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Complementary to BSM searches
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Instead of bump hunting, looking for new physics in the tails of distributions
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https://arxiv.org/pdf/
1205.4231.pdf

 Requirements:

e Any extension of the Standard Model (SM) should satisfy the S-matrix axioms of unitarity

e Symmetries of the SM should be respected

 The SM should be recoverable in the appropriate limit

* |t should be possible to compute radiative corrections at any order in the extended theory and the SM
interactions with this theory

Multiboson Workshop, Fermilab 4 Saptaparna Bhattacharya
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| EFT Operators “g

e CP conserving trilinear operators are of the form:

Owww = Te[W,W"*W}]  Op = (D,®)'B"(D,®) Ow = (D,®)'W""(D,®)

* CP conserving quartic operators are of the form:

Lso = [(D,®)D,®] x [(D,®)!D,®] Lato = Tr [W,, Wi | x (D)1 DA )
Longitudinal operators Mixed operators

Lro=Tr[WuWH] xTr |[WaszW*|

Transverse operators

e — T
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https://
arxiv.org/pdf/
1205.4231.pdf

Experimentally limits computed on c;and f;

e CP conserving trilinear operators are of the form:

Explored with vector boson scattering and
triboson final states
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CMS

Compact Muon Solenoid
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All results at: http://cern.ch/go/pNj7
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Status: March 2019
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ii Anomalous Trilinear Couplings: W+*W- | &1 As

} EXPERIMENT
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https://atlas.web.cern.ch/
o Atlas/GROUPS/PHYSICS/
q | /‘ / PAPERS/STDM-2017-24/

s-channel diagram can acquire anomalous contributions
* Signal region defined by presence of exp*

e Generic feature in diboson/triboson final states: b-veto

Z/ | |
* Constraints on EFT placed by using unfolded, Pt of
leading lepton, Pylead
q W
Parameter  Observed 95% CL [TeV 2] Expected 95% CL [TeV 2]
cwww /A [-3.4,3.3] [-3.0,3.0]
CP conserving { cw A2 [-7.4,4.1] [-6.4,5.1]
cp/N? [-21,18] [-18,17]
Allowing for CP ¢ cyww/A° [-1.6,1.6] [-1.5,1.5]
violation { oy | A? [-76,76] [-91,91]
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~Anomalous Trilinear Couplings: *"71
| WWNVZ semileptonic | KRR

https://atlas.web.cern.ch/
Atlas/GROUPS/PHYSICS/

PAPERS/STDM-2015-23/
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“Anomalous Trilinear Couplings: T‘
WWNVZ semlleptonlc | ¥ TR

EXPERIMENT
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.> - ATLAS { —— obs. 95% CL, WV—hjj - \
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= " F Vs=8Tev,202fp" | T O® = 1 —|— S A2 2
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Prevent tree-level unitarity violation by
introducing form factor

Use Arr=5 TeV

 Boosted category more sensitive

Cyn/AZ [TEV?]
e Complementary resolved search region

Parameter Observed [TeV~2] Expected [TeV 2] “Observed [TeV—2] Expected [TeV ™ 2] B
WV — lvjj | WV — lv] |
o JA2 [—5.3,5.3] [—6.4,6.3] | [—3.1,3.1 [—3.6,3.6]

cp/A? [ —36,43] [ —45,51] [ —19,20] -2, 23]

cw [ A? [ —6.4,11] [ —8.7,13] [ -5.1,5.8]
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https://cds.cern.ch/record/2206093

" Anomalous Trilinear Couplings:
__WW/WZ semileptonic

——— e e —— = — — — — —_— - -

* Analysis geared toward finding anomalous coupling contribution to the SM http://cms-results.web.cern.ch/

cms-results/public-results/
publications/SMP-18-008/

- /C/:ompacl Muon Solenoid

e Hadronic W/Z candidate: leading AK8 jet with pt > 200 GeV
e Tail modeled as a sum of exponentials (SM (NNLO) and aTGC)
e |nvariant mass of the diboson system (Mwz) >900 GeV

 Pruned mass: 65-105 GeV and N-subjettiness < 0.6
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W-+jets and tt are the two main backgrounds

tt is signal like: hadronic W can be reconstructed as an AKS8 jet

i; Amalous TriIinar ings:
| ~ WW/WZ semileptonic

| |CMS

Compact Muon Solenoid

Shape of the W+jets background estimated in sideband region and tt background estimated from

simulations

Contribution from aTGC expected to show up in the tail of the distributions
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- Anomalous Trilinear Couplings: | [CMS/]
| W/WZ semileptonic |

s e —— e e ——— - R e

CMS Ppreliminary 35.9 b (13 TeV) CMS Preliminary 35.9 b (13 TeV) CMS Preliminary 35.9 fo' (13 TeV)
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Owww = Te[W,W"PWE Oy = (D,®) "W (D,®) Ow = (D,®)'W"(D,®)

