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What can we learn

from those tests?

= |nclusive and differential cross-
sections are sensitive to proton
PDFs

= Vector bosons with jets
= can test perturbative QCD
= their interplay with parton shower
approaches
= Sensitive to gluon density
= |ntroduces scales larger than the
mass of the Z boson

= \W/Z transverse momentum
measurements probe resummation

= Electroweak corrections become
important in the high p; regime
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What we will discuss today”?

Standard Model Production Cross Section Measurements Status: July 2017

ATLAS Preliminary 0 Theory
Run1,2 vs=7,8,13 TeV

= Plenty of results from ATLAS and
CMS available Tl

o [pb]
$1¢
’\Nv\ml_u.

LHCpp Vs=7 TeV

i i BBl Data 45-49f"
= \ector boson papers are among the op e o
most cited ones at the LHC ob et s
= Focus on precision measurement N i il
and innovative measurement . 71 B ]
= Keep in mind that precision takes T AR TR e
time, i.e. many of the results are still e CMS Preliminary
based on the run-1 data-sets oo
.5“1 o _iﬁ" ’e;f);e » i Zz Zorésrg(;g:& limits at 7, 8 and 13 TeV _
= A full overview can be found at S .7
= https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ gio%g ! "y i-" . : :
StandardModelPublicResults Spf 117 'L
= https://cms-results.web.cern.ch/cms-results/ = | 2 A s i
public-results/publications/SMP/index.htm SE 0 Te s HE 4
= http://Ihcbproject.web.cern.ch/hcbproject/ - 2?5 ! 4 3 =
Publications/LHCbProjectPublic/ 07 i RN . 3
Summary QEE.htm| 0% + :
: E:_V\L_Z_V\Lzlywwwlzlmxmﬂvlwmnt,Qth,aﬂyllqﬂWﬂZ‘lmthEVHnHHH_
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soHannes GUTENBERG

Inclusive Vector Boson
Production




Cross-Section

Measurements at 13 TeV

= First thing to be done at each new LHCb, is=13TeV  arXiv:1607.06495
energy: Rediscover W/Z bosons cria
= (Gives confidence in detector NNPDF3 0
Operation MMHT14
= Test for unexpected behaviours in LHCb Z-up
the energy dependence LHCb Z-» ce
= |mportant: LHCb perfectly covers . ILHC"I“’mbi"Iaﬁ"“
forward region! 60 170 180 190 200 210 220 230
CMS Ppreliminary 4(:: ;55?31 3TeV)
| Ctoertn~ TheomseEwzomO)
= High statistics allow for first
precision measurements on sub-% CT‘jijf? =
level even looking at ratios 105853 )
= W+/W-: ratio sensitive to u,-d, quark Mo I
distributions Mosags o
= \W=/Z ratio: sensitive to s-quark i ——
distribution B T L L
CMS-PAS-SMP-15-004 oW/
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Precision Measurements

and PDFs

arXiv:1612.03016
T T | T T T | T
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= W/Z differential cross-section measured at 7 TeV with highest precision
in a >5 years effort.

= |mportant input for future PDF sets
= General trend of W/Z ratio confirmed by ATLAS and CMS at 7/8/13 TeV
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Strangeness of the

Proton??
, o arX|v 1612 03016
= ATLAS PDF fit on W/Z precision T R
data suggests enhanced AQAB‘MLg GeV~, x- 3_023 ATLAS
strangeness content of the proton = NNPDF3.0 —s—
= Strange content seems at same et T
level as light-flavour sea quarks o ATLAS-epWZ12
= [ arge (10%) uncertainty on r, from ATLAS-epWZ16
QCD scale choice exp uncertainty
= (b, 1) = (1/2, 1/2) * m, favored " expamodsparsihy uncerainty
over (1, 1) by 24 units of x2 0 02 04 06 08 1 12 14
rS
= Enhanced strangeness only an § ¥ Toae s 18 G e ]
artifact of PDF parameterization? &g & 17, Koot
= parameterization bias was tested ~ § 14 1% s
= gensitivity to the assumptions on the 1'21;. ; "21;
low-x behavior or light-sea quarks 088 23 1 oe '
= W-+c production with same hint ogt S S :
= ATLAS and CMS data is CONSISteNt OSSNy %
10° 102 L0 10° 10 x10'1
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Triple-Ditterential

