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Introduction

» Multiboson interactions due to SU(2) kinetic term in SM Lagrangian
1 1
L= WWE = =20, + 0, Wi + ge™ W W)

> Trilinear and quartic vertices (note: SM self-interactions always contain W*’s)
> New physics could manifest itself as varied or new multiboson couplings

» Anomalous gauge coupling measurements overview
~ Anomalous triple gauge couplings: WW and WZ (and
VBF W/Z, Wy - but not part of this talk)
~ Neutral triple gauge couplings: ZZ and Zy
~ Anomalous quartic gauge couplings: VBS production of
boson pairs (and triboson, exclusive WW)
» Scope of this talk
~ Anomalous coupling results from Run 2 only

> For more details of measurement, see talks by Alicia,
Valerie, Robin, Andrew, Narei


https://indico.cern.ch/event/783842/contributions/3376363/
https://indico.cern.ch/event/783842/contributions/3376403/
https://indico.cern.ch/event/783842/contributions/3376385/
https://indico.cern.ch/event/783842/contributions/3376386/
https://indico.cern.ch/event/783842/contributions/3376407/

Anomalous Triple Gauge Couplings
(aTGCs)



Anomalous Triple Gauge Couplings

Effective Lagrangian Framework

C and P conserving effective Lagrangian for WWV interactions

iLeg" = gww [g{ VE(WL W = WEW™) + iy Wi Wy v+ ;—ngwjpwp;]
w
» Anomalous triple gauge couplings described by Ag{, Akz, Ay, A7, A,
» |f C/P-violating terms included: six additional parameters

» To respect gauge symmetry, LEP parameterization can be used, with
only three degrees of freedom (e.g. Agf, Akz, A7)

» alGCs yield amplitudes growing with §/M?2,, causing unitarity violation
» ad hoc cure introduce form factor and replace aTGCs:

c— (1+5//\2 ~ (= 0 for § — inf)

~ alternative: clipping (ignoring aTGC effects beyond V5> Aciip)



EFT Approach for aTGCs

In general, SM EFT expansion adds operator of energy dimension

>4 to SM, suppressed by powers of new physics scale A
dim5 dimé6

¢ . c .
Lsmerr = Lsm + Z ITO?ImS + Z 1/\2 O;_:Ilm6 L
i i

alGC operators appear at dimension six
Operator basis not unique, choice for aTGCs measurements:

Og = (D,H)'B”D,H, y
Oy = (D,H)'W*D,H,
Ow = (D,H)'W*D,H, .
i = THW W W]
OWWW = TI’[WHVW;Wp'“]

Coefficients can be mapped to alTGCs parameters

Unitarity violation at high V5 can be understood as breakdown of
EFT expansion as Vs approaches A

Comparison of size of terms linear («c ¢/A") and quadratic (< ¢2/A?")
in EFT coefficients can be test of convergence of EFT expansion
Energy scale probed by measurement relevant



WZ (1/2)

CMS SMP-18-002 and ATLAS-CONF-2016-043: WZ — tve't’
» Measurements in relatively clean three-lepton channel
> Limits from tails of m"# (CMS) and m{* (ATLAS) distribution, where
impact of aTGC largest

4591513 7) » alGC analysis on smaller dataset for
= e e T 1
& o 1 ATLAS (13.3fb™)
2 ik 1
o Zsueac |
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-;;mmm ] o 100 s=13TeV, 133 1" [ WZ (corr. to NNLO)
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= R N z ]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-043/

v

from ATLAS, Combination With Run 1 " Dataset  Coupling  Expected [T&V—2] Observed [TeV—2] Coupling  Expected [TeV~2] Observed [TeV—>

. L. . X cw/Ap [4.1; 7.6] [-3.8; 8.6]

» CMS also provides limits with linear 13TV cn/Asp, [-261; 193] [-280; 163)

ewww /AZp [-3.6; 3.4] [-3.9; 3.7]

term only cw/A2p [34; 6.9] [3.6;7.3]

. X . 8and 13 TeV  cp/Adp [-221; 166] [-253; 136]

» Different sign conventions used (?) cwww /My [32:30] [3.3:32]
| 4

Tighter limits from CMS (different
o CMS linear+quadratic terms
binning, more data)

Parameter 95% CI (expected) [TeV 2] 95% CI (observed) [TeV

CMS 35.9fb" (13 TeV) cw /A [-3.3,2.0] [-41,11]
< L L L cwww/ A2 [~18,19] [—20,21]
A - /A2 [—130,170] [=100,160]

