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The standard model of particle physics
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Standard Model of Elementary Particles
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LHC pp Vs =13 TeV

* The theory describing elementary particles and their interactions

* Well tested experimentally

o
275 Gev Bl 0321300
dets B
pr>100G g
LHC pp Vs =8 TeV
= Y A Data 20.2 -20.3fb
A
OV
pr>
i o) ]2Ec¥ LHC pp Vs =7 TeV
125GeV 100'Gev :AO D;’S?é o
O o Vg Il Data 45-40m!
mz2 e
A Ao e o dwan o
el o O 7 A
=3 g M we wz o _ otk
B NV nze s H wz0 a
PR = | ° pr 25 GaY 7z 7z o v
A o n=3 mz4 A a w
25 "uk ° ““05 = w0 o
A‘ p nz4 n Oﬁ . R AOU o »vlt_-\lfu-' ot
o "t o O o8
e B " A 4 H. -bin A zizu wwze Wi
Ai o Nbs o asy | |08 .- =’ 0.2) ag
nee Oz o W N a
A n=4 nz6 o} A o
o Q Heyr g Zj B
nz7 15 A w total
e i o n AAD B W W
o a1 z o o
<% L -
026 A
o nn vy Duwz
o w a
Podets Y W Z ot ot W 77 H Hij VH Vy v iH wwy 7y V2w
tty Vijj tttt yroWw
tot. tot. VBF tot. EWK tot. EWK

Mathieu Markovitch - 17 May 2024



The standard model of particle physics

Standard Model of Elementary Particles

Standard Model Production Cross Section Measurements

Status: February 2022
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* The theory describing elementary particles and their interactions

* Well tested experimentally
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Vector boson scattering (VBS)

* Electroweak production of vector bosons associated with jets:
scattering («collision») of vector bosons

ViVoij = V3V,
* V. are (Z, W*, photon)

* High energy needed for such process: need to collide gauge bosons



VBS is very rich

Lots of different gauge couplings can be involved

Jet

Even couplings with the Higgs boson

_____ £ T

These graphs are
necessary to allow
VBS in the SM |




Gauge couplings

* Not all couplings are allowed in the Standard Model (SM)

LA W~ 1 W
WM W+ _E'J_IJ
: "”F}LLJ Y
;:{ r-j}{
TGC QGC
 Of course at the vertex
 Furthermore there is in the SM

e Search for deviation from SM in gauge couplings !



Gauge couplings

* VBS (and triboson) processes are the only ones that are sensitive to
guartic gauge couplings

* Unique way of probing physics beyond the SM (BSM) affecting these
couplings
* New QGC (e.g. neutral ones)
 Alteration of couplings existing in the SM

* Can be studied in the Effective Field Theory (EFT) framework



We haven't seen BSM physics for now

* It does not exist ?
* It is too weakly coupled ?
* It is hidden in SM backgrounds ?

* It is present at too high energy for the current accelerators ?



EFT approach

A A~O(TeV)
BSW i

* Model-independent way of looking at BSM effects SM N\ EFT mwwf
—

~NASS

e Expand the SM Lagrangian (mass dimension 4) to higher dimensions

1
A3

1

 Effective Lagrangian Lprr = Lon + l£I5 + L Al

A A2ﬁ6—|— L7+ Lg+ ...



Dimension-n Lagrangians

* At a given dimension-n: L, = > . CT'Q"

* In the SM there is no high dimension term, Wilson coefficients are O

* Operators are uniquely associated to Wilson coefficients and form a
complete basis

* Odd-dimension operators violate lepton or baryon number conservation
and are usually ignored



Dimension-n operators and aQGC

* Wilson coefficients associated to dimension-6 operators are constrained
since dimension-6 can be probed with lots of analysis (different final
states)

* Dimension-8 is not well known and can induce aQGC: VBS opportunity !
* Link with experiment ? Need observables from EFT

* For instance dimension-8 gives some amplitude (hence cross-section
prediction):

(Vé " . (::2 c j’i : *
A? = | Asar|* +2 E FRE(A; Asnr) + 2 E A8 | A;|* + 2 E G > Re( A} A))
i i i#]



Eboli model

 Complete classification of dimension-8 operators respecting symmetries
Oso = {(D,LQJ)TDV@_ X {(D“@)TD"@} O =Tr {waﬁ?’“’} X {(D_B‘I’)TDB‘I)} , Oy ="Tr {ﬁ?pvﬁ?”ﬂ X {(D.aq’)iD”‘I’}
Os, = {( D,®)’ i) {( D)t D”(’I’)] Onz = [BuB™] x | (Ds®)! D7) . Onis = [BuwB"] x |(Dy@)! DHo)
' Onra = [(D“qsffﬁgym@} x BFv . Ops = [(D,ch)*ﬁ?,.g,,qus} x BAr 4 hc.