Parametrization aTGC Expected limit  Observed limit Run I limit
cwww /A% (TeV—2) [-1.44, 1.47] [-1.58, 1.59] [-2.7,2.7]
EFT cw /A% (TeV™2) [-2.45, 2.08] [-2.00, 2.65] [-2.0, 5.7]
cg/A? (TeV~?) [-8.38, 8.06] [-8.78, 8.54] [-14, 17]
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 Anomalous Trilinear Couplings: g

http://cms-
results.web.cern.ch/
cms-results/public-
results/publications/
SMP-18-002/

o
L,

- Reconstructed transverse mass of the WZ

system used to search for aTGC

- Presence of aTGC manifests as an excess

of events in the tails of the ptZ2or Mwz

Parameter 95% CI (expected) 95% CI (observed)

cw/N? [—3.3,2.0] [—4.1,1.1]
Cwww / A? [—1.8,1.9] [—2.0,2.1]
cp/ A? [—130,170] [—100, 160]
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~Anomalous Trilinear Couplings: |
| 2Z leptonic | ¥ ATLAS

EXPERIMENT

e e —— e e e e e e

https://atlas.web.cern.ch/
Atlas/GROUPS/PHYSICS/
PAPERS/STDM-2016-15/

7 Analysis geared toward exploration of
q anomalous neutral TGCs in ZZ — 4l

Vertex forbidden in the SM

Z/y*
a 104 T T T
q Z % \ ATLAS /s=13TeV,36.1f0"
(5 0 e Data
?) 102t V777 SM stat. @ syst. uncertainty |
~ z ~ 7 - 7 - 7 Lﬁ SRS, pp — ZZjj (EWK)
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2 A N oy ~N 7 1071 '"'"‘.________g ...... ?M: ?TGC,’42= .
() N1+ f) f& Nia + fi fi Nis + f] f& N1a+ o2 Z 2 e

(szZ)2N22 + f4Z gN23 + f42f5ZN24‘|' 10-3
(fg)2N33 + f§f5ZN34+ 1o

YLl

P 3 20
(f5) N44 S 15} |
- - - - . @ 10t '/55/ 7 %
Nxy : coefficients associated with yields B os WU S 1

that depend on final state momenta pr.z [GeV]
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“Anomalous Trilinear Couplings: |
| ATLAS

ZZ Ieptonic EXPERIMENT
< 8>|<1|O_3| ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
N B ATLlA S L E)l(pected 950|/° cL | EFT parameter Expected 95% CL [ TeV_4] Observed 95% CL [ TeV_4]
6 Vs=13 TeV. 36.1 b —— Observed 95% CL |  Cjpy /A? —-8.1, 8.1 -5.9,5.9
- ’ I +to 1 Cww/A —4.0, 4.0 ~3.0, 3.0
- . 1 Cpw/A —4.4, 4.4 ~3.3,3.3
4 . -2 — C?BV/A4 ~3.7, 3.7 ~2.7,28
2 -
0 1 Neutral TGCs arise from dim-8 EFT operators
of - https://arxiv.org/pdf/1308.6323.pdf
_4l- _
_I | | | | | | | | | | | | | | | | | | | | | I_X1O_3
~4 -2 0 2 4
.I:Y
4
Coupling strength  Expected 95% CL [ x 1073]  Observed 95% CL | x 1079]
I —2.4, 24 —1.8, 1.8
7 —2.1, 2.1 —1.5, 1.5
fd —2.4, 2.4 —1.8, 1.8

fZ —2.0, 2.0 —1.5, 1.5
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~ Anomalous Trilinear Couplings: |
| 7Z (Z - I+, Z - vv) Rt

https://atlas.web.cern.ch/
Atlas/GROUPS/PHYSICS/

o | | | S 1  PAPERS/STDM-2017-03/
_ = 3C ATLAS —— Data —
q Z 5 F (s=13 TeV, 36.1 b g s 2z .
290 ‘f ----- Z=15x10°
5 N 2=1.0x10° 7
e =0.5x10° 3
TGO 15 .\ Theo. Uncer. -
1 S S .
0.5 S PSP
1 Z 0 200 300 400 500 600 1000
p! [GeV]
T
e Stringent limits £ f42 il f5Z
set in this
channel Expected |x 10_3] —-1.3,1.3] | [-1.1, 1.1] | [-1.3, 1.3] | [-1.1, 1.1]
e Sensitivity { 5
enhanced by Observed [X 10 ] [—12, 12] [—10, 10] [—12, 12] [—10, 10]