2k ERRREEEE e el kg —
N S _ CMS linear terms only
-2f = Parameter  95% CI (expected) [TeV—2] 95% CI (observed) [TeV 7]
= o - cw/A 23,34 [-22,27]
4 ameoos cwww/ A2 (~33.2,28.6] [~13.8,41.2]
b cp/A2 [—360,300] [—230,390]
---- Bestfit, expected
-8 - 95% CL, expected
Best fit, observed P
-0 o6 L observed » “Clipping” study performed by
odo 7200 7400 1600 100 2000 3200 2460 2600 2800 3000 CMS: restrict effect of aTGC up

M(W2) cutoff [GeV]

to a cut-off value of M(WZ)



Ww

ATLAS STDM-2017-24: WW — evuy

» More background than WZ, need to

suppress tt with jet-veto

» Two neutrinos in final state
» Limits from unfolded leading p‘}

fiducial cross section - validated BSM
terms behave as SM in unfolding

> Large EWK correction to tail of p
» Less sensitive to Oy, Owww than WZ
» Results given with and without

quadratic term as well

Parameter ~ Observed 95% CL [TeV=2]  Expected 95% CL [TeV~2]

=10°
] ATLAS ¢ Data2015+2016
% | Vs =13 TeV, 36.1 fb" [ Stat. ® syst. uncertainty
= p = etviv —— (NNLO + NLO gg)® NLO EW
- ~- NNLO + NLO gg— WW
81 e NNLO (incl LO gg— WW)
=}
kS
= F
s
2 1k
_g E
10 e
10
10°E ! E|
T |
g4 3
812 =
> 3
g 0.8 E
0.6 L L M| L {
30 40 50 102 2x10% -
P [GeV]
Operator ~ 95% CL (linear and quadratic terms)  95% CL (linear terms only)
cwww/A? [-34TeV2,33Tev2] [-179 TeV=2, =17 TeV 2]
cw/A? [-74TeV2, 4.1 TeV2] [-13.1 TeV=2, 7.1 TeV 2]
cp/A? [-21 TeV™2, 18 TeV 2] [-104 TeV=2, 101 TeV~2]

cwww /A2 [-34,33] [-3.0,3.0]
cw /A2 [-74,4.1] [-64,5.1]
cp/N? [-21,18] [-18,17]
Cww/A? [-1.6,16] [-15,15]
oy /A? [-76,76] [-91,91]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/

WV

CMS SMP-18-008: WV — ¢v) (J = fat jet)
» Least clean channel - SM signal buried beneath tt and W+jets
» Higher statistics / energy reach for aTGCs
» Simultaneous unbinned fit of jet and diboson mass

CMS 35.9 fo’ (13 TeV) CMS 35.9 fb™ (13 TeV)
31400 Muon channel + oata Muon channel  oaa m
[0} I W+ets 65<m.. <105Gey — — Signal CW/AZ:LSQ Tev?3
0 = o I wets 1
< W i
[%] . Wz
< I Single top
LU>I.J) B Post-it unc. Single ¢

B Post-fit unc.
)

o % =
PE RS - petbs g b, EERS HEEINTE
& 2 NN RN s 1 e t
- I S S S B Y S S S SR  BS S |
50 5‘0 7‘0 ;El 9‘0 1(‘)0 110 12‘0 13‘0 11;0 150 -3, 000 1500 2000 2500 3000 3500 4000 4500
mg, (GeV) m,,, (GeV)
Parametrization aTGC Expected limit ~ Observed limit
» Best sensitivity to all cwww /A2 (TV2) - [-144,147] [-1.58,1.59]
EFT cw/ A2 (TeV2) [-2.45,2.08] [-2.00,2.65]
three tested operators /A2 (TeV™2) [-8.38, 8.06] [-8.78, 8.54]

» No study on unitarity, energy scale probed, or quadratic terms

9/28


http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-008/index.html

Summary of alGC constraints (EFT approach)
May 2019 ot :Ez’ﬁs %

i Channel lLdt' B
20.3fb e
c, IN?  — ww 367 1" 13TeV
B R ——e— , ww 194ty TeV
k i wy 48 7TeV
| ——e— wv 2021b} 8TeV
e i .
= Wy 35.9107 13Tev
EW 36.9 1y 13TeV.
S /A2 = w 2
www — asf’ 7TeV
203157 8Tev
L
19.4 1" 8TeV
A 7TeV
33,6107 ENEY
S TaTev
S 7TeV
20.2 1! 8TeV
2021y" 8TeV
50 7TeV
19 TeV
35. 3 TeV
E 2031t TeV
E 20. TeV
E 35, 3 TeV
D 86 .96 TeV
Q. - TD\}-EV
2 4.6 N e
20.31b 8TeV
i R
X e
19, 8oy
g&gﬁ‘ B,I% TeV
19, TeV
35. 13TeV
4.6 Tev
20. TeVv
20. TeV
19 TeV
35. 3 TeV.
EW qq) 20. TeV
EW qgW.qqZ - , 1. 35. 3 TeV
DO Comb. 826400, 2. 86 196 TeV
| 1 1 1 1 1 | LEPQomb. |  [1.pe+0 | o7 0TeV
o . . . _2
aC summary plots at: http://cern.ch/go/8ghC aTGC Limits @95% C.L. [TeV ]

