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Vector Boson Pair Productions at the LHC
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*** Measurement of Diboson productions at g s ’ noog Z

g rate
energy frontier is important to test the Mﬁ \ :}{ .
validity of the Standard Model (SM) - . D U
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through the interplay of electroweak and \
QCD effects b ) AN e
» Relative small electroweak events rates : |
» VBS: V V,2V,V, 2a key to understand EWSB

¢ Study of Triple-gauge Couplings (TGCs) to EhYe NG T E E 102
test : : s ; .
» Vector boson self-interactions — fundamental

prediction of SM gauge symmetry
* Neutral couplings do not exist in SM

» Sensitive to new physics
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ATLAS Electroweak Measurements

** SM measurements
O(10'%) o range
+** Overall good
agreements with the SM
predictions
¢ Sensitive to higher-order
QCD and EW
perturbative corrections
*¢* This talk will present
measurements of
diboson production ¢ &
aTGCs with
> WW (8 & 13 TeV)
> WZ (8 & 13 TeV)
> 17 (8 & 13 TeV)
> Zy (8 TeV)
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WW Production Cross Section Measurements

8 TeV  JHEP 09 (2016) 029
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http://www.sciencedirect.com/science/article/pii/S037026931730669X
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Probe aT

JHEP 09 (2016) 029

Z,

v

MOdIerd Lagranglan Wlth aTGC parameters Scenario Parameter Expected Observed Expected Observed
. Vv + _ + _ 1 + _ }\v + _ A= A=T7TeV
L=igwwv g1 (W, W = WHHWL)VY + k5 W, W VA + @Wp WPV ] Ag?  [—0.498,0.524] [—0.215, 0.267] [—0.519, 0.563] [—0.226, 0.279]
. _ Ak? [—0.053, 0.059] [—0.027, 0.042] [—0.057, 0.064] [—0.028, 0.045]
where V = Z or ; Wﬁ — 3”WI;—L — BVW;E; Vi = 0,V, — 9,V, Sczna:;nmamts A7 [~0.039, 0.038] [—0.024, 0.024] [—0.043, 0.042] [—0.026, 0.025]
Ak [—0.109, 0.124] [~0.054, 0.092] [—0.118, 0.136]  [—0.057, 0.099)]
_ _ A7 [—0.081, 0.082] [—0.051, 0.052] [—0.088, 0.089] [—0.055, 0.055]
Fit leading lepton pT to extract aTGC Ag? [—0.033, 0.037] [—0.016, 0.027] [—0.035, 0.041] [—0.017, 0.029]
f= AN AN AR AR ARSI AR RARRN RS RN~ LEP Ak? [—0.037, 0.035]  [—0.025, 0.020] [—0.041, 0.038]  [—0.027, 0.021]
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o S— ango.s E \Z [—0.031, 0.031] [-0.019, 0.019] [—0.033, 0.034] [—0.020, 0.020]
L — Ak’ =0.2 ] Z
) _ Ak [—0.041, 0.048] [—0.020, 0.035] [—0.045, 0.052] [—0.021, 0.037]
3 —— =0,
10 AR 302 > E| Hanal Conplings \Z [—0.030, 0.030] [~0.019, 0.019] [—0.034, 0.033]  [—0.020, 0.020]
— 2'=02 .
10° _ - _ Ci
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1 llllllllllllllllllllllllllllllllllllllllll CWWW/AQ [_7l62, 7‘38] [_4.61’ 4l6[:]}
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http://link.springer.com/article/10.1007/JHEP09%282016%29029

owz Measurements with WZ->¢4v«

ATLAS- CONF 2016 043

Event selection Phys. Rev. D 93, 092004 (2016)

Variable Total Fiducial and aTGC  VBS aQGC
Lepton |n] <25 <25 <25

pr of £z, pr of by [GeV] > 15, > 20 > 15, > 20 = 15, = 20
my range [GeV] 66 — 116  |myz —m5P% <10 |my —mbPC <10 |my — mEPC¢| < 10
miV [GeV] > 30 > 30 > 30
AR((5,05), AR(Lz, tw) > 0.2, > 0.3 > 0.2, > 0.3 > 0.2, > 0.3
pr two leading jets [GeV] > 30 > 30