Cross-Sections

= New triple-
differential meas-
urement of Z/y’
My, |yyl, cos6* in
the Collins—Soper
frame

= Can be used to
simultaneously fit
PDFs and
electroweak
mixing angle
= EWK corrections
have to be

considered for
sin“B,, extraction
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arXiv:1710.05167
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QCD in DiBoson processes

= Diboson processes typically used to ‘atLas

test the SM Abelian gauge structure fo=e eV, 203"
= |n need for high precision predictions
of cross-sections

wa(ﬂ -jet)

+ Data (stat+syst)

- approx. NNLO

NLO,
Ol OxAyy

ofd (0-jet)

= |Large progress in predictions over
the past years T

= pp—WW at NLO and NNLO 07 08 09 1 11 12 "'1.3' - "1.4' '

( d iff erential |y) Ratio of measurement to prediction, o,/ alm"*

= dedicated NLO predictions for jet-

ofd (1-jet)

arXiv:1608.03086
atas

associated WW production 5=8TeV, 203 0"
. Data
= gg—WW process available at order ounogspytias
3 gg initial states added
O<QS ) MC@NLO+Jimmy

gg initial states added

Powheg, reweighted to NLO+NNLL
(Phys. Rev. D 90 (2014) 114006)

MATRIX, NNLO
(arXiv:1605.02716 [hep-ph])

= Dominant measurement uncertainty due
to jet calibration

MCFM, NLO
(Phys. Rev. D 92 (2015) 014033)

11 | I 11 1 1 | 1 1 1 I 1 1 1 I
0.45 0.5 0.55 0.6
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soHannes GUTENBERG

Vector Boson and Jets




Standard W/Z+jets

measurements

so sty | o arXiv:1707.05979 arXiv:1702.05725
g F 4 MG_aMC FxFx + PY8 (<2 NLO + PS) . 454 Daia s~102 LD B B B B B B _
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o L1 I ! ! | I § 1 Sz e o x 7Y . 3 102 | //*/_/E
T 45F = F 10’ L E= = = ] ‘ ! D
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g E ._o_,_//L s F —r— SN T T T I & 08E ‘ /I/T/éz
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E‘ -: T a7 7 / S 1 IR == VII2 20D G g E S 1A21 E _ - . . / f
b E 2 3 E ° Ceddd /7 T Y,
0.5 E |:‘[ Stat. “"‘9.- (gen) . . . “ 05 [ Syst. + stat. unc. (gen) g ) E ,SE_ 08 E ) ‘ ‘ ‘ ( [} /: /"/é_
=1 22 23 =24 25 200 400 600 800 1000 1200 1400 600 700 20 =1 22 8 4 % %

Z
T
@

26
Nets H; [GeV] " (leading jet) [GeV]

= Test fixed-order at NLQOBlackHat+Sherpa - gt NNLONet and different generators
= Sherpa 2.2, Alpgen+Py6, MG5_aMC+Py8 FxFx do not describe data for high
jet multiplicity, where large fraction of jets produced by PS
= Distributions dominated by a single jet multiplicity are modelled well by fixed-
order NLO calculations, even in the presence of a jet veto at a low scale
= The ME+PS generator MG5_aMC+Py8 CKKWL, which is based on LO matrix
elements, models a too-hard jet spectrum (similar at 7 TeV): scale-treatment?
Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz) on behalf of the ATLAS, CMS and LHCb Collaborations Page 11



Vector Bosons and

Heavy Flavors

ems  arXiv:1611.06507

19.8 fb! (8 TeV)