Presented results (highlighted) most sensitive ones, far surpassing LEP
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Neutral Triple Gauge Couplings
(NTGCs)



nTGCs

» Reminder: no neutral triple gauge couplings in SM

» Can be constrained in Zy and ZZ production

» Usually effective vertex function approach chosen (essentially
effective Lagrangian approach in momentum space)

Vertex function approach

» Eight parameters for Zy production: h)./ (I=1-4,V=Zyy),

(CP-violating hY, hY practically indistinguishable from hy, hY)

» Four parameters for two on-shell Z's in ZZ production:f4‘/,f5‘/

» In EFT approach nTGC appear only at dim8, four degrees of freedom
(can be parametrized as linear combinations of h}”s and f,.V’s)

Ogw
Osw

iH' B W (D, D'}H,  Oww = iH'W,W*{D, D'|H,
iH' B W {D,.D'|H, O = iH'B,B"{D,.D'|H.



Zy

ATLAS STDM-2017-18: Z(vv)y

Events/bin

Data/Pred.

10* T T T
ATLAS
(s=13 TeV, 36.1 fb™*

Nie;s=0

Yets

10°

10°

T T

e Data
[ zvy
Mjet-y
Wme-y
My
mwy, Z(iy
stat.[] syst.

.

#\«\ NS S

—

T

200 300 400 500 600 700 800 900 1000 1100

E/ [GeV]

» yyy channel most sensitive channel
for Zy nTGCs (large branching ratio, no
FSR)

> Limits extracted from £7 > 600 GeV
events , in zero-jet category

Parameter Limit 95% CL
Measured Expected

hy (3710 537x 107" (—42x10 ,43x 10 ")
ng (-32x107%,33x107") (-38x107*38x107%)
hy (—44x1077,43x1077)  (=51x1077,5.0x107")
nf (-45x1077,44x1077) (=53 x1077,51x107")
Parameter Limit 95% CL

Measured [TeV™*]  Expected [TeV™*]
Cow /A" (-1.1, 1.1) (-1.3, 1.3)
Cpw/A* (—0.65, 0.64) (—0.74, 0.74)
Cyw /A" (-2.3,2.3) (=27, 2.7)
Cpp/A* (—0.24, 0.24) (—0.28, 0.27)

» Events from nTGCs calculated with formula below, 7 % uncertainty
on efficiency Cz, (nTGCs change kinematics and thus Cz,)

N;lGC(hv, hV) - aTGC(hV, hV) CZy AZ *(pﬂl‘tol‘lﬂpﬂ.ﬂicle) -def.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-18/

ZZ(41)

ATLAS STDM-2016-15,CMS
SMP-16-017: ZZ — 4¢

) CM§ 35‘.9‘|b"“ (13 TeV)

3

—+— Data

- £ —0.0019,/Z — 0.0015
— = ] = 0.0019,iZ - 0.0015|
@ -+ ZZ (SHERPA)
O wa-zzzy
N g9 2227
[ zz+2jets EWK
O iz wwz
N zx

Events /0.05 TeV'
2

1 2
mzz (TeV)

=
oo Cms 3591fb ' (13 TeV)
© 0008 —e— Expected
2 ——
% oo E Observed
N 0.004 |-
0.002 -
.
oF
0.002 - ¢
0.004 - ;"/’j/ﬁ:
0.006 -
0.008
001 1 1 1 . I I 1
800 1000 1200 1400 1600 1800 2000 ES)

my cutoff (GeV)

» Constraints from tail of mz; by CMS,

from pZ by ATLAS (ATLAS applies
p2-binned EW corrections )

CMS limits

v

v

—0.0012 < f# < 0.0010, —0.0010 < fZ < 0.0013,
—0.0012 < f] < 0.0013, —0.0012 < £ < 0.0013.

