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One of the main goals of the LHC is to study the mechanism of
Electroweak Spontaneous Symmetry Breaking.

This process determines particle content of the Standard Model:

(massless vector) W7, B, (massive vector) W, W, Z,
(Higgs doublet) o, x* _/ (Higgs field) H

The dynamics of massive bosons is a window into the physics of spontaneous symmetry
breaking.

New Physics associated to Electroweak Symmetry Breaking could alter the dynamics of
the Higgs, W and Z bosons

No direct observation of new physics at the LHC after Higgs boson discovery
e Precision measurements are more important than ever

Several extensions of the SM predict additional processes with multiple bosons in the
final state

 Any observed deviation of multiboson production cross sections from their SM
predictions could be an early sign of nevxé physics



Standard Model Production Cross Section Measurements Status: March 2019
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e 5-300 pb: Inclusive (QCD) diboson production:

e Sensitive to higher order QCD (and QED) perturbative corrections
e SM gauge structure: Triple Gauge Couplings (TG%)



Standard Model Production Cross Section Measurements

Status: March 2019
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e <0.01 pb: VBS/VBF (QED) diboson production

e Sensitive to higher order QED perturbative corrections

e The nature of EWSB SM gauge structure: Triple (ﬁauge Couplings (TGC)



Standard Model Production Cross Section Measurements Status: March 2019
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Huge range of production Cross Sections.

e 10-3-10-Tpb: Inclusive (QCD) triboson production

* Sensitive to higher order QCD (and QED) perturbative corrections
* SM gauge structure: Triple Gauge Couplings (TG(53) and Quartic Gauge Couplings (QGC)
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e CMS and ATLAS have been searching for direct resonances in several final states:

e Diboson, VV, VH, HH

e Dilepton
. lllll
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RunZ2 and beyond: Resonance limits to local operators

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: May 2019

Model

6y Jetst EM [ratm)

Limit

ADD Gkk + g/q Oe, i 1-4j Yes 36.1
ADD non-resonant yy 2y - - 36.7
ADD QBH - 2] - 37.0
ADD BH high ¥ pr >lepu >2j - 3.2
ADD BH multijet - >3] - 3.6
RS1 Gkk — vy 2y - - 36.7
Bulk RS Gkx —» WW /ZZ multi-channel 36.1
Bulk RS Gk —» WW — qqqq Oe,u 2J = 139
Bulk RS gk — tt Teu >1b,>1J/2) Yes 36.1
2UED/ RPP leuy 22b23) Yes  36.1
SSM Z’ — ¢t 2ep - - 139
SSM Z" — 17 27 - - 36.1
Leptophobic Z” — bb - 2b - 36.1
Leptophobic Z” — tt lepu 21b,>1J/2) Yes  36.1
SSM W’ — ¢y leu - Yes 139
SSM W’ — v 17 - Yes 36.1
HVT V' - WZ — qqqq modelB O e, u 2J - 139
HVT V' - WH/ZH model B multi-channel 36.1
LRSM Wg — tb multi-channel 36.1
LRSM Wg — uNg 2u 1J - 80
Cl qqqq - 2j - 37.0
. Cl ttqq 2e,pu - - 36.1
Cl tttt >teu 21b>21j Yes 36.1
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1
Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1
VWyy EFT (Dirac DM) Oeu 1J,<1] VYes 3.2
Scalar reson. ¢ — ty (DiracDM) 0-1e,u 1Db,0-1J Yes 36.1
Scalar LQ 15t gen 12e >2j Yes  36.1
Scalar LQ 2" gen 1,2p >2j Yes  36.1
Scalar LQ 3" gen 27 2b - 36.1
Scalar LQ 3" gen 0-1eu 2b Yes  36.1
VLQ TT — Ht/Zt/Wb + X multi-channel 36.1
VLQ BB —» Wt/Zb+ X multi-channel 36.1
VLQ Ts/3 T3l Tsyz3 > Wt + X 2(SS)/23 e >1b,>1j Yes 36.1
VLQY - Wb+ X lepu =21b2>21 Yes 361
VLQ B — Hb+ X Oeu,2y >1b,>1j Yes 798
VLQ QQ —» WgWq leu >4 Yes 20.3
Excited quark g* — qg - 2j - 139
Excited quark ¢* — qy 1y 1] - 36.7
Excited quark b* — bg - 1b,1j - 36.1
Excited lepton ¢* 3epu - - 20.3
Excited lepton v* 3eput - - 20.3
Type Ill Seesaw 1eu >2j Yes 79.8
LRSM Majorana v 2u 2j - 36.1
Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1
Higgs triplet H** — ¢t 3eurt - - 20.3
Multi-charged particles - - - 36.1
Magnetic monopoles - - - 34.4

107!

*Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (large-radius) jets are denoted by the letter j (J).

Now that these
bounds have
been pushed
away from v

USE v/M < 1:

bound many
models at once

bound multiple
resonances at
same time
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SM model fermion theory
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Any beyond SM
theory
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X

Interactions with

only SM fields
W+ W+

v w-oy W

e In absence of new particles, the SM can be considered as an effective low-energy theory.

 Any Beyond Standard Model physics can be thought of as modifications of the

interactions containing only SM fields

e Assuming that the SM describes physics well in the energy range up to the scale A and
new physics occurs only above that scale, the physics phenomena can be described by

an effective Lagrangian

Classify the effect of any beyond SM
model using operators withD > 4

L=LM4 L: +—£6+

A A?
E\*
(A)

E\?
yals - (\) Rals -
For large scales E/A « 1, only operators
with lower mass dimension will matter.

(6)

C
Leff:.csM—-Zﬁogﬁuz i 0<8>+

g

(D) _ (coupling)™ 2 k

“ 7 (high mass scale)P—4




A

n=b,7 : violate
lepton number

- Semi-lep
- Full-lep
- (Full-had)

s
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VV

- Semi-lep
- Full-lep
- Full-had



Top-Down

approache

_—— - -— - -

(most common for individual channels)

Bottom-Up

(more convenient for combination)

Signal model

Simulate the signal,
to predict a
reconstruction-level
observable.

Observable (reco)

Compare to data for
an EFT interpretation.

Data
EFT interpretation.

EFT interpretation.
Signal model

Compare to
~particle-level signal

model for an

EFT interpretation.

Observable (ruth)

Use data to measure a

- particle-level observable.
Simulation for unfolding
detector response.

Data
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e dim-6

e dim-8

e SMEFT model

e Eboli model dim-8
* Adopted global EFT fit.

e Used by both CMS and ATLAS for
e Simultaneous fit of top/SM/BSM aQGC interpretation for now.

analyses -
e 18 independent operators
* 50 operators.

