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A

QCD at the LHC

My QCD advertisement slide

Fascinating —
comprises a huge variety of
phenomena

Unavoidable —
hadrons are “made of QCD”

Indispensable —
linking piece between many
processes

Demanding —
enormous background to
searches for new physics

Uncharted —
dominating uncertainty for
Higgs cross sections

+ Many analyses :-)
Klaus Rabbertz

Huge accessible phase space
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\ Selection Mandatory

@ Disclaimer:

+ Impossible to cover all the nice measurements

+ Personal and biased selection from roughly 45 experimental Talks in
the five subgroups

+ Some results appear multiple times, e.g. when used for PDFs and in
the summary plenaries

%+ Prioritized newer/13 TeV results
+ Apologies for omissions :-(

Klaus Rabbertz Zurich, Switzerland, 26.08.2016 QCD@LHC 2016



A

750 GeV Excess “flatlined”

Events / 20 GeV

- fitted background

Data

Diphoton mass spectrum re-measured in 2016
Much discussed anomaly not confirmed

. . . Prelimi -1
with 4 times more data than in 2015 - CMS Freliminary _ 12.9fb (13 TeV)
© ¢ Data
L 0103 :
10* & ATLAS Preliminary = o = EBEB — Fit model
e Data - ~ - + 1 s.d.
10° %— — Background-only fit —% E 102 & + 2 s.d.
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Updated Exclusion Limits

B 13Tev [_]8TeV
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Multijet
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ATLAS & CMS
Similar for SUSY

ATLAS Exotics Searches* - 95% CL Exclusion

ATLAS Preliminary

0 1 2 3 4 5 6 TeV
CMS Exotica Physics Group Summary — ICHEP, 2016 Eg &8 §§:,‘;‘;"f{

No Hint towards

new Physics at the

Horizon :-(

Klaus Rabbertz
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| Smoking Gun in Flavor Physics?
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There's a handful of intriguing 3—40 anomalies
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| Exotic (anti-)Quark Compounds

T 900 . —

G- Cava"erO No Confirmation for % 8005_ LHCb PT(BS) 5 5GeV .Clalmed)((ssas)state —i
0 E 700 f— I:I Combinatorial 3

@ @ Tetraquark B ', o 2 N -
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— 07 : .
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m(B%z+) (MeV)
4 JIp® structures observed confirming X(4140)
reported by CDF

State Mo [MeV] Mo [MeV] JFC
X(4140) @ 8.4 ¢  41465+4575  83+21%, 17T @570

Glueball

Meson-meson Hadic-

molecule quarkonium

LHCb Pentaquark Candidates (uudccbar)

State Mo [MeV] Mo [MeV] JF

Pentaquark _ P‘C(4380)Jr ©9c 4380 £ 8 4+ 29 205 £ 18 =86 %_ (%+, %+)
5+ (5— 3—
Hybrid P‘C(4450)+ @120 444984+1.7+25 394+5+19 5 (5 '3 )
meson-baryon molecule, meson
hexaquark ....

D. Britzger: ZEUS pentaquark claim
More LHCDb results — D. Craik, C. Voss (uuddsbar) in pK°_ not confirmed

Klaus Rabbertz Zurich, Switzerland, 26.08.2016 QCD@LHC 2016 11



Onium Production at 13 TeV

;
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Heavy lon Collisions
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Nuclear suppression R,, very similar between
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running December 2015
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C. Jahnke, G. Innocenti, B. Schmidt

More HIl results — E. Chapon

Klaus Rabbertz
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A

Excellent LHC Performance

Delivered Luminosity [pb/0.1]

Luminosity used for the results
presented today 12.9 fb-!

campaign were to achieve something
—  similar to the previous best ( 2012)

The estimate prior to the start of the 2016
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Pileup often above LHC design in 2016

Zurich, Switzerland, 26.08.2016 QCD@LHC 2016

40

135

130

25

120

115

110

Adapted from T. Camporesi
& D. Charlton, ICHEP2016

14



Al CMS Run 1 Jet Energy Calibration

® Lowest uncertainty at y~0, pr~200 GeV is 0.32% (excluding flavor and time dependence)
® Well below 1% across much of the kinematic range