ATLAS limits

Coupling strength  Expected 95% CL [ x 10-%]  Observed 95% CL [ x 10-%]

i 24,24 -18,18

i 21,21 -15,15

i —2.4,24 ~1.8, 1.8

7 —2.0, 2.0 —1.5,15

EFT parameter Expected 95% CL [ TeV~*]  Observed 95% CL [ TeV ]
Caw/A* -8.1, 8.1 -59,5.9

Ciww/A* —4.0,4.0 -3.0,30

Cpw /At —44,44 —33,33

Cpp/A* 37,37 27,28

EFT limits weak compared to Zy

CMS study (left): strong dependence
on cut-off scale
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-15/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-017/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-017/index.html

ZZ(llvv)

ATLAS STDM-2017-03: ZZ — 2€2v
» ZZ measurement also performed in 2¢2v channel
» Unfolded pg fiducial cross section used for limit extraction
— 10 event minimum in last bin to work in Gaussian approximation

W Theo. Uncer. 2 Theo. Uncer.

e ATLAS — Data = i ATLAS — Data
3 5=13 TeV, 36.1 fo" gmsmzz ] 3 5=13 TeV, 36.1 o gmsmzz
e Z215x10° ] - fi=1.5x10°
£=1.0x10° ] fi=1.0x10°
- £=05x10° ] - £4=0.5x10°

300 400 500 600 1000 300 400 500 600 1000

P} [Gev] P} [GeV]

i i i t » Very similar behaviour/limits
Expected [x107] | [=1.3, 1.3] | [=1.1, 1.1] | [~1.3, 1.3] | [-1.1, 1.1] i
for the four f},

» Limits tighter than ATLAS 4¢
measurement

Observed [x107%] | [-1.2, 1.2] | [-1.0, 1.0] | [-1.2, 1.2] | [~1.0, 1.0]

EFT approach: Gz, /A* [TeV—4]: [-4.0,4.0 ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-03/

Summary of nTGC constraints (1/2)

Oct 2018 cMs —
ATLAS — Channel Limits [1at s

v | Zy(iywy) [-9.5e-04, 9.9e-04] 20.31b" 8 TeV
hs = Zytwy) [3.7€-04, 3.7e-04] 36.1107 13 TeV,

L — Zyflywy) [-2.9e-03, 2.9¢-03] 501" 7TeV

k i Zy(ih) [-4.6e-03, 4.6e-03] 19.51" 8TeV

| — Zywy) [-1-1e-03, 9.0e-04] 19.615" 8TeV

7 — Zy(lkywvy) [-7.86-04, 8.6¢-04] 20.31b" 8TeV
h3 H Zybwy) [-3.26-04, 3.3e-04] 36.110" 13TeV,

| — Zitgwwy) [-2.7e-03, 2.7e-03] 501" 7TeV

i : Zy(i) [-3.8¢-03, 3.7e-03] 19517 8TeV

| — Zypwy) [-1-5e-03, 1.6e-03] 19.610" 8TeV

¥ H Zyflywy) [-3.2€-06, 3.20-06] 203 10" 8Tev
h4 ] Zytwy) [-4.4e-07, 4.32-07) 36.110" 13TeV

