o

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

EPS HEP 2015

Measurement of anomalous triple and quartic
gauge couplings at CMS

Senka Puric
(University of Wisconsin-Madison)

On behalf of the CMS Collaboration




CMS/| Vector boson
. couplings in SM

Triple and quartic vector boson couplings
*  Fundamental prediction of Standard Model (SM)

*  Consequence of the non-Abelian nature of the
SU(2)xU(1) gauge theory

e Have exact values in SM!

Triple gauge couplings (TGC)
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Quartic gauge couplings (QGC)
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Charged couplings are allowed at the tree level while neutral are forbidden in SM.
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CMS

Deviation of vector boson couplings
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Allowing vector boson couplings to vary away from SM values.

How to perform a measurement?

* Anomalous couplings contributions to gauge couplings have to be parametrized
* Ideally: performing global fit to all parameters = too many independent variables
* Need to apply assumptions (physically motivated) to reduce the number of paramaters to measure

Anomalous Triple gauge couplings (aTGC)
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Anomalous Quartic gauge couplings (aQGC)
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Charged couplings are allowed at the tree level while neutral are forbidden in SM.
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CMS

Anomalous couplings as search for New Physics? W
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

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)

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

. S o R Phys. Rev. D41 (1990) 2113
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* Effective Field Theory (EFT) approach (WW analysis, VBF analyses and triboson analyses)

Phys. Rev. D48 (1993) 2182
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Anomalous coupling signature
. . . . . CMS Prelimina 19.4 b (8 TeV
* Anomalous couplings result in an increase of cross section at high S o[ B ¥V Ana e @ we‘j
energies (§)-> observables dependent on the invariant mass of the § B BWoZZNWY | Weiets
diboson system and the boson p; are particularly sensitive (m,,, m,, pT,, S [ L — Cy/AT=20TeV?
g 1005 —— Cypu/AZ = 20 eV
pT), o) S — = — c/A?=55Tev?
g |- ]
* Couplings are measured (or limits are set) by performing binned fit in w L . N
. g E — B
single sensitive observable : M ]
e Sensitivity mostly in highest bins 10E & .
[ I S T, \ S
e Last bin is always overflow bin 100 200 300
* Limiting factor: observed statistics in the tail (primary) and Overflow
systematic and statistical uncertainty on the signal model . o J"‘L‘("t“:j?ff‘b‘i ls=8TeV bin
[ 104 =—#— Muon data - jets -y
(secondary) O " F g9 Mo uncertainty Zots
H . ey N 103 —— SM+ay / A?=50 TeV*
* Indifferent analyses: different observables are the most sensitive PR I o uerk
ege » - . . 5 102 -Wy+iets
* Sensitivity depends on absolute size of anomalous coupling signal, i
absolute size of expected background and uncertainties 105 :
. .. . e . 12 e
* Binning is optimized to reach highest expected sensitivity g -
107E
* Fitis usually performed simultaneously on electron and muon channel 10_25 A
= T S
* 95% CL limits are set using statistics criteria: o 3l E
. 3 2F E
« ‘“deltaNLL"”: fit on parameter values (=measurement) <[ S :
100 200

 “CLs”: in presented analysis fit is performed on signal strength on oton Ef?GOeV)

individual parameter values, testing each point individually Povs
s+

1-p,
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How to measure anomalous couplings
. Y/
(signal model) WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

CMS

Compact Muon Solenoid

CMS Preliminary 19.4 b (8 TeV)
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Lagrangian is linear in anomalous coupling parameters (a) g ¥ BWIZZAVWY Esets ]
= " —c/A2=20TeV?
. 2 _ 2 > 1 — — Gy /A% =20 TeV25
0, * (anomalous coupling parameter)” = a" 0, + a0, + Oy, - NtV
o — 1
L r |
signal contribution depends on pT, mass, ... -> different signal modeling is needed in 102 <
every bin in chosen observable g ]
10
I [ I . e ., ‘
.. for every bin in 100 200 300 400 _.-500 60D
Building continuous signal model in parameter space: observable.. m, (G'?V)
*  Derive expected signal distributions for different e ,,'
-10 -5 0 5 10 _go® 1
parameter values F ‘ ‘ ‘ A et . L !
N i & 1D quadratic fit i
. . OF \ g ]
* using simulated samples T s N J
_ . . R 1D quadoratic fit
e orreweighting SM simulated sample with g 2 “\ /7 9 c,.‘
£ 1.5 N K H
expected anomalous coupling contribution (ME R 3 N L 1D Slgna/ model H
. . . . E N s 1
reweighting or using anomalous coupling to SM | SN L CMS Simulation v
raﬁO) Anomalous coupling parameter '1|0 ':5 (I) ? 1IO
. . . . . 45— ‘\ [r
*  Performing quadratic fit as a function of parameters in D asE N ;
every observable bin > BN /
3 F . /
. .. . L. + = AN 2
* include effects from limited MC statistics and S 25F \ ,,'
Lo o 2F * K
other uncertainties X 3 kY o/
1.5:— \\ '/
1E ~ »
0.5F \\ et
E . A P B, car i BRI B
-6 -4 -2 0 2 4 6
Measurement of parameters is performed in 1D and 2D (fixing all other parameters to Anomalous coupling parameter

SM value) by fitting parameters as parameters of interest
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CMS

Compact Muon Solenoid

(signal model)

Lagrangian is linear in anomalous coupling parameters (a)

o, « (anomalous coupling parameter)’ = a’0 . + a0, + 0y,

signal contribution depends on pT, mass, ... -> different signal modeling is needed in

every bin in chosen observable

Building continuous signal model in parameter space:

*  Derive expected signal distributions for different

parameter values

* using simulated samples

e orreweighting SM simulated sample with
expected anomalous coupling contribution (ME
reweighting or using anomalous coupling to SM A0

ratio)

... for every bin in
observable ...