* (Development of dim-8 is on-going.)
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Gauge
Fields

Gauge
&
Higgs
Fields

1:Xx3

_Operators

2: HS 3: H*D? 5:9?H3 + h.c.
Qg | fAPCGH*GPrGSH ||Qu | (HTH)* Quo (H'TH)O(H'H) Qer | (H'H)(lpe H)
Qs | fABCGAYGErGSH Qup | (H'D*H)" (H'D,H) Quu | (H'H)(Gyu H)
@ el TEW vy Jew Kn Higg S Qan | (H'H)(g,d, H)
Q| CTWWWE Fields
4: X2H? 6:v2XH+he. fermion 7:2H2D
Que | HIHGA,GA | | Qew | (0" e,)T!HW], ) (H'i D H) (1,7 1)
Que | HHHGAGY || Qs | (0" e, )HB,, (3) (HYi D LH) Iy,
Quw| | HHEWIL W | | Que | (@omTAu,)H GA, Qe (H'i'D ,H) (e, e,)
aiv | HHHWLW | Quw | (@o* u.)r' HWL, QY. (H''D  H)(@7"q,)
QuB H'H B,,B* QuB (qu“”Ur)I'NI B,. Qf}é (HTZ(BfLH) (Gpmiv"q,)
.5 | HVHB,,B™ Qic | (Go™TAd,)H G4, Qin (H'i'D . H) (@, u,)
Quws | HITTHWLB™ | | Quw | (Good.)r! HWY, Qna (H'i'D ,H)(d,y"d,)
s | HITTHW], B Qus | (3,0"d,)H B, QHua + hc. | (H'D, H)(a,y"d,)
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( | CMS SP—18—002

e 3 leptons plus missing ET
 Dominant background: misidentified leptons
e Dominant uncertainties:

e Misidentified lepton

CMS 359" (13 TeV) CMS 35.9 fb™ (1 3 TeV) CMS 35.9fb" (13 TeV)
c C c mblined I T I . Sl L I L L L B B c FrrTrTrTr T T T T ICLmlbinledl TTTTTTH
% 2000 _3_ Data — ) 0.2~ ] % N —e- Data ]
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1 1600} M X = _ 1 o A E
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1400 g tl\%gnprompt _E O E Stat.+bgr. unc. E """"""" = z;y |
1200 == Total bkg. unc. — -8 0.14— Total unc. ] 102 & 4 A —
1000 ;_ '''''''''''''''''''''''''''''''''' _; 0.12 C ol b | Theory unc. on POWHEG prediction _f ;
800F = N i i
- ] 0.1 o A — —————————
600 - - - (4 B
400F = 0.08|~ =
Y e 0% - 1
0 5 ]
. . r ; . . 0.04 — . . : - -
8 1‘21E [[] Total bkg. unc. ] '_+ ] 8 - [ Stat. bkg. unc. [ Total bkg. unc.
| - . = — — - - — — _{
S E 0.02\— -4 & 8
3 o= . e . | £
© 0 QE 3 0 o v b b P by 1 7 ©
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(CM

* |dentify leptonically decaying W boson while CMS-PAS-SMP-18-008
other W or Z boson decays to jets
large
.. angular
* Select dijet events and boosted events such |separation
that the decay jets merge into a single jet nereasing
PT
small
angular
separation
PMS IIDrellim/rllar)I/ I 359 fb:1 .<13.T?V_)
E 180; Electron channel a\?vatjaets
 AntiKt jet with 0.8 cone with pT > 200 GeV < teop- feontolregion Wl
e hadronic V candidate, MWV > 900 GeV g ok WA
e Reject b jets ==> which reduces t tbar contribution @i 100F- Ml Single top |
* apply PUPPI+SD on AK8, 121 < 0.55, W+jets from B0 f’tat@sys’t
sidebands g
20 z
. e e o —-L——
Maximizes sensitivity to aTGC ==> more events at 0 oar ' ' —
. .O__O_*‘}é*;‘é“".:':' PRI ,695La5_
high mass! §§ Yo e 8 Too T30

1 Mpyppr sp (GEV)

= ——— == = e -



WW g Z at

MWV used to extract limits on EFT

13 vV (CMS)

[ )

CMS Preliminary 35.9 fb™ (13 TeV) CMS Preliminary 35.9 fb™ (13 TeV) CMS Preliminary 35.9 b (13 TeV)
= [ Muon channel 4 Data ; < B.Muon channel ¢ Data : = [ Muon channel ¢ Daa ]
M10® — — Signalc /A*=1.59 TeV? OM10°E — — Signalc /A?=1.59 TeV?— M10°E — — Signalc, /A*=1.59 TeVi—
o I W+jets 3 o I w+ets 3 o I w+ets 3
= — i © 3t . o o .
~10? . W E 107 . W 5 ~10° . W 3
> . vz 3 7 . vz E @ . vz 3
- I single top N — - Single top N - - Single top 7]

% 10 R iE| qc) 10 R Post-fit unc. = % 10 I Post-fit unc. =
S - S - > :
L 5 L m L 1
1 : 1 1 |
10" S 10" 10" o).
- 2 - 2F o 2l *
L}'Lg%f;ﬂ" H'{%*‘HH{-'“H Jhad *lllllllll E%S H + }H { H{ 4 H ILARERSENE! ;%JE“ H *%*‘%L'H} ill"‘llll' 1L
8 50:21: T t + t ¢ 8 OD-.Z'li + * 8 bD-21 B f * + tT ¢ '
31000 1500 2000 2500 3000 3500 4000 4500 31000 1500 2000 2500 3000 3500 4000 4500 -31000 1500 2000 2500 3000 3500 4000 4500
My (GeV) My (GeV) My (GeV)
Parametrization aTGC Expected limit Observed limit =~ Run I limit

EFT

cwww /A% (TeV~2)
cw /A% (TeV~?)
cg/ A% (TeV~2)
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-1.44,1.47
-2.45, 2.08]
-8.38, 8.06]

-1.58,1.59]
-2.00, 2.65]
-8.78, 8.54]

[2.7,2.7]
[-2.0, 5.7]
[-14, 17]
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Limits on anomalous couplings

LA = CWWW TI‘[

L WYPWE] + 3%

3-lepton analysis

Sl=

m From M(WZ)
up to 3 TeV

m No excess
observed

359 fo! (13 TeV

I+‘ Best Fit

- - - - Expected, 68% CL_:
- - - - Expected, 95% CL
- - - - Expected, 99% CL
- -——— Observed, 95% CL

Boosted analysis

m From M(WV)
to 4.5 TeV

m Gained factor >10
in Cg limit from
WW component

T T T I T T [ 17

— — Expected 99% C.L.
B SM point

= Best fit

AZ
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—— Expected 68% C.L. — — Expected 95% C.L.

—— Observed 95% C.L. ..