— Zyllywy) [-1.5e-05, 1.50-05] 501" 7TeV

k i Zy(Iky) [-3.6e-05, 3.5¢-05] 1957 8TeV

— Zybwy) [-3.8¢-06, 4.3¢-06] 19.616" 8TeV

7 H Zy(lbywvy) [-3.0e-06, 2.9¢-08] 203" 8TeV
h4 1 Zypwy) [-4.5e-07, 4.4e-07] 36.1 16" 13 TeV

— Zyliywy) [1.3e-05, 1.3¢-05] 501" 7Tev

—_— Zy(ih) [-3.16-05, 3.06-05] 19517 8TeV

— Zywy) [-3.9€-06, 4.5¢-06] 19.61" 8TeV

T O T T T T SR A SO SO SR S R | L

x10%(h,),
aTGC Limits @95% C.L. x10%h,)
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May 2019 s —
ATLAS+CMS — Channel Limits s
[ ZZ (41,212v) [1.56-02, 1.56-02] 7TeV
f — 22 (41,212v) [-3.8¢-03, 3.8¢-03] 8TeV
4 — ZZ (41) [1.8e-03, 1.8e-03] 13 TeV,
— 2z (212v) [-1.26-03, 1.26-03] 13TeV
—_ 7z (41) [-6.0e-03, 5.0e-03] 8Tev
— 2z (212v) [-3.6e-03, 3.2¢-03] 7.8TeV
— 22 (41,212v) [-3.0e-03, 2.6¢-03] 7.8TeV
i zZ (a1) [-1-2¢-03, 1.3¢-03] 13TeV.
— 22 (41,212v) [-1.06-02, 1.06-02] 7Tev
77 (41,212v) [-1.3-02, 1.3¢-02] 7TeV
fZ — 72 (41,212v) [-3.3¢-08, 3.2¢-03] 8 TeV
4 — 7z (a1) [-1.5e-08, 1.5¢-03] 13 TeV,
— 2z (212v) [-1.0e-08, 1.0e-03] 13 TeV
— 7z (4)) [-4.0e-03, 4.0e-03] 8TeV
[ E—1 77 (212v) [-2.76-03, 3.2¢-03] 7.8 TeV
— 77 (41,212v) [-2.1e-03, 2.6e-03] 7.8 TeV
— zzZ (41) [-1.2e-03, 1.0e-03] 13 TeV.
_— 22 (41,212v) [-6.7€-03, 9.1e-03] 7Tev
[ ZZ (41,212v) [1-6e-02, 1.50-02] 7TeV
fr — 22 (41,212v) [-3.8¢-03, 3.8¢-03] 8TeV
5 — zz (41) [1.86-08, 1.8¢-03] 13 TeV.
— 7z (212v) [1.2¢03, 1.2¢-03] 13TeV
e — 7z (4)) [-5.0e-03, 5.08-03] 8TeV
— 77(212v) [-3.3e-03, 3.60-03] 7.8TeV
— Z2(4),212v) [-2.6e-03, 2.7e-03] 7.8TeV
— ZZ (41) [-1.2e-03, 1.3e-03] 13 TeV
_ ZZ (41,212v) [1.1e02, 1.1e-02] 7TeV
77 (d1,212v) [1.32-02, 1.30-02] 7TeV
# — 22 (41,212v) [-3.36-03, 3.30-03] 8TeV
5 — zz (41) [1.56-08, 1.5¢-03] 13 TeV,
— 7z (212v) [1.0¢-03, 1.06-03] 13TeV
[ E— 7z (4)) [-4.0e-03, 4.0e-03] 8TeV
— 7z (212v) [-2.9¢-03, 3.06-03] 7.8TeV
— 22 (41,212v) [-2.2¢-03, 2.3¢-03] 7.8TeV
— zz (41) [1.06-08, 1.3¢-03] 13 TeV,
[ e s—— 7z (@.2i2v) | [9-1e:08, 8.90-0B] ) [l
0

0.02

0.04 0.06
aTGC Limits @95% C.L.
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Anomalous Quartic Gauge Couplings
(aQGCs)



» Run 1: different models and unitarization schemes used, difficult to
compare analyses and measurements

» Run 2: most analyses now parametrize aQGCs in terms of twenty
parity conserving dim-8 operators:
Lso1 0 (Du®)t,  Lmo7 o (FY)?(Du®), Lo o (F™)*

» Only at dim-8 (or higher) operators with quartic vertices but no two
or three-boson couplings

» Assumption: aQGC due to dim-6 already constrained elsewhere

» Operators affect all quartic boson couplings

WWWW | WWZZ | ZZ77 | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Lsor Lsa X X X 0 0 0 0 0 0
L0, Lv1.L06 L7 X X X X X X X [0) [0)
Ttz Lars Lot Lot ) X X X X X X 0 0
Lro L11 L2 X X X X X X X X X
Lrs Lre L7 0 X X X X X X X X
Lry9 Lo 6] [¢] X (6] 6] X X X X

» Limits driven from high-energy regions, where unitarity can be
violated = clipping scans or unitarisation important
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Same Sign WW and VBS WZ

CMS SMP-17-004: W (££v)W*(£2v)jj, CMS SMP-18-001: W(£v)Z(¢e)jj

» Limits derived from my (WW) and mT(WZ)
a ig

» Generally better limits from WW e

. . . —4 —4

» No studies of unitarity bounds s [(T;‘;7;] [(T;‘gn’]

3 =737 —7.0,7.
35.9fb" (13 TeV) for /A* [—21.6,21.8] [-19.9,20.2]

£ Cia T T fwo/A*  [=6.0,59] [~5.6,55]
~ . —_ Dbam fin /A [-87,9.1] [=7.9,85]
P . fue/A*  [-119,118]  [-11.1,11.0]
S % [ Nonpromet fur /A [<13.3,129] [~124,11.8]
: . fro/A*  [-0.62,065  [-058,061]
5 . fu/A* [-028,031]  [-0.26,0.29]

: . =

" = fro/A*  [-089,1.02]  [~0.80,0.95]

(L Fr=Fre0 Fr=3Tevt
[ Fe=32 Fg =16 Tev™*
Fuo=8, Fy,= -4 Tev*
Stat ®Syst.