Expected yield

*  Performing quadratic fit as a function of parameters in

every observable bin

. include effects from limited MC statistics and

other uncertainties

Expected yield

Measurement of parameters is performed in 1D and 2D (fixing all other parameters to

Senka Duric
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SM value) by fitting parameters as parameters of interest

How to measure anomalous couplings
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CMS Preliminary 19.4 b (8 TeV)
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CMS

Compact Muon Solenoid

19.4 fb™! (8 TeV)

CMS Preliminary
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8 TeV -4
19.4 fb™ WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Effective field theory parametrization
“deltaNLI” limits
Selection:
* Ojet (pT>30GeV, |n|<4.7) requirement (to control background)
« pT()>20GeV, MET>20GeV, |mll-mZ|>15GeV, pT(ll)>30/45GeV(DF/SF),
mll>12GeV, veto additional leptons

aTGC measurement:

* aTGC signal: Madgraph LO MC

* Limits derived from binned fit to M(ll) distribution

* No significant deviation in the high M(ll) tail -> setting limits on parameters
* High M(Il) tail is SM signal process dominated (pp->W*W-)

Limits are statistics dominated.

Expected limit = limits that we would set if there are no anomalous couplings
-> signal process is SM

July 2015
— T T T T T T T T T T T T T T
L S BrelMis —
World best limits pogimit 0=
— ww -4.3e-02-4.3e-02  4.6fb"
Axz oy Ww -6.00-02-4.66-02 194 10"
— wv -9.0e-02 - 1.0e-01 461"
— wv -4.3¢-02-33e-02 501’
—.— LEP Combined -7.4e-02-5.1e-02 0.7 fb”
Y — ww -6.2¢-02-59e-02 461"
z — ww -4.86-02-4.8¢-02  49fb"
) o ww 246-02-246-02  19.410"
— wz -4.6e-02-4.7e-02  461b"
— wv -3.9¢-02-4.0e-02 461"
— wv -3.8¢-02-3.0e-02  50fb"
o DO Combined ~ -3.6e-02-4.4e-02 8.6 fb"
et LEP Combined -5.9e-02-1.7e-02 0.7 fb"
AgZ — ww 39e02-5.26-02 461"
1 — ww -9.56-02-9.56-02 4.9 fb"
‘ o ww -4.7e-02-2.2e-02  19.4fb"
— wz -5.7¢-02-9.3e-02 4.6’
— wv -5.5e-02-7.1e-02 461"
ot DO Combined ~ -3.4e-02-8.4e-02  8.61b"
i ‘ LEP Combined :5.4e-02-2.1e-02 0.7 fq" ‘
-0.5 0

1 — 1.5 ‘
aTGC Limits @95% C.L.
Submitted to EPJC
arXiv.1507.03268

CERN-PH-EP-2015-122
http://arxiv.org/abs/1205.4231v1
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CMS,

‘Compact Muon Solenoid

19.6 fb' (8 TeV)
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ZZ->4| & ZZ->212v

Selection (212v):

* 0Ojet (pT>30GeV) requirement (to control
background)

* Opposite sign same flavor pair in Zmass window

* pT(l)>20GeV, pT(Il)>45GeV, third lepton veto

* Large MET, MET and dilepton pT balanced

aTGC measurement:

* aTGC signal: Sherpa MC

* Limits derived from binned fit to pT(ll) distribution

* No significant deviation in the high pT(ll) tail ->
setting limits on parameters

Limits are statistics dominated.
Largest systematic uncertainty in ZZ->212v is
theoretical (MG vs Sherpa).

8+7 TeV
19.4+5.1 b WISCONSIN
9 4 5 UNIVERSITY OF WISCONSIN-MADISON
Effective vertex parametrization
(3 ” 1z :
deltaNLI limits
Mar 2015
— T I
World best limits reL s
fl — 7z -0.015-0.015 4.6 fo™!
4 — 7z -0.005 - 0.005 19.6 fb’!
— ZZ (212v) -0.004 - 0.003 24.7 fb!
-p -~ 77 (comb) -0.003 - 0.003 24.7 fb!
P — 7z -0.013-0.013 4.6 fb"
4 — 7z -0.004 - 0.004 19.6 fb!
— ZZ (212v) -0.003 - 0.003 24.7 fb!
-) -~ ZZ (comb) -0.002 - 0.003 24.7 fb!
fl — 7z -0.016-0.015 4.6 fb"'
5 — 2z -0.005 - 0.005 19.6 fb!
— Z7(212v) -0.003 - 0.004 24.7 fiy"'
- - ZZ(comb) -0.003 - 0.003 24.7 fb!
Z — 7z -0.013-0.013 46fb"
5 — 7z -0.004 - 0.004 19.6 fb!
— ZZ (212v) -0.003 - 0.003 24.7 fi"!
: -) B Fz (comb) -0.002-0.?02 24.7 fo’!
0.5 0 0.5 x10”"

1 1.5
aTGC Limits @95% C.L.

This result includes NLO QED corrections!

Limits with 8 TeV data are factor of ~2 better then limits with 7 TeV data.
Combining two channels limits improve ~ 20%.

[-0.010, 0.011]

f¥ f?