In;| two leading jets < 4.5 < 4.5

Jet multiplicity : — =2 =2

m;; [GeV] > 500 > 500
AR(3,¢) > 0.3 > 0.3
|AG(W, Z)| > 2

> %l [GeV] > 250

¢ Lower background than WW, higher BR than ZZ

% E;™ss cut replaced by a cut on m;W
O Ensure that we are at the Z & W resonances
O A more stricter control of the backgrounds
¢ Cutting E;™ strongly reduces the phase space
O E;™ cuts would strongly reduce polarization phase
space of W
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http://link.aps.org/doi/10.1103/PhysRevD.93.092004
https://cds.cern.ch/record/2206093

O
Precision c Measurement with WZ-> 4«

= L L B A AR —
Phys. Rev. D 93, 092004 (2016) (8 TeV) ATLAS-CONF-2016-043 (13 TeV) & L amas  phys [eit B 762 (2016) 1
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e id. efficiency 29 18 1.0 00 1.0 101 Lm0 ; s NLOT gt e f ;
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https://cds.cern.ch/record/2206093
https://cds.cern.ch/record/2206093
https://cds.cern.ch/record/2206093
http://link.aps.org/doi/10.1103/PhysRevD.93.092004
http://www.sciencedirect.com/science/article/pii/S0370269316304725
http://link.aps.org/doi/10.1103/PhysRevD.93.092004

Probe Anomalous TGC (WWZ2)

Phys. Rev. D 93, 092004 (2016)

WWZ coupling is independent of the WWY coupling, in

contrast to WW production; Fit mT spectrum to set the aTGC

limits.
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http://link.aps.org/doi/10.1103/PhysRevD.93.092004

WW-=1vj) and WZ->1vjj

* Detect diboson WV through W=21v, and V—2ij

* To maximize sensitivity to aTGC, select dijet from
V decay with resolved jj and merged fat-jet J

* Most sensitive aTGC limits, surpass LEP!

Parameter Observed Expected Observed Expected
WV — lvij WV — tv)
Ag? [ —0.027,0.045] [ —0.036,0.051] [ —0.021,0.024] [ —0.024,0.027]
AV [ —0.11,0.13] [ —0.15,0.16] [ —0.061,0.064] [ —0.071,0.075]
Az = A, [ -0.022,0.022] [-0.027,0.026] [—0.013,0.013] [ —0.015,0.015]
Parameter Observed [TeV %] Txpected [TeV~=?] Observed [TeV~—2] BExpected [TeV 2]

WV — (v WV — (1]

cwww [AZ [—5.3,5.3] [—6.4,6.3] [—3.1,3.1] [—3.6,3.6]
cp/A? [ —36,43) [ —45,51] [ —19,20] [ —22,23]
cw /A2 [ —6.4,11] [ —8.7,13] [ —5.1,5.8] [ —6.0,6.7]

WWDIvlv | WZDIVIL | WVDIvjj

Coww/A2  [7.62,7.38]  [3.9,4.0] [-3.1,3.1]
Cyy/A2 [12.58,14.32] [4.3,6.8] [-5.1,5.8]
Cg/A2 [-35.8,38.4] [320,210]  [-19, 20]

Events /5 GeV

T T T T
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T T
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Eur. Phys. J. C 77 (2017) 563
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%) [ Multijet 7
S 10° W WV (SM) =
S ommmm 27 Uncertainty 3
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‘c; 4 E
R S st I
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https://link.springer.com/article/10.1140/epjc/s10052-017-5084-2

