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๏ Two topics                                                              


๏Prospects for W mass measurement at the LHC


๏Electroweak tests with anomalous couplings


๏W mass:                                                                                                         


๏Very basics of the measurement, Tevatron results, statistical precision with Run-1


๏Supporting measurements: pTZ, pTW, Parton Shower tunes and strange quark 
PDF


๏Gauge boson couplings:


๏Probing gauge bosons’ self couplings with dibosons production, Vector boson 
scattering and electroweak Z+2jet production 


๏ Leptonic final states (electrons and muons), photons and MET


๏ Limits on anomalous couplings mainly with full 7 TeV data, 8 TeV yet to come


๏Channel combination would increase sensitivity.

OUTLINE 2
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 ELECTROWEAK PARAMETERS

!
๏  SM (EW sector) is an over-constrained  theory:                                       

3 parameters at the tree level (αem, GF, Mz)

๏Precise measurement probe loop diagrams => 

radiative corrections

๏Mass depend on M2top and ln(MH), but also any new 

particle with weak charge.

๏Precise measurement of top and W mass constrain 

Higgs mass:

๏Current ΔMH and ΔMtop,  require experimental 

precision of ~10 MeV uncertainty on W mass (cf. 
plenary talk by S. Tkazyuk)

3
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 W MASS: ANALYSIS STRATEGY

๏Many components needed for Mw 
measurement: a very complex measurement 

๏ ISR (transverse) and PDFs (longitudinal boson 
momentum)


๏V-A couplings: angular distributions


๏FSR affects lepton momentum


๏Experimental inputs 


๏ In situ calibration of the lepton momentum 
scale and hadronic recoil resolution


๏Three observables:                                                    


๏ lepton pT 

๏neutrino pT (MET)  

๏Transverse mass: m2T=2pTMET (1- cos Δφ) 

๏Some systematic uncertainties more affecting 
measurement with one observable then the 
other (consistency check) 

4
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  PRECISION
Systematic (MeV) Electrons Muons Common

Lepton Energy Scale 10 7 5
Lepton Energy Resolution 4 1 0

Recoil Energy Scale 6 6 6
Recoil Energy Resolution 5 5 5

u|| e�ciency 2 1 0
Lepton Removal 0 0 0

Backgrounds 3 5 0
pT (W ) model (g2, g3,�s) 9 9 9

Parton Distributions 9 9 9
QED radiation 4 4 4

Total 19 18 16

Systematics, systematics, systematics! 
Table above: D0 pT lepton fit only, no statistics.

(N.B: many systematics statistically limited)
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D

0 
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16
 

๏Each experiment @ LHC should reach 7 MeV precision with 10fb-1 @14 TeV


๏Each experiment should reach few MeV statistical precision with Run-1


๏Desired Experimental systematics (lepton calibration for example, cf MH measurement in 
4 lepton channel) should be within reach


๏PDF and other uncertainties more critical. 
Eur.Phys.J. C57 (2008) 627-651  
arXiv:0805.2093v2 [hep-ex] momentum scale momentum resolution
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CERN/LHCC 2006-021

http://arxiv.org/abs/0805.2093
https://cds.cern.ch/record/942733/files/lhcc-2006-021.pdf
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 SUPPORTING MEASUREMENTS

๏Physics modelling 
๏pTZ  (and pTW) measurement

๏QED, NLO EW corrections

๏Polarization coefficients


๏pTZ measurement 
๏soon public result on full 2011 data

๏ In combination with φ*  

๏Parton Shower (PS) tuning 
๏pTZ  and pTW the same QCD, difference in EW 

less important

๏Tune PS on pTZ  to get better description of pTW

๏Exploit the high precision of the pTZ and the 

complementary Z φ* measurements to constrain 
the parton shower models


๏New ATLAS tune based on ATLAS φ* (ee) and  
pTZ (μμ) uncorellated measurements


๏QED and EWK corrections  

6

Paper in preparation 

Preliminary results here


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-23/
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 SUPPORTING MEASUREMENTS
๏Constrain PDFs 

๏double differential W and Z cross 
section measurement


๏strange quark density 

๏ATLAS 
๏Use W+c, W± asymmetry, Z rapidity

๏Use HERA DIS (v1.5) as baseline

๏Strange PDF parameterised by one 

variable

๏CMS 
๏Use W+c & 5fb-1   W± asymmetry

๏Use HERA DIS (v1.0) as baseline

๏Allow strange PDF shape and 

normalization

๏Similar CMS and ATLAS measurements                                                             

using different methodologies!