[-0.013, 0.012] [-0.011, 0.011]

[-0.0041, 0.0044]

[-0.0048, 0.0045] [-0.0042, 0.0040]

200 400

Senka Duric
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My, (GeV)

1200

[-0.010, 0.011]

[-0.013, 0.013]

[-0.010, 0.010]

[-0.0033, 0.0037]

[-0.0039, 0.0043]

[-0.0033, 0.0035]

[-0.0028, 0.0032]
[-0.0048, 0.0051]

[-0.0033, 0.0037]
[-0.0057, 0.0062]

[-0.0029, 0.0031]
[-0.0048, 0.0050]

[-0.0022, 0.0026]

deltaNLL 1D 95% limits f,y i
4] 7TeV [-0.012, 0.013]
4] 8TeV [-0.0053, 0.0048]
212v 7TeV [-0.012, 0.013]
212v 8TeV [-0.0044, 0.0038]
212v 7+8TeV [-0.0037, 0.0033]
7+8TeV expected [-0.0060, 0.0053]
41+212v 7+8TeV [-0.0029,0.0026]
7+8TeV expected [-0.0046, 0.0041]

[-0.0036, 0.0039]

[-0.0026, 0.0027]
[-0.0043, 0.0044]

[-0.0023, 0.0023]
[-0.0036, 0.0037]

EPS HEP 2015

Submitted to EPJC
arXiv.1503.05467
CERN-PH-EP-2015-029

9



CMS

Compact Muon Solenoid

Events / 4 GeV

10° 4 SMp-value:0.52 g Standard Model

10

10°

CMS eey channel, 19.4 fb™ (8 TeV)
—e— Data

hg=0,h = 0001
Z
Bl - _003 ;=0

h§ = 0.06, hf = 0.0016

100 150 200 250 300 350 400 /450500
p (GeV)

b

&
e

Limits are set by fitting each
parameter point individually -> not a
measurement of parameter value but

limit setting on every point in

parameter space!

Senka Duric

Zy->lly

Selection:

Two isolated leptons pT(l)>20GeV
Opposite sign same flavor pair with
M(I1)>50GeV

Isolated photon pT(y)>15GeV

aTGC measurement:

aTGC signal: MCFM

Limits derived from binned fit to ET(y)
distribution

No significant deviation in the high ET(y) tail ->
setting limits on parameters

High ET(y) tail is SM signal process dominated

Limits are statistics dominated.

July 2015
L T T cMs PrelLinfts | —— |
World best limits
y Zy(ly,vvy 7TeV) -2.9e-03-2.9e-03 5.0 fb"
h3 Zy(l) - -4.6e-03 - 4.6e-03  19.5fb"
—_— Zy(vvy) -1.1e-03-9.5e-04  19.6fb"
7 Zy(lyvvy 7TeV) -2.7e-03-2.7e-03 5.0 fb"
hs Zy(ly) - -3.8¢-03-3.7e-03  19.5fb"
R Zy(vvy) -1.5e-03 - 1.6e-03  19.61b"
h [ Zy(ly vvy 7TeV) -1.5e-05-1.5e-05 5.0 fb"
4 Zy(lty) - -3.6e-05-3.5e-05  19.5fb"
— Zy(vvy) -3.8¢-06 - 4.3e-06  19.61b"
P —_— Zy(ly vvy 7TeV) -1.3e-05-1.3e-05 5.0 fb"
h4 Zy(Ik) - -3.1e-05-3.0e-05 195"
— Zy(vvy) -4.0e-06 - 4.6e-06  19.6 fb”!
‘—0‘.5‘ (‘) ‘ 0‘.5 — ‘ — 1‘5x10 h)x‘10 ;hé)

aTGC Limits @95% C.L.

N_=
=

8 TeV -4
19.4 fb™ WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Effective vertex parametrization

0.1
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|
o
ey

CLg limits

uwy and eey channels, 19.5 fo™' (8 TeV)

x107 1 o
2 2
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[ —— DataCL=95% T a
C Expected CL = 68% R\ 0.8 _8
E Expected CL = 95% ] e
£ —c Expected CL = 99% P ly 0.7 5
= 0.6 8
E 059
= 04 8
;7 0.3

e N——= 0.2

= 0.1
T T T S O S S SO EN IS IR |

-0.01 -0.005 0 0.005 0.01

g

uwy and eey channels, 19.5 fo™' (8 TeV)

_L
3
5
-

£ zz >
E Data best fit CMS 09=
[ —— DataCL =95% ~rQ
= Expected CL = 68% _ 0.8 8
F Expected CL = 95% = >
[~ — - Expected CL = 99%/ = /} 0.7 5_
2 065
E 059
= 0.4 5
- 0.3
= - 0.2
a2 0.1
il L I M |
-0.01 -0.005 0 0.005 0.01
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‘Compact Muon Solenoid

ZV' >VVY 8 TeV
= 4"  WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Effective vertex parametrization

