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

108 1 1 1
- S —0— 0= yp<1 0= y*<1(x102)
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e ; | o b l=syp<2 1=y*"<2(x101)
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P X
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S T T, ol 2 103 } M = PT, max€0-3y" -
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A

Triple-differential dijets

Simultaneous fit of a_ & PDFs combining

HERA DIS & CMS djet data using xFitter Tool

Data over NLO pQCD x non-pert. x EW corrections

Reduced uncertainties of gluon PDF

— 4-0 T T T T T 1117 T

‘5‘)3 5. CMS HERA I+II DIS |
e HERA I+l DIS + CMS dijets
=30 Q2=1.9GeV? .

—HERAPDF method (Hessian)

S 00— i
O 04p T T T T
O 0.2

% 0.0 PP I T I T I,

' —Q.2

£-04b
104 10-3 10-2
16-parameter fit

Klaus Rabbertz

a (M)
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Dresden, Germany, 27.08.2018
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A Multi-jets and a_

Higher multiplicity

Relevant ATLAS & CMS measurements:


mailto:QCD@LHC

ﬂ Cross sections ~ a’

@ Same as before but:
+ Higher sensitivity
+ Smaller statistical precision
+ Smaller dynamical range
+ More scale choices

Klaus Rabbertz Dresden, Germany, 27.08.2018 QCD@LHC 2018 17
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A 3-jet mass

Sensitive to a_ beyond 2—2 process 10! CMS, — 5'be_1 (7 TeV)

CMS, EPJC 75 (2015) 186.

NLO with 3-4 partons (NLOJet++)

Sensitive to PDFs

—h
o —
I o
- o)

L NLO x NP

3

F _+_ |y|max§1

Involves additional “scale” p_,

Q2o / Ay dymmax [pb / GeV]
5|

— —3
_1a CMS 5.0fb .1 (7TeV) 10 [:] 1< |Y|max <
;16 + Data/NP ] 10_4F
, CT10-NLO, APDF CL68 ;
51 AT Antik R = 0.7, [y|max < 1 T 10-5 . CT10-NLO ML, = m,/2
9/1 2 — —- l;_ Antl'k‘[ R = 07 Iylmax - 2.0, pT3 > 100 GeV
Q1.0 N oL . . . '
Z 0.8 | T~ 500 1000 2000 oo
20.6 | —— MSTW2008-NLO + Most PDF sets compatible to data do :
= | | :
0.4 L — =+ NNPDF2.1-NLO d o 37et 3
0:02- -+ =+ HERAPDF1.5-NLO ; Q — m3/2 — X Ay
0'0 - ,'"'.'".A.B'\./”f'Nm , _] Extraction of ay(M,): — O_ e
500 1000 2000
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0.1171 13 24 8 *69

-40
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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 Dresden, Germany, 27.08.2018
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| Sensitivity vs. systematic effects

CMS Preliminary

19.7 tb” (8 TeV)

1680

Inclusive 3-jet = 2
. S L antikR=07 o3 Inclusive 3-jet to inclusive 2-jet
cross section - . e g :
S L ——CT10 (M) = 0.112 - Min. Value cross section ratio
3 9 L —CT10 ay(M,) = 0.118
O-BJ X Qg {Z;, 15 ——CT10 0 (M,) = 0.127 - Max. ValueIA ) R3/2 X Qg
E : _______________ I —’__LJil_J_
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© B o = - anti-k R=0.7 R
13‘—H++++HH+H+++&++' ]l 5 F wi<2s - Daane
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i @) L —CT10 o (M) = 0.118
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0-5 1 1 1 1 | _9 B
300 400 500 600 1000 1680 ke B
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. . = Y e =T ER
Inclusive 2-jet 2 | antikr=07 10 |
ti O [ lv<2s - Data/(NP ® EWK) == R A R
cross section © L ——CT10 ¢, (M) = 0.112 - Min. Value Reduced I + T
o 9.1 oo e sensitivity -
. = 15— ——CT10 0 (M) = 0.127 - Max. Value |
0-2.] m aS _9 B _5 1 1 1 1 |
o - | 300 400 500 600 1000
E :____,__,___,___——ﬂ—~———~ﬂ~——ﬁ’¥ | HT,2!2 (GeV)
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e L g e e e e ﬂt
- Much reduced
05| o L systematic uncertainty
300 400 500 600 1000 1680
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Hy /2 (GeV)
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A

