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Vector Boson Scattering at the LHC .}\J(IT

= VVjj final state with V=W,Z
= Contains triple and quartic gauge couplings (QGC)
= Leading Order: EW (a,°), QCD (a_,*as?), and inteference (a

ew Os)
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Theoretical motivation
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“No-lose theorem” of LHC:

 Violation of Unitarity without
Higgs (~1.2 TeV)
 Either Higgs or something else
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https://arxiv.org/pdf/hep-ph/9711302.pdf
https://arxiv.org/pdf/hep-ph/9711302.pdf

Hadronic decay channel Q(IT

= Hadronic decays of V=W,Z have the largest Branching Ratio
= The final state is fully reconstructable, since

there are no neutrinos \
= Boosted regime;  Xarest_—— ok
\_\_%{% \/\/\_/\}/\< /’.‘
" Two resolved jets SingI‘c; fat jet
® No neutrinos, no charged leptons
® Main challenges:
- Very large QCD multijet background

- Small cross-section compared to background processes
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Effective Field Theory approach o o
L =Lsut Z f ?+ Z f

® Include higher (mass-) dimension operators
= Integrate out higher energy effects — truncate series

* Theory invalid beyond A 10
- ﬂ mOStly dlm_6 100 Unitarity Bound
= aQGC: dim-8 o ob

dM;,  GeV 102

1074
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Effective Field Theory approach
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6) £19
L =Lsu+D %‘M 20" X

= Currently implemented: only dim-6 or dim-8
= aQGC: dim-8
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http://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling
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Effective Field Theory approach

a2 X

=L SM+Z
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= aTGC: mostly dim-6

= Recent study suggests 15 dim-6 operators for VBS

[VBSCAN-PUB-05-21]

= For now: focus on 3 operators, that
only affect vector bosons

= \Warsaw basis

3/16/22 Max Neukum
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http://inspirehep.net/literature/1901079
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Summary of a previous study
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= QCD Fit in control region, with transfer function: (Po/(x/+'s)”)

* For dim-8 operators only: comparable limits with 2016 data

3/16/22
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5000 6000
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observed asymptotic 95% CL, exclusion limits [TeV 4]

aQGC parameter literature limits VV
fso/A2 (—2.7,2.7) —16,18

fSl /A_4 (—3.4, 34) —30, 30
Faro/A4 (—0.69,0.7) —-3,3

fa /A (—2.0,2.1) —3.7,3.7
Fara/A? (—8.2,8.0) —5,5
Iars/A? (—21,21) —8,8
fara/A™H (—15,16) —8,8
fars/A3 (—25, 24) —13,13
Sra /AT (—1.3,1.3) —6.6

Farr /A (—3.4,3.4) —6.4,6.4
fro/A™* (—0.12,0.11) —0.2,0.2
fri /A% (—0.12,0.13) —0.18,0.18
fro/A™2 (—0.28,0.28) —0.43,0.43
frs/A% (—0.70,0.74) —0.7,0.7
fro/A™ (—1.6,1.7) —0.91,0.91
fri/A? (—2.6,2.8) —1.5,1.5
frs/A—* (—0.47,0.47) —0.73,0.73
fro/A™% (—1.3,1.3) —1.6,1.6

Institute of Experimental Particle Physics, KIT



Signal Topology ﬂ(“‘
VV Selection: AK8 l AK4

@ p,=2200GeV,n|<25
@ 60 GeV <m, <215 GeV
@ DNN based boosted jet tagger

AKS8

AKS8

VBS Selection: AK4 l | . AK4

@ p, =50 GeV
@ An(,J,) > 3.0 > Control Region: fail VBS Selection

@ m{,.J,) = 500 GeV > Data taken in 2016 - 2018 (“full Run-2")
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Backgrounds

4 ’
QCD multijets

® Overwhelming background
® Not resonantin M,

-
V+jets ttbar
q Z
q g

10 3/16/22 Max Neukum

# events
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® Smaller backgrounds: VV, VVV,
single top, tt+X

10° Il tt+jets
I Z+jets
Bl W+jets

10° 55 ¢ My, < 215

55 < My, < 215

10

1500 2000 2500 3000 3500 4000 4500 5000 5500
m; [GeV]
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Dijet invariant mass [GeV]

Analysis strategy

= 3D Fitin M, M,, M,
- M,,: very sensitive to EFT

—— mass jet1 [GeV]
- M,: QCD background not resonant

EFT =0
= Follow fit strategy of resonance search

(~30% improvement compared to 1D)
* Fit to data via morphing between shapes
= Differences to resonance searches:

- VBS topology: tagging jets reduce background
- EFT signal not resonant in M,,,, but changes the slope

mass jet2 [GeV]

vV’
ala
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-18-002/index.html

Signal modeling ._\\J(IT

Karlsruhe Institute of Technology

T
Noc|A|=]|Agy] +Z ZER(ASMA A Q.