19.6 o' (8 TeV) “d ERTIE
— : : — . . eltaNLL limits
> ' T ! E Larger branching ratio then Zy->lly => access
15} (’;M,S, = y+Het, W(uv), vy, Z(liy . .
> reliminary [C——J Beam halo ] to higher ET tail
210 =3 QCD ~
[  — W—> elv E
> S Wy— vy ] - 3 1
i - 2y vy 1 Selection: oo 19.6 " (8 TeV)
—e— Data f - — — Expected 8% CL. |
1 Bkg. uncertainty i - High MET (>140GeV) - cMS S sty ]
e gSE=S-_(I)_|2(|)_I‘!, h4=0.0 : « Photon with Iarge pT (>145GeV) . B Preliminary —— Observed 95% CL. ]
10" * Lepton veto (pT>10GeV) T T ) ]
g - // //’ - A\ / 1
B L 7 / i
102 |1 - aTGC measurement: op / (L//// ]
: | { « aTGCsignal: Sherpa B LS )
10° [ — * Limits derived from binned fit to ET(y) 0.01F N7 1
| N N N N N N N N N N N - -
s oF ‘ ‘ ‘ . distribution - .
0 15k ] L e . - .
g B S ~---1 * Nosignificant deviation in the high ET(y) 00&- N N N .
oo tail -> setting limits on parameters -0.004 0002 0 0.002 6,004
200 300 400 500 600 700 800 Y900 1000 3
E; [GeV] 10° 19.6 b (8 TeV)
Limits are statistics dominated. & 00— S B N R
[ GMs T mmasa o ]
| relimin. ary ———— Observed 95% C.L. i
July 2015 001
‘ W I/d‘b‘ ‘I L T 7 cls PrelLinfts | — B //";—_—;:\\ 7
orld best limits B — A 7
C /// N > \ ]
o —— Zy(lyvvy 7TeV) -2.9¢-03-2.9¢:03 5.0 0 < < ). A...]
Increase of NP 3 Zy(ly) -4.6¢-03-4.66-03 195" - (/ [ ( // / .
. — Zy(vvy) 116-03-9.56:04  19.61b" i NN = = ]
effects with s W R zﬂm,m%ev) -2.76-03-27e-03 501" L N —— — ‘://// - 4
] < T ST -3.8¢-03-3.7e-03  1957" -0.01 T
h; dimé6 ~¢3/2  Slower improvement . Z1tw1) . 156516003 1961 . ]
Zv W [— Zy (I vvy 7TeV) -1.5e-05-1.56-05 5.0 b L R
i ~ c5/2 4 Zy(l) -3.6e-05-3.5e-05  19.5fb" - .
h4 d|m8 : / — zy(w ) - -38:-06-43:—06 192fb“ '0-%2 — — — !
Y - : : -0.004 -0.002 0 0.002 0.004
hz [ Zy(lyvvy 7TeV) -1.3e-05-1.3e-05 5.0 fb" h
4 Zy(Ik) -3.1¢-05-3.0e-05  19.5fb" s
— Zy(vvy) 4 -4.0e-06-4.6e06 196"
‘—0I.5‘ 6 S 1!5x;0‘2(‘h3),x‘10“;h‘)

1
aTGC Limits @95% C.L.
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‘Compact Muon Solenoid

WVy->lvjjy

8§ TeV
19.4 fb™ WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Effective field theory parametrization
Selection: CLg limits
* MET>35GeV
* Isolated leptons pT(l)>25/30GeV muons/electrons
* At least two jets (pT>30GeV), b-jet veto
cms | fL dt=193fb" (s=8TeV * Isolated photon ET(y)>30GeV

Em‘* -4 wuondata | Eles—r « 70<mjj<100GeV
F XXX MC uncertainty . 3
3L oo Zes « MT(W)>30GeV, |M,.-M,|>10GeV
@ E - top quark 3
c > b Wy et _
210 - w:/”es aTGC measurement:
Y 7
10 = * aTGCsignal: aMC@NLO
1 c B * Limits derived from binned fit to ET(y) distribution
g = * No significant deviation in the high tail -> setting limits on parameters
107 g
1025, - Limits are statistics dominated.
o 3b 3
© e E
g 1o et + £
£ 100 200 3'030h t 4(08 V; July 2015 cMS Channel Limits Jldt s
oton e
& —) agV/AZ Wwy -21e+01-2.0e+01  19.3fb" 8TeV
CMS Simulation - fM,Z @®-0.5 fM 0 [1 O'11 GeV'4] CMS Simulation fM,S @0.5 fM1 [1 O'11 GeV'4] 3
-10 -5 0 "5 10 15  -10 5 0 5 10 15 ssWW  -9.1e+00-9.4e+00 19.4fb" 8TeV
[2] FT T T T T ‘@ T T T T T T T
c aF % } '© 35F% ’ YYoWW 400400 -4.0e+00 5.1fb" 7 TeV
3. é ‘\ = 0= - Dimension 6 operators A 3 F “ = 0= : Dimension 6 operators 1
£ 35 ] ) ! o) 3F ) ) / H YY-WW  -1.26400-1.2¢400 197 fo" 8TeV
[ F \‘ = x=Dimension 8 operators 1 © F |‘ = x==Dimension 8 operators I'
5 SE . / 5 25 % ! 2 .
g osE v aQGC dim6 <->dim8 / E g \‘\ aQGC dim6 <-> dim8 /’ —-—) ag’/A wwy 340401 -32e401  19.31b" 8TeV
S \ . y S o y . ,
= oF \ transformation / = g \ transformation "/ SWW 130501 - 130401 19417 8TeV
e F aV<>f, 4, fu, o Q 15F 8aW<s>f, ., f ,
Lﬁ 1-5:_ \\‘ 0 M0 M’Z," Lﬁ o AN ¢ M1 M,3/, — Yy—>WW  -15e+01-1.5e+01 5.1fb" 8TeV
o \ ’ 1 \
1__ 4 o - 4
E ‘\ N /' E ‘\ // — YY—>WW  -4.4e+00 - 4.4e+00 19.7fb" 8TeV
0.5F . e” 0.5¢ “Seg World best limits
- L R P AP PR PPN B PR SRS AR SR O S S | R T S S S '
6 4 2 0 2 4 6 € 6 4 2 0 2 4 6 8 50 0 50 100
ay/A? [10° GeV~?] al'/A® [10° GeV™] WWyy aQGC Limits @95% C.L. [TeV?
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‘Compact Muon Solenoid

