
DIS2018, Kobe; WG4 summary: QCD+EW E. Re, S. Uehara, M. Voutilainen

WG4 summary:
QCD+EW

Emanuele Re,
Sadaharu Uehara,
Mikko Voutilainen

 1

DIS2018, Kobe, Japan



DIS2018, Kobe; WG4 summary: QCD+EW E. Re, S. Uehara, M. Voutilainen

Theory results
Higher-order perturbative QCD at work:

Jets at the LHC
Drell-Yan and Higgs distributions

The strong coupling:
status and new ideas

Monte Carlo event generators

 2

Theory results

I
higher-order perturbative QCD at work:

- Jets at the LHC

- Drell-Yan and Higgs distributions

I
the strong coupling:

- status and new ideas

I
Monte Carlo event generators

0 / 5

Please follow links to talks for more 
details and references to papers

Giving only a taster of all new 
results, much more in original talks

Link to agenda
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Monte Carlo generators
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I. Helenius

J. Bellm E. Re
Monte Carlo event generators
I essential for ⇠ all EXP analysis: need to keep up with EXP accuracy.

- photoproduction in PYTHIA8

- charged particle pT at HERA: MPI
probability for �p between �� and pp

I. Helenius

- Herwig7: colour rearrangement for Dipole
Showers

- better agreement with LEP data, now
moving towards DIS

OPAL Data
no swap, µ = 1.0 GeV
swap, µ = 1.0 GeV
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J. Bellm

- (N)NLOPS matching & merging / formal accuracy of PS
[talk by E. Re + plenary by R. Frederix]

https://indico.cern.ch/event/656250/contributions/2901575/attachments/1634126/2606484/Helenius_DIS.pdf
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Jets at the LHC
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A. Huss

F. Ringerjets at the LHC
I test perturbative QCD, constrain PDFs, extract ↵S , BSM.

d� = ↵2
S d�LO + ↵3

S d�NLO

+ ↵4
S d�NNLO

A. Huss

NLO + logR & log z resummation

F. Ringer
A. Huss

https://indico.cern.ch/event/656250/contributions/2876486/attachments/1635166/2608517/ahuss.pdf
https://indico.cern.ch/event/656250/contributions/2876486/attachments/1635166/2608517/ahuss.pdf
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https://indico.cern.ch/event/656250/contributions/2876486/attachments/1635166/2608517/ahuss.pdf
https://indico.cern.ch/event/656250/contributions/2880370/attachments/1634176/2607488/DIS18_FRinger.pdf
https://indico.cern.ch/event/656250/contributions/2880370/attachments/1634176/2607488/DIS18_FRinger.pdf
https://indico.cern.ch/event/656250/contributions/2880370/attachments/1634176/2607488/DIS18_FRinger.pdf
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https://indico.cern.ch/event/656250/contributions/2880370/attachments/1634176/2607488/DIS18_FRinger.pdf


DIS2018, Kobe; WG4 summary: QCD+EW E. Re, S. Uehara, M. Voutilainen 5

D. d’Enterria

V. Theeuwes αs: status and new ideasextraction of ↵S: status & new ideas
I least known coupling, impact on all x-sections: determined by comparing 6

observables to predictions

- updates (at NNLO) awaiting official
PDG combination

- several other ideas available, work
towards NNLO accuracy

D. d’Enterria

- event shapes at LEP: sensitive to
non-perturbative QCD

- reduced dependence using new
techniques (soft drop)

V. TheeuwesD. d’Enterria

https://indico.cern.ch/event/656250/contributions/2882599/attachments/1635212/2608631/dde_alphas_review_dis18.pdf
https://indico.cern.ch/event/656250/contributions/2882599/attachments/1635212/2608631/dde_alphas_review_dis18.pdf
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https://indico.cern.ch/event/656250/contributions/2943342/attachments/1634146/2606514/VTheeuwes-DIS2018.pdf
https://indico.cern.ch/event/656250/contributions/2943342/attachments/1634146/2606514/VTheeuwes-DIS2018.pdf
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D. d’Enterria

V. Theeuwes αs: status and new ideasextraction of ↵S: status & new ideas
I least known coupling, impact on all x-sections: determined by comparing 6

observables to predictions

- updates (at NNLO) awaiting official
PDG combination

- several other ideas available, work
towards NNLO accuracy

D. d’Enterria

- event shapes at LEP: sensitive to
non-perturbative QCD

- reduced dependence using new
techniques (soft drop)

V. TheeuwesD. d’Enterria
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DY and Higgs distributions
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A. Vicini

P. F. MonniDrell-Yan and Higgs differential distributions
I Drell-Yan distributions are measured with few per mill accuracy.

