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SM Non-Abelian Structure

- Standard Model of particle physics is a Gauge Theory

1 » Gauge Interactions

L=|— 2 F% F

QAT HVTa Fe, = 0,A% — 0,A% —igf AY AS

| uZD@b + h.c.| * Fermion Interactions
=+ izyw%qb + h.c * Yukawa Interactions

T ‘Du§b|2 — V(o) » Higgs Potential

- Boson self-couplings predicted by non-abelian U(1)xSU(2)xSU(3)
Standard Model gauge group



Triple Gauge Couplings at LEP

W/Z/y

Electroweak gauge group predicts: W
p QGC: WWZZ, WWWW, WWZy, WWyy W Z/ly
P TGC: WWZ, WWy
Neutral couplings absent in SM: W
» 27222, ZZvyv, 22y, 222, ..... W
First experimental evidence at LEP2 Wiziy
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EW Triple/Quartic Gauge Couplings

SM parameters entering TGC .= 5w owvmnz —(owr—ownwz wwm oz o)
and QGC terms preCisely vie {@ W — o wryWiA, — (0wt — o WH) W, A, + W, WS (00 AT — 04}

known
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However, W/Z bosons are massive:

1 , 1
> longitudinal polarization # 0: ¢z, = _5(0,1,,0) €l = E(k’g, 0,0, F)
P Electroweak symmetry breaking mechanism
strongly related to restoring unitarity in vector boson scattering
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u n It a r It b o u n d = We give an S-matrix-theoretic demonstration that if the Higgs-boson mass exceeds M, = (87v/2/3G)'?,
y n parital-wave unitarity is not respected by the tree diagrams for two-body scattering of gauge bosons, and the

weak interactions must become strong at high energies. We exhibit the relation of this bound to the

) =S
structure of the Higgs-Goldstone Lagrangian, and speculate on the consequences of strongly coupled Higgs- {///K%K%/{\({{/

=l Goldstone systems. Prospects for the observation of massive Higgs scalars are noted. \\\\\\\\\\\\\\\\\\\
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3GF 11. SUMMARY AND CONCLUSIONS

A theoretical consensus is emerging that new phenomena will be discovered at or below
1 TeV. There is no consensus about the nature of these phenomena but it is interesting

that many of the ideas which have been suggested can be tested in experiments at an LHC.

o Higgs Discovery Although many,if not all, of these ideas will doubtless have been discarded, disproved or

established by the time an LHC is built, this demonstrates the potential virtues of such a
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Higgs Couplings and VBS

Unitarity in VBS restored if and only if parameters have exact SM
A(WLWL — WLWL) X f(Oé, M, GF, Mgy, CIV{/)

values

Deviations from SM Higgs couplings, e.g. via extended Higgs
Sectors result in large cross section changes

B In 2HDM: grww = sin(5 — &)gnww, heavy Higgs mass

chosen to restore unitarity at high energies

I, |

CMS Preliminary
35.9 fb” (13 TeV)

® Observed
== 1o interval
— 20 interval (4 )
- ~10-15% unc.
—*‘—
Kw
——— Bestfit  Uncertainty | Bestfit Uncertainty

——

value Stat. Syst. | value  Stat. Syst.

+0.12  +0.08  +0.09 +0.11  +0.09  +0.07
1.09 -017 -0.16 —-0.04 0.99 -012 -010 —0.07

+0.11y\ (+0.08Y (+0.06 +0.11 0.09y (+0.06
(70.10) (70.08) (70.06) (70.11) (t0.09) (70.06)

Parameter value

20 (30%) deviation
=> 15-30% cross section change

}

Cross Sections (fb)
Channels sin(f —a) =0.5 0.7 0.9 SM (C, =1)
WHW— — ttvlv 0.51 0.46 0.40 0.39
WHW+ — ttuity 0.20 0.17 0.14 0.14
W-W~- = (ol v 0.083 0.075 0.070 0.069
Wtz — ttvete 0.016 0.013 0.011 0.010
W~Z = -l 1.0 x 1072 8.5x 1073 7.6 x 1073 7.4 x 1073
ZZ — 000t 8.4 x 1073 6.4 x 1073 4.6 x 1073 4.4 %1073

arxiv:1303.6335



https://arxiv.org/abs/1303.6335

Effective Field Theory aTGC/aQGC

Effective Field Theory (EFT) approach used to probe for new
physics in TGC and QGC Ci Ci i
E — LSM _I_ Z FOdim_f; —I_ Z A_Zoéim—S _|_
i j

P Oijgauge invariant operators, build from SM fields
Historic example: 4-fermion vertex (dim-6), Weak Interactions

2
2 4 8 MW \/§

Anomalous Triple Gauge Coupling parametrization used at LEP
P example WWZ vertex, mapping to dim-6 operators possible

> 3 CP-even dim-6 |OWwy = TWa W WAL, | 6= ie| g1 (W, W = W WA+ 1 W Wy A
6) _ y
operators Oy = (D,®)'W"(D, ), W ”W;pApﬂ] - igc[g%(W;VW‘“ — W, W)z

o = (D,®)"B”(D,®).

+ kWi W, 2 + Aj—gwnggpzp“], (2)
P relation from LEP parameters Ag? — cwmy e — eptan®o) R _ Bewwwemiy
to wilson coefficients oo2A2 TR W EEER AWoN T T N
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https://arxiv.org/abs/hep-ph/9601233

LHC Experimental Status

- Experiments have accumulated ~25 fb-1 at 7/8 TeV and >150 fb-! at
13 TeV (Run-2 is coming to an end, start of Run-3 in 2021)

- To study TGC/QGC, measure cross sections over 5 orders of
magnitude VBS: O(1fb), VBF:0(100fb) and VV-Inclusive: O(10pb)

B Current CMS multiboson results based on Run-1 dataset and 36 fb-1 of
Run-2 collected in 2016
|ver|fves]

July 2018 CMS Preliminary
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CMS Run-2 Diboson Analyses

CMS analyses studying triple and quartic gauge boson
couplings at 13 TeV, and being presented here

VBS process CMS Luminosity [fb-1]
Inclusive W+W- SMP-16-006 2.3
Inclusive WV SMP-16-012 2.3
VBE Z SMP-16-018 35.9
Inclusive ZZ SMP-16-017 35.9
Inclusive WZ SMP-18-002 35.9
EW W+W= (212v) PRL 120, 081801 35.9
EW ZZ (4)) et 0L 35.9
EW WZ (3lv) SMP-18-001 35.9
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https://cds.cern.ch/record/2160868
https://cds.cern.ch/record/2209148
https://arxiv.org/abs/1712.09814
https://arxiv.org/abs/1709.08601
https://cds.cern.ch/record/2628761
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://www.sciencedirect.com/science/article/pii/S0370269317308328?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.141802

CMS WZ Inclusive Production

SMP-18-002: Inclusive WZ production cross secton measurement

with CMS Yo

Q
=

0
N

eeev,UH LY,
q 4 q 4 eUHV,eepv

Event selection criteria exploit distinct 3-lepton signature,
major backgrounds controlled in the data

CMS Preliminary 359 fb"' (13 TeV)
c - T T l T .
Q 2000 __él Data =
2] g Ly .
Region N; p]'{[21[22(w, —} Noss;: |M([z1[22) — nlz| p?“bb Nb tag min(M([(')) M([zﬂzz[w) qc) 1800 ;=:; —:
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SR =3 > {2510,25) >1 <15 >30 =0 >4 > 100 L 1600:5;’; R
CRtop =3 > {2510,25} >1 >5 >30 >0 >4 > 100 1400 - ety ~
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CRConv =3 > {2510,25} >1 > 15 <30 =0 >4 <100 1200~ =
- . = 7]
1000 -
85% purity after event selection 3 . E
00— -
< -
Largest background contributions: 4008 E
e —

p ZZ (4-lepton), Nonprompt leptons . | ' ,
(using the fake rate method) S 1 ;
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8 o9 3
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https://cds.cern.ch/record/2628761

WZ Inclusive 13 TeV 36 fb1

Fiducial cross section measured (similar to signal selection):

B> POWH EG (N LO) ~1 20/0 difference, Category Fiducial cross section [fb]
2 standard deviations eee 63.7 T35 (stat) "% (theo) 33 (syst) + 1.9(lumi)
eey 61.6 159 (stat) "0 (theo) T37 (syst) & 1.9(lumi)
- upe 63.4 T30 (stat) "% (theo) “_Lg 5 (syst) £ 1.9(lumi)
O G +8.8
‘O-fIidWHE = 227.6 —7.3(Scale) + 32(PDF) fb‘ UM 67.1 f%:g) (stat) 7 10. (theo) fgg (syst) £ 1.9(lumi)
' | (theo) '

- Total inclusive cross section measurement:
5 | orot(pp — WZ) = 48.0975°8 pb = 48.09 T 00 (stat) 037 (theo) 7577 (syst) £ 1.39 (lumi) pb‘

UNNLO(pp — WZ) = 49. 98+ééo;0

» NLO (NNLO) MATRIX prediction:
NLO->NNLO: >10% !