3- to 2-jet ratios

M. Wobisch

proton

proton

antiproton

CMS:R,,

- Ratio of inclusive 3- to
inclusive 2-jet events

- anti-kT R=0.7

- Min. jet pT: 150 GeV

- Max. rap.: |y| < 2.5

- Data 2011 7 TeV,
and 2012 8 TeV prel.

Klaus Rabbertz

R
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LO+PS — NP

LO+PS & NLO+PS

— NP

Dresden, Germany, 27.08.2018

v 0.2
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0.12

0.1
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- S ]
: “\\\
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. NNPDF i
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200 400 o600 800 1000 1200 1400
Py, ,» (GeV)
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N Running of a_(Q)

—+— CMS Incl.Jet , s = 7TeV
—»— CMS tt, Vs = 7TeV
CMS 3-Jet Mass , {s = TTeV
—#— ATLAS TEEC ,{s =7 TeV
—o— DO Incl.Jet
D0 Angular Correlation
H1
—#— ZEUS
= = = World Avg og(M ) =0.1181+ 0.0011

0.24

- O g (Q) 0.22

CMS Preliminary
Performfitsin g . F —— CMS R,, preliminary, {s = 8TeV, (M) = 0.1150"2°°°°
fixed intervals ¢ — | NLO —e— CMS R,, preliminary, (s = 8TeV |
of the chosen 026 F— CMS Incl.Jet, Vs = 8TeV
scale Q u —=— CMSR,,,Vs=7TeV

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)

New range explored at LHC =l
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N Running of a (Q)

CMS Preliminary
Performfitsin g | —— CMS R, preliminary, Vs = 8TeV, o (M) = 0.1150*%2%°
fixed intervals » """ | NLO _e— CMS R, preliminary, /s =8TeV o
of the chosen 026 — CMS Incl.Jet , ys = 8TeV
scale Q — —m— CMSR,,, Vs =7TeV
024 —+— CMS Incl.Jet, \s = 7TeV
I —»— CMS tt . |s = 7TeV
- g (Q) 0.22F —+— CMS 3-Jet Mass , |s = 7TeV
= N —A— ATLAS TEEC, Vs =7 TeV
0.2 —&— DO Incl.Jet
[ A D0 Angular Correlation —, ATLAS
0.18— - E—T
- N —&— ZEUS
ttbar NNLO - SO T d = = = World Avg ag(M ) = 0.1181+ 0.0011
- ¥
014 d 1
- I +‘+
Normalised 012 s CHEAd
distributions — e SRR
01— —Rslply
0.08— i .
[ | 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
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A Normalised distributions

Event shapes

Proton Proton

ATLAS:

Relevant ATLAS & CMS measurements: PLB 750 (2015) 427; EPJC 77 (2017) 872;
arXiv:1805.04691.

Klaus Rabbertz Dresden, Germany, 27.08.2018 QCD@LHC 2018 24
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A 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 Dresden, Germany, 27.08.2018 QCD@LHC 2018
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ﬂ Transverse energy-energy correlation
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| (A)TEEC in bins of Q = (p,,+p,,)/2

Theory:
3-jet NLOJet++

Scale choice:

20117 TeV:

M= M= (pT1+pT2)/2

2012 8 TeV:
Mr = (pT1+pT2)l2
Me= (pT1+pT2)I4

Darker / lighter shade: ;4

c
n
3

0.14 ATLAS = TEEC 2012 Global fit
- == TEEC 2012
013 '_\ —8— CMSR,,

=i— TEEC 2011

wlfe= CMS 3-jet mass
== CMS inclusive jets 7 TeV ==w== CMS inclusive jets 8 TeV
== CMS ti cross section