Measurements of ZZ and Zy Productions

Phys. Rev. D 97 (2018) 032005 (13 TeV ZZ)

e Test SM: measurements of gtotdl gdiff

JHEP 01 (2017) 099 (8 TeV Z2) Phys. Rev. D 93, 112002 (2016) (8 TeV Zy)

final states: 4¢, ¢vv, and &y, vvy

and couplings with leptonic

* Search for new physics with anomalous neutral triple-gauge couplings

L7

| L7y,
77

(b) u-channel

aTGC: forb|dden in SM

aTGC: forbidden in SM /

11


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032005
http://link.springer.com/article/10.1007/JHEP01(2017)099
http://link.springer.com/article/10.1007/JHEP01(2017)099
https://link.springer.com/article/10.1007/JHEP01(2017)099
https://link.springer.com/article/10.1007/JHEP07(2017)107
https://link.springer.com/article/10.1007/JHEP07(2017)107
https://dx.doi.org/10.1103/PhysRevD.93.112002

Measurement of ZZ Production ¢

(8 TeV) = 6.6 pb
Phys. Rev. D 97 (2018) 032005 JHEP 01 (2017) 099 Total cross section ;3 ey) = 16.9 pb

Events / 15 GeV

* . total dif . ° . E' 24; LHC Data 2016+2015 (1s=13 TeV)
°o ZZ PrOdUCtlon o o 0, o I cross section 2XS Bes.l- CIVGIICIble SM a 22:—+ATLASZZ » Il (m_66-116 GeV) 36.1 fb” ATLAS
. . N 20—_LHCData2D15(ls=13'l'eV) ;
measurements through 4l & 212v channels (8 TeV), predictions are based [} " E ccuz A m 0120 Ge 26 +
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and 4l channel (13 TeV). on fixed-order MATRIX 165 o ctte 22 M m 8010 Qe 168"
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but the measurement uncertainty is still dominant calculations: o E_ Touston Data (18196 TeW) ’
. e T ® CDF ZZ- ll{ll/vv) (on-shell) 9.7 fb”
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. 4
of 20 observables, including mjj and Ay(jj), which *+ NLO EWK corrections = — Ze)
0 e, oo + EWK-ZZ" E e
are particularly sensitive to the EWK-ZZjj process I o L
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i j Ldt=203 " e T ATLAS Measurement
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e
Differential Cross Section Measurements at 13 TeV

Phys. Rev. D 97 (2018) 032005

unfolding y
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) —— SHERPA T —-— SHERPA o] —— SHERPA E 1.5¢ ===+ MaTRIX NNLO
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g 04 + werese POWHEG + PYTHIA ) T; POWHEG + PYTHIA ) e POWHEG + PYTHIA [S) —-— BHERPA EW-ZZjj
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o

Search for Neutral aTGCs

q
Phys. Rev. D 97 (2018) 032005 o -
% o ATLAS s5=13TeV,36.11h "
. O] 3
% Search for neutral aTGC from p;% spectra with 4l (and >
212v) final states; § w} -z
% SHERPA MC is used by ATLAS to model the oo e s
. ' 0 10 e ?M:O%To(a;g'rz =00033 3
anomalous coupling (ZZy, and ZZZ) signals with 77 I R
. Z Z
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032005

Measurement of Zy Production with Z-> Il (I=e,u) and Z->vv Channels

112002 (2016)

o — ‘ I -
% Z-2ll channel (p;'>25 GeV, E;' >15 GeV) N A 15 < o ]
O Major background from Z+jets (estimated from data) e 2 Sherpa (CT10) | = | %fﬁﬁfﬁg E
: z' 7 E 4 I T ]
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L i 10° -
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14 . 14 i
O Study high order calculation on Zy channel 2o | 2la’ g v
§So.3 % ! 7 é‘go.e e, e ' %;;;:;;:;::;;::;@
o [ ] o 0.6 - 0.6
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etey 1510 4+ 15(stat) 9} (sy xt)H“{lumi) . '% T SN NNLO (MMHT2014) 3
" : o5 10" # =
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etey 1205 £ 14(stat) "3 (syst) £ 23(lumi) 10% : : .
Wy 1188 + 12(stat) 85 (syst)*Z (lumi) 119147 1230410 e "f;%‘_%_ E
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https://dx.doi.org/10.1103/PhysRevD.93.112002