Leading experimental systematic uncertainties:

onto(pp — WZ) = 45.09%3,;

Source Combined eee eeu ppe pup
Total systematic 4.7 78 58 57 46
Luminosity 2.8 29 28 29 28
Statistical 2.1 6.0 48 41 31
Total experimental 6.0 108 80 75 6.3
Theoretical 0.9 09 09 09 09

19 In percent



WZ Inclusive 13 TeV 36 fb1

- Differential cross section measurements performed, (pTj, pT(2),
pT(W), M(W2))

P generally well described by NLO+PS prediction, when normalized to
inclusive MATRIX NNLO prediction

- Measurement of charge asymmetry of production cross section
performed, measurement

CMS preiiminary 35.9 fb' (13 TeV)

ey 1
] T T T T 7 = CMS Preliminary 35.9 fb'' (13 TeV) ~ CMSIPIIeh],m?a(y| e (?S;QIfbl gﬂ? 'Il'e'V)
_I T I T T T I I I T I T I I T T T I T T T T I T T T T | -
@) N ] o - ]
(\5 B —4— Unfolded data (statunc) 7 (2 0.4 ——4— Unfolded data (stat.unc.) _
eee 1.05 +0.14 Ko) 0.3 i # POWHEG prediction: 32/NDOF=1.213 n -8_ POWHEG prediction: 7//NDOF=0,528 :
,;E" T | aMC@NLO prediction: 7/NDOF=1.222 : e SHCEILO prociclion: THDOP=8.408 ]
L - Stat.+bgr. unc ] 30_’_ 0.35 - Stat.+bgr. unc. B
% 0.25— . ] -Q B Total unc. 1
een 1.05 = 0.11 IR S 03[ i
0.2f - 0.25} k
uue 0.98 = 0.09 i i | 0 2i_ E
0.15[ N “k -
olpp—oW*'Z) _ 1 43+0.06 B ] - ;
c(pp—mW-2) = ~7Y-0.05 B ] 0.15- -
upup 1.07 = 0.08 0.1~ — - ]
I POWHEG (NLO) 0.1 E
iati 0.05[— — - ]
. statistical B i - ]
combined 1.04 = 0.05 — 4 Z ] 0.05~ .
B systematic - | | | I - - -._l-\—,—;_._‘ §
ob— Lo v v Lo L L 11 I I B . : ! gy

L L. 50 100 150 200 250 300 ™56 100 150 200 250 300
0.5 1 15 p(leading jet) [GeV] P (W) [GeV]

+- +-, NLO
AWZ / AWZ 13



WZ EFT Interpretation

Exclusion limits for contributions
from dim-6 operators are derived 10
P M(WZ) used to derive exclusion limits .
Experimentally independent approach :
to study WWZ triple gauge coupling with 'E
Z boson production via Vector Boson g
Fusion (arxiv:1712.09814) B S —

CMS Preliminary 35.9fb" (13 TeV)
- T -

M(W2Z) [GeV]

Incl. WZ my = (pr(f1) + pr(2) + pr(6) + pr(v))?
Parameter 95% CI (expected) 95% CI (observed)
Cw / A\? [—3.3,2.0] [—4.1,1.1]
Cwww / A2 [—1.8,1.9] [—2.0,2.1]
cp/ A2 [—130,170] [—100, 160]
VBF Z
Coupling constant | Expected 95% CL interval (TeV—2) | Observed 95% CL interval (TeV~?2)
cwww / AZ [—3.7,3.6] [—2.6,2.6]
cw / A2 [—12.6,14.7] [—8.4,10.1]
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https://arxiv.org/abs/1712.09814

Z/Z Inclusive Production

Cross section measurement Fiducial requirements

b _S M P-1 6-01 7 : InCI USive ZZ prOd uction Common requirements p? > 20GeV, p[fz > 10GeV, p%“ > 5GeV,

17| < 2.5, my > 4GeV (any opposite-sign same-flavor pair)

cross section measurment Z

80 < my, < 100 GeV

in 4-lepton final state (4e,4u,2e2) |2« 0 < (g mz) < 10Gev

P measured total inclusive: 6.5% uncertainty
o(pp — ZZ) = 17.5752 (stat) £ 0.6 (syst) £ 0.4 (theo) + 0.4 (lumi) pb

2 MATRIX (NNLO QCD, NLO -> NNLO ~ 10%):

Note: no TGC ZZZ
predicted in SM

CcMS 35.9fb ' (13 TeV) e e e e S
ML B L LR BN B — -
—~ T T T | T T T T T T | T T T | > -_---. ~——@——  Data+ stat. unc. i ,_|% :‘h ] stat. une.
a8 20+ CMS 4 4 7 e ® it e 1 S | ™ | i
\% . - P | . RS MG5_aMC@NLO+MCFM+Pythia8 )
B u CMS 2 2v N 2N E P A | I 2 N S— POWHEG +MCFM+Pythia8
N EFE E N S— POWHEG +MCFM+Pythia8 ] ol & u r
'? L 0 ATLAS 4 (x1.016) she F s
o n O ATLAS 4 +2 2v (x1.016) i -|& -|&
DQ- B MATRIX NNLO (qg+qg+gg) //_ ,,,,,,,,,,,
NNPDF3.0, fixed u = u_= m, -
15 MCFM NLO+gg - 103
NNPDF3.0, fixed w=u =m : .
- 7 7 /
T O
10 | EL:u:mx i i aiplaiddsdaae
7 g " é_ +_—.L—i g
5 R =’=r“'"'" F
7] o 05 - I I I 1 I =
- § 15 E_ PmEGlMCF“"mh’G ' ' ' é § 15 PWHEGOHCFIOP;MHO _—
=l ; 1 z:’._.‘rh--- ¢~ ...... - ; :
8 05 E_ i I 1_+_\ T = S
5 § o F wesswcowomcrueymes E g .@..e@'..;o;..e@'.»;m;. : R
. = T E E E
R i - $ P i e S A
I 1 I | L L I | I L 1 | I 1 I | 8 osfF. ., L N = s [_+__§
8 10 12 14 0 50 100 150 200 250 300 00 700 800



https://arxiv.org/abs/1709.08601

Summary on Diboson Production

- CMS measured total inclusive diboson production cross sections
with statistical unc. of ~2% and systematic unc. ~5%

P Differential cross sections: more data -> higher precision in the tails of
distributions (sensitivity to perturbative higher order corrections)

July 2018 CMS Preliminary
CMS measurements 7 TeV CMS measurement (stat,stat+sys) ——0—+
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys)  +—+—e——
13 TeV CMS measurement (stat,stat+sys) ++—eo—+
YY 1.06 +0.01+0.12 5.0fb"
Wy, (NLO th.) - o + 116+0.03+0.13 50fb"
Zy, (NLO th.) ot 0.98 +0.01+0.05 5.0fb"
Zy, (NLO th.) — — 0.98 +0.01+0.05 19.5fb
WW+WZ — = - 1.0120.13+0.14 4.91b"
WW — — 1.07 +0.04 + 0.09 4.91b
wWw —to— 1.00 +0.02+0.08 19.4fb™
[ ww ——e—— 0.96 = 0.05+0.08 2.3 fb"
"4 ———o—— 1.05+0.07 £ 0.06 4.9fb
WZ ——e——1 1.02 +0.04 +0.07 19.6fb™
[ wz ——— 0.96 = 0.02 +0.05 359 fb
Y4 0 0.97 +0.13+0.07 4.9fb
ZZ ———— 0.97 + 0.06 + 0.08 19.6fb™
' 77 . 114 =+ 0.04 + 0.05 35.91fb"
Al restis at: 1 Production Cross Se1§tion Ratio: o../0 :
http://cern.ch/go/pN;j7 : exp theo
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- Results on aTGC superseeds results from previous experiments

Summary on Diboson Production

» Sensitivity improves with VL, signal appears in tails of mass or pT

distritbutions

CMS A
September 2017 ATLAS
ATLAS+CMS — Channel Limits | Ldt fs
fZ I i ZZ (41,212v) [-1.3e-02, 1.3e-02) 461" 7TeV
4 - ZZ (41,212v) [-3.3e-03, 3.2e-03] 20.3 b 8 TeV
— 2z (41) [-1.5e-03, 1.5e-03) 36.1 1" 13 TeV
_ 2z (41) [-4.0e-03, 4.0e-03] 19.6fb" 8 TeV
— ZZ (212v) [-2.7e-03, 3.2e-03] 24.7 fb" 78TeV
— ZZ (41,212v) [-2.1e-03, 2.6e-03] 24.7 o 7.8 TeV
— 2z (41) [-1.2e-03, 1.0e-03) 35.9 fb’ 13 TeV
} i ZZ (41,212v) [-8.7e-03, 9.1e-03) 961’ 7 TeV
fZ F | ZZ (41,212v) [-1.3e-02, 1.3e-02] 46 fo’ 7 TeV
5 I ZZ (41,212v) [-3.3e-03, 3.3e-03) 20.3 b’ 8 TeV
— 2z (4) [-1.5e-03, 1.5-03] 36.1fb" 13 TeV
—_ 2z (4)) [-4.0e-03, 4.0e-03) 19.6 b’ 8 TeV
— ZZ (212v) [-2.9e-03, 3.0e-03] 24.7 b 7,8 TeV
— ZZ (41,212v) [-2.2e-03, 2.3e-03] 24.7 b 7.8 TeV
— ZZ (4)) [-1.0e-03, 1.3e-03) 359 fb" 13 TeVv
1 l 1 } 1 I 1 | 1 | Izz (4L2I2|‘v) l [-9.1e-ol:«x, s.ee-oF1 [ lg.s fb! 1 7 Tev 1
-0.02 0 0.02 0.04 0.06
aTGC Limits @95% C.L.