Interference SM-EFT Pure EFT (quadratic)

o)

ratio for mzz in [1000, 1200) GeV

®= UFO models as input to MadGraph:
- Dim6: SMEFTsim Implements the Warsaw basis
- Dim8: “Eboli model” includes some operators

= SM yield is scaled with a 2" degree polynomial

® Quadratic fit describes signal scaling perfectly

® Scaling is more dominant in higher mass bins

® Rel. Yields
— Fit Result

aQGC/SM yield

0.5 1
frg/ A* (TeV™)
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http://smeftsim.github.io/
https://arxiv.org/abs/1709.06492
https://arxiv.org/abs/2004.05174

Signal parametrization .}\J(IT
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= Parametrize m,,,, m , with a double-sided Crystal Ball function

= For m,, use the envelope of SM?+ aQGC? + 2 * SM * aQGC

o 1+Erf((M,—a,,)/a,)

_ a,M a,, ) 2 2 0, My,
Foi= Neele™ g™ +N, e 5 +N . fie
g 12 EFT g 4500
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Modeling the QCD background ﬂ(".

Karlsruhe Institute of Technology

= Derive 3D templates from MC

= Take correlations (m,, ,| m,, ) into account

= Calculate detector response for m,,, , and m,,, — scale and resolution
= Each event contributes with the 1D/2D gaussian kernel

P(mW:mmevz) = Pw(mw) X Pcond,l(mV1|mW) X Pcond,Z(mV2|mW)

2

S
5000
4500

my, [GeV]

14 3/16/22 Max Neukum Institute of Experimental Particle Physics, KIT



Nonresonant projections
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= Projections of 3D template on each axis
= Similarly: conditional PDFs for resonant backgrounds
* Further major backgrounds are: V+jets, ttbar, single top and VV production
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Resonant background ﬂ("'

. n - BRI e e o
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First fit results ﬂ(“.
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36 b (13 TeV)

1T ‘ T ‘ 1T | 1T ‘ I TT | T TT | I TT ‘ 1T ‘ 1T ‘ 1T
CMS Limit at 95% CL E
Preliminary B Expected = 1 std. deviation —|

----------- Expected + 2 std. deviation —

[
—_
o

n

Expected CL_limits for different values
of the EFT parameter
= Shown are limits at 95% CL

= Values below the horizontal line can be
excluded 1

95% CL limiton c . :[-5.92, 5.83]

—_
o

signal strength = |

signal strength

= Next steps: e E
- repeat for other operators and expand - |
to full Run2 qo2 i LYY L L L
- Include all systematic uncertainties vE e i Tev @

Max Neukum Institute of Experimental Particle Physics, KIT
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Summary '-\\J(IT

= Search for anomalous couplings in hadronic decay channel of VBS
= Large branching ratio but also large background

= Simultaneous Fit of backgrounds and signal in 3D
— suppress large QCD background

Outlook

® Final Fit shows already comparable limits to existing analyses
® |nclude full Run2 (2016 — 2018) statistics

® Full systematics will be included

= 2D limits, Unitarity restoration

18 3/16/22 Max Neukum Institute of Experimental Particle Physics, KIT



SKIT

Karlsruhe Institute of Technology

Backup
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CMS: production cross sections S(IT

. . Karlsruhe Institute of Technology
June 2021 CMS Preliminary

S S T R S R A & 7 TeV CMS measurement (L <5.0 fb™)

E’" A S S @ 8 TeV CMS measurement (L < 19.6 fb)

bt Pooror i 13 TeV CMS measurement (L < 137 o)
Theory prediction

Z 4 Z CMS 95%CL limits at 7, 8 and 13 TeV
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20 3/16/22 Max Neukum Institute of Experimental Particle Physics, KIT