VBS WZ

Parameters  Exp. limit Obs. limit

fmo/AT  [-11.2,11.6] [-9.15,9.15]

fwn/A* [-109,11.6] [-9.15,9.45]

3 2 i fs,u/A:’1 [-32.5,345] [—26.5,27.5]
& . ‘ fq/A*  [-502,532] [-41.2,42.8]
s ks ## X\\\\\\#\\\\\\% fro/A*  [~0.87,0.89] [—0.75,0.81]
8 o fri/A*  [-0.56,0.60] [—0.49,0.55]
0 500 1000 1500 2000 fa/A*  [-178,2.00] [-149,185]

my(WZ) [GeV]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-001/index.html

VBS ZZ and Zy

35.9 b (13 TeV)

CMS SMP-17-006: ZZ, CMS SMP-18-007: 2y § [ &ub o |
) W Zzjj EW 3
CMS__preliminary 35.9 f’ (13 Tev) 5 Mog - 2z ]
5102 T T #D‘ T [ T o Maqq - 22 ]
- E ata Nonprompt 3 ttZz, wwz 4

4 aQGCS also 5 E veszA Moversg ] EZ*‘X
ConStI‘aIned ] WQcDzA  —rms=osoerz

inzz,2Zy
final states
by CMS

1200 1400 600 800 1000 1200 1400
My [GeV] m;; [GeV]

0 200 400

200 400 600 800 1000

Coupling Exp. lower Exp. upper Obs. lower Obs. upper _Unitarity bound Observed Limits (TeV ) _Expected Limits (TeV_) Umtanty Bound
Tro/ AT 053 051 —046 044 25 193 < Fuo/AT <202 -150 < Fup/A® < 15.1
e 072 0'71 061 0'61 23 478 < By /AY <469 301 < Ry /A* <300 1.2
fu n e - e 5 . 8.16 < Fya/A* <804  -6.09 < Fya/A* < 6.06 13
fra/ " —14 14 -12 12 24 209 < Fys/AY <211 -132 < Fys/At <133 15
Sfrs/ A —0.99 0.9 —0.84 0.84 28 152 < Rya/A* <158  -11.7 < Fya/A* <117 15
fro/A* -21 21 -18 18 29 249 < Fys/A* <244 -19.1 < Fys/A* <182 18
38.6 < Fye/AY <405 -30.0 < Fye/A* <301 1.0
-60.8 < Fy7/A* <626 461 < Fyz/A* <463 13
imi -0.74 < Frp/A* <069 056 < Fro/A* <051 14
» Comparable limits from four aQGC Iimn EenAeE o
-1.96 < Frp/A* <185  -148 < Fra/A* <137 15
measurement shown so far 070 < Frs/AY <074 051 < Frs/At <057 18
-1.64 < Fre/A* < 1.67 -1.23 < Fre/A* < 1.26 17
. . . . 259 < Fry/A* <280  -191 < Frz/A* <212 18
> . 047 < Frg/A* <047  -036 < Frg/A* <036 16
Unltarlty bOUnd. energy at WhICh COUpllng 2126 < Fro/A* <127 -095< Fro/A* <095 15
value equal to limit violates unitarity 21728


http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-007/index.html

VBS WV/zV

CMS SMP-18-006: W — vl and 2V — 0] g o™ - S LITY
< —— Observed V +jets
> Lepton(s) + fat jet + VBS jets final state  §10°F [ sk [ Jacow 3
10%F 3
» As in semi-leptonic aTGC analysis: no 1237 [ swewwy [] sko. ncertainy

attempt to discover SM process, only

...... 172//\A =-0.5 TeV*--... M. =1000 GeV, sH=0.5

constraints of new physics

» Fit of myy distribution, binning as
aggressive as MC statistics permits

» World-best limits for all operators 528
%5 L
tested g od : : ‘
» No study of unitarity bounds 1000 1500 o © e\2/§°°
wv
Observed (WV)  Expected (WV) Observed (ZV) Expected (ZV)  Observed Expected
(TeV™) (TeV™4) (Tev—) (TeV™) (Tev™) (TeV—)
JAT ~27,27) —42,42] 40,40 ~31,31 ~27,27) H
Ve I - B - B B » Constraints from WV
/A* ~1.0,1.0] ~7.5,7.5] ~5.3,53 —0.69,0.70 .
T/ 5030 Lmel e [aosr) channel tighter than
JA* 1. ~2.0,2.0 ~15,15 ~11,11 13,13 .
%:/A‘ [-34,34] {—5.1,5.1} {—35,36} {—25,26} {—3.4,3.4} from zZV (hlgher
fro/A* [-012,011] [~0.17,0.16) [~14,14] [-10,1.0]  [-0.12,011] .
/At (012,013 [-018,018]  [~15,15] [10,10]  [-0.12,0.13] event y|e|_d)
Fo/At [-028,028]  [-041,041] [-34,34] [-24,24]  [-028,028] [-0.41,041]
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Summary of aQGC constraints (1/3)

