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* LHC EWK WG workshop to discuss anomalous vector boson coupling
measurements for LHC Run Il

* The goal is to get a useful input and recommendations from theory side
for ATLAS and CMS experimentalist that are planning to work on
anomalous coupling vector boson measurements with Run Il data

Senka Duric EWK LHC 2015
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Multiboson production at LHC
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Multiboson Cross Section Measurements s

Multiboson (diboson and triboson) production at LHC )[AR,, > 0.4) ATLAS Proliminary

ofd(Wy > tvy)

Runi1 +s=7,8TeV

* Important test of the Standard Model f,ﬁl([z"f’fejl,
_["jet=0]
* Large cross section of multiboson production at LHC in pp collisions v - —
. . o(pp—>WV-tvqq)
* Backgrounds for New Physics and Higgs measurements oMWW EWK
o (pp—>WW) ™ -
- oI (WW-see) [nje:=0]

Sensitive to theoretical calculation

= o (WWsppr) [mjer=0] - ]
. ' - a'i“(WW—»eu) [Mjee=0] ] Theory
* Large NLO QCD corrections at high Vs skl ? Lo 5= ey
o pp—
. =
.« . . - (WZ - ever) S8l oyt
* Non-negligible NNLO QCD and NLO QED corrections oppsz2) o
S0 lppozzodl) | m
Sensitive to new physics I y T
. . - (22" - ttvy) * , , , , , ) \
* New particles decaying to vector bosons: W/, Z', ... 06 08 10 12 14 16 18 20 22 24 26
data/theory

* Anomalies in vector boson scattering

Mar. 2015 CMS Preliminary

* Anomalies in vector boson couplings (aGC) = indirect search for VIS mescuremons. 1o OV mossuroment (st satsese)
NeW thsics vs. NLO o) theory 8 TeV CMS measurement (stat,stat+sys) +———e—+—
YY, (NNLO th) —fo——— 1.06 +0.0120.12 5.0fb"
Wy —o——— 1.16+0.03+0.13 5.0fb"’
zy i 0.98 +0.01x0.05 5.0fb"
Zy —— 0.98 £0.01x0.05 19.51b"
WW+WZ ——————— 1.05+0.130.15 4.9fb"
In most multiboson analysis together with cross ww - 11120082010 49f7
WW, (NNLO th.) —he— 1.01+0.02 £0.08 19.41b
section measurement ATLAS and CMS measure wz e 11720072007 491"
. wz ————i 1.12+0.03+0.07 19.6fb"
anomalous gauge couplings 2z — 09920142007 491"
7z — e — 1.00 +0.06 +0.08 19.6 b
L Lo
08 Alresuts at Production Cross Section Ratio: o,/ o
http://cern.ch/go/pNj7 . exp theo
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots, cms-results.web.cern.ch/cms-results/public-results/publications/SMP
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Events / bin

* Anomalous couplings result in an increase of cross section at high
energies (S) -> observables dependent on the invariant mass of the
diboson system and the boson p; are particularly sensitive (m,,, m,, pTy,

pT,, -..)

* Couplings are measured (or limits are set) by performing binned fit in
single sensitive observable

* Sensitivity mostly in highest bins
e Last bin is always overflow bin

* Limiting factor: observed statistics in the tail (primary) and
systematic and statistical uncertainty on the signal model
(secondary)

* Sensitivity depends on absolute size of anomalous coupling signal,
absolute size of expected background and uncertainties

* Binning is optimized to reach highest expected sensitivity

Senka Duric EWK LHC 2015

Anomalous coupling signature

\ 7
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Eur. Phys. J. C72 (2012) 2173
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Cross section (yield) is a quadratic function of anomalous coupling parameters (a)

o, « (anomalous coupling parameter)’ = a’o,. +ao,, +o,,, (1)

signal contribution depends on pT, mass, ... -> different signal modeling in every bin in

chosen observable

Building continuous signal model in parameter space:

1. Derive expected signal distributions for several different parameter values

using MC generator by:

a) Generating several aGC points in the parameter space individually

b) Generating one sample and reweighting to other a-priori defined aGC

points

2. Performing quadratic fit as a function of parameters in every observable bin

=>» Parametersin (1)
OR:
Derive ME weights from MC generator

*  Parametersin (1) directly from MC generator

How we measure anomalous couplings
(signal model)