EFT Operators ﬂ(“.
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Lso = [(Du®) D,@] x [(D"®) D¥9) (5) Lro = Tr[WuW™| x Tr [Was ] (16)
- T T 1B T Trav

fo - Do pelx[oaye] @ T TRl a

Lro = Tr[We, "] x Tr [Ws, W] (18)
Lag = Tr[W, W] x [(Ds@) D] (8) Lrs = Tr [WWV? | X Bas B (19)
Lya = Tr [Wwﬁ/uﬁ} v [(DgCI))T D"CI)] 9) Lreg = Tr [VI/WVI/ } x B,z B"” (20)
Lio = [BWBAW] « [(Dﬁq))f D’B@} (10) Lrr; = Tr [WCWW”B} >; Bg, B (21)
Cus = [Bu”] < [(D10)' D7) G e e
Lya = [(D#@)T Wﬁ,,D”CI)] < BPY (12) T,9 ap By
Lis = [(D,®) Ws,D"®] x B (13)
Lus = [(Du®) W W D'e] (14)
Luz = [(Du®) Wy, WD Q] (15)

[O. Eboli et al]
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https://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling

Detector response: Gaussian kernels -\\J(IT

Karlsruhe Institute of Technology

Work in progress =

—— 2016

= For each bin in generated p_: derive R |
jet mass scale and resolution as o

m reco / m gen = Work in progress %

jet ' i: 4 2
= Same for dijet mass \§<>
= |Instead of an event, fill full 1D/2D £

gaussian kernel

¥

Work in progress

i
= —
L

(&
o -

2 2
w; 1 1- smjj,i 1 1-—- smjet,i
k(mjet7 mﬂ) — eXp A m'U - A mjet 7560 1500 E— 2:5"53
2Tl it i 2 [ 2 [
Jet? K o Vet
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Central Jets and PS ﬂ(".
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* |In VBS reduced central jet activity

MNormalised average rapidity of the third jet (LO+FPS) MNormalised average rapidity of the third jet (NLO+PS)
— 1z — 1.2
E;_ - NLO (fixed order) E;_ i NLO (fixed order)
e 1| ﬂ ——— MGs5.aMC+Hp-Default i 1 f— ——— MGs5.aMC+Hyp-Default
< C ' MG5_aMC+Py8 < C s MG5.aMC+Py8
f 08— _‘—‘ ——— PHANTOM+Hz-Defaul f -y === MGs5aMC+Py8, Q. /2
= PHANTOM+DPy8 = T ——— Powheg+Py8
T 6 ——— WBENLO 3+Hz-Dipole i . — — — Powheg-no shower
= o ——— WHIZARD+Py8 s —— VBFNLO 3+Hy-Default
= C = C VBENLO 3+H7-Dipole
0.4 — 0.4
0.2 [— _ 02—
L —r
l l
1 2 3 1 2 -
1.3 - 13 e L
1.2 & 12 E-
£ “E ] e [ € IiE L
2 ool ! 2 ogE -
g:ég_llll—l "I TR R R B R g:é||.1|||||.1|||||.1|||||.1||||L1||
] 0.2 o4 06 0.8 1 1.2 1.4 o 0.2 0.4 o6 o8 1 1.2 1.4
“is Zis

[Ballestrero et al.]
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https://arxiv.org/abs/1803.07943

Signal modeling

Asm|? + Z

N x |A]? =

® MadGraph5 + UFO model + reweighting
= SMEFTsim Implements the Warsaw basis in

MadGraph

- 21 .ASM.AT )

Interference SM-EFT

aQGC/SM yield

= SM yield is scaled with a 2"! degree polynomial in

each m,,, bin

® Quadratic fit describes signal scaling perfectly
® Scaling is more dominant in higher mass bins

24 3/16/22 Max Neukum
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T
AL (Aq. ‘AQS )

Pure EFT (quadratic)

o,

ratio for mz in [1000, 1200) GeV

®  Gen. points
— Fit Result

Work in progress

05 1
frg/ A* (TeV™)
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http://smeftsim.github.io/

Signal modeling (ll)

25
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Signal modelling uses MadGraph LO Reweigthing

Start with f = 0 except one parameter. Starting
with non-SM scenario enhances statistics
Use MadGraph reweighting to apply a weight

/4

new_l

_lM

new

orig

along f-axis for every event

For 2D limits, this has to be a 2D-grid.
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