May 2019
cms

Channel Limits [ Lat s
ssWW [-3.8e+01, 4.0e+01] 19.41b" 8TeV

fgo /A*
ssWW [-7.7€+00, 7.7€+00] 35.91b" 13TeV
wz [-2.6e+401, 2.8e+01] 359107 13 TeV
wyv zv [-2.7€+00, 2.7€400] 35.91b" 13TeV

; 55 WW [-1.2e+02, 1.2e+02] 19.4 16" 8 TeV

foq IA*
ssWW [-2.2e+01, 2.2e+01] 35.910" 13TeV
wz [-4.1e+01, 4.3e+01] 35.91b" 13TeV
wv zv [-3.4e+00, 3.4e+00] 35.910" 13TeV

—200

200
aQGC Limits @95% C.L. [TeV*]

400
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Summary of aQGC constraints (2/3)

cMs =
July 2019 ATLAS Channel Limits [t s
N — Wvy -7.7e+01, 8.1e+01 1931 8TeV
Mo —_— zy -7.1e+01, 7.5e+01 19.71b” 8TeV
— zy -1.9e+01, 2.0e+01 35.91b” 13TeV
I | z -7.6e+01, 6.9e+01 202107 8TeV
P i -7.7€+01, 7.4e+01 19.71b” 8TeV
H s5WW. 3591b" 13TeV
H wZ 3591b" 13Tev
— WW 2021b" 8Te
H -WW 24.7 " 7.8TeV
1 WV ZV. 35.91b" 13TeV.
AR T WV 19.31b7 8TeV
M1 k i zy 19.71b” 8TeV
| Zy 359107 13TeV
! | zy 1.56402, 160402 20.2f5"
| Wy -1.2e+02, 1.38+02] 19.7 fb" 8 TeV
H ssWW -8.76+00, 9.16+00 35.9 b 13TeV
H 9.16+400, 9.42+400; 35.91b 13 TeV
—_— WW -1.1e+02, 1.0e+02] 20.21b7 8TeV
— WW -1.6e+01, 1.6e+01 24.7 b7 7.8 TeV
[] WV 2V -2.0e+00, 2.1e+00] 35.91b" 13TeV.
oA — WVy -5.7e+01, 5.7e+01 20.21b" 8TeV
M2 — Zy -3.2e+01, 3.1e+01 19.7 16" 8 TeV
H Zy -8.26+00, 8.0e+00] 35.91b" 13TeV,
— Zy -2.7e+01, 2.7e+01 20.21b" 8 TeV
— Wy -2.6e+01, 2.6e+01 19.7 fo! 8TeV
- _ WV -9.5e+01, 9.8e+01 20.2fb" 8TeV
M3 —_— Zy -5.8e+01, 5.9e+01 19.7 b7 8 TeV
zy -2.1e+01, 1 35.91b” 13 TeV,
—— zy -5.2e+01, 5.20401 20.21b" 8 TeV
— Wy -4.30401, 4.40401 197167 8TeV
A | Wy -1.30+402, 1.3+402] 20.21b" 8TeV
M4 — zy -1.5+01, 1.6e+01 359107 13 TeV.
— Wy -4.0e+01, 4.0e+01 19.7 17 8 TeV
A I | Wvy 2.0+02, 2.08+02] 20.2107 8TeV
ms — zy 2.5¢401, 2.4e+401 35.910" 13 TeV
| — Wy -6.5e+01, 6.5e+01 19.7 0" 8TeV
AT — Zy -3.96+01, 4.06+01 359107 13TeV
M6 e Wy -1.3e+02, 1.3e+02 19.7 17 8 TeV
55 WW -1.26+01, 1.2e+01 359107 13TeV.
(] Wv Zv. -1.3e+00, 1.3e+00] 35.91b" 13 TeV.
£ IAY A Zy -6. |e+0| 6 3e+0|] 359107 13TeV
M7 i { Wy -1.6e4 19.71b" 8TeV
= sSWW -1. ae+0| ae+0|] 36,9107 13TeV
L W Y, D3fle003des0p]l | 350f7 | BTV |