CMS Simulation

\ 7
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

-10 -5 0 5 10
F 1 1 1 1 1
4F Ay If
o E \ )
o 3.5F . 1]
B F \\ I'
o] 3:_ \‘ /
g 285F 0\ e
e E 1D quadratic fit s
x E ’
*oasf \ rd
1:_ \‘ /I
E LY A
0.5F Mo Rl
TR et
6 -4 -2 0 2 4 6
Anomalous coupling parameter
2Dquadratic fit
@
>
e
()
g
(8]
()
o
x
w
An
Ofna/OuSC
OUp/,ng
Pa

Measurement of parameters is performed in 1D and 2D (fixing all other parameters to
SM value) by fitting parameters as parameters of interest

Senka Duric
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How we measure anomalous couplings
(floating parameters)

Both Collaborations
report 1D and 2D limits.
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Fitting single parameter
(1D) while fixing all other

to SM value
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Phys. Rev. D 87, 112001 (2013)

Expected Observed Expected Observed
Scenario Parameter (A =6 TeV) (A =6 TeV) (A = 00) (A = o0)
Arz [<0.043, 0.040] [—0.045, 0.044] [—0.039, 0.039] [—0.043, 0.043]
LEP Az =Xy [—0.060, 0.062] [—0.062, 0.065] [—0.060, 0.056] [—0.062, 0.059]
Ag? —0.034, 0.062] [—0.036, 0.066] [—0.038, 0.047] [—0.039, 0.052
Arkz —0.040, 0.054] [—0.039, 0.057] [—0.037, 0.054] [—0.036, 0.057
HISZ Az =\ —0.064, 0.062] [—0.066, 0.065] [—0.061, 0.060] [—0.063, 0.063
. Arz —0.058, 0.089] [—0.061, 0.093] [—0.057, 0.080] |—0.061, 0.083
Equal Couplings ~  _ ) [0.060, 0.062]  [—0.062, 0.065] [—0.060, 0.056] [—0.062, 0.059]
A
/,' {<N T T T
ATLAS s=7TeV
W4 0.1F LEP Scenario 4
/’ 95% C.L. f L=461b
> U
Fitting two parameters (2D) -0.1- :
simultaneously while fixing I
PR T S T N S I
all other to SM value -0.1 0 0.1
Ax,



Form-factors and parametrizations summary @
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* In ATLAS limits are set for the case with form-factor (A=2-6TeV for aTGC and
A~500GeV for aQGC) and without form-factor (equivalent to A=oo)
* k-matrix unitarization for same-sign WW

e |n CMS limits are set without form-factors

ATLAS Effective Lagrangian approach Effective vertex EFT Linear (dim 8) parametrization
(“LEP”, HISZ, equal couplings) and approach
EFT
CMS Effective Lagrangian approach EFT Linear (dim 8) and EFT non-linear
(“LEP”) and EFT (dim 6) parametrization

Nucl. Phys. B282 (1987) 253, Phys. Rev. D41 (1990) 2113, Phys. Rev. D48 (1993) 2182

Senka Duric EWK LHC 2015 7
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* Higher collision energy provides better sensitivity for anomalous couplings measurements
* Moving towards EFT approach for anomalous coupling parametrization...
* Combination of limits between ATLAS and CMS

e Combination of limits between multiboson and higgs analysis

<> As a result of discussions:

Do we want to prepare the document with EWK LHC working group recommendations for anomalous coupling
measurements for Run I1?
* the example of the dark matter working group document "Dark Matter Benchmark Models for Early LHC

Run-2 Searches: Report of the ATLAS/CMS Dark Matter Forum?" (http://arxiv.org/abs/1507.00966)

* goal of the document: summary of the parametrization, recommendations on the issue of unitarity,

combination (with Higgs), signal modeling and MC generation

Senka Duric EWK LHC 2015 8
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To guide discussions during following talks...

Anomalous couplings and EFT:

e the validity of the EFT interpretation of LHC results
* how to ensure the validity of EFT in Run Il measurements?
* how precise a measurement must be so that limits on higher-dimensional operators
can be interpreted as saying something general about new physics?
e given a set of operators how precise our result has to be for each of these operators so

that we can interpret the results as a limit on an EFT?