So far no indication for
effective ZZZ coupling observed

Indirectly probing BSM mass scales with cwww operator of about

700 GeV

P Improved sensitivity expected from

semi-leptonic analysis (ZV/WV)

July 2018
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CMS VBS Studies

LHC enables W/Z quartic coupling studies measurements for the
first time

W=W= |argest EW cross section and signal to background ratio

WZ and ZZ processes become feasible with the full Run-2 dataset

P low cross section larger QCD induced diboson background
CMS performed all these measurements with 35.9 fb-1 at 13 TeV

P In principle, quartic couplings also accessible via triboson production

sqrt(s)

VBS process

EW W=W= (lviv)

EW Zy (vv/ly)

EW Wy (Ivy)

EW WZ (3lv)

EW WxW= (2I12v)

EW ZZ (41)

VAL

CMS

PRL 114 (2015)
051801

Phys.Lett. B770
(2017) 380-402

JHEP 1706 (2017) 106

PRL 114 (2015)
051801

Comment

CMS finds 2.0 o

CMS finds evidence

CMS finds 2.7 o

CMS meas. QCD+EW xsec

PRL 120, 081801

Phys. Lett. B 774
(2017) 682

SMP-18-001

CMS first observation
CMS finds 2.7 o

CMS finds 1.9 g, aQGC
studies and limits on H+
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All results at: http://cer.ch/go/pNjz = W 2! t=ex


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
https://www.sciencedirect.com/science/article/pii/S0370269317303453
https://link.springer.com/article/10.1007%2FJHEP06%282017%29106
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://www.sciencedirect.com/science/article/pii/S0370269317308328?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.141802

Electroweak Diboson Production

EW 2-jet associated (VBS) signal definition based on order of « and

as entering the cross section

at LO

At LO production cross section is sum of terms also involving
strong coupling constant

orw o< O(ab)

ocewxqcp X O(a’ag)

ococp x O(a'ag

)

O'Ew(vv + ]])
. 9qcp(VV +77) Jargest for

EW Signal

Interference,
uncertainty or added to
background, usually O(1%)

Background
(QCD induced)

W=W= production

P most sensitive to probe quartic gauge coupling
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do/diAy 1 (fb)

VBS Signature in the Detector

- Distinct 2-jet topology

P large dijet invariant mass
(mgy> 500 GeV)

P large pseudorapidity separation (IAnJil>2.5)

P diboson system centralilty wrt dijets
(Invv - <nus>l <2.5),”zeppenfeld variable”

o o
()] (o] -

o
>

IIIIIIIJlII

n* = MN31 —

1

2

(77_7'1 T M52 )

Inclusive study at LO: do / dIA yu_ | (fb)
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Inclusive study at LO

do/dmy [fb/GeV]

dijet studies for EW Z production via s-channel
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https://arxiv.org/abs/hep-ph/9605444

Progress On Theoretical Pred.

Diboson production cross section predictions recently improved

P Full QCD+EW NLO computation for VBS W=W=
(Biedermann, Denner, Pellen arXiv:1708.00268)

P Full QCD+EW NLO computation for VBS W=Z
(work in progress Pellen, Schwan et. al.)

For W=W= -13% effect on cross section, ~-19% for WZ

Order O(a’) O(asa®) O(aia?) O(aia) Sum
W:zW=| sonio [fb] —0.2169(3) | —0.0568(5) | —0.00032(13) | —0.0063(4) || —0.2804(7)
donrLo/oro [%] —13.2 —3.5 0.0 —0.4 —17.1
LO O(a®) [fo] NLO EW O(a”) [fb] Corrections [%] o 04- e :-
w2 oz 019 “196% | § s R
[Denner, Dittmaier, Maierhdfer, MP, schwan]PreIiminary % MZ:NS“':Z: § 0.35_ POWHEG —‘
At LO, various generators . oS — T
show good agreement A = I
p Additional comparisons being = S 0 | i
performed also for the E’ 500 1000 1500 2000 2500 3000 3500 4000 ;:g I3 11 I5 | :5 | l7 | I8 |
QCD-Induced background 21 meev arxiv: 1803.07943



https://arxiv.org/abs/1708.00268
https://indico.cern.ch/event/702614/contributions/3065043/attachments/1688273/2715620/loopfest-schwan.pdf

W-W= VBS (Observation 13 TeV)

SMP-17-004: VBS EW W*W=* measurement performed mcluswely in

ee, eM, MM channel, with 35.9 fb-1
» Probing the WWWW quartic coupling

Event Selection:

 Two same-sign isolated leptons
pt>25,20 GeV and Ini<2.5

P VBS selection: 2 jets with pt > 30 GeV
mjj > 500 GeV |AnuJl> 2.5

P Additional kinematic cuts to remove
tt+jets and WZ contributions
(b-jet veto and 3rd lepton veto)

Largest background from non-prompt
lepton and WZ processes,
both controlled in the data

22

Data 201
Signal + total bkg. 205 =13
Signal 66.9 =24
Total bkg. 138 £ 13
Nonprompt 88 = 13
WZ 25.1 £ 1.1
| QCD WW 484+04 |

Woy 83+t 16
Triboson 5.8 £ 0.8
Wrong sign 52 =11



https://inspirehep.net/record/1624170

W-W= VBS (Observation 13 TeV)

2d my vs mj; distribution used to measure best-fit signal strength
modifier, enhances sensitivity

P Major syst. unc.: jet energy scale, non-prompt background
Significance with respect to background only hypothesis:

» Observed (expected): 5.50 (5.70) ™% = 3.83 -
o1y =4.25+0.27fb

 Madgraph LO prediction:
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Events / bin

CMS_
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\\\\\‘\\\\\\
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WZ VBS at 13 TeV

- SMP-18-001: Most recent CMS VBS analysis, EW WZ cross section
measurement performed with 35.9 fb-1, in 3-lepton final-state

» Probing the WWZZ

(electron/muon)

quartic coupling

q

q

q

w

Electroweak Signal

Loose Fiducial

Process U pue eep eee Total Yield
DWZ 141+09 | 94+0.5 71+04 |[48+03 | 354+ 1.1
t+V/VVV 6.0+04 | 344+0.2 26+02 |1.8+0.1 | 13.7+05
Nonprompt 51+21 | 23+10 14+06 |074+03| 95+24
VvV 09+01 | 1.74+02 |05+ <01 |074+01| 3.74+0.2
Zy < 0.1 22+0.8 < 0.1 < 0.1 22+ 0.9
Pred. Background | 26.0 + 22 | 189 + 16 | 116 +08 [80+ 05| 645 +29
EW WZ 51+11 | 3.6 +0.8 25405 [1.8+04 | 13.0+15
Data 38 15 12 10 75

pr(lz1) [GeV]
pr({z2) [GeV]
pr(fw) [GeV]
()]
17(e)]
mz — my,PC| [GeV]
msyp [GeV]
Myy [GeV]
pmiss [GeV]
17()]
pr(j) [GeV]
|AR(j, £)]
1
p1(b) [GeV]
Mp —jet
mij
|An(j1,j2) |
13 — 5(1j, + 11j,) |

> 25
> 15
> 20
<24
<25
<15
> 100
> 4
> 30
<47
> 50
> 0.4
> 2
> 30
=0
> 500
> 25
<25

> 20
> 20
> 20
<25
<25
<15
> 100
>4

<47
> 30

> 04
> 2

> 500
> 2.5

WZ QCD induced largest background contribution, followed by
VVV,ttV,tV and non-prompt

24



https://inspirehep.net/record/1681230

WZ VBS at 13 TeV

QCD WZ process controlled in background enriched side-band

p Signal region: events pass the VBS cuts myy> 500 GeV, I1Anwl>2.5, In*l<2.5
P Control region: events pass myy> 100 GeV and fail either of the VBS cuts
Additional control regions: non-prompt (ttbar and Z+jets) enriched

EW Signal extraction using 2d my, vs |AnuJl distribution, combined
fit performed with QCD WZ background control region

359 ' (13 TeV)

c T T T T T T T
o) . ——Data
@ L IEW-WZj
= I Zy
qc) [ Nonprompt
1] Vv

Bl t+V/ VWV

[ QCD-WZj

Stat.@Syst.

lllllllllllllllllllll

......................................