- test EW sector at the quantum level

- few per mille distortion ) 10 MeV on MW

- radiative corrections / interplay NC-CC: is all under
control?

- PDF and QCD effects are dominant systematic
uncertainties

- combination of 5FS and 4FS NLO+PS
results + thorough study

- improved description of bottom-quark
contributions, impact on MW small but
visible

A. Vicini

https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
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DY and Higgs distributions
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A. Vicini

P. F. Monni
Drell-Yan and Higgs differential distributions

I transverse and inclusive observables (in colour-singlet production).

- EXP and TH clean ! precision physics

- interesting for TH: test event generators,
link between higher-order resummation
and PS

- pT,H allows to set constraints on Higgs
couplings (e.g. Yukawa couplings)

- new formalism to perform resummation
directly in momentum space

- new state of the art: N3LL+NNLO
[ pT,H , pT,Z , �⇤ ]

[preliminary]

P. F. Monni

https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2885312/attachments/1635246/2608654/Vicini-eebb.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
https://indico.cern.ch/event/656250/contributions/2890115/attachments/1635257/2608671/DIS18_Monni.pdf
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Experimental results
Foundations: HERA, LHC objects (μ)

“Pure" QCD: inclusive jets, dijets

“Pure” EW: dibosons VV, Vγ
QCD+EW: V+jet

Higgs connection: VBS, VBF

Massive: jet mass, boosted tagging, mW, mt

QCD at e+e-: hadrons at Belle & Babar
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Link to agenda

e+e�       Motivation                     Jet radius resummation                    Threshold resummation                              Conclusions 

Comparison to LHC data

27

• Cross section ratios

CMS, PRD 90 (2014) 072006 Liu, Moch, FR `17, `18

DR =
�(R = 0.7)

�(R = 0.5)

Please follow links to talks for more 
details and references to papers

Giving only a taster of all new 
results, much more in original talks

Standard Model Production Cross Section Measurements:
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All results at: http://cern.ch/go/pNj7

W 1j≥ 2j≥ 3j≥ 4j≥ 5j≥ 6j≥ 7j≥ 1c 2b

 and kinematic selectionγγ→ll, H→, Zνl→s with WσFiducial  W, Z and H 
Z 1j≥ 2j≥ 3j≥ 4j≥ 5j≥ 6j≥ 7j≥ 1c 1b≥ 2b≥ =0j

WZ =1j =2j 3j≥ =0j
ZZ =1j =2j 3j≥ tt 1j 2j 3j 4j 2b =0j

H =1j =2j =3j >=4j

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 35.9 fb≤13 TeV CMS measurement (L 

Theory prediction
Z +� 0 j

W + � 0 j

Z +� 7 j

W + � 7 j

tt̄ + jets

VV + jets

# # #
W+jets Z+jets H+jets

In today’s talk: I Z+jets and W+jets at 13 TeV

I EWK Z + 2 jets at 13 TeV
2

17

Summary
� About 50 ATLAS papers 

published on diboson
physics studies

� Entering precision 
measurement era (σsys

< 5%) to test SM at 
highest energy scale

� Sensitivities of aTGC
surpass the LEP 
combined limits!

For charged aTGCs
• ∆κγ limits ~6x10-2

• λγ limits ~1.3x10-2

• ∆κΖ limits ~2x10-2

• λΖ limits ~1.3x10-2

• ∆g1
Ζ limits ~2x10-2

For neutral aTGCs
• hi

V limits ~10-4 – 10-6

• fiV limits ~10-3

https://indico.cern.ch/event/656250/timetable/#20180420.detailed
https://indico.cern.ch/event/656250/timetable/#20180420.detailed
https://indico.cern.ch/event/656250/timetable/#20180420.detailed
https://indico.cern.ch/event/656250/timetable/#20180420.detailed
https://indico.cern.ch/event/656250/timetable/#20180420.detailed
https://indico.cern.ch/event/656250/timetable/#20180420.detailed
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   HERA, LHC muons
HERA results on isolated photons — old experiment keeps on giving