Total uncertainty
PDF uncertainty
DPI uncertainty

MCFM (x Hadronization)
0.51+ 0.02,,.+ 0.06, pb

MadGraph5 + Pythia6 5F
0.51+ 0.03 . pb

MadGraph5 + Pythia6 4F

0.49 + 0.02,,.+ 0.06,,, pb

MadGraph5 + Pythia8 4F
0.50 = 0.03 .+ 0.06, pb

PDF —

CMS

0.64 + 0.03 (stat) + 0.10 (syst)
+0.06 (theo) * 0.02 (lumi) pb

| e

0

0.5 1
(W(Iv)+bb) [pb]

= Testing b-hadron production

= Compare to 4-/5-flavour PDF scheme
= Effects from DPI to be considered

= W+b production

= Agreement within 10 with predictions
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arXiv:1610.08142

LHCb, Vs =8 TeV e MCFM CT10 [JDpata
[ Data
o(W*+bb)
o(W+bb —————————i
(IWI L )l 1 1 1 I 1 L 'l l L 'l L I L L L l L I L l I l L
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
o [pb]
0(W++CE) H——t—
Oo(W+c®) . - | | |
I ‘ I lO.ll ) ) I0.2l 03 04 '
o [pb]
o(ti)
I L L Il I L L I L L I L 'l L I L
0.02 0.04 0.06 0.08 0.1
o [pb]

= Similar trend for b- and c-hadron

predictions

production observed by LHCb
= Agreement within 1o with

= Also studies for Z+b available
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QCD Contribution to single vector

boson production in VBF processes

= ATLAS and CMS: Study of EWK Vector-
Boson Fusion processes to search
aTGGs 20" RNV A
= Shape of m; distribution for QCD-Zjj ¢t v ot
production poorly modeled (overeshmate
by up to 100% for large m;) QD2 6 EWZj.
= ATLAS uses data-driven method to extract
QCD-Zjj background

LS
C=)
E=)

|
E=)
E=)
~

35.91b (13 TeV) CMS 359 fo! (13 TeV)
O 106 k TTTT | TTTT \ TTTT | TTTT TTTT TTTT I TTT \.‘ TTTT | TTTT ] > _l T T T T | T T T T I T T T > _—:' T I T T T T l T T T T E
— cms Dimuon D 500l BDT > 0.92 Dimuon 1 8 F ATLAS ]
o —4- Data Q] F + HERWIG++ PS 4 paa 1 ~ B Vs=13TeV, 3.2 o b
~ mw o [ mw ] @ 10 E E
§2] I Top quark — L I Top quark c F Zjj EW-enriched region 7
[ Z +jets ~ 1 50 Z +jets — Q>) C D ]
o Wew zj N r Wewz 1 m ¢ ata B
Lﬁ Ew Zj c i S ] 1E I EW-Zjj (POWHEG) =
; 5‘ MC stat. unc. () + EJMC stat. unc. ] E B QCD-Zjj (ALPGEN) -
LI>J 100 i Corrected ]
H 107'E 3
1072 E
g g R 107
S TDNSRNFIN N SRR
5 020 e o o > \“}‘%"“\{\ N 1000 2000 3000 4000
"‘".IIIIIIO\:WI][IIIIIIllll i T - e L Ll Ll - ] i i i
B S-S ? s 0 50 100 r Sgoﬂ 200 Dijet invariant mass [GeV]
arXiv:1712.09814 A, Hr™ (GeV) arXiv:1709.10264
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Study of Splitting Scales

arXiv:1704.01530

= Probing the transition between 3 ATLAS
. : = T Vs=8TeV,20.2fb"
perturbative and non-perturbative g " — R0
—_ ol 1 —===_
QCD by study the splitting scales N ~
of the kt jet-algorithm 107F- % Data (2012) S
= /d,, corresponds to the p; of the ok S Niloms O
leading kt-jet o
= N, splitting scale, v/dy, as the .dis- §§ i
tance measure at which an N-jet 2 os .
. . 1 10 10°
event is resolved as an (N+1)-jet /d, [GeV]
________________________________________________ g — 'ATLAS
. < 10 T=_  Vs=8TeV,20.21b"
: = 1 = Z-e%e,R=10
' ol S TSo_
8%, =
1oL~ % Data (2012) T
P12 S MEPS@NLO
1073: -+ NNLOPS
g 2% —
Blg  15ET AN ]
B8 e
o 0.5 .