® For jet physics, the relevant uncertainty is golden band + green curve,“Jet flavor (QCD)”
> this is entirely driven by MC-based uncertainty on gluon jet response

19.7 fb” (8 TeV) 19.7 fb”' (8 TeV)

— 6 I I I I T TTT I I I T TTT — 6 I I I I I I I I I I I I I I I I
:_6_9_, - CMS I—Total uncertaint|y : é N CIUiS —lTotaI un|certaint|y :
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- - - Absolute scale - - B - Absolute scale .
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S - —=Time stability i - B —=Time stability ]
O 3r 1 O 3C B
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201 - 20 ~
10 ] s E
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CMS-PAPER-JME-13-004, arXiv:1607.03663. pT (GeV) M. Voutilainen leei
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| Gluon Jet Response from MC

Significant portion of JEC uncertainty common to ATLAS and CMS!

® “Jet flavor (QCD)” uncertainty mostly from gluon jets

® Not a feature unique to CMS: parton shower (or fragmentation) in Pyt

affects ATLAS response in a very similar fashion (GS vs PF, EM+]JES vs Calo)
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CMS-PAPER-JME-13-004, arXiv:1607.03663;
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ATLAS, Eur. Phys. J. C (2015) 75:17.
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\ MC Tuning

A. SaIZburger, 'g ; - CMS lncluswc selection = 13 Tev
A. Mehta, R. Field s | Prem:wnﬁ ‘. Edlr'd‘.'“m corTT Pay attention to details ...
g T 0 arXiv:1602.01633
Z% :p T ey —EFI;.%%V%E{I:+UE-EE-4L _||||||||||lllllll||||||||IIIIN|I||||||||llll_
T AL 4 nch21,pT>500MeV, Inl@ -
- - ©> 300 ps 7]
NewE_  totune - 3.5 ATLAS Vs=13 TeV ba
E-dependence : L e B S o
— improve = . . ™
- simulation [ g -
UE & pil i - -
- F." . u_p - CMS PAS FSQ-15-008 i a
- jet calibration N VTR N N TITRTONT I R | o &~
2 1.5 1 0.5 0 0.5 1 1.5 2 -
M & =s= Data &
Vs [TeV] dN/dn | =0 + stat L sys 1.5F =ty LA e -
00 oy 0.004 0.027 3 — = PYTHIA 8 Monash -
. o EPOS LHC 2
2.36 1.74% 0.019 0.058 1 <o QGSJET 11-04 -
7 2.43% 0.001 0.050 - o
8 2477 0.001 0.031 :..uluui....t.ml...,|“..|....11.L|||..,1....:
13 2.874 0.001 0.033 a -
Input from unique LHCb phase space — A. Grecu
UE in ttbar events — E. Yazgan MC Tunes, preferably simultaneously for
Total x section — K. Hiller MBias, UE, and DPS — R. Field
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A\ Inclusive Jets at 13 TeV

New publication from CMS, < 71/pb, jets up to 2 TeV, d2(7

- . . 2
New preliminary from ATLAS, 3.2/fb, jets up to 4 TeV. X O
dprdy

anti-kT, R=0.4, 13 TeV, 2015 anti-kT, R=0.4, 13 TeV, 2015
— < 71 pb-1 (13 Tev) — 1012 T | | T T T | T T =
> 10" - % 1010 & anti-k jets, R=0.4 ATLAS Preliminary —
8 s CMS —o— |y[ < 0.5 (x10°) ; O — 13TeV, 321" ® p<os(x10)
S 10 —NLOJet++ CT14 —a—05<|y|<1.0 (X’|04) S 107:: O 0.53:|y|<'1.0[><10:z) -
o i _ —_— 1.0 <]y|] < 1.5 (x107) o = B 1.0 <[y[<1.5(x10%)
Z 10" Anti-k R=04 ¥ 15<]|y] <2.0 (x10%) = 10 e, 0 15 <yl<20(<10%
© - —— 2.0 <|y| < 2.5 (x10%) T 10E oo ®oeee A 20<l<25(x107)
o 10° n = 25<|y|<3.0 (x109 Qr— = OOOOOOO .\ A 25<[y|<3.0 (><1o-15)::
= ——32<y| <4.7 (x10) S 102F way .o =
< 10 B sk L e ° E
@ ~” 107 E o o ° =
o © = DDDD © O s
O 105 o 8 Pbg © =
g ) O z 10 il A, A s %. - ]
e Vo, — Ay = —
10° I B ="E N W 1011:: AA&AA AA““AAAA O 3
" = =i - A —
10 . o A= ='w -=‘!‘=‘ 10-14 :: SystematifAAA&AﬂA ‘A‘m‘l ) ::
7% —==! '==e- 10_17 :: uncertainties AAAAA i ::
10° O Memmenea. T, =
1 0-3 | | | | | | | | 1 0_23 E: Tefﬂﬂ've uncertainty of 2.1% on the integrated Jum;’r?osfrT' not included :E
200 30 1000 2000 102 10° oy
CMS EPJC 76 (2016) 415, ATLAS-CONF-2016-092. et P (GeV) M. Voutilainen, J. Bossio pT [GeV]
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DIS Jets versus NNLO