0.12 mefede DO inclusive jets
0.11 i
R\
T0 \\ 1« RTAS.
‘\'; N
0.1

‘-. N 1 !
1

AN\ World Average 2016

== D0 angular correlations

gRul | | | | |
II|IIIIIIIIIIIIIIIIIIIIIIIIII

7 TeV /8 TeV ) .
a (M) exp NP  scale {
; o ] | | ] | | ] ] ] ] ] |
0.1173 10 17 2 "2 107 10°
+76
0.1162 11 18 3 N Q[GeV]
0.1195 18 16 0 +60-15
0.1196 13 17 4 "2 Blue: ATEEC

Klaus Rabbertz

Dresden, Germany, 27.08.2018

QCD@LHC 2018

27


mailto:QCD@LHC

Al 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".

d? Odijet (Addijet <APmax)

* | L dH~r dy*
RAQb(HT’ Y A¢max) o d? 0 gijet (inclusive)
dHTdy*
Rag o o
a) 2—>2 b) 2->3 c) 2>4
1 1 2 1
2
2 3 3 4
If A(pmax in 3-jet region Wobisch et al., JHEP 01 (2013) 172;

KR, M. Wobisch, JHEP 12 (2015) 024.
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R,, in bins of Q =H_/2

B\
eé L *Aog=7we | ATLAS | — NLOpQCD Theory:
3 - B A, =516 c Vs =8TeV - --- LO pQCD i
o - A A0, =3m/4 - L=0010-202fb" |f ¥ non-perturb. correct. 3'jet NLOJet++
— i v A¢max:2m!3 i i .—-r.-—.--._._'.--
= I I *‘\\! _ §
= I—rl-I—.._._._E H . — —
R 1*:,*.:""\_“\; :_-L.,__\_‘j : Scale choice: p_ = p_=H_/2
i i A, -
| : \‘\ L Bes e
10 2_—1‘1"1:! _—!Tl, - Ty Ii
- ¢ - Tay :
_ o _ [ Up=Uug=H;/2 .
i Y i [ MMHT2014 PDFs O 025 |- ® ATLASR,,
L 0.0<y*<05 L 05<y"<1.0 - 1.0<y* <20 o - ATLAS A ATLAS TEEC
L] IR | B S R T S - O CMSM,.,
0.5 1 2 4 05 1 2 4 0.5 1 2 4 i * CMSincﬁusivejets
Hy [TeV] B A CMSR
! 02t = DOR,,
O D@ inclusive jets
¢ ALEPH event shapes
% JADE event shapes
0.15 | A ZEUS inclusive jets
i ¥ H1incl. jets + dijets
From more precise results with -
— H * H . B
Ag__ =71/8 in the two y* regions below 1.0: 0.1 |
i +0.0063
GS(MZ) exp PDF NP scale | = o4(my) =0.1127 Zgo0z7
III| | | \IIIII| | | \I\I\Il |
+19 +30 +3 +52 2 3
0.1127 8 r R e 10 10 10
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A Heavy stuff

Heavy quarks

top-antitop

Relevant ATLAS & CMS measurements:

Klaus Rabbertz Dresden, Germany, 27.08.2018

CMS: PLB 728, 496 (2013), JHEP 11, 067 (2012).
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top-antitop production

Theory at NNLO or NNLO+NNLL!

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

What top mass? Pole? MS,_?

Top measurements already in PDF?

Klaus Rabbertz Dresden, Germany, 27.08.2018 QCD@LHC 2018
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| Fits with top-quark pair production

Top-pair production is especiall

sensitive to:

m°® and a_and g(x,p.?) as the main production process at LHC is from gg
Using only the ttbar cross section measurement (dilepton channel)

combined fits are not possible. Fixing the gluon to one of 5 PDF sets,

however, it is possible to extract m° while fixing a_or vice versa.

as(Mz) = 0.1151 £ 0.0025(exp)

+0.0013

—O.OOll(PDF)