Data / Prad.




WZ VBS at 13 TeV

Full 2-jet associated (QCD+EW) WZ production measured in VBS
fiducial volume

fid, loose +0.72
P measured: Uwzjj — 4°01—0.68 (Stat)

P MadGraph (LO) predicted:

_ +0.59

057 (syst) b

Ideal for comparisons to
full QCD+EW NLO
predictions

(scale) + 0.18(PDF) fb
Significance with respect to background only hypothesis

P Observed (expected) significance: 1.90 (2.70)
Best fit signal strength modifyer value for EW VBS WZ production

pred.
OEwW

— 1.481) 17 (scale) & 0.07(PDF)fb

pew = 0.6474 737

+0.45

p—_

L

Source of systematic uncertainty | Relative systematic uncertainty [%]
OWzjj EW WZ Significance

Jet energy scale +9.8/-9.2 7

Jet energy resolution +1.1/-1.9 < 0.1

QCD WZ modeling - 0.9

Other background theory +2.5/-2.2 0.2
Nonprompt normalization +2.1/-2.4 1.1
Nonprompt stat. +6.1/-5.8 6.2

Lepton energy scale and eff. +3.5/-2.7 < 0.1
b-tagging +1.7/-1.9 < 0.1
Luminosity +3.1/-3.4 < 0.1
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ZZ VBS at 13 TeV

SMP-17-006: EW VBS ZZ production
cross section measurement performed
in fully leptonic final state with 35.9 fb-1

P Probing the WWZZ quartic coupling,
but also “effective” ZZZZ coupling!

Event selection requires:

P 4 leptons: pr> 20,12,7,7 (20,10,5,5) GeV,
Inl<2.5 (2.4) for electrons (muons)

P 2 OSSF dilepton pairs with 60 < mi< 120 GeV

P 2 jets with pt> 30 GeV and m;; > 100 GeV

35.9fb' (13 TeV)
% T | T I } | T | ]
& 12| CMS - Data =
S W ZZjj EW
= Mgy — 27
® aqq = 2ZZ
S [JtiZ, WwWZz
>
D 10 B Z+X

m; > 100 GeV

200 400 600 800 1000 1200 1400 1600

m; [GeV]
Selection ttZand WWZ |QCD ZZjj| Z+X  Total bkg. | EW ZZjj | Total expected Data
Z27jj 71£0.8 97+t14 | 6625 111+14 |6.2+£07 117 £ 14 99
VBS signal-enriched 0.9+0.2 19+4 0703 20£4 4+0.5 25+4 19

ym;; > 400 GeV and |Ar;| > 2.4
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https://arxiv.org/abs/1708.02812

ZZ VBS at 13 TeV

Signal extraction performed exploiting boosted decision tree to
enhance sensitivity (7 most performant variables used)

P myy, Anug, Mzz, Z12-centrality, vector/scalar sum of VBS-jets and of ZZ+jets
Significance with respect to background only hypothesis

P 2.70 (1.60) observed (expected)
Best fit signal strength modifier for EW VBS ZZ production:

0.86
sLO 9 9910.02¢ P = 1'391_().65
EW — ¥-<<-0.03
oew (pp — ZZjj — £00'0'5j) = 0.4015%% (stat) 7939 (syst) fb _1
oo 35.9 fb” (13 TeV) <« 22— ———>2810 (13 TeV)
SR o 3 ol cms S
o 20 - Data — o +ZZ" EW n
S B ZZjj EW 2 181 WA,
r— Wog — ZZ ] S Lol -QQ_)ZZ E
Q 161 Maqq —ZZ . > 167 el :
w0 Otz WWzZ 1al ttZ, WWZ
s B Z+X . 12- B Z+X
12 - - =
- m; > 100 GeV, - m; > 100 GeV
101 - 10 .
: m, < 400 GeV A
8 - 8
- orlMinl<2.4 -
6 ] — 6
4 4
2 2

OO

0.6

C.'-'ID

0.8 1 28 0.2 0.4 0.6 0.8 1
BDT output BDT output



Summary of EW Diboson Production

General experimental features of the different analysis shown in
table below (for 2016 dataset):

» EW cross section largest for W*W+=, smallest for ZZ

P Relative QCD contribution largest for ZZ, smallest for WxW=
P Non-prompt background largest for W*W=, smallest for ZZ
P WZ is in between WxW=* and ZZ

exp. EW yield in VBS 13
region
exp. QCD y!eld in VBS 5 35 19
region
#leptons 2+2v 3+V 4
major backgrounds non-prompt non-pré)ggt/VVV/ QCD

- Jet energy scale uncertainty has largest impact on the

measurements, similar to EW W/Z production via VBF
29



Summary of EW Diboson Production

First EW 2-jet associated diboson production process observed

EW NLO corrections are 10-20% for VBS processes

p Statistical unc. for WxW= will decrease to ~10% on full Run-2 dataset
- With full Run-2 dataset aim for observation of VBS WZ and ZZ

production

http://cern.ch/go/pNj7

__Juyeots (IDMS P'rellimilnafy
CMS EWK measurements vs. 7 TeV CMS measurement (stat,stat+sys) ——o—+—

8 TeV CMS measurement (stat,stat+sys) ——e——

13 TeV CMS measurement (stat,stat+sys) ——o——
qqW 0.84 +0.08 +0.18 19.3fb"
aqZ — — 0.93+0.14 +0.32 5.0 fb"
qqZ 0.84 +0.07 +0.19 19.7 b
qqZ 1.02+0.03+0.10 359fb"
yy—=WW 1.74 £ 0.00 +0.74 19.7 b
aqqWy 1 1.77 £+ 0.67 +0.56 19.7 fb™
ss WW - 0.69 +0.38 +0.18 19.4 fb
ss WW 0.90 +0.16 + 0.08 35.9 fb™
qqZy o 1.48 +0.65+0.48 19.7 fb
qqWzZ 0.64 + 0.41 35.9 fb’
qqZZ 1.38 £+ 0.64 + 0.38 35.9fb"

—— R
All results at: Production Cross Section Ratio: o,/ o
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Dim-8 Operators and EFT

- Anomalous Quartic Gauge Couplings """ |0 Fol™] oy, [@.5%] « (0,0) 0]

. [T Tus) T | T17 o
0’1',1 = Tr H‘/(W W 11 x Tr ”ud” av e

. . : _ _ | Ouy = Tr W WP x [(Ds®)! D" @]
(aQGC), basis from Eboli et al or ] e ] e [Wu ) x [0y

1 Oume = ~1},,,,1§’“'] X [(D;,([))TDH([)] .

(hep-ph/06061 1 8) Ong =18 ;‘T',,,,W'“’] x Bas B Omp = _B;wﬁ”ﬁ] x [(Ds®@) D]

Org = Tr [Wa, W] x BB | : — i
h N RS Oma = (Dn‘l’)1"""m,l)“‘l’] x B,

P Note 1.: dim-6 operators can also Ors = T (W) x BB,y (D,0)1T5,D70] x B
O' 8 = B U/B“"Bn‘/ B”ﬁ ) - —~
change QGC gy S v [P d]
9 = oL 6172 ) -

> Note 2.: New Physics models exist for Ory = Tt [Wo, W] x B, 00 = [(Dud)D0] (D0 ra]
| l | Os1 = [(D,“I))TD“(D] X [(D"(b)TD"(I)]

WhiCh dim-8 effeCts are Iarger than 01'!4 = Ir [ﬁt"(,,,ﬁ?“"‘l/i?“”] X 1};;,, O.s'.z _ [(D“([))TD”([)] X [(D"([))TDI‘([)]
effects introduced on TGC from dim-6

- Unitarity generally not preserved

P Unitarity constraints on EFT introduce Will we see effective ZZZZ
model dependence couplings at the LHC?
P By default, no unitarization /
scheme applied WWWW [WWZZ[ZZZZ|WWAZ[WWAA|ZZZA | ZZAA | ZAAA[AAAA
Os,0, Os,1 X X X
w comparisons made using [0u., Ou,1.0ms Omr | X X | X | X | X | XX
. . Owm,2 ,Om,3, Orm,a ,Oms X X X X X X
clipping method Orp 011 Ot X X [ X X | X | X | X | X | X
Ors 016 01,7 X | X | X X | X | X | X | X
Ors 0T X X | X | X | X