\\_Plg_______________________jL _____________________ s 0
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Future: Measurements with

the SoftDrop Algorithm

= First jet substructure quantities can
be predicted at next-to-next-to-
leading-logarithm accuracy

= Soft-drop grooming algorithm
" insensitive to resummation terms
associated with particles that
radiate out of, and then radiate back
Into, a jet

= Measurement of the ratio of the
soft-drop mass over ungroomed
jet-momentum in dijet events

= Maybe also interesting to study in
V+|ets events

drop , _u
/p
-

Ratio to Data

ft
(1/ Gppeu) d 0/ d log, [(M™

1

J2 -
: """""""""""" :
= ATLAS Data -
= (s=13TeV, 329fb1 B Pythiast =
= anti-k, R=0.8, p “ > 600 GeV Sherpa 2.1 3
—— \ 4 Herwig++ 2.7 —
= Soft drop, =1, 2 ot = 01 [0 LO+NNLL, large NP effects =
= @ LO+NNLL -
= [ /A NLO+NLL+NP =
=3 R E
: R
= \m\\\\%\\\\t L =
=Y N N 3
=N B . =
- ’ =
__v T 1 1 1 1 T :
M\\\\k\\\l\\\\\'\\\\ '\\\\\\l\\\ . SNAN \! N \ﬁ__z
: ' | 1 L ' ' | L ' ' ' ] ' ' ' 1 | ' ?
st T F—+F—FV— 1+ F+—F+—F+—1—+—F—F—+— 1+
%\Y‘\\Q‘\Q\\\\\’g\\\\\&&\‘\\\\A\\\\\\A\\\‘ g e A\_.:
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arXiv:1711.08341 log, J(m™" ™/ proeom 9y
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Resummation and
Angular Coetficients




/ Boson Transverse

Momentum

iV arXiv:1710.07955
arXiv:1512.02192 ar 761
Data - statistical uncertainty [l Data - total uncertainty ~ ATLAS ee + uu combined data o aMC@NLO + PYTHIA8 (CUETP8M1)
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= Probe p(Z) either directly or via ¢~ _ P i § $i5
= Reduced lepton res. uncertainties T L 1 1
= Precision <% level i i . 38
= Very good description via e i “%**%M%W 1 %}#i
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W Boson Transverse

Momentum

= Modelling of py(W) crucial to know for my, S 1. ATLAS Simulaton

E 5=7 TeV, pp— WX, pp— Z+X

= Transfer from Z to W modelling not trivial 115
= Experimental input crucial to distinguish models

. i | == Pythia 8 AZ
= Measurement of p(W) significantly more O} oo e
1 H ' H “F —cuTe

Compllcated,l due tQ neutrino in final state .

= Use hadronic recaoll Py [GeV]
6 CMS 18.4 pb”' (8 TeV) CMs 18.4 pb” (8 TeV)
g;o.\" L g ok ResBos Z - /W =y, J ]
= Uncertainties 1-2% in < sf z-ww/W-w, S L —,
1 St bin §! ;a— 45_ _+_ bata '.E 0-_ AE] ResBos uncertainty [;Dltllntnynﬂ a
[ | B”’] range from O to 75 E I:IﬁolaolCTwNNLL g 2—_ POWHEG -
GeV too large to sF [ rowseacriono e e oy
. . I 2 | [EJPOWHEGstat  [[7]) Data statesyst « o774
resolve differences in A || revzeromeo £ ol Clromearr .
pT(W)/pT(Z) mOdelliﬂg E "-’h % ol- FEWZ - -