... Specific recommendations for experimentalists to guide our publications plans

Senka Duric EWK LHC 2015 9
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To guide discussions during following talks...

Combination of limits between multiboson and higgs analysis

* recommended basis and their availability in MC generators
* which parameters from which final states can be combined

* sensitive observables: shape or normalization only?

... Specific recommendations for experimentalists to guide our publications plans

Senka Duric EWK LHC 2015 10
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To guide discussions during following talks...

General
 What is the most complete set of parameters?
 What is the appropriate parametrization of yield as a function of the parameters for
variation of 1/2/3 parameters simultaneously?
* simultaneous multidimensional fits vs single parameters fits. Are single parameter limits
useful?
* Translation of specific BSM models to anomalous coupling parameters
* Physical interpretation of operators
* Use of unfolded distributions for anomalous coupling measurements. Inputs on the caveats of
using unfolded spectra for setting limits on NP (the most useful kinematic quantities, minimising

phase space extrapolations etc.)

... Specific recommendations for experimentalists to guide our publications plans

Senka Duric EWK LHC 2015 11
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To guide discussions during following talks...

General (NLO)

* QCD NLO corrections for anomalous coupling

* if we are not using NLO QCD anomalous coupling calculation (using LO MC) is it safe to apply SM k-
factor? Some preliminary studies show anomalous couplings have k-factors different from SM.

* NNLO QCD corrections can be substantial in certain areas of the phase space. Should this be taken into
account? Is it possible to get differential k-factors in variables of interest to aCs such as vector boson pT
orm_VV?

* Anomalous coupling MC reweighting tools

* LO QCD anomalous coupling reweighting is available in MG, what are the limitations and important
points to know

* Status and plans of NLO QCD anomalous coupling reweighting tools

* QED NLO corrections for anomalous couplings are not available

* Isit safe to apply EWK correction for SM on anomalous couplings?

* Recommendations to approximate the effect?

* Should we use QED LO and asign systematic uncertainty?

... Specific recommendations for experimentalists to guide our publications plans