—200 0 200 400 600 800
aC summary plots at: http://cern.ch/go/8ghC aQGC lelts @950/0 CL [TeV'4]
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Summary of aQGC constraints (3/3)

cMs =
July 2019 ATLAS Channel Limits [t s
A" —— WWW -1.2e+00, 1.2e+00] 35.910" 13TeV
o — zy -3.8e+00, 3.4e+00] 19.710" 8 TeV
— zy -7.4e-01, 6.92-01] 359107 13TeV
— ya -3.4e+00, 2.9e+00] 29.21b" 8TeV
i i -5.4€+00, 5.6€+00] 19.71b7 8Tev
A s5WW -4.2e+00, 4.6+00] 19.41b7 8Tev
H ssWW 6.26-01, 6.5€-01 35.91b” 13TeV
H wz 7.5e:01, 8.1e-01 35.91b" 13 TeV
H 7z -4.6:01, 4.4e-01 35.9fp" 13TeV
(] WV ZV. -1.2e-01, 1.1e-01 359107 13 TeV.
AR — www 3.36+00, 3.36+00 359107 13TeV
T e —— 7y -4.4e+00, 4.4e+00 19.7 6" 8 TeV
— zy 1.26+00, 1.16+00 3591b" 13Tev
_ Wy -3.7€+00, 4.0e+00 19.7 b7 8
— ssWW -2.16+00, 2.4e- 19.41b" 8TeV
H ssWW 2.86-01, 3.16-01 35.9 b 13TeV
H Wz -4.96-01, 5.56-01 35.91b" 13TeV
H 7z 6.10-01, 6.1e-01 35,910 13TeV
H 4% -1.2-01, 1.8¢-01 35.91b" 13TeV
A — WWW 2.7e+00, 2.6e+00] 35917 13TeV
{2 i 1l Zy -9.92+400, 9.0e400] 19.71b" 8TeV
— zy 2.00400, 1.90400] 35910 13 TeV
! { Wy -1.1e+01, 1. 29401] 19.7 o 8TeV
—_— 55 WW -5.9+00, 7.1e+00] 19.4 fo”" 8 TeV
i S5 WW. -8.9¢-01, 1.0e+00] 35.91" 13 TeV,
[ | wz -1.5e+00, 1.9e+00] 35.910" 13 TeV,
- zz -1.2e+00, 1.2e+00] 35.91b” 13 TeV,
H wyzv 2.8-01, 2.8-01] _ 35.910" 13 TeV
oAt ! 1 Zy -9.3e+00, 9.1e+00] 20.31b" 8 TeV
s — zy 7.00-01, 7.4e-01] 35.910" 13 TeV
— wy -3.8e+00, 3.8e+00] 19.7 b7 8 TeV
A — zy [-1.6e+00, 1.7€+00] 359107 13TeV
6 — Wy -2.8e+00, 3.0e+00] 19.7 0" 8TeV
A — zy 2.6+00, 2.8¢+00] 359107 13 TeV
A4 — Wy 73400, 7.7400] 19.710" 8TeV
A — Zy -1.8+00, 1.80+00] 19.7107 8TeV
T8 H zy -4.76-01, 4.76-01] 35910" 13TeV
— Zy -1.8e+00, 1.8e+00] 20.2fb” 8 TeV
— zz -8.4e-01,8.40-01] 3591° 13TeV
IAE | e | Y -7.4e+00, 7.4e+00] 20.3b" 8TeV
e A Zy -4.0e+00, 4.0e+00] 19.7 o’ 8 TeV.
— zy -1.3e+00, 1.3e+00] 35.91b” 13TeV
[ e— Zy -3.9e+00, 3.9e+00] 20.2 m’: 8 TeV
| \ . ; — . . z | 1.80+400, 1.82+00] . 3591h 13Tev.

_20 0 20 40
aC summary plots at: http://cern.ch/go/8ghC aQGC lelts @950/0 C L. [TeV'4]
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Conclusion



General comments, observations

» Most analyses provide 2D limits as well (but generally no
marginalisation of parameters)

» Unitarity bounds, probed V5, linearised EFT studied only sporadically
» Few combinations (full Run 2 dataset better opportunity for that)

» Some limits from unfolded measurements
~ No detector simulation necessary, can help re-interpretation
~ Needs more conservative binning, need to check for SM bias
» Impact of QCD and EWK corrections not to be underestimated
> SM QCD corrections sometimes applied to BSM terms
~ EWK correction typically growing with V5 - like EFT operators
» Possible to perform more global EFT fits?
» Combinations beyond multibosons (e.g. with Higgs measurements)
interesting?
~ Complete dimension-six basis exists (Warsaw basis, implemented in
SMEFTsim) allows for consideration of all dim-6 operator effects
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https://feynrules.irmp.ucl.ac.be/wiki/SMEFT

Summary

>

>

Large number of diboson measurements performed by ATLAS and
CMS collaborations

Many include anomalous coupling or EFT interpretations

All constrain new physics in tails of kinematic distributions
(myy or proxies)

No excesses observed

Across the board: limits greatly improved compared to Run 1
Tightest limits from semi-leptonic measurements

Some analyses of 2015/16 data still unpublished, anomalous
coupling interpretations missing from some measurements

Usually limited by statistics — sensitivity will improve with full
Run 2 dataset
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