1 1 1 2 L
Comw | AZ (TeV?)
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WW @13 TeV (ATLAS)

. WW (5 Channel and H- Induced) - ] | https://arxiv.org/abs/1905 04242
W g W

 WW signal region (SR):

1 eu pair of isolated central leptons

Z/y* H
 No additional leptons ==> suppress VV
* No jet with pT > 35 GeV & no central b-jets 4 W S W
==> reduce top
%2000_llllI]lllll]llllllI]Ill]l]l[ll]]lll[lll
. . - Data Drell-Yan
* missing pr > 20 GeV & pe 1> 30 GeV O e00k ATLAS P |£]Sigtnal (WW)=Di-and triboson
==>reduce DY g - is=13TeV, 36.11b [JTop B Pred. stat.
..3 1600 - [ WHjets [ Pred. stat. @ syst.
* mMeu > 55 GeV (orthogonal to HWW 214908
. 1200F
analysis -
ysis) 1000}
e Backgrounds (% of SR): 800}~
600
e tt” and Wt (~ 26%): from top-enriched 400F
Data CR 200
 Non-prompt leptons, mostly W+jets (~ g 1.4
3%): estimate relies on fake rate from Data < 1‘21_ annse
£ 08f
a 0.6

* DY (~ 4%), Multi-bosons (~ 3%): using 0 20 40 60 80 100 120 140 160 180 200
simulated samples pS [GeV]

Fiducial cross section and unfolded cross section measurement
18


https://arxiv.org/abs/1905.04242

e — — —_— = S e e e — —

Considering Effective Field Theory with
five dimension-6 operators associated
to the couplings: cWWW , cW , cB,
cWWW |, cW

Unfolded pr leading lepton distribution
which is sensitive to anomalous
couplings (especially last bin), and was
used to constrain aTGC

Signal including aTGC generated with
madgraph5 amc@nlo+pythia8

Competitive 95% CL intervals for aTGC
are derived via a profile likelihood ratio
test statistic, thanks to high center-of-
mass energy

19

: 3 TeV (ATLAS)

=== = —_— —-—

https://arxiv.org/abs/1905.04242
S 1IPF T : UM —
® ATLAS ¢ Data 201542016
% Vs =13 TeV. 36.1 fb' [ Stat.® syst. uncertainty N
= 10E 5o — etvpy [NNLO(qq)+NLO(gg)]®NLO(EW) 3
B Powheg-Box+Pythia8, k=1.13 * =
25 10 Powheg-Box+Herwig++, k=1.13 * _:
S) *"“’-c" Sherpa 2.2.2, k=1.0 *
B ¥PAY - * comb. w. Sherpa+OL gg—>WW, k=1.7
% 1 - —
- =
- 3
Wl i
10" AT E
- f
1072 E
e ———
1.4F =
1.2 -
S omeen s ;
a 0.8 -
= 0.6F, -
S 1.4 -
2 12F * :
= SRS e o S 3
oﬁsE.. e . E
30 40 50 60 10° 2x10° 3x10°
pE>‘ [GeV]
Parameter ~ Observed 95% CL [TeV~2] Expected 95% CL [TeV~?]
cwww /A2 [-3.4,3.3] [-3.0,3.0]
cw A2 [-74,4.1] [-6.4,5.1]
cg/\? [-21,18] [-18,17]
crww A2 [-1.6,16] [-1.5,15]
ey | A2 [-76,76] [-91,91]



https://arxiv.org/abs/1905.04242

May 2019 Pﬁ’?fé?de LSBLAS

L 4
EP ° Channel Limits [ Lat (s
2 i wWw -2 1e+01, 2.6e+01 20.3 b’ 8 TeV
Co /A : WW -2.1e+01, 1.8e+01 36.11b" 13 TeV
B } P I WW -2.9e+01, 2.4e+01 19.4 fiy” 8 TeV
} ] WV (jj -6.4e+01, 6.9e+01 4.6 fb 7 TeV
} ! WV "’{j -3.6e+01, 4.3e+01 20.2 fb” 8 TeV
} | WV (Iv. -1.9e+01, 2.0e+01 20.2 fp" 8 TeV
[ WV (ivJ -1.4e+01, 1.7e+01 19 fb 8 TeV
— WV (vJ -8.8e+00, 8.5e+00 35.9 fb’ 13 TeV
I i SVW qqW,qqZ -?.geig} : ?-geg} 35.9 fb” 131, TSV
| Y -1.6e+01, 1.5e 46fb 7 le
C JA2 ME— Wy -1.2e+01, 9.0e+00 5.0 fb" 7 TeV
WWW T WW -1.5e+01, 1.4e+01 4.6 fb’ 7 TeV
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H WZ -3.3e+00, 3.2e+00 33.6fb" 8,13 TeV
— WZ -4.6e+00, 4.2e+00 19.6 fb” 8 TeV
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H WV (Iv. -2.7e+00, 2.7e+00 19 fb 8 TeV
H WV (vJ -1.6e+00, 1.6e+00 35.9 fb’ 13 TeV
} | EW qq -3.6e+01, 3.2e+01 20.3 fb’ 8 TeV
—q EW qqW -1.3e+01, 9.0e+00 20.2 fb’ 8 TeV
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—eo—| DO Comb. -8.7e+00, 1.1e+01 86fb 1.96 TeV
—e— LEP Comb. -1.4e+01, 4.1e+00 0.7 fb" 0.20 TeV
2 — ww -9.4e+00, 1.3e+01 46fb’ 7 TeV
Cy /A — WW 5.9e+00, 1.1+01 2031'  8TeV
W — WW -7.4e+00, 4.1e+00 36.1 fq“ 13 TeV
f i ww -2.3e+01, 2.3e+01 49 fo 7 TeV
—o— WW -1.1e+01, 5.4e+00 19.4 fi” 8 TeV
f { WZ -1.4e+01, 2.2e+01 46 fb 7 TeV
WZ -3.6e+00, 7.3e+00 33.6 fb’ 8,13 TeV
WZ -4.2e+00, 8.0e+00 19.6 fb’ 8 TeV
— WZ -4.1e+00, 1.1e+00 35.9 fy” 13 TeV
P wv -1.3e+01, 1.8e+01 4.6 fb 7 TeV
— WV IVH -6.4e+00, 1.1e+01 20.2 fb’ 8 TeV
WV (Iv -5.1e+00, 5.8e+00 20.2 fp’ 8 TeV
WV (IvJ -2.0e+00, 5.7e+00 19 fb’ 8 TeV
WV (vJ -2.0e+00, 2.7e+00 35.9fb’ 13 TeV
} | EW qq -3.3e+01, 3.0e+01 20.2 fb’ 8 TeV
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| 1 , i | —eH | i i | LEP Gomb. | -1.3e+01, §.1e+00], | o7f' , 020TeV |

-100 0 100 200
aC summary plots at: http://cern.ch/go/8ghC aTGC leltS @950/0 CL [TeV'Z]
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SB sector

e VV+2jets production dominated by O(as?2) § q weaklycoupled g sector strongly coupled
QCD pI’OCGSSGS %‘ f B:i:-:ligtgysviolation
e V VL scattering linked to the mechanism
responsible for the EWSB L sketch
e Typical signature: two high pT jets in the --/'"','"/ ” Gomposite Higgs
forward-backward region with large rapidity A
separation and low hadronic activity elsewhere Higgs 125 GeV M
[+ (1) ;) vV
/
/
Ay /
tagging jct (4 /\\
~/
N_,_
L tagging jet (3)