Events / bin

10

CMS 19.4fb™ (8 TeV)

@ Data
—— SMF;,/A*=0.0Tev*

....... AQGCF_ /A*=-5.0TeV*
—— AQGCF_ /A*=+5.0 TeV*

100 200 300 400
m, (GeV)

Senka Duric

500

FS,‘I

W*W=->|vlv EWK ey
19.3 b WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Selection: Effective field theory parametrization

Same-sign WW to reduce the background “deltaNLL’ limits

Two isolated leptons pT(l)>20GeV, third lepton veto
At least two jets (pT>30GeV), top jet veto

VBF topology: mjj>500GeV, |Anjj|>2.5

MII>50GeV, Z mass window veto, MET>40GeV

aTGC measurement:

aTGC signal: LO Madgraph

WZ EWK is a part of the background -> effect of possible aQGC on the WZ process in
the signal region is negligible

Limits derived from binned fit to M(ll) distribution

No significant deviation in the high tail -> setting limits on parameters

Limits are statistics dominated.

1000

500

-500

-1000

cMs 194" @Tev) Linear combination of operators Fs, and Fg
I leads to increase of cross section.
F — — Expected 95% CL
r Observed 95% CL July 2015 oms Channel Limits Jat Vs
i e SM
B agV/AZ Wwy -2.1e+01-2.0e+01 19.3f" 8TeV
i ) sSWW  -9.1e+00-9.4e+00 19.41b" 8TeV
i YYoWW  -4.0e+00 - 4.0e+00 5.1 o' 7TeV
i = YYy->WW  -1.2e+00 - 1.2e+00 19.7fb" 8TeV
I ag’/AZ wwy -3.46+01-32e+01 193f" 8TeV
B -_—) — SSWW  -1.3e+01-13e+01 19.4fb" 8TeV
: —_ YY-WW  -1.5e+01-15e+01 5.1fb" 8TeV
P R BN R B — YYOWW 446400 - 446400 19.7fb" 8TeV
-200 -100 0 100 200 World best limits
| . . . . | . | | . | . . | |
Fso 50 0

50 100
WWyy aQGC Limits @95% C.L. [TeV?]

EPS HEP 2015 13
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CMsS, 1 . .
Question of unitarity
WISCONSIN
* Any non-zero value of anomalous coupling will lead to tree-level W o WWh
unitarity violation at sufficiently high energy
= At these high energies we will not have an effective theory (that we see S

at energies where we perform the measurement) but full New Physics
theory that conserves unitarity

* Unitarity is preserved with applying (arbitrary) form-factor

« Fgo=dsoTevt| o el

_3 tee.
107°H 4 Ry, =480 Tev : ‘
Fyp =30 TeV ™2 WHIZARD calculation

SM
A ao 104 T T T i i i i i
a(s) = 200 400 600 800 1000 1200 1400 1600 1800 2000
A+5/A,,)" MW+W+)[GeV]

https://whizard.hepforge.org

We will never observe the unitarity violation! However measurement can be “over-sensitive” if using models that
break the unitarity for signal model building.

In CMS we have been setting limits without the use of form-factor, equivalent to A =c°.

Senka Duric EPS HEP 2015 14



CMS

mpact Muon Solenoid

Unitarity of measured anomalous coupling limits

; Y/
WISCONSIN
CMS Simulation Preliminary Vs=8TeV

(}'I_| . | L TTTT TT T T H“:;‘E‘x;‘:e‘ct‘eéL‘ir;itHHHHH‘ ]

% 10 B 0.5/ x Effective V3 Limits 3

0] [ o.25/4 x Effective |3 Limits 3

bt _D Unitarity upper bound with @:ﬂev i

e o 1 0 Unitarity upper bound with @=2Tev E

QG C (WVV'>IVJJV) S == Unitarity upper bound with @=4Tev E

;!o 1 0-3 . wmm— Unitarity upper bound with {3=8TeV..

*  Limits with form factor of A ;>~4 TeV give results similar
to Agp==° (no form-factor)

11 1 \HHH‘

» Effective field theory terms violate unitarity at parameter

ILLLLULNLLLLLL \\HHH‘ T T T

values close to the measured limits . i
i Fa— — 7 o———
* For the case of dipol form factor neutral WWyZ/y results ] (1+38/A%p)? ~—— .
H H H H - H 10- \I\\\\;\\\\;\\\\;\\\\;\\\\\\\\\\\\\\\\\\\\\7
are in the unitarity violating regime RIS Ry
arXiv: hep-ph/0009262 Ay [TeV]
Phys. Rev. D 90, 032008 (2014)
wy and eey channels, L=195%78TeV)  Neutral TGC
o 0.02; ons —r
5005, i expected * Limits with form factor of A.;>~3 TeV give results similar to A== (no form-
< . [EY
§ 001 behavior for hZ; —Urﬁtarity Bounds factor)
g 0005E === . Neutral TGC (ZyZ/y and ZZZ/y) results are close to unitarity bound for limits
o r . . . . . . . .
>- : alloved from Zy->lly, but in unitarity non-violating regime for limits from Zy->vvy
00050 —_—
g . Charged TGC
£ -0.01 h(s) . h
0015| | L (/) * Observed limits are 2 orders of magnitude smaller then the unitarity bound ->
2 3 4 5 6 A(;ev) results are in the unitarity non-violating regime

Senka Duric EPS HEP 2015 JHEP 04 (2015) 164 15



CMS

Conclusion
WISCONSIN
Experimental Anomalous coupling e
measurements parameters Specific B5SM model

Diboson and triboson channels are good indirect probes of new physics with anomalous coupling
measurement