Muon object performance at ATLAS — experimental foundation for LHC precision physics
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K. Wichmann

S. Rettie
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Summary
● Recent measurements complement previous studies: Phys. Lett. B 715 (2012) 88 

● Additionally studies in two Q2 regions: below and above Q2 of 30 GeV2

● Extracted differential cross-sections for correlated observables: 

x
g

meas, x
p
obs, Δη,  Δf, Δη

eg
 and Δf

eg

● PYTHIA x 1.6 describes data in both Q2 regions 
● NLO (AFG) calculations give excellent data description, both in shape 

and normalisation and in both kinematic regions – low and high Q2 
● k

t
-factorisation (BLZ) gives fair data description, however 

normalisation too high and some distributions not described in shape

JHEP 1801 (2018) 032

AFG: NLO good

BLZ: kT factorisation fair

Sébastien Rettie - DIS 2018April 17, 2018

Effect Of Corrections
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• After applying momentum corrections, the line shapes of the 
Z and J/ψ peak between data and simulation match very well 
within systematic uncertainty!

μ pT scale ~0.1% (unc.)

μ efficiency ~0.5% (unc.)

μ pT resolution ~1% (unc.)

https://indico.cern.ch/event/656250/contributions/2864438/attachments/1633332/2604941/kwichmann-dis18-ppDIS.pdf
https://indico.cern.ch/event/656250/contributions/2864438/attachments/1633332/2604941/kwichmann-dis18-ppDIS.pdf
https://indico.cern.ch/event/656250/contributions/2864438/attachments/1633332/2604941/kwichmann-dis18-ppDIS.pdf
https://indico.cern.ch/event/656250/contributions/2864438/attachments/1633332/2604941/kwichmann-dis18-ppDIS.pdf
https://indico.cern.ch/event/656250/contributions/2864438/attachments/1633332/2604941/kwichmann-dis18-ppDIS.pdf
https://indico.cern.ch/event/656250/contributions/2864438/attachments/1633332/2604941/kwichmann-dis18-ppDIS.pdf
https://indico.cern.ch/event/656250/contributions/2874175/attachments/1634120/2606506/2018_04_17_Sebastien_Rettie_DIS_2018_v4.pdf
https://indico.cern.ch/event/656250/contributions/2874175/attachments/1634120/2606506/2018_04_17_Sebastien_Rettie_DIS_2018_v4.pdf
https://indico.cern.ch/event/656250/contributions/2874175/attachments/1634120/2606506/2018_04_17_Sebastien_Rettie_DIS_2018_v4.pdf
https://indico.cern.ch/event/656250/contributions/2874175/attachments/1634120/2606506/2018_04_17_Sebastien_Rettie_DIS_2018_v4.pdf
https://indico.cern.ch/event/656250/contributions/2874175/attachments/1634120/2606506/2018_04_17_Sebastien_Rettie_DIS_2018_v4.pdf
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Inclusive jets
State-of-the-art measurements from LHC are now 8 TeV

global PDF fits should add these as soon as ATLAS HEPData available

New measurements out from 13 TeV, but will need time to reach Run I precision
Same |y| bins, same small R=0.4 => foundation ready for LHC combination, HERA style
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Inclusive jet production @ 8 TeV

Double-di↵erential cross-section

d

2�
dpTdy

= 1
✏ Lint,e↵

Njets

�pT(2�|y |)

Measurement at 8 TeV
L = 19.7 fb�1 and L = 5.6 pb�1

anti-k
t

jets with R = 0.7

21  pT < 74 GeV, upto |y|= 4.7

74  pT < 2500 GeV, upto |y| = 3.0

Theoretical NLO calculations :

I using CT10 PDF set

I corrected for non-perturbative (NP) and
electroweak (EWK) e↵ects

 [GeV]
T

Jet p
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eVpb
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-1 = 5.6 pb
int

Open: L
-1 = 19.7 fbintFilled: L

 EWK ⊗ NP ⊗CT10 NLO 
 NP ⊗CT10 NLO 

 )6 10×|y| < 0.5 ( 
 )5 10×0.5 < |y| < 1.0 ( 
 )4 10×1.0 < |y| < 1.5 ( 
 )3 10×1.5 < |y| < 2.0 ( 
 )2 10×2.0 < |y| < 2.5 ( 
 )1 10×2.5 < |y| < 3.0 ( 
 )0 10×3.2 < |y| < 4.7 ( 