๏Small tension over strange-suppression 

between ATLAS & CMS result

7

arXiv:1312.6283

arXiv:1402.6263

http://arxiv.org/pdf/1312.6283v2.pdf
http://arxiv.org/pdf/1402.6263v1.pdf
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๏Fundamental test of Standard Model: 

๏Self interactions of gauge bosons manifest themselves as a couplings of three (TGC) 

of four (QGC) gauge bosons (WWZ, WWγ, WWZγ, WWγγ, WWZZ, WWWW)

๏Structure of TGC and QGC completely determined by SU(2)LxU(1)Y symmetry 

๏Precision measurement of TGC and QGC either confirm SM or indicate presence of 

New Physics at the mass scale through the discovery of anomalous couplings  
๏Anomalous couplings manifest as increase of total cross sections and 

differential cross sections at high invariant mass and high transverse 

GAUGE BOSON COUPLINGS

∫
L dt

[fb−1] Reference

– σfid(ZZ∗ → ℓℓνν) 4.6 JHEP 03, 128 (2013)σ = 12.7 +3.1

−2.9
± 1.8 fb (data),

PowhegBox & gg2ZZ (theory)

– σfid(ZZ∗ → 4ℓ) 4.6 JHEP 03, 128 (2013)σ = 29.8 +3.8

−3.5
+2.1

−1.9
fb (data),

PowhegBox & gg2ZZ (theory)

– σfid(ZZ → 4ℓ)
4.6 JHEP 03, 128 (2013)σ = 25.4 +3.3

−3.0
+1.6

−1.4
fb (data),

PowhegBox & gg2ZZ (theory)

20.3 ATLAS-CONF-2013-020σ = 20.7 +1.3

−1.2
± 1.0 fb (data), MCFM (theory)

σtotal(ZZ)
4.6 JHEP 03, 128 (2013)σ = 6.7 ± 0.7 +0.5

−0.4
pb (data), MCFM (theory)

20.3 ATLAS-CONF-2013-020σ = 7.1 +0.5

−0.4
± 0.4 pb (data), MCFM (theory)

– σfid(WZ → ℓνℓℓ) 13.0 ATLAS-CONF-2013-021σ = 99.2 +3.8
−3.0

+6.0
−6.2

fb (data), MCFM (theory)

σtotal(WZ)
4.6 EPJC 72, 2173 (2012)σ = 19.0 +1.4

−1.3
± 1.0 pb (data), MCFM (theory)

13.0 ATLAS-CONF-2013-021σ = 20.3 +0.8

−0.7
+1.4

−1.3
pb (data), MCFM (theory)

– σfid(WW → µµ) 4.6 PRD 87, 112001 (2013)σ = 73.9 ± 5.9 ± 7.5 fb (data), MCFM (theory)

– σfid(WW → ee) 4.6 PRD 87, 112001 (2013)σ = 56.4 ± 6.8 ± 10.0 fb (data), MCFM (theory)

σtotal(WW) 4.6 PRD 87, 112001 (2013)σ = 51.9 ± 2.0 ± 4.4 pb (data), MCFM (theory)

– [njet = 0] 4.6 PRD 87, 112003 (2013)1.05 ± 0.02 ± 0.11 pb (data), MCFM (theory)

σfid(Zγ → ℓℓγ) 4.6 PRD 87, 112003 (2013)1.31 ± 0.02 ± 0.12 pb (data), MCFM (theory)

– [njet = 0] 4.6 PRD 87, 112003 (2013)1.76 ± 0.03 ± 0.22 pb (data), MCFM (theory)

σfid(Wγ → ℓνγ) 4.6 PRD 87, 112003 (2013)2.77 ± 0.03 ± 0.36 pb (data), MCFM (theory)

σfid(γγ)[∆Rγγ > 0.4] 4.9 JHEP 01, 086 (2013)44.0
+3.2

−4.2
pb (data), 2γNNLO (theory)

data/theory
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

LHC pp
√
s = 7 TeV

theory

data
stat only
stat+syst

LHC pp
√
s = 8 TeV

theory

data
stat only
stat+syst

Diboson Cross Section Measurements Status: March 2014

ATLAS Preliminary

Run 1
√
s = 7, 8 TeV

theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryApr 2014

All results at:
http://cern.ch/go/pNj7

(NNLO th.), γγ  0.09± 0.11 ±1.04 -15.0 fb
γW  0.06± 0.13 ±1.16 -15.0 fb
γZ  0.05± 0.05 ±0.98 -15.0 fb

WW+WZ  0.03± 0.20 ±1.05 -14.9 fb
WW  0.04± 0.11 ±1.11 -14.9 fb
WW  0.04± 0.12 ±1.22 -13.5 fb
WZ  0.03± 0.10 ±1.17 -14.9 fb
WZ  0.05± 0.08 ±1.12 -119.6 fb
ZZ  0.06± 0.15 ±0.99 -14.9 fb
ZZ  0.08± 0.10 ±1.00 -119.6 fb

7 TeV CMS measurement (exp+th) 

8 TeV CMS measurement (exp+th) 

CMS measurements
vs. NLO theory

More in the talk by H.L. Brun, this session.