factor of ~ 2
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| 2y (Z 2 vv)

https://atlas.web.cern.ch/ S
Atlas/GROUPS/PHYSICS/ 10t
PAPERS/STDM-2017-18/ Fe
£
e 10
L1l
10°
10
1
'8 1.4
o 1.2
3 1
Parameter Limit 95% CL a os
Measured [TeV %]  Expected [TeV "] -
Crsy /N (1.1, 1.1) (-1.3, 1.3)
Cpw /N (—0.65, 0.64) (—0.74, 0.74)
Corw /N (—2.3, 2.3) (—2.7, 2.7)
Cpp/A* (—0.24, 0.24) (—0.28, 0.27)

Anomalous Trilinear Couplings: CMS,
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Stringent limits on aTGCs
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Summary of limits on anomalous

CMS

March 2019 o KILAs
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. Anomalous Quartic Couplings =
L L:SM—FZ&OZ'—I-Z&O-—I—
7; )\2 ; )\4 J

Rel

Operators WWww Wwzz 2777 ZZZy

Lsi1 Ls2 0
c,?M,O ;I\I\:,: 3M,6
c,?M,Z il\l\:,: 3M,4 O
L10 L11 L2
15 L16 L7 0

Z18 L19 0 0
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Search punp—
- Search for anomalous quartic couplings |

e e —— = — == e - = = S

http://cms-
results.web.cern.ch/cms-
results/public-results/
publications/SMP-18-006/

VBS topology to look for anomalous contributions to VV couplings
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CMS Experiment at LHC, CERN

Data recorded: Mon Oct 24 02:48:00 2016 CEST
Run/Event: 283884 / 546338192

Lumi section: 511

*2 forward jets

s
N

ez preszsee] | -
i o

i

[Electron 1, pT = 92.7 Ge\

Muon 1, pT = 73.8 GeV

[Electron 2, pT = 51.1 GeV

m,, = 89.2 GeV
M. = 91.5 GeV
m;=1.3TeV
An;=5.4
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- N N | [cms
| Analysis Strategy {

* Use boosted topology by: /
q >

* Requiring a Lorentz boosted V-jet (pt > 200 GeV)

o N-subjettiness (t2/t1) < 0.55

q < > q
* Mass of V-jet lies between 65-105 GeV \\ \\

q q
e Take advantage of VBS topology by: ak4-jet
e Requiring 2 ak4 jets with m;jj > 800 GeV « Use VBS topology to take

_ advantage of n separation
» Large n separation (IAnl > 4.0) between W/V and forward jets

* Require V-boson centrality
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* Major backgrounds: W+jets and Z+jets

» Estimate background from signal side-
bands

e My € [40, 65] U [105, 150] GeV

e perform maximume-likelihood fit to
Mw/zv in data

* Model background with parametric
form: f = exp(-m/(co + C1.m))

e Analysis sets most sensitive bounds
on anomalous couplings

Multiboson Workshop, Fermilab

- CMS 35.9 fb” (13 TeV)
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http://ems-
results.web.cern.ch/
cms-results/public-
results/publications/

SMP-18-001/
q/ q//
W:I:
&
Z
Z
q q

Contribution of aQGC expected to appear in the tail of mt(W2)

WZ (fuIIy Ieptonlc)

e~ ——

Events / bin
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B 2
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. Fro=Fr=0, F_=3TeVv*
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Stat.®Syst.

Data / Pred.
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1 Obo 1 5IOO

m(WZ) [GeV]

Parameters  Exp. limit Obs. limit
fso/A* [-11.2,11.6] [-9.15,9.15]
fan/A* [-109,11.6] [—9.15,9.45]
foo/A*  [-32.5,34.5] [—26.5,27.5]
fo1/A* (—50.2,53.2] [—41.2,42.8
fro/A*  [-0.87,0.89] [—0.75,0.81
fri/A*  [-0.56,0.60] [—0.49,0.55
fro/A*  [—1.78,2.00] [-1.49,1.85]
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'Anomalous Quartic Couplings
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https://arxiv.org/pdf/
1708.02812.pdf

Events / 0.04

35.9 fb' (13 TeV)

22_ T T T | T T T T T T | T T T | T T T |
20—C|VIS - Data —
sl WZZjEW  C
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~Anomalous Quartic Couplings
| ZZ (fully leptonic)

T ' N
- CMS —Data

B Zzjj EW
Mgy —ZZ
[aqq - 2Z

Events / bin
=)