Anomalous couplings measurement is model independent search for new physics

Vector boson anomalous triple and quartic couplings were measured in many diboson and triboson
channels with CMS detector

Limits on parameters are best, or close to, best world limits

Lagrangian, vertex function and EFT approaches were used to parametrize anomalous couplings =
moving to EFT approach for future measurements

Sensitivity to anomalous couplings is in high pT and mass tail

* Limits are statistics dominated

* Important to include higher order corrections into signal model for future measurements
Anomalous coupling signal increases with energy = data at 13 TeV will soon give even better results
Several parameters give signal in both diboson and higgs channels = simultaneous fit can be preformed

Future combination of limits between ATLAS and CMS for extra sensitivity

CMS SMP public results: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
http://cms-results.web.cern.ch/cms-results/public-results/publications/

Senka Duric EPS HEP 2015 16
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Related talks
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UNIVERSITY OF WISCONSIN-MADISON

< 000 SMSpreliminary __ 19.7fb (8 TeV
L [ ]
S Roun =200 GEV Thursday 23 July 2015
% 00017 7 Top and Electroweak Physics
CO :
ok ]
I ] 12:24 Exclusive W+W- production measured with the
_0_001; o i CMS experiment and constraints on Anomalous Quartic
oS Tev, 95 coniance region ] Gauge Couplings
ome— ] JEITLER, Manfred
00020005 0 00005
a%/A? [GeV?
_ Mar 2015 CMS Preliminary
il e
fuf o 20t
5 F Top and Electroweak Physics
e F
S 1f . - 15:24 Multiboson production at CMS
“ 1ol = u e DUDERO, Phillip Russell
B . £ i{tf E
10" i = i - ]
T T2 T T Ton Tz T T T T T T T T T T T T T T 1

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

Senka Duric

Th.

Aoy inexp. Ao

EPS HEP 2015 17



CMS

Compact Muon Solenoid

aTGC public results

\ 7
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

July 2015 July 2015
T T I T T I T I T T T T I T 1! Limié I T T T T T I T T T T I T T T T I T T T T I T i iI I T T T T
R St
LEP Limit —e— Eglerr;:‘nit $
— ww -4.3e-02 - 4.3e-02  4.6fb" .
Ax, e i 000246002 104y’ AK, W, Soeot seeoi  som
— -9.0e-02 - 1.0e- 4610 _— -
— wv -4.3e-02-3.3e-02  501b" —_— WwW 2.1e-01-22e-01  49fb"
—e—i LEP Combined -7.4e-02 - 5.1e-02 0.7 fo! —o—1 wWw -1.3e-01 - 9.5e-02 19.4 fb!
— ww -6.2e-02-5.9e-02  461b" 21e-01 - . 1
Az — WW 4.80-02-486-02 49 b wv 21e-01-22.01 461
ot Ww 2.46-02-2.46:02  19.41b" wy -1.1e-01-1.4e-01 501
— wz -4.6e-02 - 4.7e-02 4.6fb" o DO Combined  -1.6e-01 - 2.5e-01 8.6 fb’
— wv -3.9e-02-4.0e-02 4610’ —e—i LEP Combined -9.9e-02-6.6e-02 0.7 fb™
S B dREIZE U 2 = W swmeea
o~ ombine -3.6e-02 - 4.4e- X L B -02 - " -1
o LEP Combined -5.9¢-02-1.76-02 07 fb" ! Wy 5.0e-02-376-02 501
AF — ww -39e-02-520-02 4.6’ — ww “4.80:02-48e:02 491
1 — WW -9.5e-02-9.5e-02  4.91fb’ o1 WW 2.4e-02-2.4e-02  19.4fb"
ro wWwW -4.76-02-22e-02  19.41b" — wv -3.96-02-4.0e-02 461"
— wz -5.7e-02-9.3e-02 4.6 fb‘: — WV -3.86-02-3.0e-02  50fb’
— wv -5.5e-02-7.1e-02 4.6 ) Do
o DO Combined  -3.46-02-8.46-02 8.6 fb" - DO Combined 8600244002 8.6
) LEP Combined -5.4e-02 - 2.1e-02 0.7 fo! e LEP Combined -5.9e-02 - 1.7e-02 0.7 fb
il il I il il Il il | i i il f Il f i f f | i 1 il I I [ I I I I [ I I I I I I I I I I I I I I I I
-0.5 0 1 1.5 -0.5 0 1 1.5
aTGC Limits @95% C.L. aTGC Limits @95% C.L.
Mar 2015 July 2015
UL TT T éﬁl\-ﬂlégrléilrlnﬂti?nlits T i T L I S I B R R RN R B T CIIVIS Iprel-l LinJils T T
fY —_ Y4 -0.015-0.015 4.6 fb™
4 — 77 -0.005 - 0.005 19.6 fb'! hY —_— Zy(ly,vvy 7TeV) -2.9e-03 - 2.9e-03 5.0 fo'!
— g §2I2v)b ) -0.004 - 0.003 24.7 fb': 3 Zy(ly) -4.6e-03-4.6e-03  19.5fb"
— com -0.003 - 0.003 24.7 fb 1
R z -1.1e-03-9.5e-04  19.61fb
z — 2z -0.013-0.013 4.6 fo 1) e e &
4 L 77 -0.004 - 0.004 19.6 fo' hz — Zy(ly,vvy 7TeV) -2.7e-03-2.7e-03  5.01fb
— ZZ (212v) -0.003 - 0.003 24.7 fo! 3 Zy(Iy) -3.8e-03-3.7e-03  19.51b"
— g (comb) -8.8?2 - 8.3?2 i4é7f gk{‘ R Zy(vvy) -1.5e-03-1.6e-03  19.6fb"
3 —_ -0. -0. . ] R
—_— Zy(lly vvy 7TeV) -1.5e-05 - 1.5e- 0fb’
fs — 7z -0.005 - 0.005 19.6 for" h V(i 7TeV) 1.50:05-1.50:05 5.0
. ZZ(212v) -0.003 - 0.004 24.7 fo! 4 —_— Zy(lty) -3.6e-05 - 3.5e-05 19.5 fo!
— com -0. -0. 247 fb — y (Vvy -3.8e-06 - 4.3e-06 19.6 fb~
ZZ(comb) 0.003 - 0.003 fo! Zy(vwvy) !
f§ — gé -8.8(1)3 - g.g; j 411.96 é%-1 hz —_— Zy(ly vvy 7TeV) -1.3e-05-1.3e-05  5.01fb"
. 2z (212v) -0.003 - 0.008 24.7 fo" b am 91:05-3.00:05 19510
- ZZ (comb) -0.002 - 0.002 24.7 fo! — Zy(vvy) -4.0e-06 - 4.6e-06 19.6 fb'
1 1 | L 1 | 1 | 1 1 1 L I 1 1 1 1 I 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 Il
05 0 T 1.5 x10" -0.5 0 1 1.5x10%(h) x10°(h,)
aTGC Limits @95% C.L. aTGC Limits @95% C.L.
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Muon Solenoid