JHEP 03 (2017) 156

Anterpreet Kaur (PU) DIS 2018 18 April, 2018 3 / 23
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• 2 jet collections: Anti-kT R=0.4, 0.6
• Double differential cross section in 

pT and y
• 70 GeV < pT < 2500 GeV
• |y| < 3.0
• ℒ = 20.2 fb-1

April 18, 2018 Z. Hubacek (CTU in Prague), DIS 2018, Kobe 9

JHEP 09 (2017) 020

A. Kaur

Z. Hubacek

https://indico.cern.ch/event/656250/contributions/2859226/attachments/1634783/2607717/Anter_DIS_2018.pdf
https://indico.cern.ch/event/656250/contributions/2859226/attachments/1634783/2607717/Anter_DIS_2018.pdf
https://indico.cern.ch/event/656250/contributions/2859226/attachments/1634783/2607717/Anter_DIS_2018.pdf
https://indico.cern.ch/event/656250/contributions/2859226/attachments/1634783/2607717/Anter_DIS_2018.pdf
https://indico.cern.ch/event/656250/contributions/2859226/attachments/1634783/2607717/Anter_DIS_2018.pdf
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Dijets
Dijet production by CMS at 8 TeV and ATLAS at 13 TeV

ATLAS differential in y*=|y1-y2|/2 and traditional mjj

CMS triple-differential in pT,avg, y* and yb=|y1+y2|/2

Separating forward-forward from forward-backward 
gives more sensitivity to PDFs

 12

Triple-Di↵erential dijets

Ratios to NNPDF 3.0 - NLO ⌦ EW ⌦ NP

Data points with statistical uncertainty

Experimental uncertainty

Theoretical uncertainty (PDF, Scale and NP)

Good agreement with MMHT2014 and CT14
PDF NLO calculations

ABM11 PDF underestimates the predictions

EPJC 77 (2017) 746

Anterpreet Kaur (PU) DIS 2018 18 April, 2018 11 / 23

Triple-Di↵erential dijets

Data are well described in most of the analysed
phase spaces.

Di↵erences observed at high pT,avg and y

b

:
less known high x region of the PDFs is
probed.

Smaller data uncertainties : potential to
constrain the PDFs.

EPJC 77 (2017) 746

Anterpreet Kaur (PU) DIS 2018 18 April, 2018 12 / 23
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• At least 2 jets (anti-kT, R=0.4)
with pT>75 GeV and |y| < 3.0
• HT,2 = pT1+pT2 > 200 GeV
• Double differential in mjj and 

y*=1/2|y1-y2|
• ℒ = 3.2 fb-1

April 18, 2018 Z. Hubacek (CTU in Prague), DIS 2018, Kobe 18
ATLAS-STDM-2016-03

A. Kaur

Z. Hubacek
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Precision EW: dibosons
Wealth of EW data available form LHC

Experimental precision <5%, already more sensitive than LEP for aTGC

 13 17

Summary
� About 50 ATLAS papers 

published on diboson
physics studies

� Entering precision 
measurement era (σsys

< 5%) to test SM at 
highest energy scale

� Sensitivities of aTGC
surpass the LEP 
combined limits!

For charged aTGCs
• ∆κγ limits ~6x10-2

• λγ limits ~1.3x10-2

• ∆κΖ limits ~2x10-2

• λΖ limits ~1.3x10-2

• ∆g1
Ζ limits ~2x10-2

For neutral aTGCs
• hi

V limits ~10-4 – 10-6

• fiV limits ~10-3

B. Zhou
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V+jet
Precision data on Z+jet (CMS, ATLAS 13 TeV) and W+jet (ATLAS 8 TeV, CMS 13 TeV)

NNLO (Njetti) available and needed for accurate modelling, NLO multileg decent 
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Z + jets @ 13 TeV Eur. Phys. J. C77 (2017) 361

HT - scalar sum of the pT of all
visible objects

I common variable in beyond
SM searches for heavy
particles

I often used as scale variable in
pQCD calculations

BlackHat+ Sherpa

underestimates data in
HT > 300 GeV (missing higher
orders)
Njetti NNLO recovers agreement
by adding higher orders in pQCD
LO MG5_aMC+ Py8 CKKWL

over-predicts large HT (consistent
with p

jet
T predictions)