. ole
NNLO + NNLL | F3:0002 (Scale)|=0.0013(mg° ) + 0.0008(Ep )| new top related
. ole . CMS, {s = 7 TeV, L = 2.3 f5"; NNLO+NNLL for o5; mf"'e =173.2+ 1.4 GeV
F|xmt'° —>constra|nas L S B L L BN L i B IR
(G E=.]
Vs = 7 TeV; mi°® = 173.2 GeV Defauit o.g(m, ) of respective PDF set 2 é
— T T T I T T T I T T T I T T T :
2 n CMS, L = 2.3 fb" ] ;
o 220__--+-- Top++ 2.0, ABM11 - ABM11 H i' H
- e Top++ 2.0, CT10 ] : |
200 ...fe Top++ 2.0, HERAPDF1.5 e CT10 H ¥ H
- ----- Top++ 2.0, MSTW2008 el
180 — == Top++ 2.0, NNPDF2.3 | Rl i HERAPDF1.5 H ¥ H !
160 Tl - MSTW2008 H A\ 1
[ e T : N NNPDF2.3 H ¥ =
140 i T e : — ]
““,.--"""“ ‘}TE_{ 5] o — 1 1 1 [ L1 l 1 L1 l 1 1 1 | L1 1 | r— | 1
e B é 7] 0.108 0.11 0.112 0.114 0.116 0.118 0.12 0.122
120—_“|"‘|-‘|’"|‘ P S TN AN SN RN NN AN TN N N N N NN M | il T T I |_ as(mz)
0.108 0.11 0.112 0.114 0.116 0.118 0.12 0.122
ocs(mz)
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| Combining LHC & Tevatron 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. (%)  Epeam 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 03
ATLAS (13 TeV) [17] 816.3 1.0 3.3 2.3 0.2 0l
CMS (7 TeV) [13] 1734 1.2 2.5 2.2 0.3 o3
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 ol

+1.4

Klaus Rabbertz

Dresden, Germany, 27.08.2018

Bethke et al., NPPP 282-284 (2017) 139.
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| Combining LHC & Tevatron data

- LHC (13 TeV) ) CT14nnlo (NNLO)
- —e— NNPDF30_nolhc (NNLO) q(o.)
o i T0. + 0. . -0.
= ok NNFDF30_nothc (NNLOSNNLL) o __0 1184 + 0.0035 (+0.00329/-0.00376)
© i CT14 (NNLO) ; Tevatron 1.96 TeV
g50f. " CT14 (NNLO+NNLL) 20~ — 1o
B B CMS 8 TeV
800 e 15 5 CMS 13 TeV
E 10
750 - -
P 5 -
700 -
| 1 | I 1 | 1 I | 1 | | 1 | 1 I | 1 | | 1 | 1 I | 1 | I :
0.11 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0 R E AT e
No LHC top data in NNPDF3_nolhc or 8414 Cls
Bias between NNLO & NNLO+NNLL ...
a (M) exp lumi beam M, PDF scale
o +13 +9
CMS, NNLO+NNLL, NNPDF2.3 | 2419t 25 8 13 u s
LHC+Tev., NNLO | NNLO+NNLL  0-1177 8 " 1 " T P

Klaus Rabbertz Dresden, Germany, 27.08.2018
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N V+jets production

@ Very precisely measurable, in particular in leptonic decay modes
@ NNLO available for V and V+1jet

@ NLO available for up to V+4/5jets

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

New study of published ATLAS
data on inclusive Z+2/3/4 jet
observables @ NLO

for extraction of a (M,)!

(No ratios [n+1]/n though ...)

For more details on ag (M,) from Z production:
— Talks on Tuesday by

— Daniel Maitre (Z+jets)

— Stefano Camarda (Z pT, CDF)

TABLE I. Observables and labels for the fits.