= (2) 21 v



Higgs Gauge & Higgs
Fields Fields

‘CS,O — [(D“(I))T D,,CI)] X [(DM(I))TDVCI)] £M,0 = Tr [WMVW#V] % [(Dﬂq))T Dﬁq)] ET,O
Lymy = Tr[VVWW”ﬁ] X [(Dﬁ(I))TDM(I)] Lr

Ls1 = [(ow)‘f Ducp] ><[(D,,<I>)T Dl/q)] Lais = [BwB™] x [(Dﬂq))’r ng,] L2
Lys = |BuB"|x |(Ds®)" D@ L
Lya = [(D,®) Ws,D'd| x B Lrg
Lus = [(Du®) W, D"®@| x B¥ L7
Las = |(Du®) W5 WD o Lrg
Lur = [(D,®) Wa WD e] Lo
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:WaMWMﬁ} x Bg, B
B,,B" B,z B**
BapB“BBg,,B”O‘
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CMS-SMP-18-001

VB>: )

359 fo! (13 TeV)

—— Observed -
Expected

” @+ 1o

® aQGC s are constrained
with mt(WZ)

® |imits on o X BF for VBF
production of H%*

Ht

10% |

Oyge(H?) x B(H— W-2Z) [fb]
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35.9 b (13 TeV) 500
& fems T Lo T m(H’) [GeV]
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o | EtVNVV - fMO/A4 _11 2,11. 6| _9 15, 9. 15 j infvolvea mi;t:re
B QCD-WZjj i : Of gauge an 1ggs
20— I—iwv:zu” Cane fM1 /A4 _—10 9 11. 6_ —9 15 9. 45 field interactions
i :li on T lGTTV‘f ] fSO//\4 __32-5/ 345 _26 5,27. 5 ] involve interactions
oFl swesm. T fs1/A*  [=50.2,53.2] [—41.2,42.8] ! withine Higgs field
____________ 4 :_ : :_ :
- — fro/A | 0.87,0.89: 0.75,0.81 ourely from the
ET 1 = — fri/A*  [-056,0.60] [-049,0.55] | sue) gauge
;++ P | — /A [-1.78,2.00] [~1.49,1.85] = fele
my(WZ) [GeV]
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e fully leptonic final state ZZ—llll (I = e, p)

* Jow o, small BR, large irreducible QCD
background — all final state particles can be
reconstructed — favorable for EWSB study

* clean leptonic final state — small reducible
background

e MZ/Z is used to constrain the aQGCs

aco-induced * the results are statistically limited so far

background

35.9 fb™ (13 TeV)
Ll I T I 1 l T I T l Ll I T ]

' CMS —-Data
=§§”f \évz E Coupling Exp. lower Exp. upper Obs. lower Obs. upper

Mqq 22 ] fro/A* —0.53 0.51 —0.46 0.44
B fu/A ~0.72 0.71 —0.61 0.61
frg/A*=1TeV* 3 fro/ A% —-1.4 1.4 —1.2 1.2

ih/AT=2TeV" 3 frs/A* —0.99 0.99 —0.84 0.84
E'""": ng/A4 _2.1 2.1 —1.8 1-8

Events / bin
2
I

involve U(1) fields only accessible via
the final state of neutral gauge bosons

0O 200 400 600 800 1000 1200 1400
m,, [GeV]


http://dx.doi.org/10.1140/epjc/s10052-018-5567-9

CMS-PAS-SMP-18-006

WV-lv + a large radius jet , ZV—Il + a large radius jet

sensitivity is enhanced by requiring tight dijet selections

and centrality of leptonically decayed W

 major backgrounds: V+jets and tt (for WV) e not

sensitive to SM yet

MWV and MZV are used to constrain aQGCs

31065 o

> 10°

10%¢

—e— Observed

Top quark

SM EW WV

Bkg. uncertainty

M= = 1000 GeV, s =0.5

stringent limits are set and improve the results with fully 1_%; e _+_ ______________________________________ 3
leptonic final state by factors of up to seven o 050 T s s —
1000 1500 2000 250
m,,, (GeV)
Observed (WV) Expected (WV) Observed (ZV) Expected (ZV)  Observed Expected
(TeV~4) (TeV—4) (TeV~4) (TeV—4) (TeV~4) (TeV—4)
Foo/ A [—2.7,27] [—4.2,4.2] [—40,40] [—31,31] [—27,27] [-42,42]
fo1/ A* [—3.3,34] [-5.2,5.2] [—32,32] [—24,24] [-34,34]  [-52,52]
Jf’MOf ﬁj [?0-263' (2’-(6)]9] {—;-g';-g} [[—722 235]] [[—51-2/ ?-63]] [[—0;% %Z?] {_;'g';'g% ATLAS has a results with 2.7 sigma
fxz//\‘* (—14,14] (~2.0,2.0] (—15,15] —11,11] (-13,13]  [-14,14] https://arxiv.org/abs/1905.07714
fur/ At [—34,34] [—5.1,5.1] [—35,36] [—25, 26] [-34,34]  [-5.1,5.1]
fro/A*  [-0.12,0.11] [—0.17,0.16] [—1.4,14] [-1.0,1.0]  [-0.12,0.11] [—0.17,0.16]
fri/A* [-0.12,0.13] [—0.18,0.18] [—1.5,1.5] [-1.0,1.0]  [-0.12,0.13] [—0.18,0.18]
fra/A*  [—0.28,0.28] [—0.41,0.41] [—3.4,3.4] [—24,24]  [-0.28,028] [—0.41,0.41]
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https://arxiv.org/abs/1905.07714

May 2019 CMS

. ATLAS Channel Limits [Ldt s

fo /A . —— . WWW [-1.2e+00, 1.2e+00] 359 fb" 13 TeV
, - | Zy [-3.8e+00, 3.4e+00] 19.7 b 8 TeV
o | Zy [-3.4e+00, 2.9e+00] 292 b 8 TeV
— ] Wy [-5.4€+00, 5.6e+00] 19.7 b 8 TeV
I | ss WW [-4.2e+00, 4.6e+00] 19.4 fb™ 8 TeV

4 ss WW [-6.2e-01, 6.5e-01] 359 fb™ 13 TeV

[ wWZ [-7.5e-01, 8.1e-01] 35.9 fb™’ 13 TeV

H ZZ [-4.6e-01, 4.4e-01] 35.9 fb” 13 TeV

: ] WV ZV [-1.2e-01, 1.1e-01] 359 fb’ 13 TeV

'y Al L ] WWW [-3.3e+00, 3.3e+00] 359 fp 13 TeV
. - | Zy [-4.4e+00, 4.4e+00] 19.7 b’ 8 TeV
[ ] Wy [-3.7e+00, 4.0e+00] 19.7 fo 8 TeV
— ss WW [-2.1e+00, 2.4e+00] 19.4 fb™ 8 TeV