Senka Duric EWK LHC 2015 12
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September 2015 o CMS — September 2015 CcMs —
Central ATLAS — L4
FitVaivo ee = Channel Limits Juat is gﬁ?};ﬂe o L fi s
" WW [436-02,436-02]  46f0" 77TeV LEP e Channel Limits Ldt s
‘ P ww [-6.0e-02, 4.6e-02] 19.4fb" 8TeV Ax, L Wy [-4.1e-01,46e-01]  46fp" 7TeV
1 WV [-9.0e-02,1.0e-01] 46" 7TeV —_— W [-3.8e-01,2.9e-01] 50fb" 7TeV
[ Em— wv [-4.3:-02, 3.3e-02] 500" 7 T:V —— WYW [2.1e-01,2.26-01] 49" 7 T:V
 ———— LEP Comb. [-7.4e-02,5.1e-02] 0.7 fb' 0.20 TeV R ww [1.36-01,9.56-02] 194" 8TeV
N " WW [-6.2e-02,5.9e-02] 46" 7TeV 4
z ww [-4.86-02, 4.86-02) 491" 7TeV | S | wv [-2.1e-01, 2.2e-01] 4.6 fb 7 TeV
—— ww [-2.4e-02, 2.4e-02]  19.4fb" 8TeV —_ wv [1.1e-01,1.4e-01]  50f0" 7TeV
— wz [-4.6e-02,4.7e-02] 46fb" 7TeV —_— DO Comb. [-1.6e-01,2.5e-01] 8.6fb"' 1.96TeV
—_— WV {gzegz ;gegg 4.6 fb‘: 7 TeV —e— LEP Comb. [-9.9e-02, 6.6e-02] 0.7 fb"' 0.20 TeV
—_ wv -3.8e-02, 3.0e- 50fb" 7TeV 6 Be " K]
— DO Comb. [-3.6e:02, 4.46-02] g6fbo" 1.96 TeV S Wy [6.5¢-02,6.1002] 46 fb,‘ 7Tev
— LEP Comb. [-5.9¢-02, 1.7-02] 0.7 " 0.20 TeV — Wy [5.0e-02,37e-02]  50fb" 7TeV
Ag? —_— ww [-3.9e-02, 5.2e-02] 46" 7TeV | wWwW [-4.8e-02, 4.8e-02] 49" 7TeV
! i wWw [-9.5e-02,9.5e-02] 49" 7TeV e ww [-2.4e-02,2.4e-02] 19.4fb" 8TeV
e ww [-4.7e-02,2.2e-02]  19.4 ﬂ?" 8TeVv — wv [-3.9e-02,4.0e-02] 46f" 7TeV
[ — wz [-5.7e-02,9.3e-02] 46fb" 7TeV .
W [5.5002.7.1002] 46M" 7TeV — wv [-3.8e-02,3.0e-02] 5.0fb' 7TeV
—_— DO Comb. [34e-02,8.4¢-02] 86" 1.96TeV e DO Comb. [36e:02, 4.4e-02]  86f" 1.96TeV
|—o|—| LEP Comb. I[-5.4e-02, 21e-02] 071" 0.2|0 TeV [ag] LEP Comb. [-5.9e-02, 1.7e-02] 0.7 fb" 0.20 TeV
L L L L L L L L L PRI T T S SR N S T ST S E T ST S Lo Lo
0 0.2 0.4 -0.5 0 0.5 1 1.5
aTGC Limits @95% C.L. aTGC Limits @95% C.L.
Mar 2015 July 2015
T T I T T T T T T T T I T T T T I T éLl_éAgrléllrlﬂll—tI?nlns T T i T T T I T T T T I T T T T I T T T I T C'I\AS |I:’reIAI L”-r’ns T T };{ T
fl [E— zZ -0.015-0.015 4.6 fb’
4 - 77 -0.005 - 0.005 19.6 fb-! h —_— Zy(ly,vvy 7TeV) -2.9e-03-2.9e-03 5.0 fb"
— ZZ (212v) -0.004 - 0.003 24.7 fb': 3 Zy(ly) -4.6e-03-4.6e-03  19.5fb"
_ — g (comb) -8_8(1)2 - 8.3?2 42146;71‘ gt: — Zy(vvy) -1.1e-03-9.5e-04  19.6fb"
— . - VU, . - - . R " 1
f4 L 77 -0.004 - 0.004 19.6 fb" HZ Zy(ly vvy 7TeV) -2.7e-03-2.7e-03  5.0fb
— 7z (212v) -0.003 - 0.003 24.7 fb! 3 Zy(ly) -3.8e-03-3.7¢-03  19.5fb"
— ZZ (comb) -0.002 - 0.003 24.7 fk{‘ — Zy(vwy) -1.5e-03-1.6e-03  19.6 b
v  — 7z -0.016 - 0.015 4.6 for 7l 7TeV) -1.5e-05 - 1.5e-05 !
—_— ; -1.5e-05 - 1.5e-! 5.0fb
fg - 7z -0.005 - 0.005 19.6 fb" hl 1 vy 7TOV) }
— ZZ(2|2V) -0.003 - 0.004 24.7 fb-1 — Zy(lly) -3.6e-05 - 3.5e-05 19.5fb
— ZZ(comb) -0.003 - 0.003 24.7 fb™! — Zy(vvy) -3.8¢-06 - 4.3¢-06  19.6 b
f§ S g -8.8(1) j - 8.2; j 411.96 é%-1 hz PR Zy(Iy,vvy 7TeV) -1.3e-05-1.3e-05 5.0 fb"
— Doselihe : 4 —_— Zy(l -3.1e-05 - 3.0e-05 1
. 77 (212v) -0.003 - 0.003 24.7 b v ¢ © 1951
- ZZ (comb) -0.002 - 0.002 24.7 fb-! — Zy(vvy) -4.0e-06 - 4.6e-06  19.6 b
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
-0.5 0 0.5 1 Lo 1.5 x10™ -0.5 0 0.5 1 L 1.5x10%(h) x10%h,)
aTGC Limits @95% C.L. aTGC Limits @95% C.L.
Senka Duric EWK LHC 2015 14