aQGC public results
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| Observed Limits \ Expected Limits | s o o e a6
-21 (TeV ~?) < ay/ A%< 20 (TeV ~?) | -24(TeV ~%) < afl / A? < 23 (TeV ~?) AWIA2 o e a0t toam a1y
-34 (TeV "2) < al’/ N2 < 32 (TeV ~2) | 37 (TeV ~2) < al¥/ A2 < 34 (TeV ~2) ° 4
25 (TeV =) < fro/ A* < 24 (TeV =% | 27 (TeV ~%) < fro/ A% < 27 (TeV ~%) - e e e e
12 (TeV ~2) < k'/ N2 < 10 (TeV =2) | -12(TeV ~2) < k{'/ A% < 12 (TeV ~2) T 4000040000 ST TTEY
-18 (TeV =2) < kW/ N2 < 17 (TeV =2) | -19(TeV ~2) < kW/ A% < 18 (TeV 72 TOWW 120100 120000 197" 8oV
ag’/AZ Wwy -3.4e+01-3.2e+01  19.3fb" 8TeV
] Observed Limits \ Expected Limits | W 1ok 13001 104’ BTeV
77 (TeV =% < fuo/ A* < 81 (TeV ~%) -89 (TeV =% < fuo/ A* < 93 (TeV =% LW et 180t 511! 8TV
131 (TeV %) < fmq/ A*< 123 (TeV ~%) | -143 (TeV =% < fyq/ A%< 131 (TeV %)
39 (TeV ~4) < fua/ A4 < 40 (TeV ~4) | -44(TeV ~%) < fmo/ A4 < 46 (TeV ~%) o YOI dertn-tdestn teTiT BTEY
66 (TeV %) < fy3/ A%< 62 (TeV % 71 (TeV =% < 3/ A%< 66 (TeV ~4) - B~ S —T.T

50 1
WWyy aQGC Limits @95% C.L. [TeV?]
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CMS

Compact Muon Solenoid

Multiboson production at CMS

WISCONSIN
pp_> WW’ WZ’ Zv’ Wv’ WVv .. at .\/S=7 TeV and 8 TeV UNIVERSITY OF WISCONSIN-MADISON
Multiboson (diboson and triboson) production at CMS
* Important test of the Standard Model LO production diagrams (pp->VV)
* Large cross section of multiboson production at LHC in pp collisions e, .Yoa g L
SN /
at center of mass energy of 7 and 8 TeV y N e
. ) . H)T 72 vertex
* Clean signature and small branching ratio for vector bosons g \ / \g
decaying |eptonica|y 9 t-channel i @ :l-channel g s-channel Vi

* Not clean signature but large branching ratio for hadronic decays

* Backgrounds for New Physics and Higgs measurements

Mar. 2015 CMS Preliminary

‘ ‘ — —
Sensitive to theoretical calculation Ous measuements [T T T
Vs. NNLO) theor 8 TeV CMS measurement (stat,stat+sys) —+———e—+——
* Large NLO QCD corrections at high Vs u;‘“““““" —l :fggg;%‘fs 22:‘;
.« . . z —rot— .98 +0.01+0. X !
Non-negligible NNLO QCD and NLO QED corrections . = e
age . WW+WZ ———— 1.05+0.13=0.15 4.9fb’
Sensitive to new physics Ww - 11120042010 491"
. . WW, (NNLO th)) —e— 1.01+0.02+0.08 19.4 b
* New particles decaying to vector bosons: W/, Z', ... Wz —— 147 £0.07 £0.07 491"
. . . wz ——e——1 1.12+0.03 +0.07 19.6 b’
* Anomalies in vector boson scattering 7z e 099014007 4.9
. . . . . Y74 et 1.00 = 0.06 + 0.08 19.6 fb”

* Anomalies in vector boson couplings = indirect search for New T~ ——

. hitp icern, ohvalpNi7 Production Cross Section Ratio: 0, / Gype,

Physics

In most CMS multiboson analysis together
with cross section measurement we
measure anomalous gauge couplings

Senka Duric EPS HEP 2015 21
CMS SMP public results: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP




Anomalous coupling parametrizations: @
EFT summary WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

dim6 operators and vertices (aTGC and aQGC)