Explore aTGC in Zy production

Using effective lagrangian approach: aTGC parameters

h%, hY, h%, b

(Phys. Rev. D 47, (1993) 4889)

¢ Use the event yield with photon E; > 250 (¢y) and 400 (vvy) GeV with jet veto for limit setting
¢ Set limit on the CP-conserving couplings: h;% and h,% from ZZy vertex and h;Y and h,Y from Zyy vertex
“* v E; spectra are used to explore the aTGC in analyses

ATLAS, Ity and vvy, {s=8 TeV, 20.3 fb’
CMS, vvy, \s=8 TeV, 19.6 fb

CMS, liy, Vs=8 TeV, 19.5 fb’!

———— CMS, Ity and vvy, \s=7 TeV, 5.0 fb

ATLAS, Ity and vvy, Vs=7 TeV, 4.6 fo

II]II[IlI[II]]

ATLAS

iI]lIlIIl[III]II[III[I

95% C.L., Agg = o0

II]IIlIlIlII]

lIJlJII]III]IIlIJllI
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x 10" Coupling strength

————— ATLAS, Iy and vvy, 1s=8 TeV, 20.3 fb"

———— CMS, vvy, (s=8TeV, 19.6 fb

——— CMS, Iy and vvy, Vs=7 TeV, 5.0 fb™
CMS, Iy, ys=8 TeV, 19.5 fb™

————— ATLAS, Iy and vvy, \s=7 TeV, 4.6 fb!

[ T T T T [ T T T T | T T T T ] T T T T ]
ATLAS 95% C.L., App = o

l | | 1 | | 1 | ] 1 | | ]
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—— Observed 95% C.L. contour
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=== Expected 95% C.L. contour
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I I
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Summary

R/
000

L4

About 50 ATLAS papers
published on diboson
physics studies

Entering precision
measurement era (cSYS

< 5%) to test SM at
highest energy scale

Sensitivities of aTGC
surpass the LEP
combined limits!

For charged aTGCs

Ax, limits ~6x10-2
KY limits ~1.3x102
Ak, limits ~2x102
A, limits ~1.3x10
Ag,? limits ~2x10-2

For neutral aTGCs

hY limits ~104 — 106

£V limits ~10-3

Diboson Cross Section Measurements

Yy

Wy—-tyy
— [Njer = 0]

Zy—tly
—[Mjer = 0]
—Zy—vvy

WV - fvjj
- WV-iy)

ww

-~ WW-ey, [njee = 0]

- WWoey, [nje: 20
—WWoey, |Nje: =

wZ

—WZ-¢8vet

ZZ

—-Z2Z-4¢

—ZZ— vy
—ZZ*=4¢

Status: July 2017

T T T T T T
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o =277 +0.03+0.36 pb (data)
NNLO (theory)
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ummary of Charged aTGC Limits