8
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 ANOMALOUS TGC

๏Beyond SM physics modelled by effective Lagrangian with anomalous TGC (aTGC) 
parameters


๏Values of the parameters are 0 in the SM

๏Charged aTGC (WWV): in SM 
๏measurements in WW, WZ, Wγ diboson processes + Zjj 
๏ .

๏5 parameters: 


๏Neutral aTGC (ZZV): not in SM

๏measurement using ZZ and Zγ 

๏ .

๏  8 parameters


๏avoid unitarity violation via dipole form factors

๏CMS follows non-form factor convention, ATLAS shows both

9
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 !
๏Cross section slightly above NLO predictions.

๏H→WW*→lνlν 3% (not included in this plot)


๏aTGC

๏sensitive to both WWγ and WWZ couplings

๏assume some relations between the couplings, 3 

“scanarios” for the limits: 

๏ “LEP scenario” (explicit SU(2)L x U(1)Y 

invariance, 3 parameters)

!

๏ “HISZ” (2 param)

!

๏equal coupling scenario (2 parameters)

!
๏95% C.L. limits on aTGC extracted  for                                               
Λ = 6 TeV and  Λ = ∞ 

๏Leading lepton pT, statistics is still limited @ 7 

TeV

๏Limits better than Tevatron, LEP still most 

stringent limits

WW ! l⌫l⌫ 10

Phys. Rev. D 87, 112001 (2013)

Eur.Phys.J. C73 (2013) 2610 

http://prd.aps.org/abstract/PRD/v87/i11/e112001
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๏aTGC

๏sensitive to WWZ coupling:

๏pTZ correlated to ŝ, used to set limits 

on aTGC

๏Dominated by statistical uncertainty.

๏ Improvement with 8 TeV expected

ATLAS: WZ CMS: WW

๏ in WW ΔκV ~ ŝ/M2w, while in WZ and                     
Wγ   as √ ŝ/Mw


๏more sensitivity to ΔκV

WZ ! l⌫ll 11

Eur. Phys. J. C (2012) 72:2173CMS-PAS-SMP-12-006

http://www.springerlink.com/content/tt3644v1100r5j04/
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 Data EWK Zjj 

!
๏CMS: BDT analysis, muon channel only, 

๏NNLO fiducial cross section estimation 239 fb, agrees 

with the measurement:

๏Production of Zjj events via the t-channel                                                
exchange is a purely EWK process:                                                               
vector boson fusion (VBF),                                                                                               
Z-boson bremsstrahlung                                                                                         
non-resonant production

๏VBF sensitive to WWZ coupling


๏Boson propagators present in electroweak Zjj production 
are different from those in VV production.


๏Electroweak Zjj production therefore offers a 
complementary test of aTGCs


๏Good agreement with SM!


Zjj ! lljj 12

JHEP04(2014)031

CMS-PAS-FSQ-12-935

http://link.springer.com/article/10.1007/JHEP04%282014%29031
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๏Leptonic final state, suppress FSR: 
ΔR(l,γ)>0.7 


๏aTGC extracted from ETγ observable

๏Uncertainties due to backgrounds and 

physics modelling

๏Supersedes Tevatron limits, still not 

competitive with LEP.


W� ! l⌫� 13

Phys. Rev. D 87, 112003 (2013)

 

arXiv:1308.6832 

http://prd.aps.org/abstract/PRD/v87/i11/e112003
http://arxiv.org/abs/1308.6832
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The results from the ννγ analysis dominate the 

sensitivity to anomalous TGCs in Zγ production.

h h h h

2.7x10 1.3x10 2.9x10 2.5x10

CMS: llγ + ννγ, no form factor 

Z� ! ll�, ⌫⌫� 14

Phys. Rev. D 87, 112003 (2013)

arXiv:1308.6832 
J. High Energy Phys. 10 (2013) 164 

http://prd.aps.org/abstract/PRD/v87/i11/e112003


   N. Vranjes                                                          Electroweak test at the LHC                                                           Blois 2014 

 