Label Observable(s)

all Combination of all histograms

2j, incl  Combination of the transverse momentum and rapidity
of the second jet for the two-jet mclusive sample

3j, incl  Combination of the transverse momentum and rapidity
of the third jet for the three-jet inclusive sample

4], incl  Combination of the transverse momentum and rapidity
of the fourth jet for the four-jet inclusive sample

all y Combination of all the rapidity distributions

all p* Combination of all three transverse momentum
distributions

Vi Rapidity for the i-jet inclusive sample

pi Transverse momentum for the i-jet inclusive sample

M. Johnson, D. Maitre, PRD 97 (2018) 054013.
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N 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 [4]

CMS top pair 7TeV [39] ———
This work:
NNPDF3.0
MMHT
CT14 | | N
0.110 0.115 0.120\ 0.125
as(Mz)

Scale dependence & NP effects evaluated with

“standard” method & profile X2 resp. nuisance parameter

Klaus Rabbertz Dresden, Germany, 27.08.2018

All wo scale

All

M. Johnson, D. Maitre, PRD 97 (2018) 054013.
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A Issues & uncertainties

@ Correlations to LHC data already in PDF fits

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

@ (Gu)estimation of nonperturbative effects:

+ 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 Dresden, Germany, 27.08.2018 QCD@LHC 2018
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Scale choices

Inclusive jets o —‘ @eta @2

o =pri, pr.1-exp(0.3y")

Dijets
. o = (pr1 +pr2) /2, ‘/2‘7

i

3-jets mim \(L
%
Py 9\ |
Ratios Nl
P
— "P(Y "?).)

Shapes 4O -
V+jets Ho = \/M% —Fp%z + HT,jet?

Klaus Rabbertz Dresden, Germany, 27.08.2018 QCD@LHC 2018

38


mailto:QCD@LHC

A

Good description
of dijets with NNLO
and m, as scale choice!

NNLO

Klaus Rabbertz

ratio to NLO

ratio to NLO ratio to NLO ratio to NLO

ratio to NLO

Dijets

ATLAS 7 TeV, antik_ jets, R=0.4 (p=mi)
T T T T T T

5
g

—— NNLOXEW
T T T

I
0.0 <|y*| <0.5

05 ¢yl <10

10 <y <15

15 < |y*| < 2.0

[a—
—i
——
—a—H
—i—
——
——
—
4 1

T T
20<|y*| <25

T T
25 < |yl <3.0

—
=
I|III|III III|III|I I|III|III III|III|I I|III|III III|III|I I|III|III III|III|I I|III|III III|III|I T II|III III|III|I

5107 10°

Dresden, Germany, 27.08.2018

Dijets: Currie et al., PRL 119 (2017) 152001;
Incl. Jets: Currie et al., arXiv:1807.03692..
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2

ratio to NLO ratio to NLO
- =k (o] - =k
[o'» IR N T -

o =
[+ - TN (N T - N

ratio to NLO

o =
[+ B T N

Inclusive jets, R = 0.7

NNLOJET ___ Vs=13TeVantik, jets R=07 | NNLOJET V5=13 TeV anti-k, jets R=07_ |
= WPy -LO =NLO —NNLO E | he2p, ~LO =NLO —=NNLO
= LTI | , —_— E
= b, Bad —LO =NLO =NNLO e v=2p, -L0 =NLO =NNLO 3
= LTI T i3 , i
= w=R2 T oo = | o o E
S ~LO =NLO —NNLO b —=LO =NLO =NNLO =
 fp— : T 5
3 TR T I T BERw EEFERSRARAREY =
2x107 4x10? 6x 107 10° P, (GeV) 2x10? 4x10? 6x107 10° p_(GeV)

Favored by authors

Dijets: Currie et al., PRL 119 (2017) 152001;
Incl. Jets: Currie et al., arXiv:1807.03692..
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2

ratio to NLO
(o> T N N

ratio to NLO ratio to NLO
¢ = = o = = o
0o 2 N 0o . N A

o

Inclusive jets, R = 0.4

NNLOJET __ Ys=13TeVantik jets R=04 | NNLOJET  Vs=13TeVantik jetsR=04 |
= W, =LO =NLO =NNLO = | H=2p) =LO =NLO =NNLO
E_ 1 1 1 1 1 1 1 1 | —] g | | | || | ‘ | ‘ | ‘I‘ 1 1 1 1 | _E
— T T T T T - - T T T — T 1 | -
= =r.. Bad =LO =NLO =NNLO _J H u=2p =LO =NLO =NNLO _3
2 = T ﬂ—z
S - = i’ ||I|\|[\|H|,IH,,. . =
: =Hj|'2 T T T T I : - T T T T T T T I :
I e —LO =NLO =NNLO 3 s —LO =NLO =NNLO 3
3 | T |\|II|\|[\|\I\|,|H,|I,\, .