H ss WW [-2.8e-01, 3.1e-01] 35.9 fb™’ 13 TeV

[ Wz [-4.9e-01, 5.5e-01] 35.9 fo! 13 TeV

T Y4 [-6.1e-01, 6.1e-01] 35.9 o' 13 TeV

WV ZV [-1.2e-01, 1.3e-01] 359 fb” 13 TeV

t,/ Al . — WWW [-2.7e+00, 2.6e+00] 359 fb 13 TeV
; | ] Zy [-9.9e+00, 9.0e+00] 19.7 b’ 8 TeV
] : | Wy [-1.1e+01, 1.2e+01] 19.7 fb 8 TeV
b ] ss WW [-5.9e+00, 7.1e+00] 19.4 fb™ 8 TeV

—— ss WW [-8.9e-01, 1.0e+00] 359 fb”’ 13 TeV

— WZ [-1.5e+00, 1.9e+00] 359 fp 13 TeV

—— 77 [-1.2e+00, 1.2e+00] 359 fb™” 13 TeV

: [ WV ZV [-2.8e-01, 2.8e-01] 35.9 fo 13 TeV
fT,5 / A4 | : - 1 6\77 {-g.ge+gg, g.;e+00] 203 b 8 TeV
I | y -3.8e+00, 3.8e+00] 19.7 fb 8 TeV
fT,e / A4 | s | Wy [-2.8e+00, 3.0e+00] 19.7 o™ 8 TeV
fT,7 IAY i { Wy [-7.3e+00, 7.7e+00] 19.7 fo” 8 TeV
f A4 | | Zy [-1.8e+00, 1.8e+00] 19.7 fb™ 8 TeV
T8 —A Zy [-1.8e+00, 1.8e+00] 20.2 fb™! 8 TeV

. — 77 [-8.4e-01, 8.4e-01] 35.9 fb” 13 TeV
£/ A4 j - : ] Zyy [-7.4e+00, 7.4e+00] 203 fb" 8 TeV
' , 1 ? {-g.(g)e+gg, 4.0e+00] 19.7 b 8 TeV
} ! Y -3.9e+00, 3.9e+00] 202 b 8 TeV

| | | | |—|—| | | FZ I [-1 .81e+00, 1.891—00] | 35.9 fP" 13l TeV

=20 0 20 40

aC summary plots at: http://cern.ch/go/8ghC aQGC LImItS @95°/o CL [TeV'4]
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e Variables and binning:

 What variables to measure (in case of unfolded distributions)
e Which are the most sensitive to aGCs/EFT parameters?

e (Often only most obvious variables, correlated with the centre-of-mass
energy are used

o Useful to receive feedback on other interesting distributions (angular
variables, 2 D distributions)
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e Unitarization
e Clipping? removing EFT signals above a certain threshold on truth level

e easiest to implement but not well studied

A B g A & €/ \
- . £/> - 5> / \
5 > ET 3 / \
= o 3, &’ Y N
T / Q3 U
and - E s .
a | \ Since dibosons processes
2 (m— w1 L P e _ can have very high energy,

we can easily go outside
the validity region of the
EFT approach.
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e Tools? What is the best approach to interpolate between EFT =0 points?

e MC@NLO, aMC@NLO (reweighting, possibility to generate single terms),
etc...

e Theory uncertainties on tails

10%
10°
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Events / GeV

10°
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102
1073
104

2.0

1.0
0.5

Data / pred.

1.5¢

ATLAS' \/§ = 1'3 TeV, 36.1 fb "

e Data
7274 SM stat. & syst. uncertainty
qq — Z2Z
BN gg— 27
pp — ZZjj (EWK)
B Non-ZZ background
SM + aTGC, f,; = 0.0038

@ SM + aTGC,
ety = °Z0202wem fy =0.0038, ff = 0.0033

----------------------------------------------------------

Y/ e

S I 000777
"""" e 7777777777722 ZZ
0 295 415 555 3000
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pp — et U vy

I\\I[ | | I‘\\[I
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MR = pF =3 Hy"
CT14 QEDO.<)5‘7*L,

..... LO
=== NLO QCD
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=== NLO QCDxEW

| l||ll| | Illlll.
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I % ? IATLAS ;:‘Iast?ll' V HVT 1(; ?

 VH resonance analysis 2wk -ioTansein Mwam

- O oy T I

° Relles On V+Hf 10? 75 GeV <m, <145 GeV =Z.:-:bl,;:l)‘,:’;3 §

I f 108 - 3::I:ertainty 3

production modeling = e ;

1 e "I —

 Modeling systematics o

are dominant -
e V+bb is constrained .
. . = 1
with a specific control § os

b

ossibilities:

VH

region but V+c is not

Large systematics imposed ==> high mass is
limited by statistics, we don’t care?

What if we want to looks for non -resonant
new physics: Electroweak Precision Tests In
High-Energy Diboson Processes

arXiv:1712.01310v1
Need precision!
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 The idea for the future is to perform a global analysis of Higgs and diboson
measurements at the LHC.

e Even though the choice of basis for the D=6 operators should be
equivalent (up to EOM), it is relevant for how these combinations will be

performed in practice.

Warsaw

Or = (H'D,H)?

EWPO One = (”1?1‘)’,‘//)(('"7""n) —;j
Our = GH'D, H)(LiA"Ly) =
O, = (iH'0* D, H)(Lo*vy*L;)
‘\\'_‘ ‘,’.,‘,";‘/ “HW®* B
Ou \ |
\‘ !

Higgs B

Partially available
at NLO

SILH
Or = (H'D,H)?
One = (iH' D,H)(érr"er)
Oy = ig(H'o* D*H)D*W?,
Op = ig(H' D*H)d"B,,

Ouw = ig(D"H)'o"(D"H)W],

Oup =19 (D"H)'(D"H)B,,
Opp = ¢”|H|*B,, B"

Oce = 92| H|*G4,G™

O,, =y H|*f Hfn f

(‘)f." I HI*)*

BSM primaries

AL,

Easy UV matching
(SUSY, Comp Higgs, ...)
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The combined analysis will substantially increase the sensitivity to the
coefficients of the D=6 operators in SMEFT.

The idea is to provide combined limits in the (g*, A) plane with different
energy cuts. We are also working towards a robust determination of the
uncertainties associated to D=8 operators and SMEFT NLO corrections

0.4 L | L B B | L L T 7T 1T 713 L
~ ; T T T

0.3 |

0.1 |

[plots from arXiv:1304.1151]
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e Combined dim-6 EFT fit of aTGC measurements seems doable and

worthwhile

 Which measurements to include, which operator basis?

e How to implement fit, treat correlation?

 How can this be helpful in the greater scheme of things (global EFT fit)?
e For aQGC measurements situation less transparent

e Different models and unitarizations schemes used in Run 1

e Many measurements ongoing or planned

 Prospect show good potential for future runs/colliders
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Events / GeV

Pred. / data

Fully leptonic final state ( /
e Very clean experimental signature
Only on-shell: 66 < mz < 116 GeV
Main background from 'fake' leptons.
Measurement uncertainty is dominated by statistics.
Dominant experimental uncertainties:
e lepton reconstruction and identification efficiencies.