Owww | Oww | Ow | Opp | Op | Op | Opp | Oww | Owww | Opw
WW7Z X X X X X X
WWA X X X X X X
Z7H 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 | ZZZZ | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Os.0/1 v v v
Onrt0/1/6/7 v v v v v v v
Onrin/aja)s 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 Vv v v v v
Or.s/ v v v v v

Senka Duric EPS HEP 2015 22



WW?Z/y vertex
I

Z°n JVV\“

\\ “.'*

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

Anomalous coupling parametrizations (aTGC)

Using additional assumptions to reduce the number of parameters

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Phys. Rev. D48 (1993) 2182

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:
A
_‘ nt
Lefs =Lsy + Z Z ;\_"O"
n=1 i

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

EFFECTIVE LAGRANGIAN PARAMETRIZATION | ¢ @ 9 WHA2 Owww = Tr[W,, W*W¥|
E S m d e
oS o Lo w o T
allow the couplings of SM operatorstovary + | ¢ ¢ 7~ L+ (ow +cn)gpg Ow = (D,®)'W"(D,®)
o 2 w
add higher order operators that respect B8k, = 14 (ar — cptanfy) W Op (D,®)' B* (D, ®)
symmetries % g ' 1o 2A2
o v - o - g iy , , . .
(Hagiwara et al., Nucl.Phys.B282:253,1987) N\~ M = M=awwg HISZ' parametrization
raﬂﬂ 1+ A v . woaf B po o ufB Di = =
wwv N El iAgl ;{(Zl . ﬂqZ) g oy ne" +are"] channel couplings parametrization parameters O;r;\sz::t);\:hty
Kkv)la2 8" —q18
A s .
+ S (n - a) [5g™ - a5ql] ZWW, yWW Ax dim4
™ Zww, yww  Ciective A dim6
+ 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;f:chVe field /N dimé6
A Z Axy + ta 2 O Ak Agf = gf 1, Ak, 7z = K, 7 1 .
U ; tan” T T CW//\2 dim6
Senka Duric EPS HEP 2015 23



Anomalous coupling parametrizations (aTGC)

Using additional assumptions to reduce the number of parameters

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

ZZ/yZ/y vertex zn EFFECTIVE VERTEX PARAMETRIZATION

’
4
ZO/Y M add higher order operators that respect symmetries
LY
\
\

A

ZO.

Nucl. Phys. B282 (1987) 253

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 94 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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~_~~ Anomalous coupling parametrizations (aQGC)
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

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-
W- - L . .
zZN W w linear formalism.

Assumptions: CP conservation

NON-LINEAR FORMALISM (also used by LEP) arXiv: hep-ph 9908254 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
g h 2T g2 A* 72 A affecting aTGC) are dim8 -> used for aQGC
37 measurements
o
[ 4 w
Numerous operators: g8 fmo  _ _3_4ﬁ’ fL;l — g_zk_f;
ag VN2, aWIN2, kO INZ, K VN, E At Mj, AP A Mg, A . Numerous operators:
£ fmz _ 8K fms _ %7K Fr o/ A% T o/ A2, Fan o/ A, .

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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CMS

Question of unitarity

\ 7
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

- WtWtjjy
10! i pp‘ 4 717 ,

= Any non-zero value of anomalous coupling will lead to tree-level 1000
unitarity violation at sufficiently high energy
= At these high energies we will not have an effective theory (that we see 101}
at energies where we perform the measurement) but full New Physics ej
theory that conserves unitarity R 107k

Fso=480TeV™*| = Tt

: : : : 07°H 4 Ry =480 Tov : ey
Effectnye L.agr-anglan and eﬂechve vgrtex formulation y lwmve| | WHEZARD calclation
* Unitarity is preserved with applying a form-factor I s I D SO I

« Adding two new parameters and assuming their values a-priori: Pt cra

e (form factor scale) and n

e Form factor structure comes from New Physics structure () = %

e Form factor structure is unknown a-priori, so it is arbitrary A+5/A.)"
Effective field theory formulation o

. o ,)|j11+lj|

* Already has a scale (new physics scale A) Lepr = Lsm + E E )i

* Usually no need of form-factor n=1 i

Translation between
formulations possible only for
no form-factor approach!

We will never observe the unitarity violation! However measurement can
be “over-sensitive” if using models that break the unitarity for signal model
building.

In CMS we have been setting limits without the use of form-factor,
equivalent to A =o°.
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CMS detector @

WISCONSIN
HCAL |n|<5 SILICON TRACKER
ixels (100 x 150 umg?)
ECAL |"I| <3.0 ~1m?  66M channels
Tracker |n| <2.5 Microstrips (50-100um)
Pixels Muons |r|| <24 ~210m? 9‘,6M channels
_ / CRYSTAL ELECTROMAGNETIC
Tracker =/ CALORIMETER (ECAL)

76K scintiliating POWO, crystals

ECAL
HCAL
Solenoid
PRESHOWER
~ Silicon strips
Muons ~16m? 137k channels
STEEL RE%L’RN YOKE

~13000 tonnes

SUPERCONDUCTING P ) g l \

SOLENOID

Niobium-titanium coil _ . 1 / %

carrying ~18000 A .

FORWARD
CALORIMETER

/ Steel + quartz fibres
HADRON CALORIMETER (HCAL)

Total weight : 14000 tonnes Brass + plastic scintillator MUON CHAMBERS

Overall diameter :15.0 m Barrel: Drift Tubes & Resistive Plate Chambers

Overall length :28.7m Endcaps: Cathode Strip Chambers & Resistive Plate Chambers
Magnetic field 38T