First comparison of jets in DIS to NNLO predictions
— fully include jet data with NNLO theory into future fits of gluon PDF & a_!

Detailed ratio to NLO prediction

- Data reasonably described by NLO theory, but NLO

scale uncertainty large

New predictions: NNLO from NNLOJET
 NNLO predictions for inclusive jet and dijet
production in NC DIS (pPrL 117 (2016) 042001)
« Normalised with NC DIS predictions from APFEL
using FONLL-C

NNLO
» Improved description of data by NNLO
« Significantly reduced scale uncertainty
(particularly for higher scales)

aNNLO from JetViP

« Approximate NNLO using threshold resummation
PR D 92 (2015) 074037

« Improved data description at high-pT
High-QZ2 inclusive jets
- New datapoints for 5<p;<7 GeV plus EPJ C75 (2015) 65

H1prelim-16-062.
Klaus Rabbertz
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H1 HERA-I

Evr. Phys J. C75 (2015} ES

ﬁ Systematic uncertainty

I NLO @ hadr. corr.

New predictions

—— NNLO ® hadr. corr.

Fhya. R, Lett, 117 (20716} 042001

— ahNLO @& hadr. corr.

Prys. Rav. D 92 [2015) 074027

D. Britzger, J. Currie
Zurich, Switzerland, 26.08.2016
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| Data Sets for PDF Extraction

HERA I+ HERA 1

V. Radescu. CT14 MMHT14 NNPDF3.0 HERAPDF2.0 | ABM12(ABMP) CJ12(15) JR14
HERA I
HERA I

HERA data Hf;‘;" charm H1 and ZEUS II HERA I+II Hd'i:: RA charm

jets charm jets

Fix. Target DIS v v v X v JLAB, high x V/ JLAB, high x V/
Tevatron W,Z v v v X X/ v X
Tevatron Jets v v v X X X v
Fix. Target DY v v v X v v v
LHC WZ v v v X v X X
LHC jets v v Vv X X X X
LHC top X v v X v X X
LHC charm X X v X X/ X X

arXiv:1506.07443 arXiv:1412.3989 arXiv:1410.8849 arXiv:1506.06042 arXiv:1310.3059 arXiv:1212.1702 arXiv:1403.1852

Type of processes:

« inclusive / pUI'EIy 1ept0nj C see: E. Rizvi, R. Placakyte, K. Lohwasser, S. Glazov, K. Mueller
R S. Camarda, J. Bossio ...
‘:' processes with ]EtS

» current precision of data ~<5%
EW effects become more and more important — need Photon PDF — need