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
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October 2015 CcMS —
ATLAS Channel Limits fidt Vs
fio /A F-=-4 Wvy [-7.7e+01,8.1e+01] 19.3fb" 8 TeV
— Zy [-7.1e+01, 7.5e+01] 19.7fb" 8 TeV
- ss WW [-3.3e+01, 3.2e+01] 19.4fb" 8 TeV
I yy—=WW  [-1.5e+01, 1.5e+01] 51 fo' 7 TeV
1 yy—>WW  [-4.6e+00, 4.6e+00] 19.7 fo' 8 TeV
[N [EEREEER 1 Wvy [-1.3e+02, 1.2e+02] 19.3fb" 8 TeV
_ Zy [-1.9e+02, 1.8e+02] 19.7 fb" 8TeV
I—1 ss WW [-4.4e+01, 4.7e+01] 19.4fb" 8 TeV
Fooeerd yy—>WW  [-5.7e+01,5.7e+01] 51 fo' 7TeV
-l yy—=WW  [-1.7e+01, 1.7e+01] 19.7fo' 8 TeV
fyz /A° lommmme e 1 Wyy [-2.5e+02, 2.5e+02] 20.3fb" 8TeV
— Zy [-3.2e+01,3.1e+01] 19.7fb" 8 TeV
fia A Wyy [-4.7e+02, 4.4e+02] 20.3fo" 8 TeV
Zy [-5.8e+01, 5.9e+01] 19.7fb" 8 TeV
fie /A" ss WW [-6.5e+01, 6.3e+01] 19.4fb" 8 TeV
fuz /A ssWW  [-7.0e+01, 6.6e+01] 19.4fb" 8TeV
L 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
-500 0 500 1000 1500 .
aQGC Limits @95% C.L. [TeV™]
October 2015 cMs
ATLAS —
Channel Limits Juat Vs
fro /A" L RhREEEELED 1 Wyy [-1.6e+01, 1.6e+01] 20.3fo" 8TeV
[ e e 1 Wwy [-2.5e+01, 2.4e+01] 19.3fb" 8TeV
— zy [-3.8e+00, 3.4e+00] 19.7fb"' 8 TeV
k=l ss WW [-4.2e+00, 4.6e+00] 19.4fb™" 8 TeV
fr, /A — zy [-4.4e+00, 4.4e+00] 19.7fb"' 8 TeV
1—1 ss WW [-2.1e+00, 2.4e+00] 19.4fb" 8 TeV
fr,/A* | Zy [-9.9e+00, 9.0e+00] 19.7 fo”" 8 TeV
b-— -4 ss WW [-5.9e+00, 7.1e+00] 19.4fo" 8 TeV
frg/A* — Zy [-1.8e+00, 1.8e+00] 19.7fb"' 8 TeV
frq /A — Zy [-4.0e+00, 4.0e+00] 19.7fb"' 8 TeV
L L L L | L L L L | L L L L |
0 50 100
aQGC Limits @95% C.L. [TeV™]
Senka Duric
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LEP L3 limits CMS WWy limits N
July 2013 et
uly DO limits — CMS yy — WW limits ims
Anomalous WWyy Quartic Coupling limits @95% C.L. Channel Limits L \s
Wwy [- 15000, 15000] 0.43fb™ 0.20 TeV
yy—WW [-430,430] 9.70fb" 1.96 TeV
y — wWwy [-21,20] 19.30fb" 8.0 Tev
a¥/A* Tev?
Yy — WW [-4,4] 5.05fb" 7.0 Tev
Wwy [- 48000, 26000] 0.43fb™ 0.20 TeV
yy = WW [- 1500, 1500] 9.70fb" 1.96 TeV
—_— Wwy [-34,32] 19.30fb" 8.0 Tev
a¥/A? Tev?
e yy—=>WW  [-15,15] 5.05fb" 7.0 TeV
-1
f10/A% TV _ wwy [-25,24] 19.30fb" 8.0 Tev
-10°-10*10%102-10 -1 1 10 10%10° 10° 10°

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
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Anomalous couplings as search for New Physics?
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Two general ways to look for deviations from the SM:

a)

Assume a specific model of New Physics: SUSY scenario, dark matter, ...