10

ATLAS: Phys. Rev. D 97 (2018) 032005
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ZZ production
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Search for neutral aTGCs
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o I o222y 3 0.001 / / _________ ~-
[ ] zz+2jets EWK ] ' i [ NN
] tiz,wwz i ‘ \\ ]
N z+x 4 \
N \ P ® \
10 RN e w0 \\ \ " \
NN : .
T \\ N I
o-00+--P> N %
\~ ........... *
-------------- ®  BestFit (20}\\ // i
1 Obs. 95% CL (1D) ~~ ~———_"
.0.002|— —— Obs. 95% CL (2D) A——
——~ Exp. 95% CL (2D)
-------- ~ Exp. 68% CL (2D) ]
| | | | | | | 1
-0.002 -0.001 0 0.001 0.002
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mzz (TeV) 37
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WZ->lvjj

Idenhfy Ieptonlcally decaylng W
boson while other W or Z boson
decays to jets q

* Select dijet events and boosted
events such that the decay jets merge
into a single jet

= 2500 B
8 ATLAS ¢ Data

© {S=8TeV, 20.2 b mwv -
© WY v [ V+Jets ]
™ _ ‘ [J Top quark

= Signal Regipn [JMuttijet

L%) Uncertainty

Maximizes sensitivity to aTGC

<1 lepton

large

angular
- separation
wen MET
Increasing
PT
2 jets or
~ merged jet small
! angular
sepzﬁ‘ation

2.3 (13 TeV)

- CMS

preliminary-l 3 TeV

uv,WZ-category
¢ Data W—puv
signal ¢ /A’=12 TeV?
B W+jets
|
B wwwz
B Single Top
Background uncertainty

)
i)
-

2 | % 107 |
M| 01 I_L,——L AN .~ L
ot Dbpprb o brg - §g20ee gt !
AN N Y & 80 ’ " BB
el gttt
60 80 100 120 140 160 s ‘ s . .
m, [GeV] 1000 1500 2000 2500 3000 3500
: .. . M,y (GeV)
Comparison of CMS results — Similar trends in ATLAS results
8 TeV WW-o2uly: WZ— 0000 i WV—L0v jj
/A2 | [5.7.59] | [46 42] | [2.7.27] Limits already surpass LEP
cw/A2| [11.454]  [42 80] | [2.05.7] and will |mpDrove with Run2
cs/A2 |[-29.2, 23.9]1 [-260, 210] [-14,17] ata 38



http://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.032001

aspects
* We can currently test up to NNLO!

Uncertainties on total cross section measurements
approaching the luminosity uncertainty

Uncertainties on differential measurements still
dominated by statistics

Theory uncertainties are important as well

Can mitigate lumi, theory uncertainties with ratios

§‘ 15 B I | | I
> B . Luminosity
= =
tatistics

S10- °
o B .
O - Systematics
c W
-
o
> 9
I
O
o

0

< <l =y
<>g 73Z gy 1Ry R 5, 125 W”Vxeul:l/ 13/ OY'el;Vg/ N@v;,lﬁ//"l/zg el axlnc

A lot of work has go turdig the thory |

40r ATLAS /s-13TeV,36.1 fb~" | == Total
: === Data statistical uncertainty

----- Systematic

MC statistical uncertainty
Unfolding method

Theory (generator, QCD scale
Electron reconstruction

Muon reconstruction

Jet reconstruction
Background estimation
Luminosity

are

0 50 100 150 200 250 1500

pr.ac [GeV]

(a) Transverse momentum of the four-lepton system.

From Elena Yatsenko talk
LHCEWWG-MB:
https://indico.cern.ch
event/706190/

stack of uncertainties in quadrature: syst, \/syst2 + stat?, .. 39



Y |
|

A lot ofwork has goneltounderstandmg the theory |

< : . : : :
S 40r ATLAS 5= 13TeV, 36.1 fb- | e Total
aspeCts *E-’ vemiamy sl : === Data statistical uncertainty
o s — . Systematic
We can currently test up to NNLO! g M statistial uncertainty
S Unfolding method
. . . o Theory (generator, QCD scale
« Uncertainties on total cross section measurements are = Electron reconstruction
o o N o © Muon reconstruction
Clppl‘OClChlng i'he IUmanS"y Unceri'dlni'y - Jet reconstruction
Background estimation
s b d’FF . I 'II Luminosity
* Uncertainties on ditferential measurements sti
dominated by statistics

0 50 100 150 200 250 1500

pr.4c [GeV]

(a) Transverse momentum of the four-lepton system.

* Theory uncertainties are important as well

 Can mitigate lumi, theory uncertainties with ratios

L e B B B
ATLAS ® Data

(s=13TeV, 36.1 fo’ Bl 2z

H— ZZ - p'u'vv Clwz

[ ] Z+jets

[ ww, Wt, tt, Z—tt
I Other backgrounds
Uncertainty

[ ] NWA signal (m,,=600 GeV

5 x obs. limit

108

102

Events / 50 GeV

* Synergies with searches in the same final states 10
« X— WW - lvlv: Eur. Phys. J. C 78 (2018) 24 1

lIIIIlIl II\I/Illlll IIIIIIIII lIIIIIIII LIl

« X—= ZZ- llll arXiv:1712.06386 o
o X ZZ— llvv arXiv:1712.06386 102

S515F —

§ % 1 %\\\t\\‘«\\\\\ \\*ﬁ\\\ RN \Q\\Q\\\k\\é\%

a 0.5 b

1000 1200 1400 40
my [GeV]


https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-5491-4.pdf
https://arxiv.org/abs/1712.06386
https://arxiv.org/abs/1712.06386

events

Two forwa

ssWW and ZZ

jets considered as tag jets

Two same-sign leptons & ETmiss

ra |ts well '-F»; T

Non-VYBS EW processes with the same final state

contribute to the signal = suppressed through kinematic

CMS 13 TeV

cuts

ATLAS 8 TeV

« 3.6 0 evidence

* measured sigma of

5.5 o observation

* measured sigma of 3.8% 0

Phys. Lett. B 774 (2017) 682 359" (13 TeV)
1 1 1 17 ' T 1

" CMS —— Data |

I ZZjj EW

Bog > ZZ

]agq > ZZ

[]ttz, wwz

B Z+X
fro/A*=1TeV*

D /A =2 Tev?