sensitive measurements:
High mass DY production — E. Rizvi

Klaus Rabbertz Zurich, Switzerland, 26.08.2016 QCD@LHC 2016 20



| Inclusive W,Z Production & Ratios

1.15
w — luminosity @ experimental uncertainties
Compared to o 11~ 13 TeV, 81 pb I experimental uncertainties
NNLO % = ® MMHT14nnlo68CL
105 m NNPDF3.0
k5 — v CTi4nnlo
0 C ! A ABMi2
Uncertainties: “© L A ATLAS-epWZ12nnio
. 90 ~ O 2.0nnlo
exp W' 2 /0 0.95 (inner uncert.: PDF only)
exp. Z: ~1%
0 0.9
Lumi: 2.1% W W W 7
— Ratios 0.85
W+/W- sensitive to u /d, PDF W/Z sensitive to strange PDF
CMS Preliminary 43pb' (13 TeV)
T T T I T T T I T T T I T T T I T T I T T T I T - ] - - - - l - - - ~ ]
1A31'.]!-€(881 b'1 | Observation Sﬁ;"g'll:;Ag(')4 Theory: FEWZ (NNLO)
ev, P 4 Uncertainty - - Observation: NNPDF3.0
R - i Gfk{ / O'ﬂd. —k— Similar behaVior NNPDF:!.O‘
T in ATLAS & CMS | °* ==
PN data + total uncertainty ; i
| data + stat. uncertainty 10.557 55 Y
A ABM12 " MMHT2014
v CT14nnlo 10.537 55 H——
m NNPDF3.0 ABM12LHC
e MMHT14nnlo68CL il 10,5670 boH
A ATLAS-epWZ12nnlo ———
0 HERAPDF2.0nnlo — 10.6135 ——
AN S T S S N SN S N ST S S PRI BT —— (inner uncertainty: PDF only)
.l L l ' L L 1 I L L L L !
1.2 1.22 124 126 1.28 1.3 1?;% / 1{.34 . 00 105 10
Ow+/ Ow 'S. Camarda, X. Niu ol/oit

Klaus Rabbertz Zurich, Switzerland, 26.08.2016 QCD@LHC 2016 21



| Differential W,Z Production

Differential in ¢ instead of P: . S. Camarda, X. Niu,
l ' .. A. Grecu
roughly ~ p_,/M, but only angular — smaller uncertainties
— < fony Wi L
(P?] = tan( 2 ) — | CMS Preliminary «======= Charge, Reco and ID
-OE? 20 ~— Scale and Resolution -
x\ g | Background 1
cos(6y) = tanh o CMS-PAS- unvotoms
T Q© ' uminos
. Q - SMP-015-004 RS—
LHCb Forward Region 5 15
ol ™10 L IR R B R o [ |
Q| - = g !
b s LHCb, (s =8 TeV E 10
10 g A V—a¥ ay Q .
Ay - w y
| av > -
o N 5 _
107! Data,_ av Q 1 1
" 2 e Ve
]0_2 Da[amI .y "‘-U' : B T Tt T T L S AT il
=" —_ 0—-»—1—- ! e T S o 0 e ——
107 ¥ POWHEG+HERWIG - &’ 10-3 102 10" 1
107 v POWHEG+PYTHIA 0"
- n
T e T T | PDF constraints — V. Radescu, R. Placakyte
¢ V+HF — R. Gold, R. Silva, G. Chiodini

Klaus Rabbertz Zurich, Switzerland, 26.08.2016 QCD@LHC 2016 22



A

Also access low x, (~ 10)
and low Q* (> 10 GeV?).

107

LHC Phase Spaces, sin‘©

LHCDb covered phase-space region
complementary to other detectors at LHC
LHCh [

Emmmm—— muon system

LHCb 2<y<5 hadron PID
. — e Bl iy
10 F|ATLASICMS | |y] < 2.5 [ ] — =
] tracking
! Js=7 TeV -10 8 £ A 0 2 4 & B 10 lumi counters
10'f n
mmm ALICE
R | el =)
e =
[
N‘--" 10 " =10 -8 - -4 -2 [+] 2 4 6 8 10
C n
i ATLAS
e
= O, =
-10 8 & -4 -2 [+] 2 4 & B 10
107 | | ' ' ' n
E tllll LALL Ll RLL LALLLL LLLIL LALLL CMS+TOEM
L ——
B 2
X S [
CMS O -4 -2 0 2 a [ B
Phys. Rev. D 84 (2011) 112002 T A. Grecu
> 0
THEP R o Also use Z asymmetry A__

JHEP 11 (2015) 190

to determine sin’Q,,

. 2neff.
sin“0y,

0224 0226 0228 023 0232 0234

Klaus Rabbertz Zurich, Switzerland

, 26.08.2016 QCD@LHC 2016 23



do/dH [pb/GeV]

Pred./Data Pred./Data Pred./Data
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0.5

Ztjets at 13 TeV

Agreement with new NNLO Calculations
Also: Run 1 data for W/y+jets and Z/W + b/c jets