Anomalous coupling measurement

b)

Look for model independent deviations and measure “the deviation from SM” (deviations still have to be
parametrized)

And also choose between:

1. Looking for a peak in observed distribution

Anomalous coupling measurement

2. Looking for a deviation in the tails of observed distribution (broad deviation)

10?
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(22) __<-_.-I__-.._L
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Lagrangian that we feel at low energies can be expressed as the SM + additional terms
* Effective vertex approach (used in ZZ and Zy analyses) Nucl. Phys. B282 (1987) 253

raﬁ ‘7\2/—’77%/ BY (ghg®B o Bu
v =i e=—a—{ h (a78" —qjg™)
Z

2 2
afp  _ . 9y — My V (o _Bu B _uo
My =1e m2 (" (av g™ +av &™) + by 2 Y (g,av 6% — ¢t )
|4 a
Submitted to JHEP + 1 € (qzp — Az,p) } +hy @ gy
arXiv:1506.01443 + by qv eﬂﬁw Qvp Gy }

* Effective Lagrangian approach="phenomenological Lagrangian’ (WV analyses)

) v o _ .., Phys. Rev.D41(1990) 2113
Ly —— Lwwy = —zgwwv{g}/(W;jW ryv — W:VUW H ) + HVWJW,, VH

)\
V W+ W~— VPVPM — ig;/ellupa [W;(apW;) — (8PW:)W;] Va} ,

* Effective Field Theory (EFT) approach (WW analysis, VBF analyses and triboson analyses)

Phys. Rev. D48 (1993) 2182

o) n+4
( ( )

E&‘\] _—) ‘Ceff_‘c"’”_FZZ \n

n=1 1

EWK LHC 2015

Phys. Rev. D 90, 032008 (2014)
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WW?Z/y vertex
!
l"
Z°n \/vvx‘
LY
\
\

\ r+

Nucl. Phys. B282 (1987) 253.
Phys. Rev. D41 (1990) 2113

Using additional assumptions to reduce the number of parameters

Anomalous coupling parametrizations (aTGC)
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

valid for: \/s << A
SU(3)xSU2)xU(1) invariance by construction
A is large, of the order of the scale of New Physics

terms supressed by o Xs

only the first terms are relevant
O, are operator of (energy) "dimension n"
¢, are adimensional couplings of order ~ 1

allows systematic calculation of higher order corrections

EFFECTIVE FIELD THEORY PARAMETRIZATION

infinite sum of (non-renormalizable) Lagrangians:

o (n)
c; 4
Lejr=Lsym + ZZ A—HOEH )

n=1 i

Assumptions (5->3 independent parameters):
CP conservation

EFFECTIVE LAGRANGIAN PARAMETRIZATION g _°cU3 9 W32 ) Owww = Te[W,, W WH]
e ot o) A
allow the couplings of SM operatorstovary + | ¢ ¢ 7~ L+ (ow +cn)gpg Ow (D, ®)'W* (D, ®)
o 2 w
add higher order operators that respect B8 ky = 1+ (o — cptan®fy) W Op (D,®)'B* (D, ®)
i o 9 ’ 2;’\2
symmetries &2 A — Ae— cuw 3g”mi; ‘HISZ’ parametrization
(Hagiwara et al., Nucl.Phys.B282:253,1987) N~ 1T M T VW TGRS
raﬂﬂ 1+ A v . woaf B po o ufB Di = =
wwv (14 Al — q2)"e ne" +are"] channel couplings parametrization parameters I LAEUR]
+ (1+Dky)[3e" — g g of operator
A s .
+ (@ - @) 36" - asqi] ZWW, yWW Ak dim4
Y Zww, yww  Ciective A dimé
+ igy ¢ (01— q2)p ¥ Lagrangian 'm
I\WW Ag!t dim4
Assumptions (14->3 independent parameters): WV &
Electromagnetic gauge invariance, C and P conservation, ZWW, yWW Cwww/ N dim6
, . . £ L
Lagrangian SU(2)XU(1) invariant t:lf:;RVe field /N dimé6
A_r[;’ Axz + tan® Oy Ak, _ltf," = q-:/ 1, Ak, 7z = K, 7 1 CW//\Z d|m6
Senka Duric EWK LHC 2015 17




Anomalous coupling parametrizations (aTGC)
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

nrr-p

Using additional assumptions to reduce the number of parameters

zz/yz/y vertex Z/Y EFFECTIVE VERTEX PARAMETRIZATION
’
4
ZO/Y M add higher order operators that respect symmetries
Y\ Nucl.Phys. B282 (1987) 253
\

A

ZO.