Work ongoing for specific model
applications and dim-6 dim-8
aQGC disentanglement

arxiv.1307.8170 31



https://arxiv.org/pdf/1307.8170.pdf

Events / bin

Data / Pred,

EFT Interpretation

Contributions from EFT dimension-8 operators would be signaled
by an excess of events at high diboson invariant masses

P transverse mass used for VBS WZ
> m(4l) used for VBS ZZ
> m(2l) used for VBS W=W=

il c T 1 T 35{9 2 (}3 eV 35.9fb" (13 TeV)
vvvvvvvvvvvvvvvv T 1 ' | T T T .
40 j= CMSW —o— Da _-" _E ™ CMS — Data T ‘g ™ | T 1 ' T T o
Foe 32F, =16 | s ! — A= -4 A
o or . 0 102,:_ B ZZjj EW = C 150 F+Dala o /A=042TeV :
LT ) o - Mog - ZZ - g [ EWWW gy, /A =061 TeV* )
1 a Wqq - 2Z 1@ [ ne
B e iz, Wwz ) [ I Non-prompt - 2- Une-
— v Bl Z+X L Others CMS
LVVYWY — - - }— M . ]
B oo 10  f/AT=1TeV" 3 100 - Preliminary
B ez Lot/ A*=2Tev* E }\\‘%\\
Y SuLESyst _“ feceee -1 r \\\\\ \\&
1
15 T T T~ T3 L
o |
5 e el { q
N I ) -
500 7000 1860 2000 0

200 400 600 800 1000 1200 1400

VBS Wz "™ VBS ZZ G VBS WEWE m [GeV]

Madgraph used for simulation of dim-8 operator contributions
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Constraints on dim-8 Operators

CcMS l:l CMS —
June 2018 Channel Limits J Ldt s June 2018 ATLAS | e | Channel Limits [ Ldt s
A% — Y -1.3e+02, 1.3e+02 20210 8TeV 2 I 1 Wyy [-3.4e+01, 3.4e+01] 19.4 fb™ 8 TeV
M0 — Wy -7.7e+01, 8.1e+01 19.3 b 8 TeV fro/A Y _ We [-1.6e+01, 1.66+01] 31" 8 TeV
[ | Zy -7.1e+01, 7.5e+01 19.7 fb™ 8 TeV ’ Y . , 1. 20.3 fb_1
H 4 -7.66+01, 6.9e+01 20.2 fb! 8 TeV A Zyy [-1.6e+01, 1.9e+01] 20.3 b’ 8TeV
[ y -7.7e+01, 7.4e+01 19.7 b 8 TeV | | WVy [-1.8e+01, 1.8e+01] 20.21b 8 TeV
H ss WW -3.3e+01, 3.2e+01 19.4 fb”! 8 TeV | e | WVy [-2.5e+01, 2.4e+01] 19.3 fb™ 8 TeV
1 ss WW -6.0e+00, 5.9e+00 35.9 b’ 13 TeV H Zy [-3.8e+00, 3.4e+00] 19.7 b 8 TeV
1 wz -8.8¢+00, 8.66+00 359 b} 13 TeV =] zy [-3.4+00, 2.9+00] 292 b 8 TeV
H yy—=WW -2.8e+01, 2.8e+01 20.2 fb! 8 TeV — W [-5.4e+00, 5.6e+00] 19.7 fbo! 8 TeV
1 yy—=>WW -4.26+00, 4.26+00 24.7 ! 7,8 TeV — W [4.26400. 4.66+00] AL 8 Tov
foo /A% — WVy -2.1e+02, 2.7e+02 20.2 fb 8 TeV ss P 19.4 fbr1
M1 — WVy -1.36+02, 1.26+02 193f0!  8TeV 1 ss WW [6.2¢-01, 6.5¢-01] 3591 13 TeV
— Zy -1.9e+02, 1.8e+02 19.7 fbo! 8 TeV [l wz -7.2e-01, 7.5e-01] 35.9 fb 13 TeV
— Zy -1.5e+02, 1.5+02 20.2 fo 8 TeV 1 7z -4.6e-01, 4.4e-01] 35.9 fb” 13 TeV
— Wy -1.2e+02, 1.3e+02 19.7 b’ 8 TeV NG I i WVy -3.6e+01, 3.6e+01] 20.2fb" 8 TeV
H ss WW -4.46+01, 4.7e+01 19.4 b’ 8 TeV 1 — Zy [-4.4e+00, 4.46+00] 197 fo 8 TeV
1 ss WW -8.7e+00, 9.1e+00 35.9 fp! 13 TeV 3 e
B H Wy [-3.7e+00, 4.0e+00] 19.7 fb 8 TeV
1 wz -8.2e+00, 8.9e+00 35.9 b 13 TeV 4
— Yy—>WW -1.1e+02, 1.0e+02 502 ! 8 TeV H ss WW -2.1e+00, 2.4e+00] 19.4 fb,1 8 TeV
H yy—=>WW -1.6e+01, 1.6e+01 247 fb" 7,8 TeV 1 ss WW -2.8e-01, 3.1e-01] 35.9 fb! 13 TeV
i AR F—¥A VAT 5.76+02, 5.16+02 20.3 b7 8 TeV 1 wz -4.8e-01, 5.2e-01] 35.91b 13 TeV
M2 I | Wyy -7.0e+02, 6.8e+02 19.4 fb™ 8 TeV | ZZ [-6.1e-01, 6.1e-01] 35.9 fb”’' 13 TeV
— Wyy -2.5e+02, 2.5e+02 20.3 fb”! 8 TeV - _IA® ! ] WVy [-7.2e+01, 7.2e+01] 20.2 fb 8 TeV
H W Y -5.7e+01, 5.7e+01 20.2 b’ 8 TeV T2 — Zy -9.9e+00, 9.0e+00 19.7 fb-1 8 TeV
H Zy -3.2e+01, 3.1e+01 19.7 7] 8TeV — Wy -1.1e+01, 1.26401 19.7 b 8 TeV
H Z -2.7e+01, 2.7e+01 20.2 b’ 8 TeV _5'9 OO’ 7'1 00 : 1
H v -2.66+01. 2.66+01 197" 8TeV — ss WwW -9e+00, 7.1e+ 19.4 b 8 TeV
I | 8 5 T H ss WW [-8.9e-01, 1.0e+00] 359" 13 TeV
f /A4 ; | Zyy 8.5e+02, 9.2e+02 20.3 fb 8TeV P
M3 I | vy -1.2e+03, 1.2e+03 19.4 b 8 TeV H wz [-1.4e+00, 1.8e+00] 35.9 fb 13 TeV
| e | Wy -4.4e+02, 4.7e+02 20.3 fb’! 8 TeV H 7z -1.2e+00, 1.2e+00 35.9 fb”’ 13 TeV
— WVy -9.5e+01, 9.8e+01 20.2 fp! 8 TeV 7 — Zvy -9.3e+00, 9.1e+00 20.3 b 8 TeV
1 f /A
II:II %v —g.ge+81, g.ge+81 19.7 fb! g ¥e¥ T5 T | WVy -2.0e+01, 2.1e+01 20.2 b 8 TeV
v -5.2e+01, 5.2e+ 20.2 b’ € . A
H Wy 436401, 4.4e+01 197f"  8Tev . - s S el lozty S LY
A — WVy 1.3e+02, 1.36+02 202 b 8 TeV frg/A W' 586400, 3.00400 c 8 ToV
M.4 H Wy -4.0e+01, 4.0e+01 19.7 fb" 8 TeV i ; H ; y -2.8e+00, 3.0e+ 19.7 fo™ e
A" — WVy ~2.06+02, 2.0e+02 202 b 8 TeV f_ /A k i WVy -5.8e+01, 5.8e+01 20.2 fb 8 TeV
M5 | o | Wy -6.5e+01, 6.5e+01 19.7 b 8 TeV T7 — Wy -7.3e+00, 7.7e+00 19.7 b 8 TeV
f A% — WVy 2.56+02, 2.56+02 20.2 b 8TeV A H Zy 1.8e+00, 1.8e+00 19.7fb" 8 TeV
M,6 | | Wy -1.3e+02, 1.3e+02 19.7 fb™ 8 TeV T8 H Zy -1.8e+00, 1.8e+00 202" 8 TeV
4 )
HH ss WW -6.5e+01, 6.3e+01 19.4 fb° 8 TeV H 77 -8.4e-01, 8.4e-01] 359 fb' 13 TeV
[} ss WW -1.2e+01, 1.2e+01 35.9fb” 13 TeV 7 7 74 5|
: i — vy 4e+00, 7.4e+00] 20.3 fb 8TeV
f AR A WVy 4.76+02, 4.7e+02 20.2 b 8TeV frg /A B
M a ) H Zy -4.0e+00, 4.0e+00] 19.7 fb 8 TeV
7 — Wy 1.6e+02, 1.6e+02 19.7 fb 8 TeV ’
z -3.9e+00, 3.9¢+00 1 8 TeV
H ss WW -7.0e+01, 6.6e+01 19.4 1! 8 TeV H Y [-3.9e+00, 3.9e+00] 20.2 b e
| | | | ' . . (58 WW | -1 .{Fe+01, 1.3<?+O1 . 35,5:1 b 13 TeV | | | | | | | |-|-| | | | | 77 | | [|-1 .Se+0|0, 1'89TOO] | , 359 f|b | 13 TeIV
.. o -4 . o -4
aQGC Limits @95% C.L. [TeV™] aQGC Limits @95% C.L. [TeV™]
Os,0, Os,1 X X X
Onr.0, Onr1,0u1.6 ,On1.7 X X X X X X X
Om,2 ,Om,3, Oma ,Oms X X X X X X
Or0 011,012 X X X X X X X X X
Ors 016,017 X X X X X X X X
Or,s ,01,9 X X X X X