Klaus Rabbertz
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Zurich, Switzerland, 26.08.2016
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J.Bossio, F. Zang
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A

do/d(AR) [fb]

Pred./Data

Pred./Data
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W+jet at high p_low AR

Test of real W emission process
Well described by NNLO or Sherpa+OpenLoops

_I T T T | IIIIIIII I IIIIIIIIIIIIIIIIIIII

C Vs=8TeV, 20 b’ ATLAS Prellmlnary_

C o« Data Leading Jet p > 500 Gev—

— —— ALPGEN+PYTHIAG W+jets —

— —— PYTHIA8 WHj & jj+weak shower =

- SHERPA+OpenLoops W+j & W+jj 3

— W+ :=1jetN _NNLO —

= Jetti 3

= H E

— 7 >
=) | E =
e 1 am I

=t e S

- _— -

= + e aE
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Klaus Rabbertz

AR(u, closest jet)
Zurich, Switzerland, 26.08.2016

Unfolded data

Reasonably small data uncertainties:

» Dominant systematic uncertainties:
jet energy scale (5%) and b-tagging
efficiency (3%)

Substantial differences between theory
predictions

New theory calculations
(SHERPA+OpenlLoops and NNLO)
perform well

QCD@LHC 2016

J. Bossio
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top Quark Production

E I 1 1 I I I 1 I I ) I 1 I I 1 I I I I I I 1 I
~ Tevatr bined 1.96 TeV (L < 8.8 fb . -
2 ¥ CMS e 502 Tev (L 26 pb ) ) ATLAS+CMS Preliminary  Aug 2016
" w ATLASen7TeVil=461) .
S ® CMSep7TeV(L=51b") LHClopWG
] 3 m ATLASep8TeViL= 203fb)
o 10 F— o CMSeusTeV(L=19.7 "
) C v LHC combined ej1 8 TeV (L= 5.3-20.3 fb™)
w - = ATLASe;HSTet;L 3.21)
) ~ v CMSeu 13TeV(L= 22fb)
%) 4 ATLASee/uu’ 13 TeV (L =85 pb')
o ~ O ATLAS l+jets’ 13TeV (L =85 pb™) i
o | A CMSl+jets* 13 TeV (L=231b) i 1
He 0 CMS all-jets® 13 TeV (L = 2.53fb™" 900__ .
* Preliminary L .
2 g ke I
@ S 800F + T 13
- - i Z
© u - 4 N
h= - 700F 1 -
N E——— NNLO+NNLL (pp) i 1
——— NNLO+NNLL (pp) S S T S —
10 = Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 ¥s[TeV] _
= NNPDF3.0, m_ = 172.5 GeV, o (M,) = 0.118 + 0.001 -
[ I 1 1 1 I 1 L 1 | 1 L 1 I 1 L 1 I 1 1 1 ]
2 4 6 8 10 12 14
Vs [TeV]

G. Krintiras, K. Lie, N. Castro, W. Hulsbergen, R. Coutinho

New X sections at
13 TeV & 5 TeV (CMS)

Differential fiducial cross
sections at 13 TeV: top p;

For single-top — S. Stamm, M. Komm
Klaus Rabbertz Zurich, Switzerland, 26.08.2016

N (W+b)

top in forward region: LHCb

=5 First observation (5.40)
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A

K. Lie

ttbar + (jets, W, Z) at 13 TeV

g

tt+W/Z: 13 TeV

Motivation
ttZ: probe tZ coupling g
ttW: background to many searches
Main features
Use 2(SS), 3 or 4 |leptons
Separate fit for ttZ and ttw

Results
Og,=0.9+0.3 pb
Zaw=1.410.8 pb
Still statistically limited

NLO prediction (JHEP 07 (2014) 079)
Oxy; = 0.76 pb £ 11% pb
Opw= 0.57 pb + 11% pb

Klaus Rabbertz Zurich, Switzerland, 26.08.2016
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\ top & PDFs

1. Use of differential top
measurements for PDFs
@ Double differential cross sections: bin {f events 2- Even double-differential