2107 4107 6x10°  10°  p_(GeV) 2107 410°  6x10°  10°  p (GeV)

Favored by authors

Dijets: Currie et al., PRL 119 (2017) 152001;
Incl. Jets: Currie et al., arXiv:1807.03692..
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N Jet energy scale and a,

Two goals for a:

Incredibly Uncomfortably
shrinking error  growing error
1. Measure the running of a (Q) up - .
to the highest scales possible - e
— In CMS mostly looked into a (Q)! é : o
2. Measure a (M,) as precisely as % 02 [
possible S i
— For a (M,) might want to stay g 0 ; ——
at minimal JEC uncertainty: = L :
200 — 800 GeV, central rapidity S oL L _'
S Lo :
Better in: s = ]
<+ JEC uncertainty g [ 0 Lo ]
% PDF uncertainty / e — 1% ]
+ Evolution to M, 075 Llsiannl —eveanill e el
Worse in: NP effects 1 10 10 Q/GeV

Klaus Rabbertz Dresden, Germany, 27.08.2018 QCD@LHC 2018 42
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| Perspectives & educated guesses

@ Experiment:

Done: Observables 0 ~ a ?, a® 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?

+

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

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

AD’
@ 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?

4% NP effects?
Klaus Rabbertz Dresden, Germany, 27.08.2018 QCD@LHC 2018 43
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N PDG Summary

Baikov
Davier
Pich

Boito

SM review

April 2016

T decays (N3LO)
DIS jets (NLO)
Heavy Quarkonia (NLO)

e*e” jets & shapes (res. NNLO)
e.w. precision fits (NNNLO)
pp —> jets (NLO)

pp —> tt (NNLO)

o (Q?)

sAedap-1

; #"HT"

0.3+

HPQCD (wilson loops)
HPQCD (c-c correlators)
Maltmann (wilsan loops)
PACS-CS (SF scheme)
ETM ighost-gluon vertex)
BBGPSY (static potent.) |-g—]

¥3

t

4 g © O OP =

ERINL]

0.2

T

‘H

ABM |—e—

BBG —e—
|

JR

NMNPDF

MMHT

—— i ——————

0.1}

- |suonpuny
3IN1oNJ1S

®
sodeys 5 s3af _a;a

A4

ALEPH (jets&shapes)
OPAL(j&s)
JADEjgs) |
Dissertori (3j)
JADE (3
DW m
Abbate (m e
Gehrm.

Hoang —e—

a _ .

GFitter

I

QCD 05(M,) = 0.1181 + 0.0011

1 10 0 [GeV] V 1000

LHC data, but not in average
since only NLO theory!

i

e — ——————— ——

I'

prcsion s Dominated by Aas(Mz)

CMS I hadron

S sl  collider Lattice Gauge Theory g ( M Z)

0.11 0.115 0.12 0.125 0.13
2

ril
o1 oL (M)

Z

= 0.9%

PDG, Chin. Phys. C 40 (2016) 100001 PDG'92: 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 Dresden, Germany, 27.08.2018 QCD@LHC 2018 45
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A

Klaus Rabbertz

Summary & Outlook

| wish you a fruitful conference!

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

Dresden, Germany, 27.08.2018 QCD@LHC 2018
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Klaus Rabbertz

Backup Slides

Dresden, Germany, 27.08.2018
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| a, Projections from Snowmass
B\

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) °
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 ) 8 ( ) | D 5% ( 1) <10A)
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 % (p e%)en ent) | l 4 ( oL ) 123]) <1%
(mostly theory, NNLO) (32,33] | ~ 0.5% (at least N®LO required)
T EEEE———————
~ 4% (Tev. jets), ~ 3% (LHC ftt - 1% challengi
hadron colliders i g ( ev. Jets), _ % ( 2 = 17 Cl,q en'gmg' ~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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