- Important to probe all diboson processes to cover full range of
contributions dim-8 operators
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-3.3e+01, 3.2e+01

6.0e+00, 5.9e+00] fwmezoe 5
1 =-U. e + ’ . e + ATLAS — Channel Limits [ Ldt s
fno /A fo IAY I { Wyy [-3.4e+01, 3.4e+01] 19.4 o 8 TeV
| '8 8 e +OO 8 66 +OO " : 1 Wiy [-1.6e+01, 1.6e+01] 20.3fb" 8 TeV
s y . - Zyy [-1.6e+01, 1.9e+01] 20.3fb"’ 8 TeV
- WVy [-1.8e+01, 1.8e+01] 20.2 fb! 8 TeV
-2.8e+01, 2.8e+01 —
= J s H Zy [-3.8e+00, 3.4e+00] 19.7 fo! 8 TeV
5, GO o B L
i -5.4e+00, 5.6e+ 19.7 fb e
7 H ss WW [-4.2e+00, 4.6e+00] 19.4 fb™ 8 TeV
fu /A — WVy -1.36+02, 1.26+02 19.3 b 8 TeV : ss WW [-g.ge-gl, s.ge-gl] 359 1o 13 W
3 ! -7.2e-01, 7.5e-! 9f e
re— o 18e105 1 oer05 ol Rty 1 % a0l 4001 Seo’  13Tev
= LN ot I 4 S 1 | = LN 500 B A1
ss -4. 4. ) 4.4 4.4 :
1 ss WW -8.76+00, 9.1€+00 35.9 fb” 13 TeV H Y [-4.4€+00, 4.4e+00] 971" 8Te
8 H Wy [-3.7e+00, 4.0e+00] 19.7 fb 8 TeV
1 Wz -8.2e+00, 8.9¢+00 35.9 fb 13 TeV X
2 4 H ss WW -2.1e+00, 2.46+00] 19.4 b 8 TeV
- yy—=WW 1.1e+02, 1.0e+02 202 fb 8 TeV 3
H yy—=WW -1.6e+01, 1.6e+01 24.7 b 7,8 TeV 1 ss WW -2.8e-01, 3.1e-01] 35.9 fb! 13 TeV
N  — Zyy -5.1e+02, 5.7e+02 20.31b" 8 TeV 1 wz -4.8e-01, 5.2¢-01] 35.9 fb- 13 TeV
M2 I | Wyy -7.0e+02, 6.8e+02 19.4 fb'l 8 TeV | yd [-6.1e-01, 6.1e-01] 35.9 ! 13 TeV
I l ' - L ] - -1
H Wil e Seior 5 oeior 2051, 8 IV fro/A* ! i Wy [-7:28+01,7.26+01] 20217 8 TeV
' Paartiby 020 e : — Zy -9.96+00, 9.06+00 19.7 b 8 TeV
H 2 320401, 3.1e401 19.71, 8 TeV —_— Wy 1.16+01. 1.26+01 19.7 fo" 8 TeV
H i S hator’ 26arol 202107 STV — ww -5.9¢+00, 7.16+00 e 8 TeV
H y -2.6e+01, 2.6e+01 19.7 b 8 TeV ss 90400, 7. 19.4 b o
N I { Zyy -8.56+02, 9.26+02 20.3 b 8 TeV H 55 WW [-8.9¢-01, 1.06+00] 359 1o 13 Te
M3 b | vy -1.2e+03, 1.2e+03 19.4 fp’! 8 TeV H wz [-1.4e+00, 1.8e+00] 35.9 fb" 13 TeV
e — Wy -4.4e+02, 4.7e+02 20.3fb” 8 TeV H 77 -1.2+00, 1.26+00 359 fb 13 TeV
H WVy -9.5e+01, 9.8e+01 20.2 fb! 8 TeV - AY — Zvy -9.3e+00, 9.7e+00 20.3fb" 8 ToV
HH Zy -5.8e+01, 5.9e+01 19.7 fb:: 8 TeV T5 [ e | WVy -2.0e+01, 2.1e+01 20.2 b’ 8 TeV
H & Feowilbut 20217 8Tey =] Wy [-3.86+00, 3.86+00] lo7fo"!  8TeV
= Wt Taei0n Taor: 18.710 ey 4 — WV [2.56+01, 2.56+01] 20210 8 TeV
AR — WVy —1.36+02, 1.36+02 20.2fb " 8 TeV frg/A W v by o L Tov
M4 H Wy -4.0e+01, 4.0e+01 19.7 fo! 8 TeV ’ . H ; Y -2.8e+00, 3.0e+00 19.7 fb_1 8 Te
A" — WVy ~2.06+02, 2.0e+02 202 b 8 TeV f_ /A k i WVy -5.8e+01, 5.8e+01 20.2 fb 8 TeV
e H we -6.50+01, 8.50+01 19717  8TeV 7 [ Wy -7.36+00, 7.76+00 197f67  8TeV
£ IAY — WVy 2.56+02, 2.56+02 20217 8TeV A H Zy ~1.86+00, 1.86+00 19.7 10" 8 TeV
M6 — Wy -1.3e+02, 1.36+02 19.7 fb! 8 TeV T8 H 7y 180400, 186400 gl 8 Tov
H ss WW -6.5e+01, 6.3e+01 19.4 fb™! 8 TeV i s 84001 5.46.01] 2021, AL
i Sy B L 35010 18 1ey a — Z 7.46+00, 7.46+00] 3T 8TeV
fo_/AY - WVy -4.7e+02, 4.7e+02 2021 8 TeV frg /A Yy - ) 7. 203 o e
M7 — Wy 1.66+02, 1.66402 10717  8TeV o H 2 ~4.00+00, 4.06+00] lo7f 8TV
H ss WW -7.0e+01, 6.6e+01 19.4 fb"! 8 TeV H Zy [-3.9e+00, 3.9e+00] 20.2 fio’ 8 TeV
| | | | ) | ! SSWW__ | -13e+01,1.3¢+01] | 35qf’  18Tev ol .., w77y [18e+00,18e400] | | 359fp" | 13Tey

aQGC Limits @95% C.L. [TeV™] aQGC Limits @95% C.L. [TeV™]

WWWW |\WWZZI|ZZZZ \WWAZ |\ WWAA |ZZZA | ZZAA | ZAAA | AAAA
Os,0, Os,1 X

X X
On,0o On,1,00m.6 ,Om,7 X X X X X X X
Om,2 ,Om,3, Oma ,Oms X X X X X X
Oro .01 02 X X | X | X X | X | X | X | X
Or,5 ,O01,6 ,0r1,7 X X X X X X X X
Or,s ,01,9 X X X X X