July 2017 o  CMS —
Central ~ ATLAS —
Fit Value Do —e—
LEP —e—| Channel Limits [ Lot is
| | Wy [-4.1e-01, 4.6e-01] 461" 7 TeV
AKY I | Wy [-3.8e-01, 2.9e-01] 5.0 ft” 7 TeV
I | WwW [-2.1e-01, 2.2e-01] 491" 7 TeV
b Ww [-1.3e-01, 9.5e-02] 19.4 fb” 8TeV
t | wv [-2.1€-01, 2.2e-01] 461’ 7 TeV
— WV (Ivij) [-1.1e-01, 1.3e-01] 20.215" 8TeV
— WV (IvJ) [-6.1e-02, 6.4e-02] 20.2 b’ 8TeV
] Wy [-1.1e-01, 1.4e-01] 5.0fb" 7TeV
— Wy [-4.4e-02, 6.3e-02] 19 fb! 8 TeV
—a— DO Comb. [-1.6e-01, 2.5e-01] 8.6f" 1.96 TeV
—e— LEP Comb. [-9.9e-02, 6.6e-02] 0.7 fo’ 0.20 TeV
— Wy [-6.5e-02, 6.1e-02] 46" 7TeVv
1‘y — Wy [-5.0e-02, 3.7e-02] 5.0fb" 7 Tev
H Ww [-1.9e-02, 1.9e-02] 20.3 10" 8 TeV
— wWw [-4.8e-02, 4.8e-02] 4.9 " 7 Tev
e WwW [-2.4€-02, 2.4e-02] 19.4 fb™ 8TeV
— wv [-3.9e-02, 4.0e-02] 4.6f" 7 Tev
H WV (vij) [-2.2e-02, 2.2e-02] 20.2 b’ 8TeV
H WV (IvJ) [-1.3e-02, 1.3e-02] 20.21b" 8TeV
i wv [-3.8€-02, 3.0e-02] 5.0fb" 7 Tev
H Wy [-1.1e-02, 1.1e-02] 19 fb”! 8TeV
e DO Comb. [-3.6e-02, 4.4e-02] 86fo’ 1.96 TeV
[ LEP Comb. [-5.9e-02, 1.7e-02] 0.7 fo 0.20 TeV
1 1 | | 1 1 1 I 1 1 1 1 | 1 1 1 1 _1 1 1 1 1
-0.5 0 0.5 1 1.5

aTGC Limits @95% C.L.

CMS
Jan 2018 ang,a, ATLAS
Fit Value Do g
LEP . Channel Limits [ Ldt is
Ak — WW [4.3e-02, 4.3e-02] 461’ 7 TeV
7 — wWw [-2.5e-02, 2.0e-02] 20.3 ' 8 TeV
—e— WwW [-6.0e-02, 4.6e-02] 19.4 fo”! 8 TeV
I w2z [-1.3e-01, 2.4e-01] 3361’ 8,13 TeV
! Wz [-2.1e-01, 2.5e-01] 19.6 fo! 8 TeV
| ——— wWv [-9.0e-02, 1.0e-01] 461" 7 TeV
— wv [-4.3e-02, 3.3e-02] 5.0t 7 TeV
[ — Y [-4.0e-02, 4.1e-02] 231’ 13 TeV
—e— LEP Comb. [-7.4e-02, 5.1e-02] 0.7 b 0.20 TeV
| — W [-6.2e-02, 5.9e-02] 461" 7 TeV
7&2 — WW [-1.9e-02, 1.9e-02] 20.3 fb" 8 TeV
— WW [-4.8e-02, 4.8e-02] 4.9 " 7 TeV
o WW [-2.4e-02, 2.4e-02] 19.4 " 8TeV
— Wz [-4.6e-02, 4.7e-02] 461" 7 TeV
H 74 [-1.4e-02, 1.3e-02] 33610’ 8,13 TeV
|—| wz [1.8e-02, 1.6e-02] 19.6 b 8 TeV
— wv [-3.9e-02, 4.0e-02] 461" 7 TeV
— WV (Ivjj) [-2.2e-02, 2.2e-02] 20.2 5" 8TeV
- WV (v} [-1.3e-02, 1.3e-02] 20.2 fo! 8 TeV
— wv [3.8e-02, 3.0e-02] 501’ 7 TeV
H wv [-1.1e-02, 1.1e-02] 19 fo! 8 TeV
— wv [3.9e-02, 3.9e-02] 231" 13 TeV
] VBF Z [-1.0e-02, 1.0e-02] 35.9 1" 13 TeV
—a— DO Comb. [-3.6e-02, 4.4e-02] 861’ 1.96 TeV
—e— LEP Comb. [-5.9e-02, 1.7e-02] 0.7 fo! 0.20 TeV
A 7 — WW [-3.9e-02, 5.2e-02] 460" 7 TeV
91 — WW [-1.6e-02, 2.7e-02] 20.31b" 8 TeV
 — ww [9.5e-02, 9.5e-02] 491" 7 TeV
—e— Ww [-4.7-02, 2.2e-02] 19.4 fo! 8 TeV
[ — Wz [-5.7€-02, 9.3e-02] 4.61fb" 7 TeV
— Wz [-1.5e-02, 3.0e-02] 33.6 fiy"! 8,13 TeV
— Wz [1.8e-02, 3.5e-02] 19.6 fo’! 8 TeV
—_ wv [-5.5e-02, 7.1e-02] 461" 7 TeV
— WV (Ivjj) [2.7e-02, 4.5e-02] 20.2 f” 8 TeV
— WV (IvJ) [-2.1e-02, 2.4e-02] 20.2 fb! 8 TeV
— WV [-8.7e-03, 2.42-02] 19 fo! 8 TeV
I WY [-6.7e-02, 6.6e-02] 231" 13 TeV
| — VBF Z [-3.5e-02, 4.2e-02] 35.9 b’ 13 TeV
—e— DO Comb. [-3.4e-02, 8.4e-02] 861’ 1.96 TeV
{ [ —e . , LEP Comb. [§de-02, 2.1¢-02] 0.7 fo! | 020TeV |