O:’W,? = |:(D“(I))i Wfﬁyﬁ?ﬁ”qu}}
Oro=Tr ﬁ?}wﬁ}#w] < {ﬁ}&'.{iﬁ?aﬂ , Orq1=1Tr ﬁ?&y Wes | x Ty Fﬁuﬁf’[}ﬂv}

OT.Q — Ty _ﬁ}a;xﬁ}’u'ﬁ} % T {ﬁ}ﬁyﬁ}ua} 1 OT._F; — Tr _ﬁ}#vﬁ?py} > BQBBQB
OT._G — Ty -ﬁ?m/'ﬁ}mﬁ} % BRBBQ:V 1 OT - =Tr _ﬁ} ﬁ?u-’i_ e BjuBua
OTS - BuuBLvBaiB&i OTC} = Bnp,BJjBivaa
» Different vertices impacted
SM Not SM
Operators WWWW | WWZZ | WWry | WWAZ | ZZZ7 | 277~ | ZZvy | Zyvyy | vyyY
FS0, FS1 v v v
FMO, FM1, FM7 v v v v v v v
FM2, FM3, FM4, FM5 v v v v v v
FTO, FT1, FT2 v v v v v v v v v
FT5, FT6, FT7 v v v v v v v v
FT8, FT9 v v v v v
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The ATLAS experiment

13 TeV protons collisions

§SOISSE.___ -~

=

Tile calorimeters

= LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiaﬁorllrocker

I_e pto n S Semiconductor fracker e ptO n S
We look at the collision and decays products
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Semileptonic final states

* Inclusive VVjj (V=W,2) production in LHC Run-2 data

* Semileptonic final states: one gauge boson decays hadronically (quarks
pair) and the other one decays leptonically (leptons pair)

V- qq, Z— vi.

V— qq', W— .

V— qq, Z— 1T,
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What we want to measure

* VBS with W/Z decaying into quarks and leptons z

e Can't be separated from other electroweak (non-VBS) prodwuctions

e.g. :iw (not affected by aQGC)

* Needs to be separated from non-electroweak production and other
backgrounds

P

QCD diboson production (no scattering) + jets W + jets Z +jets Top production




Analysis results

* Semileptonic VBS observed with a significance higher than 5o

o A R R RN R A
[ ATLAS Work In Progress —*~ :\TJT/V" ]
10° Vs =13TeV, 139 b ' = wqag -
£ 1lep., Resolved SR Tight Z+jets E
T SRVBSTight Stop
105 L I ttbar
E Diboson

* Measurement compatible with SM signal expectation

Events / bin

Uncertainty

* Observed fiducial cross section 33.0 £ 5.5 fb o' _ Dawa

* aQGC interpretation i

Data/Pred.

= L1 ] ‘ | ] 1
0 01 02 03 04 05 06 07 08 09 1
RNN

* Publication during the next months
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aQGC limits

* Inclusive analysis: of the Eboli model can be constrained

* Dedicated EFT samples added to the Monte-Carlo (SM background and
VBS signal)

* SM VBS is for aQGC
e Constraints (95% Cl) on different operators are very competitive

FSO//\4 [_322’ 322] [-372, 373] _I\l,]—lé 255_ ATLAS Work In Progress !.': _E
FS1/A4 [-6.84, 6.85] [-7.62, 7.63] o fo=1oTev, 199 10" i
FMO/A® [1.12, 1.12] [1.20, 1.19] o — obeerved i
FM1/A4 [-3.24, 3.24] [-3.77, 3.77] £ E
FMI2/A4 [-1.66, 1.66] [-1.76, 1.76] st E
FTO/A® [-0.20, 0.18] [-0.24, 0.21] N
-06 04 -0.2 0 0.2 04 06
FT6/N [-0.76, 0.72] [-0.71, 0.68] A% eV
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QGC combination

* Run-2 analyses are going to be finalized (Run-3 already started in 2022)

* Lots of different and complementary ATLAS VBS analyses

* AccesstoaQGC
* Opportunity to constrain dimension-8 operators

e Started the effort with semileptonic, WW, WZ, Wy, Zy and ZZ analyses
* Complementary final states, hence operators, involved 4
e Expecting great results, improved 1D and 2D limits

2 15 -1 05 0 05 1 15 2
fr/A* [TeV]

* Challenges: harmonization and correlations between analyses...



Conclusion

* VBS processes probe the of electroweak
interactions

* They are and provide to BSM physics affecting
gauge and Higgs couplings

* This can be studied in the framework of through

* The analysis allows to study a lot of couplings

* It is part of the . great results
expected !

THANK YOU !
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