B Z+X
10

[z, WWZ

frg/A*=1Tev*
Cf/AT =2 Tev?

| I

35.9 b (13 TeV)

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

M:; used to set limits on anomalous quartic couplings

Coupling Exp. lower Exp.upper Obs. lower Obs. upper Unitarity bound

fro/ A* —0.53 0.51 —0.46 0.44 2.5
fri/A* —0.72 0.71 —0.61 0.61 2.3
fr2/A* —14 1.4 1.2 1.2 2.4
frs/ A* —0.99 0.99 —0.84 0.84 2.8
fro/ A* —2.1 2.1 —1.8 1.8 2.9

Multiboson Workshop, Fermilab

27 Saptaparna Bhattacharya




~Anomalous Quartic Couplings: |
Zy (Z —>vv)

ATLAS

EXPERIMENT

https://atlas.web.cern.ch/
Atlas/GROUPS/PHYSICS/

PAPERS/STDM-2015-21/
%‘) _IIII|IIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII_ (1 B (1
o . ATLAS —4 Data : >
o 15 (s=8Tev,20.2f" WM Z(vijjEWK= .
e - _ Z(vv)yjj QCD 4
L%) B aQGC Reglon - W(e\;)+jets |
07 ey, IRZOVsES
- App=00 Y+ : . 7
T Wy +jets i
1 0—2 TOt. UnC. q > (!
Limits 95% CL | Measured [TeV~%] Expected [TeV~?] | Apr [TeV]
1073 Fro /A2 [—4.6,4.6] x 10°  [—3.9,3.9] x 10°
frs/A* [2222]><103 [— 1819]><103
200 300 400 500 600 Fro/ Al -2.2,21] x 100 [~1.9,1.8] x 10
T faro/A* 20,20 x 102 [-1.7,1.7] x 10° ArF=
s T G expocted far /A [—4.4,4.5] x 10 [—3.7,3.7] x 10°
) =t fraz/A? [-1.1,1.1] x 10> [-9.5,9.5] x 10?
2 Unitarty bounds fars/A [—2.1,2.1] x 103 [—-1.8,1.8] x 103
fro/A* [—7.6,7.6] x 10 [—6.3,6.2] x 10* 0.7
frs/A* [—3.6,3.6] x 10% [-3.0,3.0] x 10* 0.7
fro/A* [—8.6,7.8] x 10 [—7.3,6.5] x 10* 1.7
ATLAS fMO/A4 [ 1. 2, 1. 1] X 103 [ 9. 7,9 4] X 102 1.0
s=8 TeV, 20.2 fb’ farn /A [—2.0,2.0] x 10? [—1.6,1.7] x 10? 1.2
far2 /A [—1.3,1.3] x 10* [—-1.1,1.1] x 10* 0.7
fars/A? [—2.0,1.9] x 10% [—-1.6,1.6] x 10% 0.8
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Events / 100 GeV

~Anomalous Quartic Couplings:

EXPERIMENT
https://atlas.web.cern.ch/

R R R O R IR, =S _ SENSS Atlas/GROUPS/PHYSICS/
PAPERS/STDM-2014-05/
22:_""|"''|""|""|""|""""_: AL L LI LA ENLL LILL L  L  L L Y IL BO L
- ATLAS e Data - - ATLAS -
20— 20.3fb" Vs=8TeV i = . ’ 7
W VBS S corepn s ey E 0.6F 203", (s=8TeV
- WEWHjj EW E 0.4 - pp — W= W™ jj ]
1o I WAWj QCD . L K-matrix unitarization -
14 I Prompt = - .
- S N— Conversions ] 02 | —_
12— B Non-prompt = B _
n 000020 ' . B ]
O E 0
6 e . -0.2 confidence regions g
i : . - [68% CL .
o 1 04E @eswcL -
vvvvvvv 200 28%%
( B o i 06 — expected 95% CL ]
0 100 200 300 400 500 600 700 Or ]
M+ [GEV] - --- expected 95% CL PRL 113, 141803 —
, _I L1 1 | L1 1 1 | L1 11 I L1 11 | L1 1 1 L1 11 I L1 11 | L1 1 1 | L1 11 I L1 1 I_
_ L -04 -03 -02 -01 O O1 02 03 04
o K-matrix unitarization based on the
optical theorem (htips:/arxiv.org/abs/ Oy
0806.4145)
. . . — /7A VA%
« Ensures projected scattering amplitude gLy = agtr[V,V,]u[VEVT],

satisfies unitary condition

asls = as tI‘[V'uV‘u] tI‘[VVVV] ,
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- Summary of limits on anomalous M>
| quartic couplings 1=