0.5

1

aTGC Limits @95% C.L.
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sSummary of Neutral aTGC Limits

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

CMS —
September 2017 ATLAS
ATLAS+CMS — Channel Limits | Lat Vs
Y ZZ (41,212v) [-1.5e-02, 1.5e-02) 46f’ 7 TeV
f4 —_ 27 (41,212v) [-3.8e-03, 3.8e-03] 20.3 0" 8TeV
— 22 (41) [1.8e-03, 1.8e-03] 36.1 fb! 13 TeV
_— 22 (41) [-5.0e-03, 5.0e-03] 19.6 fb” 8TeV
— 77 (212v) [-3.6e-03, 3.2e-03] 24.7 b 7.8TeV
— ZZ (41,212v) [-3.0e-03, 2.6e-03] 24.7 fo’ 7.8 TeV
— ZZ (41) [-1.2e-03, 1.3e-03] 35.9 fb” 13 TeV
| ZZ (41,212v) [-1.0e-02, 1.0e-02] 9.6 b’ 7 TeV
fZ ZZ (41,212v) [-1.3e-02, 1.3e-02] 461f" 7 TeV
4 —_ ZZ (41,212v) [-3.3e-03, 3.2e-03] 20.3 fb” 8 TeV
— 22 (41) [-1.5e-03, 1.5¢-03] 36.1 fb! 13 TeV
_ 22 (41) [-4.0e-03, 4.0e-03] 19.6 fb” 8TeV
— ZZ (212v) [-2.7e-03, 3.2e-03] 24.7 fb” 7.8TeV
— ZZ (41,212v) [-2.1e-03, 2.6e-03] 24.7 o’ 7.8 TeV
— 77 (41) [1.2e-03, 1.0e-03] 35.9fb" 13 TeV
} ZZ (41,212v) [-8.7e-03, 9.1e-03] 961" 7 TeV
» ZZ (41,212v) [-1.6e-02, 1.5e-02) 461" 7 TeV
f5 I ZZ (41,212v) [-3.8e-03, 3.8e-03) 20.3 o 8TeV
— ZZ (41) [-1.8e-03, 1.8e-03] 36.1 fo! 13 TeV
_ ZZ (41) [-5.0e-03, 5.0e-03] 19.6 fo’! 8TeV
— ZZ(212v) [-3.3e-03, 3.6e-03] 24.7 fb” 7.8TeV
— Z2Z(41,212v) [-2.6e-03, 2.7e-03] 24.7 fb” 7.8TeV
— 77 (41) [1.2e-03, 1.3e-03] 35.9fb” 13 TeV
ZZ (41,212v) [-1.1e-02, 1.1e-02] 9.6 " 7 TeV
17- ZZ (41,212v) [-1.3e-02, 1.3e-02) 461’ 7 TeV
5 I ZZ (41,212v) [-3.3e-03, 3.3e-03) 20.3 o 8TeV
— ZZ (41) [-1.5e-03, 1.5e-03] 36.1 fo! 13 TeV
—_ ZZ (41) [-4.0e-03, 4.0e-03] 19.6 fb’ 8 TeV
— ZZ (212v) [-2.9e-03, 3.0e-03] 24.7 fb” 7.8TeV
— ZZ (41,212v) [-2.2e-03, 2.3e-03] 24.7 fb” 7.8TeV
— ZZ (41) [-1.0e-03, 1.3e-03) 359 fo’ 13 TeV
| ‘ } : I IZZ (4I,2I?v) | [-9.1e-ola, a.ge-oP] 9.6 b ‘ 7 TBV
-0.02 0 0.02 0.04 0.06