: - _ Q

" Domlnated by 1' v + g 1——._- i . ++++0—-&-—.—-0~_._ /A
s . 3 2 L FEWZ stat Data statssyst 772
UﬂfOldlng blaS 0;“[ Lyl L anul Do = o ‘FEWZPDF [] FEwz scales . ! |
1 10 102 P [GeV] 1 10 107 pY[GeV]

arXiv:1606.05864
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Angular Coefficients (1/2)

= The fully differential g do _ 3 zdff X [(1 40052 0) +Ag - (1 — 3c0s26) '
can be reorganised A1 ianGCosq) :
by factorising the i +4z 5 sin* 6 cos2¢
dynamic of the +As sin 8.cos ¢ |
boson production, +Ag4 cos 6
and the kinematic of - . +As sin? 0 sin2¢
decay (CS-Frame) | +Ag sin20sin ¢

| + A7 sin 0sin 9]

____________________________________________________________________________________

= | Q QCD: only the annihilation diagram gqg—Z is present; only A, is non-zero

= NLO QCD: A,_; also non-zero

= The Lam-Tung relation: A;— A, = 0 at NLO QCD due to the spin-1 of the
gluon in the gqg—Zg and gg—Zg diagrams

= NNLO QCD Ag 4, are expected to become non-zero but small

= A;and A, sensitive to sinZ6,,
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Angular Coefficients (2/2)

25arXiv:1606.00689 CMS arXiv:1504.03512 19.7 fb'' (8TeV)
Frrrrr roor T

< F (e - -
e [ ATLAS 1 < F ¢ Data
= 02F gTev, 20.3 b E 0-3F MadGraph
- — — 0.25F 4 Powh
0.15f —e— Data = - ¢ Powheg
L o POWHEGMINLO Z.j ++++++HH$ ] 0.2F 4 FEWZ,NNLO -
0.1_— + {hl ] E
- #T&i 1 - 0.15F
a3 ﬁiﬁﬁﬁ I 0.1 |
0;_—‘_¢ """""""""""""""""""""""" —; 0_055 ez %
~0.05[~ t = o
T T e 0% TEe 00 150 200 280 300
pZ [GeV] q. [GeV]

= ATLAS observes significant deviation from the O(a.?) predictions from
DYNNLO for Ay — A,
= Higher-order QCD corrections required?

= Evidence at the 30 level is found for non-zero A 4 ; coefficients
" consistent with expectations from DYNNLO at O(a.?).
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What to do next?




ATLAS and CMS consistency and

outlook for more 13 TeV measurements

0.02 o e
ATLAS Simulation Preliminary
—e— @ 300 pb' statistical sensitivity only

= Full Run-2 statistics will allow to
test extreme regions of phase

space and high scales
= (Challenging to reach/overpass the

W L.
bin

N

©

o

—

(0¢]

—=— @ 300 pb' statistical sensitivity + Recoil Calib sys

Rel. Unc. [0-5] GeV p
o
2
N

o

o

[y
III|III|III|III|III|III|III|III|III|III

-III|III|III|III|III|III|III|III|III|III

precision of previous measurements 0.008 _//'/
= Focus on measurement of new 0.006
observables e.g. soft-drop-mass 0.004
0.002
. O o b b by Py v b b by g 1
= |ow pile-up run at 5/13 TeV allows TS 2 as 88 4 as s o

for precise p(W) measurement

[ ATLAS and CMS urgently have to Ell;egiwéveak precision measurements at the
develop an infrastructure to cross- et g s
check their results for consistency e~
and even combination -

= Scale-choices, phase-spaces, ...
= Revive the LPPC Working Group
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Summary

Inclusive and differential W/Z

measurements are at <% level precision

= |ndication of enhanced strangeness of the
proton

Huge efforts in understanding W/Z+jets

production at 13 TeV with first precision results

= | ooking forward to probe extreme phase-
space regions

New effort to revive the LPPC Working group to
define a common plattform between ATLAS
and CMS for combinations and common
understanding of uncertainties