- Generally, VBS W=W= places most stringent limits

P with few exceptions, fu,o exclusive yy—=WW analysis at 8 TeV places more
stringent limits than W+=W= results
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CMS
June 2018 Izl Channel Limits S Ldt s
N — Y -1.3e+02, 1.3e+02 20.2 0" 8 TeV
M,0 H WVy -7.7e+01, 8.1e+01 19.3fb™ 8 TeV
[ | Zy -7.1e+01, 7.5e+01 19.7 b’ 8 TeV
] w -7.6e+01, 6.9e+01 20.2 fb’! 8 TeV
HH y -7.7e+01, 7.4e+01 19.7 fb" 8 TeV
H ss WW -3.3e+01, 3.2e+01 19.4 b 8 TeV
1 ss WW -6.0e+00, 5.9e+00 35.9 b’ 13 TeV
1 wz -8.8e+00, 8.6e+00 35.9 b 13 TeV
H yy—=WWwW -2.8e+01, 2.8e+01 20.2 b 8 TeV
1 yy—=WW -4.2e+00, 4.2e+00 24.7 th! 7,8 TeV
f /A4 A WVy -2.1e+02, 2.1e+02 20.2 fb” 8 TeV
M,1 — WVy -1.3e+02, 1.2e+02 19.3 b 8 TeV
—_ Zy -1.9e+02, 1.8e+02 19.7 fb 8TeV
— Zy -1.5e+02, 1.5e+02 20.2 b’ 8 TeV
— Wy -1.2e+02, 1.3e+02 19.7 b 8 TeV
H ss WW -4.4e+01, 4.7e+01 19.4 b 8 TeV
1 ss WW -8.7e+00, 9.1e+00 359 b’ 13 TeV
[ ] wz -8.2e+00, 8.9e+00 35.9 b 13 TeV
— yy—=WW -1.1e+02, 1.0e+02 20.2 b’ 8 TeV
H yy—=WW -1.6e+01, 1.6e+01 24.7 b 7,8 TeV
A" — 20 -5.76+02, 5.1e+02 203 b 8 TeV
M,2 I ] Wyy -7.0e+02, 6.8e+02 19.4 fo! 8 TeV
— Wyy -2.5e+02, 2.5e+02 20.3fb" 8 TeV
- WVy -5.7e+01, 5.7e+01 20.2 b’ 8 TeV
H Zy -3.2e+01, 3.1e+01 19.7 fb” 8 TeV
H Z -2.7e+01, 2.7e+01 20.2 b’ 8 TeV
H y -2.6e+01, 2.6e+01 19.7 fb” 8 TeV
A" F ] VAT ~8.56+02, 9.26+02 2031 8TeV
M,3 } -1.2e+03. 1.2e+03 Q4 fh! 8 Te

June 2018

CMS

erators

—
ATLAS — Channel Limits S Ldt s
£ IAY I 1 Wyy [-3.4e+01, 3.4e+01] 19.4 fb” 8 TeV
T.0 — Wyy [-1.6e+01, 1.6e+01] 20.3fb™ 8 TeV
] Zyy [-1.6e+01, 1.9e+01] 20.3 fb”’ 8 TeV
| —| WVy [-1.8e+01, 1.8e+01] 20.2 b 8 TeV
| e | WVy [-2.5e+01, 2.4e+01] 19.3 fb™ 8 TeV
HH Zy [-3.8e+00, 3.4e+00] 19.7 b 8 TeV
H Zy [-3.4e+00, 2.9e+00] 29.2 fp’ 8 TeV
| e | Wy [-5.4e+00, 5.6e+00] 19.7 fb™ 8 TeV
H ss WW [-4.2e+00, 4.6e+00] 19.4 fo! 8 TeV
| ss WW [-6.2e-01, 6.5e-01] 35.9 b’ 13 TeV
] Wz -7.2e-01, 7.5e-01] 35.9 b 13 TeV
1 74 -4.6e-01, 4.4e-01] 35.9 b 13 TeV
£ A I 1 WVy -3.6e+01, 3.6e+01] 20.2fb" 8 TeV
T1 [ - Zy [-4.4e+00, 4.46+00] 19.7 fb! 8 TeV
| Wy [-3.7e+00, 4.0e+00] 19.7 fb™ 8 TeV
H ss WW -2.1e+00, 2.4e+00] 19.4 fb™ 8 TeV
1 ss WW -2.8e-01, 3.1e-01] 35.91fb" 13 TeV
1 Wz -4.8e-01, 5.2e-01] 35.9 fb”’ 13 TeV
[ ZZ [-6.1e-01, 6.1e-01] 35.9 fb”’ 13 TeV
f_IAY [} i WVy [-7.2e+01, 7.2e+01] 20.2 b 8 TeV
T2 — Zy -9.9e+00, 9.0e+00] 19.7 fb! 8 TeV
— Wy -1.1e+01, 1.2e+01] 19.7 b 8 TeV
| o | ss WW -5.9e¢+00, 7.1e+00] 19.4 b 8 TeV
H ss WW [-8.9e-01, 1.0e+00] 35.9 b’ 13 TeV
H WZ [-1.4e+00, 1.8e+00] 35.9 b 13 TeV

-1.8e+00, 1.8e+00]
-1.8e+00, 1.8e+00]
-8.4e-01, 8.4e-01]

-7.4e+00, 7.4e+00]
-4.0e+00, 4.0e+00]
-3.9e+00, 3.9e+00]
-1.8e+00, 1.8e+00]

000 4000 =100 0 00
aQGC Limits @95% C.L. [TeV™]
WWWW \WWZZ |ZZZZ |\ WWAZ |WWAA |ZZZA |ZZAA | ZAAA | AAAA
Os.0, Os1 X X | X
Onm,0, Onm,1,00m,6 ,0m,7 X X X X X X X
Om,2 ,Om,3, Oma ,Oms X X X X X X
Oro 011,012 X X | X | X X X | X | X X
Ors .Ore .Or7 X | X | X X X | X | X X
Or,s ,01,9 X X X X X

- Generally, VBS W+W= places most stringent limits

- W=W= not sensitive to neutral frg,fro operators, VBS ZZ search

heeded
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Constraints on dim-8 Operators

CcMS CMS —
June 2018 — Channl Limits fLat IS June 2018 M8 — Channel Limits i =
f /A4 — Y -1.3e+02, 1.3e+02 20.2 b 8TeV T T = Gl
X 4 I 1 Wyy [-3.4e+01, 3.4e+01] 19.4 fb 8 TeV
M0 [ | WVy -7.7e+01, 8.1e+01 19.3 fb 8 TeV fro /A B
| Zy -7.1e+01, 7.5e+01 19.7 b 8 TeV ’ | Wyy [-1.6e+01, 1.6e+01] 20.3 b 8 TeV
— 6\7 _7.66+01, 6.96+01 20.2 fo! 8 TeV — Zyy [-1.6e+01, 1.9e+01] 20.3fb"’ 8 TeV
[ y -7.7e+01, 7.4e+01 19.7 fb! 8 TeV | | WVy [-1.8e+01, 1.8e+01] 20.2 b 8 TeV
H ss WW -3.3e+01, 3.2e+01 19.4 fb™ 8 TeV i WVy [-2.5e+01, 2.4e+01] 19.3b™ 8 TeV
= \SISZWW -g.ge+gg, g.ge+gg 35.9 ;g: 13 ¥ex HH Zy [-3.8e+00, 3.4e+00] 19.7 fb” 8 TeV
-8.8e+00, 8.6e+ 35.9 e . -1
H yy—=WW -2.8e+01, 2.8e+01 20.2 fb”’ 8 TeV H 2y [_3.4e+00, 2.92+00] 29.2 fb.1 8 Tev
; - Wy [-5.4e+00, 5.6e+00] 19.7 fb 8 TeV
1 yy—=WW -4.2e+00, 4.2e+00 24.7 b 7,8 TeV 1
3 = T H ss WW [-4.2e+00, 4.6e+00] 19.4 fb 8 TeV
A A WVy 2.1e+02, 2.7e+02 20.2 fb 8 TeV |
M1 — WVy 1.36+02, 1.26+02 193 o 8 TeV 1 ss WW [-6.2e-01, 6.5e-01] 35.9 fb’ 13 TeV
| e | %y -1 .9e+2, 1 .8e+2 19.7 fb': 8 TeV [} Wz [-7.2e-01, 7.5e-01] 35.9 fb': 13 TeV
|_| Y _ o =) o - Q To -4 R0 4 40-0 Q fh- o
| e | Wy
H ss -
i =1 ss WW [-2.8e-01, 3.1e-01] 359 1b 13 TeV
1 wz ’ .
— Y -
_ 3 -4.8e-01, 5.2e-01 1 13 TeV
N Zyy . y .
M2 I | Wy : 1
i 6.1e-01, 6.1e-01 ] 13 TeV
W
H W ZZ -6.1e-01, 6.1e- 35.9 fb e
Z S o —_— <l N -
H Y -2.6e+01, 2.66+01 g 8 TeV S WW To-IeTU, T 1O 9.410 e eV
i ; 0 e 02 6 Der07 19.7 ]Eg.. o Tov H ss WW [-8.9e-01, 1.0e+00] 35.9 fb" 13 TeV
M3 I | vy -1.2e+03, 1.2e+03 19.4 fb"! 8 TeV H wz [-1.4e+00, 1.8e+00] 35.91fb" 13 TeV
| —— | Wy -4.4e+02, 4.7e+02 20.3fb" 8 TeV H 7z -1.2e+00, 1.2e+00 35.9 b 13 TeV
—— WVy -9.56+01, 9.8e+01 2021fb" 8 TeV A — Zvy 9.36+00, 9.1e+00 20.3fb" 8TeV
HH Zy -5.8e+01, 5.9e+01 19.7 fb™ 8 TeV T5 [ e | WVy -2.0e+01, 2.1e+01 20.2 b’ 8 TeV
H Zy -5.2e+01, 5.2e+01 20.2 fb™! 8 TeV — W 2 ’ it
! y [-3.8e+00, 3.8e+00] 19.7 fb 8 TeV
H Wy -4.3e+01, 4.4e+01 19.7 b 8 TeV &l
AT — Wiy T 36+02 1 36402 202 10" 8 TeV o IAY A Wy [-2.56+01, 2.56+01] 202 fb 8 TeV
M,4 H Wy -4.0e+01, 4.0e+01 197 fb1 8 TeV T.6 H Wy -2.8e+00, 3.0e+00 19.7 fb1 8 TeV
f /A4 — WVy ~2.0e+02, 2.0e+02 202 b 8 TeV f /A4 I 1 WVy -5.8e+01, 5.8e+01 20.2 fb'1 8 TeV
M,5 H Wy -6.5e+01, 6.5e+01 19.7 " 8 TeV 17 — Wy -7.3e+00, 7.7e+00 19.7 fb™ 8 TeV
f /A4 | e— WVy -2.5e+02, 2.5e+02 20.2fb" 8TeV f /A4 H Zy -1.8e+00, 1.8e+00 19.7 fo’ 8 TeV
M,6 — Wy -1.3e+02, 1.3e+02 19.7 b 8 TeV T8 H Zy -1.8e+00, 1.8e+00 20.2 fb’ 8 TeV
H ss WW -6.5e+01, 6.3e+01 19.4 b 8 TeV H 77 8.46-01. 8 46-01] 35.9 fb" 13 TeV
-1.2e+01, 1.2e+01 1 13 TeV - 7 S
i ss WW e+01, € 35.9 fb e 4 — V4 -7.4e+00, 7.4e+00] T 8 TeV
AR — Wvy “2.76+02, 4.76+02 200 o 8 TeV fro /A i : A 203 1o e
M7 — Wy 1.60+02, 1.66+02 197 fo! 8 TeV : H Zy -4.0e+00, 4.0e+00] 19.7 fb 8 Tev
— ss WW 706401, 6.66+01 19.4 6" 8 TeV H Zy [-3.9e+00, 3.9¢+00] 20.2 fb™ 8 TeV
| 1 1 1 ' 1 1 |58 WW | —1.§e+01, 1'3‘?+O1 1 35-“1 fb” 18 Tev 1 1 | 1 1 1 1 ITI 1 1 1 L % | 1 [|-1'89+0|0’ 1'89T00] | | 859 flbr1 1 13 TeIV
-2000 0 2000 4000 A -100 0 100 200 300
.. o - .. -4
aQGC Limits @95% C.L. [TeV™] aQGC Limits @95% C.L. [TeV™]
Os.0, Osa X X X
Owm.,0, Om,1,0Mm,6 ;O 7 X X X X X X X
Om,2 ,Om,3, Oma ,Oms X X X X X X
Or.0,07.1 ,07.2 X X X X X X | X X X
Or.s 016,011 X X X X X | X X X
Ors ,Or0 X X | X X X