~~ Compact Muon Solenoid

e e e e e e — — = = == — =

March 2019
CMS —
Channel Limits [ Lat fs
[ i ss WW [-3.8e+01, 4.0e+01] 19.4 fb™ 8 TeV
4
fg o /A

- ss WW [-7.7€+00, 7.7e+00] 35.9 fb 13 TeV

— WZ [-2.6e+01, 2.8e+01] 3591fb" 13 TeV

Boosted analysis

a H Wv zv [-2.6e+00, 2.7e+00] 35.9 fb" 13 TeV

: | ss WW [-1.2e+02, 1.2e+02] 19.4 fp™ 8 TeV
4
I / ss WW [-2.2e+01, 2.2e+01] 359 fp 13 TeV
: / Wz [-4.0e+01, 4.2e+01] 35.9 fb™ 13 TeV
Boosted analysis
H WV 2V [-3.36+00, 3.36+00] 35.9 fo! 13 TeV
| l l l | l l l | I I | | |

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

Summary of limits
~quartic couplings

.

|

= Compact Muon Solenoid

Boosted analysis

Boosted analysis

CMS
March 2019 ATLAS Channel Limits [ Ldt s

fA [ i WVy [-1.3e+02, 1.3e+02] 20.2 fb™ 8 TeV
M,0 I ] WVy [-7.7e+01, 8.1e+01] 19.3fb™ 8 TeV
| Zy [-7.1e+01, 7.5e+01] 19.7 b’ 8 TeV
I | Zy [-7.6e+01, 6.9e+01] 20.2 fb™ 8 TeV
I ] Wy [-7.7e+01, 7.4e+01] 19.7 b 8 TeV

H ss WW [-6.0e+00, 5.9e+00] 359" 13 TeV

| W2Z [-8.8e+00, 8.6e+00] 35.91f" 13 TeV
— vy —=WW [-2.8e+01, 2.8e+01] 20.2 fo'! 8 TeV

H Ty—=WW [-4.2e+00, 4.2e+00] 24.7 fb™ 7,8 TeV

| WV 2V [-6.6e-01, 6.6e-01] 359 fb" 13 TeV
f A I ] WVy [-2.1e+02, 2.1e+02] 20.2 fb™ 8 TeV
M,1 I | WVy [-1.3e+02, 1.2e+02] 19.3 b 8 TeV
I i Zy [-1.9e+02, 1.8e+02] 19.7 fo! 8 TeV
I | Zy [-1.5e+02, 1.5e+02] 20.2 b 8 TeV
| | Wy [-1.2e+02, 1.3e+02] 19.7 o™ 8 TeV

H ss WW [-8.7e+00, 9.1e+00] 35.9 fb™ 13 TeV

| Wz [-8.2e+00, 8.9e+00] 35.9 fb 13 TeV
I i vy —=WW [-1.1e+02, 1.0e+02] 20.2 fo 8 TeV

| vy—=WW [-1.6e+01, 1.6e+01] 24.7 fb™ 7,8 TeV

H WV ZV -1.9e+00, 2.0e+00 359" 13 TeV
X I ] WVy -5.7e+01, 5.7e+01 20.2 fb™ 8 TeV
M,2 — Zy [-3.2e+01, 3.1e+01] 19.7 fb™ 8 TeV
— | Zy [-2.7e+01, 2.7e+01] 20.2 fb’ 8 TeV
— Wy -2.6e+01, 2.6e+01 19.7 fo 8 TeV
f G I i WVy -9.5e+01, 9.8e+01 20.2 fb™ 8 TeV
M,3 | | Zy [-5.8e+01, 5.9e+01] 19.7 o™ 8 TeV
] Zy [-5.2e+01, 5.2e+01] 20.2 b 8 TeV
— Wy -4.3e+01, 4.4e+01 19.7 fb™ 8 TeV
fOAA i ] WVy -1.3e+02, 1.3e+02 20.2 b 8 TeV
M,4 . Wy -4.0e+01, 4.0e+01 19.7 fb™ 8 TeV
N i | WVy -2.0e+02, 2.0e+02 20.2 b’ 8 TeV
M,5 I ] Wy -6.5e+01, 6.5e+01 19.7 fb" 8 TeV
fAA I ] Wy -1.3e+02, 1.3e+02 19.7 b’ 8 TeV

6 [ ss WW [-1.2e+01, 1.2e+01] 359" 13 TeV

1 WV ZV -1.3e+00, 1.3e+00 35.9 fb 13 TeV
I Wy -1.6e+02, 1.6e+02 19.7 fb”' 8 TeV

- ss WW [-1.3e+01, 1.3e+01] 359 b 13 TeV

I I I | I I I I'I I I I | I wv IZV | [-3.3e|+00, 3|'36+0(|)] | I 35'9|fb-1 13|TeV I