J/S=8TeV| [CMS PAS TOP-14-013]

e.g. pr(tt) vs. y(t1), pr(y) vs. y(tt), etc — better constraints
CMS Preliminary 19.7 ib™ (8 TeV)
g 45340: M(tD) < mGeVE 400 = M}E) =500 GleV 500 = Mét?) = 650 Glev 6.505 :A{LT}c 150-:)cl,.ev CMS Preliminary
g 107 E3 E3 T aaara . i E u T T T T I T T T T ITIT]
£ fa . E T rowie o | T-gal. X9K) K] = 30000 Gev’ i
L 1 - + Herwi -
5|2 107 I~ [« I oeno vmiel 5 [ [118pHERA+CMS W* 8 TeV
R i - (%_02-_ ] + y(tF) 8 TeV b
s 0L 1 . = F B+ M) eyt 8 Tev
1%k x asssse > T
N ] Y oo > -
L o (1] ==
10'?5— i L
2 -
I } } 1 1 | | | -0.2_
ﬂ__}— F T T T T T T
O L= I U S E i_i_ ---------------
= 1’%...%.,.-.-._ TR SN il E ................... i =t toe - 04
,E —r - ?F¥.¢ ...... #
.ED_B £ T E T 3 1 IIIIIII| 1 L1111 1 IIIII:-_
ks . . . . . . . . 10 107 107 1
200 40 200 _ 400 200 _ 400 200 _ 400 X
p. (if) [GeV] p_(if) [GeV] p,(ti) [GeV] p,(ff) [GeV]

@ m(tt) vs. y(tt) especially sensitive to PDFs
(2D distributions provide stronger constraints than 1D)

@ Significant reduction of the uncertainty at high-x 'N. Castro, G. Krintiras
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B\

top Mass

Advanced precision of Mtop demands

Updated combinations

— 0(0.5 GeV) uncertainty on “MC mass”

theory-safe definition

Top-quark pole mass measurements

July 2016

(*) Superseded by results
shown below the line

e

[1] ATLAS-CONF-2H 3048

[2] ATLAS-COMF-21 3077

[3] JHEP 12 {2012} 105

[4] Eur.Phys.1.CT2 [2012) 2202
[5] Eur.Phys 1. C74 (2014) 7758

[E] ATLAS-CONF-2013-102
[7] arkiv-1403 8427

[E] Eur Phye.J C75 (2015) 330
[5] Eur.Phys.J.CT5 (2015) 158
[10] ATLAS-CONF-2014-055

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

stat

total uncertainty total stat

My, = 173.34 + 0.76 (0.36 £ 0.67) GeV g, * total (stat + syst) E Rel
ATLAS, I+jets (") I—I—-—I—I 172.31£1.55 (0.75 £ 1.35) 7TeV [1]
ATLAS, dilepton (*) I—O—H-!—I 173.09 + 1.63 {0.64 £ 1.50) 7TeV [2]
CMS, l+jets ] 173.49 £ 1.06 (0.43 £ 0.97) 7TeV [3]
CMS, dilepton I—l--0—| 172.50 + 152 {0.43 £ 1.46) 7TeV [4]
CMS, all jets I—|—D—|—| 173.49 £ 141 {0.69 £ 1.23) 7TeV [5]
LHC comb. (Sep 2013) I—H-I—I 173.29 £ 0.95(0.35 £ 0.88)  77ev [
World comb. (Mar 2014) H-'H-l 173.34 £0.76 (0.36 £ 0.67) 1967Tev [7]
ATLAS, l+jets =t 17233+ 127{0.75£1.02) 7TeV [8]
ATLAS, dilepton I—|—l—|—| 173.79 £ 141 {0.54 £ 1.30) 7TeV [8]
ATLAS, all jets E-O—-—H 1751+18(14+£12) 7Tev [9]
ATLAS, single top I—|—'—|-I—I 172212107 £2.0) 8 TeV [10]
ATLAS, dilepton H--H 17299 £ 0.81(0.34 £ 0.74) 8TeV [11]
ATLAS, all jets I—P-—H 173.80 £ 1.15(0.55 = 1.01) 8TeV [12]
ATLAS comb. (f“:;zgjf H-+ 172.84 +0.70 (0.34 £ 0.61)  7-8Tev [11]
CMS, l+jets A 17235+ 051 {0.16 £ 0.48) 8TeV [13]
CMS, dilepton I—l-l-l—l 17282 +£123(01911.22) 8TeV [13]
CMS, all jets HH 172.32 £ 0.64 (0.25 £ 0.59) 8 TeV [13]
CMS, single top I-|—°—1-I 17260 £1.22 {077 £ 0.95) 8TeV [14]
CMS comb. (Sep 2015) 17244 + 048 (0.13 £ 047)  7+87Tev [13]