Nataliia Kondrashova (SJTU) DIS 2018 6 / 37

N. Kondrashova

A. Grebenyuk

Njets Leading jet pT HT for Njets � 1
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I LO MG5 aMC underestimates data at low and
moderate pT of leading jet and HT

I NLO MG5 aMC and W+1 jet fixed order NNLO
perform better for leading jet pT and HT

12

NNLO
(Njetti)
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VBF: Zjj / Wjj
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Measurement of electroweak Zjj production – Fiducial cross sections

• �

fid
Zjj (fb) in Mjj > 250GeV region (background-only hypothesis rejected at > 5�):

� 8TeV: 54.7± 4.6 (stat) +9.8
�10.4 (syst)± 1.5 (lumi) [POWHEG+PYTHIA: 46.1± 1.0]

� 13TeV: 119± 16 (stat)± 20 (syst)± 2 (lumi) [POWHEG+PYTHIA: 125.2± 3.4]

• Systematic uncertainties on �

fid
Wjj (13TeV, Mjj > 250GeV region):

� Data statistics in CR: 6.2%
� Largest experimental: jet calibration (5-6%)
� Largest theoretical: Mjj shape (11%) ; QCD-Zjj scale, PDF & showering (4.5%)

Philippe Calfayan, Indiana University DIS 2018 9/14

BDT variables
Several discriminating variables used to achieve the best separation between DY
Z+2jet and EW Z+2jet signal.
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Discriminating variables:

mjj , �⌘jj , R(phardT ), z⇤(Z),
pTjj , quark/gluon likelihood
(QGL) of the two tagging jets
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|~pTj1+~pTj2+~pTZ |
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MG5 aMC+ Pythia8:

EW Zjj (LO MG5 aMC)
DY Zjj (NLO MG5 aMC)
DY Zjj (LO MG5 aMC)

Good agreement between
data and MC predictions
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EWK Z + 2 jets 13 TeV (arXiv:1712.09814)
I Pure EW Z (! `+`�) + 2-jets final state

Vector boson fusion: Bremsstrahlung-like: Multiperipheral production:

↵s

↵s

I Properties of EW Zjj signal events:
I well-separated jets in rapidity with large mjj , and a central decay of a

Z boson
I suppressed color flow in the region between the two jets (low

hadronic activity in the rapidity interval)

I Integrated luminosity of 35.9 fb�1

I The first observation for this process at 13 TeV
I Cross section measured in the kinematic region defined as:

pT(j) > 25 GeV, mjj > 120 GeV, m`+`� > 50 GeV

14

P. Calfayan

A. Grebenyuk

VBF: Vector Boson FusionVBF of interest for e.g. Higgs couplings

EW contribution extracted mainly 
with high mjj requirement

https://indico.cern.ch/event/656250/contributions/2864439/attachments/1634081/2606448/dis2018.pdf
https://indico.cern.ch/event/656250/contributions/2864439/attachments/1634081/2606448/dis2018.pdf
https://indico.cern.ch/event/656250/contributions/2864439/attachments/1634081/2606448/dis2018.pdf
https://indico.cern.ch/event/656250/contributions/2864439/attachments/1634081/2606448/dis2018.pdf
https://indico.cern.ch/event/656250/contributions/2864439/attachments/1634081/2606448/dis2018.pdf
https://indico.cern.ch/event/656250/contributions/2864439/attachments/1634081/2606448/dis2018.pdf
https://indico.cern.ch/event/656250/contributions/2864429/attachments/1635199/2608581/DIS2018.pdf
https://indico.cern.ch/event/656250/contributions/2864429/attachments/1635199/2608581/DIS2018.pdf
https://indico.cern.ch/event/656250/contributions/2864429/attachments/1635199/2608581/DIS2018.pdf
https://indico.cern.ch/event/656250/contributions/2864429/attachments/1635199/2608581/DIS2018.pdf
https://indico.cern.ch/event/656250/contributions/2864429/attachments/1635199/2608581/DIS2018.pdf
https://indico.cern.ch/event/656250/contributions/2864429/attachments/1635199/2608581/DIS2018.pdf


DIS2018, Kobe; WG4 summary: QCD+EW E. Re, S. Uehara, M. Voutilainen

VBS: 1st electroweak VVjj
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Electroweak Production of W±W±jj (I)