INn

—h
o
o

Events /b

10

200 400 600 80

1000 1200 14C
m,, [GeV]

0.7 (stat) £ 0.4 (syst) fb  cMms 13 Tev 27 VBS in“al

1.5+ 0.5 fb

""" RN AR I R IR I I RN IR

il c
S0F  ATLAS * Data 2012 5

- 20.3fb",1s=8TeV BXX Syst. Uncertainty —
25 500 GeV W:WHj Electroweak—| ¢y 10

- i I WHWHj Strong b
o0k B Prompt o

- Conversions =
: B Other non-prompt L 100

Phys. Rev. Lett. 113, 14180

50

CMS _ss9m'(13Te) o Start from inclusive ZZ
oD .
o | measurement
5 mwz B
SNerpomel 1o Add 2 jets in VBS
B \ ' Bkg. unc. N To OIO
AN _ pology

SAINN

Inclusive region: m;>100GeV

. VBS region: |An);| > 2.4 + m; > 400 GeV
\\\\\\}\\\\\\\\\\\\\\\\\\?\\\\\ non-VBS region: |An,| < 2.4 or m; < 400 GeV

O I I ] I I I
500 1000

CMS-SMP-17-004

1500 ~ EWK signal significance 2.70 (exp 1.60)

m; (GeV) 41



http://dx.doi.org/10.1016/j.physletb.2017.10.020
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803

Simulation Tools

Full NNLO calculations

MATRIX
2yNNIlo

published

Full NLO simulation

Madgraph_amc@NLO
Powheg (-Box)
Sherpa

calculations

With FxFx EWK corrections

merging of tree-
level emission of PHANTOM
Recola

additional jets
published

simulation of tree level gluon-gluon (NNLO) calculations

Pythia : Parton showering, hadronization, UE
PDFs : NNPDF commonly used now

42



WW/WZ ->lvjj

STDM-2015-23

@ 20.2 fb~! of 8 TeV data

el /“
@ ~ 6 times higher branching fraction W/Z
than fully-leptonic channels. 'l
y=iep resolved ’
@ Two topologies: J
WV — (lvjj (resolved)
WV — (vJ (boosted) WiZ
@ Dominant background: W /Z+jets boosted
Resolved topology:
. > L L L B L L L BN BRI > L B B L R
@ Two anti-kt R=0.4 8 14000 ATLAS Preliminary ~+ Data 8 ATLAS Preliminary ~+ Data
ot o 12000F WV  hjj W wv 1 © WV = v Hwv
.Je S ; 10000 \s=8TeV, 202 fb" -V+Jets ] ; \s=8TeV,202fb" .V+Jets g
O Large sta tiStiCS an d § Signal Region E;ﬁt?;ark § Signal Region EILC:JZ?;ark
L J L ]

lower systematic
uncertainty

Boosted topology:

|||||

0.1

. . @) ; e o EEamE ' ' ' -
@ One anti-kt R=1 jet Z|, I %o 01 1 a8
< | 005%%'&, IR T ® |5 0.05 I r"’::I::.I_ I 1 D7
@ High sensitivity to TT o AL ;r%? T T OW i = 41
aTGCs due to probin 0.05 -0.05 = :
p g 40 60 80 100 120 140 160 180 200 60 80 100 120 140 160

higt pt range Resolved  ™M;[GeV] Boosted M [GeV]
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O Fiducial cross section is measured independently for the WV — fvjj and WV — v J phase
spaces.

@ The two phase spaces are partially overlapping: some V — qq’ events can be reconstructed
both as 2 small-R jets and as one large-R jet => no combination of the two cross section

measurements.
@ The cross-section is extracted from a fit of the signal and background templates to m(jj)/m(J).

T I l I T I | I I T | T I T I I I I T I I I I T I T

ATLAS Preliminary
Vs =8TeV, 20.2 fb’

I ° i WV - Ivjj
® Data
Tot. uncertainty
Stat. uncertainty
—— MC@NLO
I o i WV— IvJ

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

; i ~ti fid, meas.; __fid, theo.
Ratio of measurement to prediction, o\, /oy,

O Both measurements are compatible with Standard Model predictions at NLO QCD.
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Anomalous gauge couplmgs cmd rare processes

- — - _ e ————— = = e == ——  — ———— — ————— = -
T — _ == = L e = = —= = —— =

Ve Ve
parameters in

(a)TGC (a)TGC aTG_CSNI
* w L Z/y Z“‘O“” ) red zero in SM

e WWV (V= 2/y) couplings -> WW and WZ measurements (also Wy)

e Effective Lagrangian: new phy3|cs effects are parameterized as deviations

L I Ay
from SM COUplll WWV _ (\/V;_VVVHVV \/V+V,/\/V“V)—{—Ihv\/V+\/V,/V'Ll'/+ W)\+l vaz/A
SWWV m3,

* 5 parameters: AgiZ (g1Z-1), AkiZ (kiZ -1), AkiY (ki¥-1), Az, Ay
+ Effective field theory (EFT) approach: ctWWW=A2, cW =A2, cB=A2 (WWZ, WWY)
« ZZV (V= 1/Y) couplings -> ZZ measurements (also Zy)

. : : . ] )
Effective vertex function approach: , -5 (@V(auv“ﬁ)za(aazﬁ) L AV(° VM)ZMBZB)
Z

Tools: Start with SM prediction (usually NLO)

Add weights to simulated sample corresponding to different aGC values, reweight from one
point to the other

Commonly use Madgraph at LO, NLO becoming available

VBFNLO, MC@NLO also provide calculations for different point
45



_Interpretat tion

m Fix this by
®m |ntroducing form factors.
m |EP, TeVatron, LHC I Vo i‘é ]
® Project scattering amplitude. I fz (S) 1 1 ~ A2 I Z
= k-Matrix (ATLAS) . (1+38/A%r) :
®m Limit range of validity. -
= SM EFT - -
(ATLAS, CMS). : l '
CTEQ6L1: ud .
108 — S
o
104 . N
' 103 _\ -
1102 | =
10! Q
10° \\\\\ 0.9 TeV
RN 2Tey
2 ASERAN 6 TeV
103 \ \‘ 7 TeV
1o° RN 14y
. \1 = = == Tevatron
10° | =
IRIAN
102 101 100 101
V3 [TeV]
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TGC

QGC

>€

Limits Unitarisation Vertex Process
Scheme
K, A, 9 FF, none WW (Z/v) pp - WZ, Wy, WW,Wj]
f,.fs FF, none LL(Z]y) pp-~17, 7j
hs.hy, FF, none Iy (Z/y) PP - Ly
Qg™ fim FF, none WWqy pp - WW (excl), Wyy
fim FF. none YYZ(Z/7) PP - Zyy
fo m/Oly 5 FF, none, WWWW pp - WWW,WWjj (ss)
K-maitrix
Oy 5 k-matrix WIW (Z/y) pp - WZj
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* Unfolded kinematic distributions:
*Remove detector effects to allow
independent interpretation of
Data.
* Commonly used method
*Bayesian iterative unfolding.
* Unfolding within detector
acceptance.
*Normalised distributions.
* Published Results (HEPDATA):
*Fractional, binned kinematic
distributions.
*Full correlation matrices.
- Statistical and systematic
uncertainties, background
contributions.

DemoVariable (Truth)

48

66-80

52-66

38-62

24-38

10-24

Background Fiducial
Substraction Corrections

Data

NN

Background

Signal

Unfolding Matrix

|

Reco

NN

]

Unfolded

LTI ]

Efficiency Corrected
Result

10-24

24-38

38-52 52-66 66-80

DemoVariable (Reco.)

)

Efficiency
Corrections



_The k-fra 307.1347)

e — = = = = —

e modifications of the SM couplings involving h in the unitary gauge

OWH 2 Lo

A Y .

- Kw - K

SM W SM Z
IWH L7

Ozd  _ 2 RS ,

SM Z SM Kb
O7H s

e PROs:
 Simple and intuitive (at first)

 Good for exploratory analysis (of SM hypothesis)
e CONs:

 Not so Simple and intuitive in more complex situations
 Not supported by physical hypothesis

e Not renormalizable
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Why combine?