- Indirectly probing mass scales of >1 TeV with fr1 operator
(assuming coupling coefficient of O(1)) with ZZ, WZ and W=W=
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Extended Higgs Sectors in VBF

- Experiments usually search charged Higgs bosons in lepton decays,
inspired by models with additional Higgs doublets (nHDM)

P Higgs sectors are largely constrained by custodial symmetry

P Simple triplet extensions are constrained to have very small vacuum
expectation value

- H. Georgi, M. Machacek 1985 found trick to cancel violating effects
for SU(2) triplets at tree-level (next-to-minimal Higgs extensions)

- Distinct phenomenological
features: VBF production
of charged Higgs bosons

P doubly-charged Higgs bosons

P large couplings to vector
bosons, small couplings to fermions

- Model parameters consist of additional Higgs masses and s,

fraction of W mass generated by Higgs triplets
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http://inspirehep.net/record/214561

VBF Diboson Resonances ( 13 TeV)

- CMS performed searches for
VBF H+ and H* production at 13 TeV

- VBF/VBS dijet selection

applied exploiting

W=W=analysis most performant when

interpreted in Georgi-Machacek Model

VBF H** — W*W* 35.9 fb™ (13 TeV)
Uf 1-IIII|IIIIIIIII|IIII|IIII|IIII|IIIIEIIII-I
- CMS
0.8 — Observed -
- ---- Median expected
m 68% expected
0 6-— 95% expected i

M g /m.>0.1
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https://arxiv.org/abs/1705.02942

Future Of VBS Measurements

Disentangle longitudinal from transverse amplitudes in the
scattering process
P Particular sensitivity to BSM contributions to EWSB mechanism

P Recent dedicated workshop in VBScan project (link)
P Interesting new approaches being developed

(arxiv.org:1510.01691) e NARARRESREaEaSs ;
Related to the above: investigate and ™ E
derive constraints on Higgs sector o 3
from VBS measurements °E :
(e.g. Ellis, Campbell: i3
arxiv.org:1502.02990) o

Improve meaning of constraints on EFT operators, derive concise
bounds and strategy to apply for possible New Physics guidelines
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https://indico.cern.ch/event/744263/
https://arxiv.org/pdf/1510.01691.pdf
https://arxiv.org/pdf/1502.02990v1.pdf

Conclusions

- The SM EW quartic and triple gauge couplings are under intense
scrutiny at the LHC, full suite of measurments performed:

P Higgs coupling measurements
P Triple gauge couplings with VV inclusive, VBF W/Z
P Quartic gauge couplings with VBS processes

- First observation of VBS WxW= with 35.9 fb-1 at 13 TeV initiates an

independent test for full closure of the Standard Model predictions

P Unitarity in VBS only restored iff Standard Model predictions are exact

- Inclusive diboson production cross section measurements probe
~10% NNLO QCD corrections, VBS probe EW NLO corrections of
10-20%

P High gain with more data for differential cross section measurements of
inclusive diboson production

- CMS results probing TGC/QGC involving all EW gauge bosons
(y,Z,W=) are in the pipeline, including triboson production
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Additional Material



WZ Inclusive Event Yields

A4

Process eee eey euu uuu Total
Nonprompt 30.0t124 25.04+104 457+20.7 503+19.3 151+63
77 434+41 4444+34 100.1£92 1071£83 295424
Xy 168452 20£07 269+£88 7.6+£20 53 + 16
tt VvV 85+28 11.6+£41 16.8*£55 258+£90 63+21
VVV 6.2 1+ 2.5 8634 114+46 169+=68 4317
VH 3.3+0.8 6.4+ 1.6 7719 121+£3.0 29.6L72
tZq 39130 57=x19 84+28 126+43 31+10
Total Background 112415 104 15 217 £28 23329 666 =45
WZ 398 £ 18 579 £ 21 856 29 133347 3166 =+ 62

Data 513 23 673 & 26 1058 =32 1587 =40 3831 =62
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ZZ Inclusive Event Yields

Decay Expected Background Total Observed
channel Ny expected

4u 301 £2+£9 10£1+2 311+£2+9 335
2e2u 503+£2+19 31+2+4 534+3+20 543
4e 206 £1+12 20+2+2 225+2+13 220

Total 1009 =3+36 6038 10704 +37 1098
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WZ Dim-6 Unitarity Check

- “Clipping” method used, scan limits on EFT operators as
function of cut-off on the invariant mass variable

.y -1
CMS Preliminary 35.9fb™ (13 TeV) . 6 CMSI Pr'elm}unalry P e e .3 5'? fb. (1|3 TleV)
a 6 e [ [ [ [ [ asaacen - T T 4 “
< - ] Sy — — Bestfit, exp
~ E\ — — Bestfit, exp = = — — 95%CL, exp
g N — — 95%CL exp ] (@] 45- Best fit, obs
N Best fit, obs ] T~ —— 95% CL, obs
O; 4 — N ——— 95% CL, obs | -~ ,

..... | TN P T | | | PP R TN T T

500 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 12000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
m,,, cut-off [GeV] m,,, cut-off [GeV]
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Non-Abelian Structure at Colliders

Quartic- and triple-gluon interaction vertices predicted through
SU(3) gauge group
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Interlude Fake Rate Method

Fake Rate method applied in almost all CMS multi-lepton
analyses

P Measure contributions for processes with leptons not coming from W, Z
or tau decays in signal region

- Select clean “nonprompt”’-lepton enriched samples, compute
“loose” to “tight” transfer-factor, prompt-lepton contributions
subtracted using simulated samples

P Option 1: Z+jets, same as WZ selection, but invert MET cut, third lepton
is a jet

P Option 2: di-jet events, jet firing
single lepton trigger

Loose-to-tight transfer factors
usually around ~30%

Uncertainty of 30%, based on

q ¢t

flavour composition and

closure on simulated samples mesca.ed single
D lepton trigger
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