• Published in PRL in February 2018
• Signal significance: 5.5 σ observed, 5.7 σ expected
• World’s first observation of electroweak-induced VVjj production at a 

pp collider

17 April 2018 Andrew Levin 8

VBS

VBS

non-VBS EWK

QCD

A. Levin

T. Nitta

Motivation

67

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

WW/WZ/ZZ scattering at LHC is characterized by V V jj final state:

triple and quartic gauge vertices

V V

VV

q

q

q

q

f̄

f

f̄

f

H0
H0

Higgs exchange and Higgs
production via vector boson fusion

Sensitivity to QGC (only occur in few channels besides VBS)
! setting exclusion limits on aQGC

A. Vest June 7, 2013 HB2013 12
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‣3点/3点ゲージ結合からの寄与 
‣ヒッグスの交換・生成過程

縦偏極ベクターボソンの散乱  ➡ 電弱対称性の破れの直接検証

QCD (∼αEW4αS2)Electroweak (∼αEW6)

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +
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gauge invariantly separable: can be suppressed by VBS topology cuts
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終状態にVV+jjを作るNon-VBSバックグラウンド過程

散乱振幅 (E ≫ MH)

   ベクターボソン散乱 (1)

前後方へのクォーク
由来ジェット

Measurement of �(W±
W

±
jj) with ATLAS | Introduction | VBS @ LHC

Vector Boson Scattering at the LHC

V

V

V

V

q2

q1

q02

q01

• final state: defined by analysis

• initial state: we collide protons (q, q̄, g)

• interaction: consider all possible diagrams

Christian Gumpert | IKTP, TU Dresden | 05th July, 2014 4 / 14
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A. Vest June 7, 2013 HB2013 13

終状態にVV+jjを作るNon-VBSバックグラウンド過程

散乱振幅 (E ≫ MH)

   ベクターボソン散乱 (1)

前後方へのクォーク
由来ジェット

Measurement of �(W±
W

±
jj) with ATLAS | Introduction | VBS @ LHC

with = + + + +

. . .

. . .

EWK diagrams = Higgs contributions + self-interactions + non-resonant + . . ./ O(↵6
w

)

QCD diagrams / O(↵4
w

↵2
s

)

Christian Gumpert | IKTP, TU Dresden | 05th July, 2014 5 / 14

Figure 2: The cross-sections for longitudinal gauge-boson scattering resulting from subsets of
the tree-level diagrams: (a) diagrams involving only three-gauge-boson couplings, (b) diagram
involving only four-gauge-boson couplings, (c) diagrams involving Higgs bosons.

Figure 3: The integrated lowest-order cross-sections for various polarizations.

6

arXiv:hep-ph/9711302v2 

only
 qu
arti
c co
upli
ng

w/ triple c
oupling

w/ Higgs

Higgs boson restores 
unitarity of scattering  
amplitude. 

Cancel!

VBS/Triboson processes are good probe  
to understand electroweak processes !!

 2

VBS: Vector Boson Scattering
EFT: Effective Field Theory

CMS: 1st measurement of  EW  VVjj at pp collider

WW scattering unitary with H => probe EW

Limits on dimension 8 EFT operators

Electroweak Production of W±W±jj (I)

• Published in PRL in February 2018
• Signal significance: 5.5 σ observed, 5.7 σ expected
• World’s first observation of electroweak-induced VVjj production at a 

pp collider

17 April 2018 Andrew Levin 8

VBS

VBS

non-VBS EWK

QCD
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Jet mass
Precise data on groomed soft drop mass 
and ungroomed jet mass from CMS+ATLAS

With grooming, jet mass precisely calculable 
in pQCD (NLO+NLL precision)

Solid foundation for boosted object tagging
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Jet mass @13TeV
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- For groomed jets, the Sudakov peak is suppressed and the precision in the intermediate mass
region improves
- For m/p

T

> 0.3, the fixed-order matrix element matching is insu�cient to capture the true
dynamics
- Semi-analytical calculations beyond NLL accuracy of the groomed jet mass agrees for masses
lower than 30% of the p

T

- PS has the largest e↵ect on the jet mass (agreement between PH + P8 and P8)

A. Bermudez (DESY) April 2018 8 / 26

Unfolded distributions

Distributions normalised to �resum

Largest di↵erence between Monte Carlo and

analytic predictions in non-perturbative

regime

I
E↵ect larger for higher � (smaller

fraction of soft energy removed)