Assumptions Zy channel: CP conservation Assumptions ZZ channel: Electromagnetic gauge invariance
(Hagiwara et al., Nucl.Phys.B282 (1987) 253 (4 missing “/" factor)) (Hagiwara et al., Nucl.Phys.B282:253,1987)
By qv—my v 8 8 2 2
roy =ie~——=—{h{ (¢5g™ —qjg™ . qy—m
v o M ve) Moty =i eV {7 (% ™ + qy &)
a Z
v dv Bu _ it o0
+ hy m2 (g,qv g q qy) + £V ebue (z1p — 22p) }

+hy ePue Avp

q%
+ ht‘l/ % enbro qvp Gyo }
mz

Dimensionality

channel couplings parametrization parameters e
hs dimé
Zy 2%y, yZy
h, dim8
Effective vertex
lin dimé6
4 777, vy1Z
fe dimé6
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CMS, 1 A
N \ é T . . .
T Anomalous coupling parametrizations (aQGC)
L A
—| 4s WISCONSIN
VZ/YWW vertex WWWW vertex
Y W+ W " EFFECTIVE FIELD THEORY PARAMETRIZATION
W add higher order operators that respect symmetries
‘ Two formalisms are used in quartic coupling measurements: linear and non-
7%y W- W W linear formalism.

arXiv: hep-ph 9908254 Assumptions: CP conservation

NON-LINEAR FORMALISM (also used by LEP) LINEAR FORMALISM ~ arXiv: hep-ph 0606118
* Spontaneous symmetry breaking without a Higgs boson * Spontaneous symmetry breaking with a Higgs boson
* Non-decoupling: Valid below a ~3 TeV scale * Decoupling: scale of New Physics is arbitrary large
* dim6 operators * SM allowed vertices introduced at dim6
* Used for aQGC measurements for / al  4M3yfuo  8Miy fua * The same operators that affect aTGC -> these
comparison with previous results g R IR U are better measured
‘GEJ 3 a¥  AME fuy  SMZ fus * Lowest independent aQGC operators (not
%’ h 2T g2 A* 72 A affecting aTGC) are dim8 -> used for aQGC
25 measurements
o
S 5 4 qw
Numerous operators: g8 fM% _ _3_‘:1(_(();’ fL;l = g_zk_f;
agV/N%, acVIN, kW IN, kYN, [ A Miy A A Miy A Numerous operators:
£ fma _ g%k fus _ 87K 1 o/ N, Frof N Fn 2/ N, .

2MZ, A¥

channel couplings parametrization parameters Dimensionality of operator
WWyy a v/, avIn, .. dimé
WVy WW2Zy Ko V/N2, KV, .. dimé
Effective field theory
WWyy, WWZy fr o/ N, fof N Fg o/ N .. dim8
WW EWK WwWww fs o/ N*, Ts 1/ NY, T of N .. dim8
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A Anomalous coupling parametrizations: @
\i L
: EFT summary WISCONSIN
dim6 operators and vertices (aTGC and aQGC)
Owww | Oww | Ow | Opp | O | O | Opp | Oww | Qiww | Opw
WWZ X X X X X X
WWA X X X X X X
7Z7H X X X X X X
WWH X X X
AAH X X X X
AZH X X X X X X X
WWWW X X X X
WWZZ X X X X
WWAA X X X
WWAZ X X X X
WWHH X X X
Z7ZHH X X X X X X X
AZHH X X X X X X X
AAHH X X X X
dim8 operators and vertices in linear parametrization (aQGC, no aTGC)
WWWW WWzZ | 72ZZzZ WWAZ | WWAA ZZ7A ZZAA ZAAA AAAA
Os.0/1 v v v
Onio/1/6/7 v v v v v v v
On.2/3/4/5 v v v v v v
Or.0/1/2 v v v v v v v v v
Or.5/6/7 v v v v v v v v
Or.s/o v v v v v

Senka Duric EWK LHC 2015 20