-200 0) 200 400 600 800
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) !

e~ ——

Summary of limits on anomalous
| quartlc couplings

CMS,

~~ Compact Muon Solenoid

CMS
March 2019 ATLAS Channel Limits S Ldt is
i A I i Wyy [-1.6e+01, 1.6e+01] 20.3 fb™ 8 TeV
T.0 [ i Zyy [-1.6e+01, 1.9e+01] 20.3 fb™ 8 TeV
I ] WVy -1.8e+01, 1.8e+01] 20.2 fb"’ 8 TeV
H WWW -1.2e+00, 1.2e+00] 359" 13 TeV
- Zy [-3.8e+00, 3.4e+00] 19.7 fb” 8 TeV
— 5\7 -3.4e+00, 2.9e+00% 29.2 fb': 8 TeV
. — Y -5.4e+00, 5.6e+00 19.7 fb’ 8 TeV
Boosted analysis — ss WW -4.2e+00, 4.6e+00] 19.4 fo" 8 TeV
H ss WW -6.2e-01, 6.5e-01] 359" 13 TeV
H WZ [-7.2e-01, 7.5e-01] 359" 13 TeV
| 27 -4.6e-01, 4.4e-01] 359 fb™ 13 TeV
1 WV ZV -1.2e-01, 1.0e-01] 359 fb" 13 TeV
£ A4 (| WWW -3.3e+00, 3.3e+00] 35.9fb" 13 TeV
T — Zy -4.4e+00, 4.4e+00] 19.7 fb™ 8 TeV
- Wy -3.7e+00, 4.0e+00] 19.7 fb™ 8 TeV
] 4 ss WW -2.1e+00, 2.4e+00] 19.4 fb™ 8 TeV
Boosted analysis | ss WW -2.8e-01, 3.1e-01] 35.9 fb! 13 TeV
1 WZ [-4.8e-01, 5.2e-01] 35.9 fb™ 13 TeV
H ZZ -6.1e-01, 6.1e-01] 35.9 fb 13 TeV
| WV ZV -1.1e-01, 1.2e-01] 359 b’ 13 TeV
A - WWW -2.7e+00, 2.6e+00] 35.9fb" 13 TeV
T2 — Zy -9.9e+00, 9.0e+00] 19.7 fb™ 8 TeV
—_ Wy -1.1e+01, 1.2e+01] 19.7 fb 8 TeV
— ss WW -5.9e+00, 7.1 e+00]] 19.4 fb‘1 8 TeV
. H ss WW -8.9e-01, 1.0e+00 359 fb 13 TeV
Boosted analysis H WZ [-1.4e+00, 1.8e+00] 35.9 fo! 13 TeV
H 77 -1.2e+00, 1.2e+00] 35.9 fb™ 13 TeV
| WV ZV -2.7e-01, 2.7e-01] 359" 13 TeV
| { WVy -2.0e+01, 2.1e+01] 20.2 b 8 TeV
—— Zyy -9.3e+00, 9.1e+00 20.3 fb" 8 TeV
- Wy -3.8e+00, 3.8e+00 19.7 fb™ 8 TeV
i A I ] WVy -2.5e+01, 2.5e+01 20.2 b 8 TeV
T,6 [ Wy -2.8e+00, 3.0e+00 19.7 fb™ 8 TeV
X [ i WVy -5.8e+01, 5.8e+01 20.2 b 8 TeV
T7  — Wy -7.3e+00, 7.7e+00 19.7 fb” 8 TeV
i Al H Zy -1.8e+00, 1.8e+00 19.7 fb’! 8 TeV
T8 H Zy [-1.8e+00, 1.8e+00] 20.2 fb™ 8 TeV
H ZZ -8.4e-01, 8.4e-01] 35.9 b 13 TeV
i IAY —] Zyy -7.4e+00, 7.4e+00] 20.3fb" 8 TeV
T.9 — Zy -4.0e+00, 4.0e+00] 19.7 o 8 TeV
- Zy -3.9e+00, 3.9e+00] 20.2 fb 8 TeV
| | | | |-|-| | | | zz | | [-1 .8|e+00, 1.8|e+00] 35.9 ' | 13 1;eV
0) 100 200

aQGC L|m|ts @95% C.L. [TeV'4]
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.~ aQGCs in triboson final states | ATLAS