NLO+NLL calculation included
non-perturbative corrections ) better
agreement at low log10(⇢2)

Good agreement between data and analytic
calculations in resummation and fixed-order
regions

15 / 29

A. Bermudez

T. Farooque

SD: Soft Drop (groomed)

https://indico.cern.ch/event/656250/contributions/2864428/attachments/1634169/2606546/DIS_2018_final_Armando.pdf
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  Heavy object tagging

 18

H→bb tagging

 32ATLAS-CONF-2016-039 

• Identify large-R jets as boosted H→bb decays 
• Match b-tagged R = 0.2 track jets to large-R jet 
• Higgs mass requirement 
• Use D2 to identify 2-prong decay

J. Veatch

boosted W, Z, top tagging already routine at the LHC — basic tools for HL-LHC

boosted H(->bb) tagging now becoming reality as well — only 6 years after H discovery
D2 for two-prong decay
b-tagged R=0.2 subjets
Higgs mass

https://indico.cern.ch/event/656250/contributions/2874179/attachments/1634174/2606563/jveatch_dis2018_tagging.pdf
https://indico.cern.ch/event/656250/contributions/2874179/attachments/1634174/2606563/jveatch_dis2018_tagging.pdf
https://indico.cern.ch/event/656250/contributions/2874179/attachments/1634174/2606563/jveatch_dis2018_tagging.pdf
https://indico.cern.ch/event/656250/contributions/2874179/attachments/1634174/2606563/jveatch_dis2018_tagging.pdf
https://indico.cern.ch/event/656250/contributions/2874179/attachments/1634174/2606563/jveatch_dis2018_tagging.pdf
https://indico.cern.ch/event/656250/contributions/2874179/attachments/1634174/2606563/jveatch_dis2018_tagging.pdf
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EW precision, mW
Measurement of mW from Jacobian peak (mT, pT,l) needs 
extreme precision for PDFs and modelling of low pTW

New ATLAS measurement already impacts world average

 19

Z. Zhang

Zhiqing Zhang, LAL, Orsay /18DIS 2018 workshop, Kobe, April 16-20, 2018
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W Boson Mass Measurement at 7 TeV (5)
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Results: 
• In good agreement with 

other single experiment 
measurement 

• Precision matches other 
best one

Impact of ATLAS measurement in global fit (arXiv:1803.01853): 
• The uncertainty of world average improved from 15 MeV to 13 MeV  
• The precision of the indirect determination reduced from 8 MeV to 7 MeV

Zhiqing Zhang, LAL, Orsay /18DIS 2018 workshop, Kobe, April 16-20, 2018
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W Boson PT Measurement Perspective
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❑  Dedicated low pileup data available 

❑  These data could help for a better 
understanding/modelling of low 
pTW,Z region 

❑  At low pileup, we also have best 
recoil resolution, thus could 
improve the sensitivity of the 
mT observable 
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ATL-PHYS-PUB-2017-021 Zhiqing Zhang, LAL, Orsay /18DIS 2018 workshop, Kobe, April 16-20, 2018
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W Boson Mass Measurement at 7 TeV (1)

12

 [GeV]l
T

 p
30 32 34 36 38 40 42 44 46 48 50

Ev
en

ts
 / 

 0
.5

 G
eV

20
40
60
80

100
120
140
160

310×  
  

Data
ν-µ →-W

Background

ATLAS
-1 = 7 TeV, 4.1 fbs

/dof = 29/392χ

 [GeV]l
T

 p
30 32 34 36 38 40 42 44 46 48 50D

at
a 

/ P
re

d.
0.98
0.99

1
1.01
1.02

                 

❑  Based on 7 TeV data with up to 4.6 fb-1 
➤ Signal samples: W ➔ e/µ νe/µ decays 
➤ Calibration samples: Z ➔ ee, µµ +W samples 
➤ Favorable pileup condition (<µ> ~ 9) 
➤ Resolution less affected by pileup 

❑  Extremely challenging measurement 
➤ Strongly affected by PDFs (s, c PDFs) 
➤ Difficult modelling @ low pWT 
➤ Precise lepton, recoil (u) system calibration 