210 310

En
tri

es
 / 

G
eV

-310

-210

-110

1

10

210

ν 2l2→ZZ  2l (data)→Z 
top, WW, W+jets (data) ν 3l→WZ 

=0.002Z
4 fν 2l2→ZZ =0.005Z

4 fν 2l2→ZZ 
=0.01Z

4 fν 2l2→ZZ =0.02Z
4 fν 2l2→ZZ 

data

 = 8 TeVs,   -1 L=19.6 fb∫CMS Preliminary 2012,   

 [GeV/c]
T

Dilepton p
50 100 200 300 400 1000ob

s/
pr

ed

0
1

2

๏ZZγ and Zγγ forbidden at the tree level

๏aTGC simulated using Sherpa

๏pTZ of the leading lepton pair used to estimate                                                        

parameter values

๏Dominated by statistical uncertainty

๏Much stringent limits with respect to Tevatron and LEP

๏ In agreement with SM expectations (MCFM)

๏7.2 + 0.3 -0.2 pb

ZZ ! llll, ll⌫⌫ 15

JHEP03(2013)128
ATLAS-CONF-2013-020

CMS-PAS-SMP-13-005

http://link.springer.com/article/10.1007/JHEP03%282013%29128
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 aTGC : SUMMARY

๏No deviation from SM observed! 
๏Limits on aTGC are mostly published with 

7 TeV data (CMS ZZ is notable exception) 
๏Better sensitivity for neutral couplings wrt to 

LEP and Tevatron

๏Competitive with Tevatron for charge TGC.


๏ Improvement in sensitivity with 20fb-1 @ 8 
TeV 
๏Also through combination in channels. 

!

16
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๏V V→V V scattering is a key process for 

understanding of EWK symmetry breaking

๏Strong and EW production of WWjj 

๏Same sign W production, strong production 

does not dominate

๏Preselection:

       exactly 2 same-charge leptons (pT> 25 GeV)

       ≥ 2 jets, pT> 30 GeV

      MET > 40 GeV, no b-jets

      mjj > 500 GeV, |Δyjj| > 2.4                                         
	     (applied only for VBS) 
๏Main backgrounds:prompt  lepton (WZ/γ*+j),   

conversion (Wγ+j), non-prompt

๏Evidence of WWjj and EWK WWjj are observed 

with with 4.6 and 3.6σ respectively

๏Probe of WWWW coupling


๏Cross section measurement

!
!

W±W±jj ! l⌫l⌫jj 17

ATLAS-CONF-2014-013
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 SUMMARY

๏Exciting time for electroweak physics at the LHC     


๏Prospects for W boson mass measurement:                                                       


๏Huge accumulated statistics of leptonic W bosons decays should give few MeV 
statistical uncertainty on W mass measurement.


๏Experimental systematic uncertainties: lepton momentum scale/resolution, 
hadronic recoil resolution. 


๏Physics modelling benefits from supporting measurement such as PTZ, pTW, 
Parton shower tunes…


๏W/Z double differential cross section measurements and strange quark density 
help constraining PDF uncertainties. 


๏Multiboson production: test self couplings of gauge bosons.


๏New energy regime: no deviation with respect to SM predictions                                                  


๏Limits on anomalous couplings mostly at full 7 TeV dataset.  


๏Still most of the LHC data at 8 TeV to be analysed more results with improved 
precision expected soon.                                                        


18
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 BACKUP
∫
L dt

[fb−1] Reference

ZjjEWK

fiducial
20.3 arXiv:1401.7610 [hep-ex]

Zγ
fiducial, njet=0

4.6 PRD 87, 112003 (2013)

Wγ
fiducial, njet=0

4.6 PRD 87, 112003 (2013)

t̄tγ
fiducial

1.0 ATLAS-CONF-2011-153

ZZ
total

4.6 JHEP 03, 128 (2013)

20.3 ATLAS-CONF-2013-020

WZ
total

4.6 EPJC 72, 2173 (2012)

13.0 ATLAS-CONF-2013-021

Wt
total

2.0 PLB 716, 142-159 (2012)

20.3 ATLAS-CONF-2013-100

γγ
fiducial

4.9 JHEP 01, 086 (2013)

WW
total

4.6 PRD 87, 112001 (2013)

tt−channel

total

1.0 PLB 717, 330 (2012)

20.3 ATLAS-CONF-2014-007

t̄t
total

1.1 ATLAS-CONF-2012-134

20.3 ATLAS-CONF-2013-097

Z
total

0.035 PRD 85, 072004 (2012)

W
total

0.035 PRD 85, 072004 (2012)

data/theory
0.4 0.6 0.8 1.0 1.2 1.4 1.6

LHC pp
√

s = 7 TeV

theory

data
stat only
stat+syst

LHC pp
√

s = 8 TeV

theory

data
stat only
stat+syst

Standard Model Production Cross Section Measurements Status: March 2014

ATLAS Preliminary

Run 1
√

s = 7, 8 TeV

19
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W Z γW γZ WW WZ ZZ WW
→γγ