' ) EXPERIMENT

https://atlas.web.cern.ch/
Atlas/GROUPS/PHYSICS/
PAPERS/STDM-2016-05/

q

fuo /N [ATLAS © " 17 " o T Ns=8Tev, 20210
Fan 1 /A’ [ R —AFF—1T9V
fM2 /A __ ________________ I ]
fM,3 /A __ _______________ — _______________ ]
fM4/A4 _ __________________ _____ _ __________________ i
q fM5 /A _ ________________________________________ _ ________________________________________ i
fM6 /A _____________________________ — ____________ _________________________________________ ]
> ryrrv7 v T T T T T T T T T T T T T T T fM7/A4 .................................. ...... _ ....... ......................................... _
& 10°E ATLAS e Data T fr /A% -
3 [ Vs=8Tev,202f"  [[] Wy+ets = fT’ JANYTT T A A ]
2 OF sgnaregon O Fakeyfromjets 5 DT g B~ e e -
e r o B Fake u from jets o UL ) SRR S———— — A SO ]
=10 3 I Other backgrounds 5 fT,5 /A I R —— L ]
102 L_Jwvy i fT6/A4 _
|:| Total uncertainty _§' f ’ /A4 O [ """"""""""" """"""""""" """"""""""" """"""""" — 3
______ fo/a*=1374Tev* ] | T7 S — | > ] O
10 ’ P 3 -60 -40 -20 0 20 40 60
S 1 IR B Unitarised Anomalous Coupling [TeV™]
QR B w Arr=0.5TeV, 1 TeV, o
S tte-g-w-o--l-- + S O N S S |
R |+|| """ N | i

1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400
EL [GeV]
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Events

CMS Preliminary 359 b (13 TeV)
351 | | | | | | | |

E Dirreducible .charge misassignment + Data
30 :_ |:|Iost/three leptons |:|y—>lepton - - WWW (stacked)

25 '_ I:lnon-prompt leptons @total uncertainty

i a

e |

10f_ lmm. .: ..
I )

. e*e* e*u* ueu* 1 ere* e*u* u=u= 10 SFOS 1 SFOS 2 SFOSI
'—— M-in > < M;-out —>,<e— three lepton —p!
' signal regions

Optimized cuts on St (= sum of all objects in an

event) lead to almost background free
environments

Remaining backgrounds are irreducible (no

contamination from fakes)

Use simulations to determine these backgrounds

SM WWW is taken as a background

Anomalous coupling Allowed range (TeV ™) |

Expected  Observed

fro/A*
fri/A*
fra/A*

13,13] [1.2,12
-3.7,37]  [-3.3,3.3
-3.0,29]  [2.7,2.6
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Center of mass
Process Salient feature CMS or ATLAS energy, /s and Reference
data set

Uses unfolded https://atlas.web.cern.ch/

W+W- production leading lepton prto ATLAS 13 TeV, 36.1 fb-1 Atlas/GROUPS/PHYSICS/

set limits on aTGCs PAPERS/STDM-2017-24/
WZ ducti 5 Uses pr of 2 https://atlas.web.cern.ch/
production : resolved jets or pr ATLAS - 8 TeV, 20.1 fb-1 | Atlas/GROUPS/PHYSICS/

W< Al IE e Uses mass of WV i 5 | e /
. . 5 : _4 | results.web.cern.ch/cms-

(Sem“eptomc system : CMS 13 Te\,! 35'9 fb L | results/public-results/
decay) ! | publications/SMP-18-008/
. http://cms-
WZ production Uses mass of WV

- results.web.cern.ch/cms-
(leptonic decay) system CMS 13 Te\,! 35.9 fb-1 . results/public-results/
i i i . publications/SMP-18-002/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-23/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-008/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-002/

Center of mass
Process Salient feature CMS or ATLAS energy, /s and Reference
data set

Exploration of . https://atlas.web.cern.ch/

ZZ production | neutral aTGCs from ATLAS 13 TeV, 36.1 fb-1 AatiasiarOUPS/PHYSICS/
. dim-8 operators | i . PAPERS/STDM-2016-15/

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

: Exploration of neutral : :
. https://atlas.web.cern.ch/

22 (Z - I+, -~
( > | aTGCs from dim-8 ATLAS 13 TeV, 36.1 fb-1  AtiasicrROUPS/PHYSICS/