Diboson: Several final states with same sensitivity, expect good improvement
with combination

Diboson+Leptons: allows to distinguish between models

We use a model with a generalized interaction Lagrangian

Referred to as the Heavy Vector Triplet (HVT) model

Define HVT-A (weakly-coupled) and HVI-B (strongly-coupled) benchmarks

- o,
L3y = =8a Wi @y 5 ak — 8e Wi iy —fk - 8H (W"HT—zD”H+hc}

| X \
 ovsens )t (\\ (Wwez )

met

VV VH
50




50sonic & leptonic channels: VV, VH, Iv, I

RSG Scalar HVT Z' /W’

24 Wz WW WH ZH

= Z VA \NNVAVARN

vy 000l Clqqg vvqq qqqq fued fvqq fvlvy fvbb  qqbb  vubb  00DL  lu 24

Step-by-step combination procedure:
1. Combine seperately V'V, VH, and dilepton
2. Combine VV+VH
3. Combine VV+V H+dilepton first time @ LHC
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Combination

Orthogonality between channels guaranteed by selection on number of leptons,

jets, b-tags, and selection on ETmiss

Overlap between VV and VH analyses removed by vetoing Higgs boson
candidates overlapping W or Z mass window

Channel

Selection
Leptons EMSS  Jets

Diboson state

b-tags

VBF cat.

Reference

4494949
vvqq
{vqq

tlqq
124%%

Cvly
Cvel
el

WWIWZ|ZZ 0 veto 2]
WZ|ZZ 0 yes 1J
WW/WZ le, 1u yes  2j, 1]
WZ|ZZ 2e,2u - 2j, 1J
Z7 2e,2u yes

wWw le+1u yes

wWZzZ 3e, 2e+1u, le+2u, 3 yes

Z7Z de, 2e+2u, 4u -

[9]
[13]
[10]
[13]
[14]
[12]
[11]
[14]

qqbb
vvbb
{vbb
{€bb

WH|ZH 0 veto
ZH 0 yes
WH le, 1u yes

2e,2u veto

[15]
[16]
[16]
[16]

A%
R4

le, 1u yes
2e,2u

[17]
[18]

HVT model for Iv+Il: Require generator-level mass to be within mass window of
W’/Z’ pole to minimize effects of interference btw signal and dominant DY bkg

j=small-R jet, J=large-R jet
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Cross section definitions

* Why fiducial cross-sections?

* Correction for detector effects

* easy interpretation for theorists

* preserve measurements for posterity
* No acceptance correction

* less model dependence

> [ ATLAS /5=13TeV,36.1 b
Q)
— 14 e Data
é 1of Total uncertainty
' J‘_ Systematic uncertainty
10 I| —— MATRIX NNLO + corrections ]
Y | MATRIX NNLO ]
g 08 : !+ —-— SHERPA
(@) & l ; POWHEG + PYTHIA
O g6k & (SHERPA gg & ZZjj)
04f
0.2
C 00 —/———r—tr———rl——
"ES' 1.5f
©
10
e,
)
~ 05 , .
n- 0 50 100 150 200 250 1500
pr.ac [GeV]

Number of measured
signal events

Cross section N

oO.=

bin |

Correction for detector Acceptance
efficiency
Fiducial cross section N
= | reco,i
cross section in Ofid i * B — T
fiducial volume g Ci k L

(cuts applied to
generated events)

Fiducial volumes depend on event
selection/decay channel

* Why differential cross section?
* 1. check of SM calculations, and MC

generators used in the analyses — feedback to
theory groups

* 2. deviations from the Standard Model
predictions could be due to new physics = high
energy bins are sensitive to aGCs

53
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Search for neutral aTGCs

*Primary sigr

aTole ofnon U NI T T o e r—r

S o o ~
— (60720 (0°Z5) + £/(07 Vi) 217 Z)
Z
TeTaThigh ZZ mvariant masses and high Z bosons pT.

* ATLAS: pT-distribution of leading Z boson is used to derive limits on anomalous triple gauge couplings.

*CMS use mZZ

gx107°
> 104 ATLAS' T T » N'_q' _I I I | 1 1 I 1 1 1 I 1 1 I I I 1 I | 1 1 I
8 103k Vs=13TeV,36.1 1o - ATLAS . Expected 95% C j
e Data B _ - —— Observed 95% CL
; 102L 774, SM stat. & syst. uncertainty 6 I S—1 3 Tev’ 361 fb °
2 e . I tio q Z
10"k N g9 227 | i26
Q SP— pp — ZZjj (EWK) 4+ -
L qgol : ound |
i SM+aTGC, £ = 0" n %
1071 L=, SM + aTGC, — Z/?/
+ """"" fy =0.0038, f = 0.0033 \ 21—
10—2 .......................................................... : > q Z
108 B N
o= |
104 B i
5 § .
e .0 _2 | ]
Qo 1sf K |
o 10 2 B i
S o : 4 —
T o5 T - . -3
D 0 295 415 555 3000 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 X1 O
pr 2 [GeV] —4 -2 0 2 4 ,
f
M 9fb~" (13 TeV - 4
> 10° :Cl |S T T 1 LI L B B B B |35| 9| bl I( |3 Iel ): CMS : : : 35.9 fb] ! (13 TeIV)
|9 E —<¢— Data E = .
8 cor f = 0.0019,fZ = 0.0015| |
o i ——=- f] =0.0019,f7 = 0.0015| | 0.002
42 — qq — ZZ (SHERPA) - —\\\\
O 102 ] qa—2z,2y — i // T —_ ~ ]
& N g0 22,27 3 / / _________ ~-
[ ] zz+2jetsEWK 1 0.001 i ’ e NN
[ tiz, wwz i i ‘ ’ \\ ]
B z+x . \
\ ) \

10

0.2 0.4 0.6 0.8 1 1.2

P SO\

N [t SO -
Best Fit (20}\\ //
~ \_ Pz b

Obs. 95% CL (1D) ™
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precision
S
N

1074

10-35

- [l LHC 300/fb Higgs + LEP e"e">WW
W LHC 3000/fb Higgs + LEP e"e"»WW

light shade: e*e™ collider only HILC
solid shade: combined with HL-LHC [ CLIC

blue line: individual constraints
red star: assuming zero aTGCs

B CERC
W FCCH

Cqg

250G

240@eV (5/ab) + 350GeV (200/fb)

ree 240GeV (

V (

350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)

10/ab) + 350GeV (2.6/ab)
2/ab) + 350GeV (200/fb) + 500GeV (4/ab)

5 GDP

0.008

importance of complementary measurements
(different c.o.m. energies, polarizations, distributions)

importance of diboson measurement precision
(not studied much by exp. collaborations)

order of magnitude improvement wrt LHC, and dy,. constraint
(especially on 0cz, dczz, 0czO, OYb, OY+, )\z)

LHC helps for ¢, dy,, and 0y; (below 500 GeV!)
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