qqll
EW γWV tt t-cht tW s-cht γtt ttZ

σ∆ in exp. Hσ∆Th. 
ggH qqH

VBF VH ttH

CMS 95%CL limit

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

7 TeV Theory prediction
8 TeV Theory prediction

20
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 ELECTROWEAK FITS
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 FB SYMMETRY AND WEAK MIXING ANGLE

๏Can be measured at colliders in asymmetries:


๏CMS: 1.1 fb-1, ATLAS 4.6 fb-1 (preliminary)   


๏gA and gV interference leads to asymmetry in polar angle w.r.t quark 

         pp collision: where does the quark come from?   

  !

๏AFB @ CMS, no Z- mass constrained, results consistent with SM
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 TEVATRON LEPTON SCALE UNCERTAINTY

• Tevatron experience: use J/ψ→ μμ (and Y), but pT<5-10 GeV, test scale on Z→ μμ


* CDF collects  50K Z→ μμ events


* Also no pseduorapidity binning,                             
harder to probe localised effects


* Power of the LHC: 20M J/ψ→ μμ and ~2M 
Z→ μμ (2011)


Measure scales

Test on Z

23
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ATLAS: arXiv:1403.5657 [hep-ex]; ATLAS-CONF-2013-055

CMS: JHEP 12 (2012) 034, arXiv:1210.3844 [hep-ex]; CMS PAS SMP-12-009

๏ Measurement of the 4lep production cross section at the Z                     
resonance provides a test of the SM and a cross-check of the                                    
detector response to the 4lep  state from Higgs decays.


๏ Rare decay, no measurement before the LHC


๏ Cross section measured:


!
!

๏ Branching ratio subtract expected non-resonant contribs,                                     
normalize to Z→ μμin same dataset:


๏ consistent with SM expectations (Powheg):(3.30±0.01) x 10-6


Z ! llll 24
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 WW/WZ WITH JET FINAL STATES

๏Advantage to fully leptonic: Larger BR, direct 
reconstruction of boson pT but larger backgrounds

๏Disadvantage: larger background (mainly W+jets), 

Larger systematics due to jet energy scale/
resolution


๏WW+WZ: limits on Δκγ and λ (HISZ 
parametrisation)

๏0.038 < λ < 0.030, 0.11< Δκγ < 0.14.

๏more stringent with respect to fully leptonic final 

state analysis

๏WW+WZ with bb final states

๏ important background for VH, H->bb 

productions, 

๏ three categories of events presented:


          W→lν,  Z→ll,  Z→νν, cross sections measured                                  
	   in all  three


๏BDT analysis based on classification in pTV, 
events sorted by expected S/B, 4.3σ observation

25
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 AQGC 
Exploit unique final states to access pure quartic contributions


๏ Exclusive WW production


๏  WWγ and WZγ, with one massive boson decay into jets


๏ New measurements in last year


๏ New measurements in the last year 

๏ Probing charged quartic gauge coupling


๏ WWγγ, WWZγ


๏ Significant improvement over Tevatron and LEP


110210310410510 1 10 210 310 410 510

July 2013

s Quartic Coupling limits @95% C.L.            Channel             Limits               L                   γγAnomalous WW

LEP L3 limits
D0 limits

 limitsγCMS WW
 WW limits → γγCMS 

-2 TeV2Λ/W
0a

-2 TeV2Λ/W
Ca

-4 TeV4Λ /T,0f

γWW     0.20 TeV-1[- 15000, 15000]   0.43fb

 WW→ γγ     1.96 TeV-1    [- 430, 430]       9.70fb

γWW     8.0   TeV-1      [- 21, 20]       19.30fb

 WW→ γγ     7.0   TeV-1[- 4, 4]           5.05fb

γWW     0.20 TeV-1[- 48000, 26000]   0.43fb

 WW→ γγ     1.96 TeV-1  [- 1500, 1500]     9.70fb

γWW     8.0   TeV-1      [- 34, 32]       19.30fb

 WW→γγ     7.0   TeV-1      [- 15, 15]         5.05fb

γWW     8.0   TeV-1      [- 25, 24]       19.30fb

26
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 EXPECTED PRECISION 27