7 —DVV) . operators; achieve PAPERS/STDM-2017-03/
. higher sensitivity
Exploration of neutral § ;
' aTGCs from dim-8 | 5 . https://atlas.web.cern.ch/
5 i i i -1 | Atlas/GROUPS/PHYSICS/
ZY (Z _’VV) . operators; achieve ATLAS 8Tev, 20.11b PAPERS/STDM-2017-18/

higher sensitivity
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-03/

f CMS

Compact Muon Solenoid

. Use VBS topology and
. tag a boosted W or Z jet; |
sets most stringent
limits

wZ

VBS WZ in fully
leptonic channel

, VBS ZZ in fully |
. leptonic channel, set |
limits on frs, fro '

ZZ

. Limits characterized
. as a function of cut- '
’ off scale '

Analysis uses k-matrix
unitarization to set
limits on aQGCs

ATLAS  8TeV,20.1 b1

13 TeV, 35.9 fb-!

13 TeV, 35.9 fb-!

http:/ecms-
results.web.cern.ch/cms-
results/public-results/
publications/SMP-18-006/

___________________________________________________________________________________________________________________________________________________________________________________________________________________________

http:/cms-
results.web.cern.ch/cms-

results/public-results/
publications/SMP-18-001/

https://arxiv.org/pdf/
1708.02812.pdf

___________________________________________________________________________________________________________________________________________________________________________________________________________________________

https://atlas.web.cern.ch/
. Atlas/GROUPS/PHYSICS/

PAPERS/STDM-2015-21/

https://atlas.web.cern.ch/

. Atlas/GROUPS/PHYSICS/

PAPERS/STDM-2014-05/

Multiboson Workshop, Fermilab
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-001/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-006/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-001/
https://arxiv.org/pdf/1708.02812.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-21/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-05/

oF
:M

rrent state of combination of CMS | [Gvis.
| ~and ATLAS results =

&

It is the early stages in the determination of quartic couplings by the LHC experiments.
It is hoped that the two collaborations, ATLAS and CMS, will agree to use at least
one common set of parameters to express these limits to enable the reader to make a
comparison and allow for a possible LHC combination.

emphasis mine!
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Anomalous contributions explored in myriad
final states

Exploration of anomalous contribution to SM
couplings complementary to BSM searches

In the process of analyzing full Run 2 dataset

Stay tuned for new results!

80

60

| |CMS

CMS Integrated Luminosity, pp

20lRS

50

Total Integrated Luminosity (b ')

Data included from 2010-03-30 11:22 to 2018-08-24 09:31 UTC

TVC 2010, 7 TeV, 45.0 pb
\ 2011, 7 TeV, 6.1 fb !

2012, 8 TeV, 23.3 b !
2015, 13 TeV, 4.2 fb
2016, 13 TeV, 40.8 b
2017, 13 TeV, 49.8 b’
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Definitions . %

e Mass drop tagger used :

min(pr1, pr2) ( AR ) g
> Zcut y
pr1 + P12 Ry

Soft Drop Condition:

e Transverse mass of the WW system:

2
MwwT = \/(Pgl + sz + PErTmss)
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Leptonic WZ

[Franceschini, Panico, Pomarol, Riva, AW, 2018]

The most important plot: reach now extends to reasonable theories !
[This is what assessing the “EFT Validity” really means]
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- N - 1 [cms

o ATLAS results:

- WW: https://atlas.web.cern.ch/Atlas/IGROUPS/PHYSICS/PAPERS/STDM-2017-24/: done
- 4-lepton: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-09/
- Zy 13TeV: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-18/
- WVy: https://atlas.web.cern.ch/Atlas/ GROUPS/PHYSICS/PAPERS/STDM-2016-05/
- semileptonic WW/WZ: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-23/: almost done
- Zy: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-21/
— ZZ production with two charged leptons and two neutrinos in the final state at 13 TeV
-- ZZ cross-section measurement and aTGC limits at 13 TeV
-- Electroweak Wijj cross section and aGC Limits at 7 and 8 TeV

Claudius’ and my sources:

— https://arxiv.org/abs/1810.07698 (A Global Likelihood for Precision Constraints and Flavour Anomalies)
— http://pdg.lbl.gov/2019/reviews/rpp2018-rev-wz-quartic-couplings.pdf (pdg)

— https://www.thphys.uni-heidelberg.de/~gk_ppbsm/lib/exe/fetch.php?
media=students:lectures:student_lecture_eft.pdf (Johannes intro)

— https://arxiv.org/pdf/1408.6207.pdf (Higgs EFT)

— https://arxiv.org/pdf/1205.4231.pdf (degrande)

— https://arxiv.org/pdf/1610.01618.pdf (Time to Go Beyond Triple-Gauge-Boson-Coupling Interpretation of
W Pair Production )

— Claudius’ previous talk: https://indico.cern.ch/event/756370/contributions/3184515/attachments/
1738204/2812041/HEHL.C.Krause.pdf
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