aTGC Limits @95% C.L.

April 2016 CMS —
ATLAS +H—
CDF — Channel Limits J-Ldt Vs
ht Zy(lhf yvy) [1.5e-02,1.6e-02] 46f0" 7 TeV
H Zy(lyvvy) [-9.5e-04,9.9e-04] 20.3fb" 8TeV
— Zy(ly,vvy) [-2.9e-03,2.9e-03] 50" 7TeV
— Zy(ly) [-4.6e-03,4.6e-03] 1951 8TeV
H Zy(vwy)  [-1.1e-03,9.0e-04] 19.6fb" 8TeV
} | Zy(lyvvy) [-2.2e-02,2.0e-02] 51fb' 1.96TeV
h2 Zy(lly,vvy) [1.3e-02,1.4e-02] 46" 7TeV
H Zy(lyvvy) [-7.8e-04,8.6e-04] 203" 8TeV
— Zy(lly,vvy) [-2.7e-03,2.7e-03] 50f' 7TeV
— Zy(ly) [-3.8e-03,3.7e-03] 19.5fb" 8TeV
H Zy(vy)  [1.5e-03,1.6e-03] 19.6fb" 8TeV
| : Zy(Iyvvy) [-2.0e-02,2.1e-02] 51" 1.96TeV
b —_—— Zy(lly,vvy) [-9.4e-05,9.2e-05] 46f' 7TeV
H Zy(lly,vvy) [-3.2e-06, 3.2e-06] 20.3fb" 8TeV
— Zy(ly,vvy) [-1.5e-05,1.5e-05] 50" 7TeV
— Zy(ly) [-3.6e-05, 3.5e-05] 19.5fb" 8TeV
H Zy(vvy)  [-3.8e-06,4.3e-06] 19.6fb" 8TeV
Z — Zy(llyvvy) [-8.7e-05,8.7e-05] 46fc' 7TeV
H Zy(lyvvy) [-3.0e-06,2.9e-06] 20.3fb" 8TeV
— Zy(ly,yvy) [-1.3e-05,1.3e-05] 50f' 7TeV
— Zy(ly) [-3.1e-05, 3.0e-05] 19.5fb" 8TeV
| T | Zy(vvy) | [39906 45906] 196fb1 ‘STeV
| | | | |
-0.2 0 0.2 0.4 06 08x10( ),

3

aTGC Limits @95% C.L.  x10%hn)
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d I !! parame!ers

JHEP 09 (2016) 029

}LV
L =igwwyv [gF(WJ;W_“ — WHWo VY + B WEW VR 4 —QWJUW;PVP“] }

My
(10.1)
where V = Z or ~; Wﬁ'{, = Oy Wr — 3;,Wf; Viw = 0,Vy — 3,V,,. The overall coupling
constants gy wy are given by gww~ = —e and gwwz = —ecot Oy, where Oy 1s the weak
mixing angle.
Electromagnetic gauge mmvariance requires that g? = 1. The three other coupling

parameters that are non-zero in the SM are g‘l?" =1, kZ = 1, and k7 = 1. Deviations from
the SM are introduced as

Agf =1—g7; AkZ =1 — k% A =1-k7. (10.2)