[11] ariiv: 160802173

[12] ATLAS-COMF-2016-058

[13] Phys_Rev.DS3 (2015) 072008
[14] CMS-PAS-TOP-15-001

165
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Klaus Rabbertz

185

DO o(tt), 1.96 TeV

PLB 703 (2011) 422
MSTWO8 approx. NNLO

DO o(tt), 1.96 TeV

D0 Note 6453-CONF (2015)
MSTWO8 NNLO

DO o(tt), 1.96 TeV

arxXiv:1605.06168 (2016)
MSTWO8 NNLO

ATLAS o(tt), 7+8 TeV
EPJC 74 (2014) 3109

ATLAS tt+j shape, 7 TeV
JHEP 10 (2015) 121

CMS o(tt), 7+8 TeV
arxiv:1603.02303 (2016)

CMS tt+j shape, 8 TeV
TOP-13-006 (2016)

CMS o(tt), 13 TeV
TOP-16-006 (2016)

World combination
ATLAS, CDF, CMS, DO

——

——— 172,80 7338 _ _ Gev
172.90 *290 _ . Gev

—— 2.60
—— 173.70 7228 , ., GeVv

173.80 *1.70 _ _GeV
—— 1.80
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arXiv:1403.4427, standard measurements
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Zurich, Switzerland, 26.08.2016
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A\ Challenge: W Mass

Highly untrivial, Iong-term g BI] :_II LI I L L | : LI %I LI :I gr 1 I L : LI E LI |:
combined effort required to F b -GSy N N
iImprove precision - f b ]
86 — i i - i ! .
: s I
o B ]
a2 :— ; : + : 804 B | + MW?2
e Long term effort to My, 80 :—: L e +‘h e DO
- ; ; ; i ; i CDF
measurement from many teams 78— 8035 [~ _— - LEP
. - - . T
and experiments. 76 |- N 1 e OPAL
. .. b 803 — 1 m L1
e Theoretical predictions more -l . . b |0 i 1 A ALEPH
precise then measurement. -E-1agjii -HHHH iiiiiiyi- + DELPHI
S o Chin. Phys. C, 38, 90001 | SppS
e With CMS we showed proof of o, I 5 ' o UAT
Z10°
=z m UA2
concept for detector performance = .
and fit methodology. 10°
: 102
e Very close cooperation between 0 | o
= = 1 1 | | 1111 | | | 1111 1 111 | 1111 | 1 111 1 111
theoretical and experimental
1980 1985 1990 1995 2000 2005 2010 2015 2020
groups year
J. Cuth
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Multiboson Production

Despite minute x sections many multiboson processes measured
No deviations from SM observed, no anomalous gauge couplings so far
Statistically limited — need more data.

June 2016
CME|‘) measurements 7 TeV CMS measurem;nt (stat
vs. NNLO (Lo theory 8 TeV CMS measurement (stat
13 TeV CMS measurement (stz
Yy ot 1.06 = 0.
Wy, (NLO th) o : 116 = 0.
Zy, (NLO th) —to+—i 098 = 0.
Zy, (NLO th) —fo— 098 + 0.
WW+WZ o — 1.01=0-
wWw bt 1.07 =0.
WW e — 1.00 = 0.
WW e 0.96 = 0.
wWZ H—o—H 1.08 = 0.
WZ e 1.04 = 0.
WZ e 082 0.
ZZ 0.97 =0.
4 Pt 097 =0.
4 | ”—"—T 0.85|l =0.
| | | | | |

05
All results at:
http:/fcern.ch/go/pNj7

Klaus Rabbertz

1 1.5
Production Cross Section Ratio: o,,/ o,

Diboson Cross Sectio Measuretnents

Status: August 2016
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| Higgs rediscovered at 13 TeV
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“Differential” Higgs
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Move from discovery mode towards precision mode
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A

ttbar Production Mode of H
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Latest ATLAS Summary