❑  Template fits to charged lepton 
transverse momentum (plT) and W 
boson transverse mass (mT) 
distributions

mT =

q
2p`Tp

miss
T (1� cos��)

~pmiss
T = �

⇣
~P `
T + ~uT

⌘

Fit range
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top quarks, mt
Similar experimental progress on mt as on mW 
needs precise modelling:

color reconnection in W->qq’ seems too strong in MC

top pT: NNLO QCD + NLO EW good, but parton to 
particle level transition not yet understood

FSR modelling in parton shower constrained by 
underlying event and jet shapes

 20

M. Seidel

Fits of Powheg+Pythia 8 ↵FSR
s (mZ ) CMS PAS TOP-17-013 CMS PAS TOP-17-015

Scan of ↵FSR
s (mZ ) in underlying events and jet shape observables
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incl jets
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From pT ! ↵FSR
s (mZ ) = 0.120 ± 0.006; from jet width ! ↵FSR

s (mZ ) = 0.1227 ± 0.0013
Need more complete tuning to get agreement with all observables
Comparison to world average needs CMW scheme and scale uncertainties ( +0.014

�0.012)
Markus Seidel (CERN) Top modeling: studies and measurements April 18, 2018 14 / 15

Measurement of differential cross sections CMS TOP-17-002

(Double!) differential cross section as function of top pT, rapidity (had/lep,
leading/trailing), tt pT, mass, rapidity, jet pT/⌘, �Rt ; jet multiplicity, gap fractions
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Top pT still not well described:
NNLO QCD + NLO EW agrees better with the data than Powheg+Pythia 8
Powheg+Herwig agrees at parton but not at particle level!

Markus Seidel (CERN) Top modeling: studies and measurements April 18, 2018 7 / 15

Unfolded distributions

✓P (jW1 , jW2 ) ✓P (jb1 , jb2 )

Various hadronisation models tested (Pythia6, Pythia8, Herwig7, Sherpa)

I
All predict smaller jet pull (stronger colour flow e↵ect) than data

Signal jet pull modelled best by Powheg+Herwig7; but spurious jet pull modelled poorly

Pythia6 describes data better than Pythia 8

I
Di↵erenes between the two models not limited to hadronisation

19 / 29

T. Farooque
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γγ collisions at e+e- (Belle, KEKB)

 21

Two-photon collisions at an e+e- collider (Belle, KEKB) 
g*g K0

S K 0S
        (S.Uehara, Tue #2 s.) 

A large-Q2 photon on a real photon： 
 
First measurement of the  
Transition form factor  
of f2’(1525) 

Consistent with a QCD calculation of  
qq-meson model by Schuler, Berends 
and van Glick 

gg  hc(1S,2S)  h’p+p-    (Q.N. Xu, Thu #1 j.s.) 
Meson spectroscopy and decay properties 

First observation of 
hc(2S)  h’pp 
with a significance 
of 5.5s 

 Decay substructure 
  
Observation of  
hc(1S)  h’f0(2080) 

   
gg  hc(1S)  h’pp 
(h’→hpp) 
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QCD at e+e- (BaBar, PEP II)

 22

QCD-related  measurements from an e+e- collider 
(BaBar, PEPII) 

(L. Zani, Thu #1 j.s.) 

Measurement of the D*+(2010) – D+  
mass difference 

Constrain the symmetry breaking due to u-d 
quark mass difference in chiral perturbation 
theory & lattice QCD 

 After adding the bias 
Δm+ = (140 601.0 ± 6.8[stat] ± 12.9[syst]) keV 
ΔmD = (4 824.9 ± 6.8[stat] ± 12.9[syst]) keV 

Search for B0→ pppp 

- For better understanding of the mechanism 
of hadronization into baryons 
- Baryon puzzle: Inclusive BF>  of Exclusives 

The first upper limit on this channel: 
- 11 decay events with a significance of 2.9s 
-  BFUL = 2 x 10-7 at 90% CL 

Beam-energy substituted mass 

PDF: 
Resolution function 
(signal)+ Threshold 
 function (combin- 
atorial background) 
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Summary

 23

We’re now well into LHC precision era with 
wealth of data and NNLO theory predictions

PDF, αs, mW and mt measurements laying solid 
foundation for Run II new physics searches

New channels for exploration of Higgs 
potential and EW theory opening in Run II

Deep understanding of jet mass and boosted 
topologies new tools for Run II and HL-LHC