The remaining couplings are zero in the SM, A7 = A4 = 0. A significant non-zero value for

any of the parameters .&gf CAKZ, AKY, A7 and A\? would be evidence of new interactions
not included in the SM.
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http://link.springer.com/article/10.1007/JHEP09%282016%29029

d orm-ractor ocaie

JHEP 09 (2016) 029

It anomalous couplings occur, these extra terms in the Lagrangian would contribute
and would induce a violation of unitarity at sufficiently high energies. Therefore, form
factors are mtroduced to dampen the rise of the WW production cross section so that it
takes physical values even at the highest partonic centre-of-mass energies relevant for 8

TeV pp collisions:

AgY ARV AV
! AR = AV (10.3)

2 N 2 N 20
s s S
(HAE) (HAE) (HH)

where s 1s the square of the invariant mass of the vector boson pair. The form-factor

&g}’r —

scale, A, 1s typically taken to be in the TeV range. Upper bounds on the size of the
anomalous gauge boson couplings can be derived as a function of A based on unitarity

considerations [86].
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http://link.springer.com/article/10.1007/JHEP09%282016%29029

oupling Constraint Scenario

JHEP 09 (2016) 029

the Equal Couplings g‘lz = g"f = 1 which leaves only two independent parameters: Ak7 = N AT = M\,

the LEP constraint Ag? = AK? + tan® O AR, N =)\, where Oy is the weak mixing angle.

AkZ
&glz - cos2 Oy — sin? O
the Hagiwara-Ishihara-Szalapski-Zeppenfeld (HISZ) constraint scenario W 9
AKY = oARE SO0
cos2 Oy — sin® Oy
UEDLS

L= Loy + Z %ﬁ)ﬁ The dimensionless coefficients, Cj, parameterise the strength of the coupling between
i new phvsics and SM particles:

i g i
Owww = TI‘[WHUWPPW;], Dp- — aju + EQT WH + EQIB‘W
i
Ow = (D) W (Dyd) . Wiy = Sar! (0,W] = 0W] + ger s W W)
Op = (D,¢") B™ (D,¢") i

pr = EQI (6va - 6va) ;
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http://link.springer.com/article/10.1007/JHEP09%282016%29029

TABLE II. Observed and predicted yields, using the nominal SHERPA setup for the signal predictions. All statistical and systematic
uncertainties are included in the prediction uncertainties. An alternative total prediction is given, using SHERPA reweighted to the total
NNLO prediction from MATRIX with NLO EW corrections, adding the contribution of the EW-ZZjj process generated with SHERPA, to
predict the signal yield. A second alternative total prediction, identical to the nominal SHERPA setup, except using POWHEG + PYTHIA
with NNLO QCD and NLO EW corrections applied event by event to simulate the gg-initiated process, is shown at the bottom.

Contribution 4e 2e2u 4u Combined
Data 249 465 303 1017
Total prediction (SHERPA) 198716 469737 290737 95817
Signal (gg-initiated) 168713 4{}[}1’235% 2461’11;" 3141?13
Signal (gg-initiated) 21.3+35 50.2+ 8.2 207+49 101 £ 17
Signal (EW-ZZjj) 436+ 042 10.23 £ 0.72 6.43 + (0.55 21.0+£1.2
ZZ st [t o] 0.59 +0.09 0.55 +0.08 0.55 +0.09 1.69 +0.16
Triboson 0.68 £ 0.21 1.50 £ 0.46 0.96 = 0.30 3.14 £0.30
1tz 0.81 +£0.25 1.86 + 0.56 1.42 4043 41+12
Misid. lepton background 21+21 494+39 53+52 123 +£8.3
Total prediction (MATRIX + corrections) 19?1‘& 4?{}*_‘5{‘ 286*_‘%12 953:&?
Total prediction (POWHEG + PyTHIA 193 + 11 456 + 24 286 + 17 934 + 50

with higher-order corrections, SHERPA)

S
ZZ Observation vs Prediction at 13 TeV
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