Standard Model Production Cross Section Measurements

Status: August 2016
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Latest CMS Summary

/2

June2016 CMS Preliminary
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| HERA EWFit: g-Z Couplings

Exploit final HERA datasets to constrain electroweak parameters:
light quark couplings, M,, sin?0,,

Results from H1 and ZEUS collaborations B

« x2/ndf typically around 1
* ZEUS: 2946 datapoints
* HI: 1388 datapoints

» U-type coupling better constrained
than d-type coupling
-> sensitivity from valence quarks
» d-type coupling:
-> penefit from polarisation

| | 1 1 I I | | | I | I I I I 1 | I | I I | I_
¥ | H1 preliminary | & | ZEUS-EW-Z ]

*  Standard model

Vq

o
9]
T T T T T T T

d-type i

Results from H1 and ZEUS compatible

« Results compatible with SM expectation u-type

vector-axial coupling
o

Comparison to H1 HERA-I
Phys.Lett.B 632 (2006) 35

» Considerably improved sensitivity -1=

using polarised HERA-II data , ,

- Polarisation in HERA-II important for axial- axial coupling %

vector couplings D. Britzger

Klaus Rabbertz Zurich, Switzerland, 26.08.2016 QCD@LHC 2016 37
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\ Tools needed for Fits

A}PPL/Q%-/\//\/LO — M. Sutton X;'C/'Zz‘ef _, V.Radescu

Simultaneous fit to jet data from multiple experiments —

4 World Average

. Input to combined fit ko1 Unified method
AVOIds Mi Combination

simple o m choose H1, D@ (pure NLO) and CMS
averaging! m no correla’rior.]s assumed for exp. uncertainties » _
across experiments
m PDF choice: MMHT2014nlo (others very similar) UME}L% .
Result

CMS| +—o—1

as(Mz) = 0.1172 (15)exp (5)np (9)PDF MMHT
(8)poF set (5)PDF as (50)scale
= 0.1172 (1 5)exp (1 4)lheo (except scale) (5U)s¢ale [H1, DO, CMS]

xZin/ndf = 152.2/178 = 0.855 Method: Fied POF

PDF: MMHTZ2014nlo
+

| | | |
0.115 0.120 0.125 0.130

Conclusions

r comb!ned fit shows reaspnablgx / ljf:_h‘ | @1  experimental uncertainty (M)
: m combined result compatible with individual fits @ total uncertainty
D. Savoiu m uncertainties reduced (except scale)
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A\ Summary & Outlook

Beyond design performance of the LHC and the experiments
But no sign of new physics so far :-(

A plethora of new measurements, many at 13 TeV

L " N

Sometimes limited in precision already by syst. effects and/or luminosity

+ Ratios of cross sections
+ |Improve on PDFs and MC models

@ Numerous (multi-)differential measurements and in fiducial volume!

@ MC simulations use NLO+PS as a default and in almost all cases theory
at least at NNLO is at hand

< Go find the odd-looking deviation from the SM

== Excellent playground for studies with more data, more ideas, and more
precision in the future

Klaus Rabbertz Zurich, Switzerland, 26.08.2016 QCD@LHC 2016 39



Thank you for your attention!
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Backup Slides

Zurich, Switzerland, 26.08.2016
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A\ Input to HERA EW Fits

Input data to ZEUS fit

HERA-I: NC and CC _——
« All H1 and ZEUS HERA-| datasets
e e+and e

« NC and CC; low and high-Qz
 unpolarised

HERA-II: NC and CC

ZEUS  high-Qz polarised data
H1 high-Qz unpolarised data
ZEUS Reduced-E, (unpolarised)

H1 Reduced-E, (unpolarised)

Correlations as in HERAPDF2.0
« More than 2900 data points

ZEUS-Fitter as fitting framework

Klaus Rabbertz Zurich, Switzerland,

Input data to H1 fit &

H1 Low-Q2 data
* NC and CC, e+ and e-
 All H1 HERA-I and HERA-II data
are combined into one dataset

H1 High-Q2 data
« NC and CC, e+ and e
* HERA-I
* H1 unpolarised data
* HERA-II
» H1 polarised data

Polarisation measurements
» treated as measurement on its own

Alpos used as fitting framework

D. Britzger

26.08.2016 QCD@LHC 2016 42
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