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Standard MOdel CrOS S Sections N Overview of CMS cross section results
successfully tested over 10 orders I
of magnitude :

We discovered a Higgs boson

Still we have to understand in detail
the Electroweak Symmetry
Breaking Mechanism (EWSB)

It 1s a long journey, but several
milestones of the path have been

posed:
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The observation of the production of EW bosons through vector boson fusion
The detailed measurement of the diboson productions

The observation of the electroweak production of vector bosons and jets, i.e., the
vector boson scattering

The observation of several triboson production

The first attempt to measure the vector boson polarization in diboson intermediate states

We are on the road to study the most intimate part of the EWSB: the acquisition of the
longitudinal degree of polarization of the massive electroweak bosons
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... has a distinctive signature
« Two jets in the forward-background region w/o color connection = Large pseudorapidity gap

o Decay products of the outgoing vector bosons tend to be in-between the tag-jet pseudorapidity gap
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« Other key variables are: the invariant mass of the dijet system (m.) and the Zeppenfeld variable (z*),

usually defined as ) or )
Zy :|nX_(njet,1+njet,2)|/2 Zy :|nX_(njet,1+njet,2)/2|/|Anjj|
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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

=1540Gev

| Electron 1, pT = 92.7 GeV| _

Muon 1, pT = 73.8 GeV

| Electron 2, pT = 51.1 GeV/|

il = 89.2 GeV
M= 91.5 GeV
mj; = 1.3 TeV

y An; = 5.4
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Most updated results (vs = 13 TeV and full lumi), other results w/ lower Vs or -Z exist
See https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP

pp — WiWijj CMS-SMP-19-012 CMS-SMP-20-013 CMS-SMP-20-006
Polarization studies
pp — WiZj j CMS-SMP-19-012 CMS-SMP-20-013
pp — Wiwij j CMS-SMP-21-001 CMS-SMP-20-013
pp — Zij CMS-SMP-20-001

pp —> W*yj; CMS-SMP-21-011
pp = Zy]] CMS-SMP-20-016

pp = p(*)VVp(*) CMS-SMP-21-014

Fully leptonic =100 fb!
Semileptonic (W—lep & V — had)
Fully hadronic
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Unique analysis that combines the 2 and 3 charged leptons final states.
A simultaneous fit is performed to both constrain the signal, the
background and possible deviations from the SM predictions

CMS 137 fb" (13 TeV) . CMS 137 fb (13 TeV)
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Unique analysis that combines the 2 and 3 charged leptons final states.
A simultaneous fit is performed to both constrain the signal, the
background and possible deviations from the SM predictions

137 b (13 TeV) 137 1™ (13 TeV)
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dO‘/me, w [fb/GeV] (LO)

pp RS Wi, .,

PRL 126 (2021) 252002

The analysis adopts a tecnique (clipping) that takes into account the possible
violation of the unitarity (not physical) that can be induced by large Wilson
coefficients
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Limits worsen by a factor of 5
in comparison with limits
without unitarity constraints

R

Observed (WTW=) Expected (WEWE) Observed (WZ) Expected (WZ) Observed  Expected

(TeV™) (TeV™) (TeV™) (TeV™) (TeV™) (TeV™)
fro/A* [-1.5,2.3] [-2.1,2.7] [-1.6,1.9] [-2.0,2.2] [[11,1.6] [-1.6,2.0]
fri/A* [-0.81,1.2] [-0.98, 1.4] [-1.3,1.5] [-1.6,1.8] [-0.69,0.97] [-0.94,1.3]
fra/ A% [-2.1,4.4] [-2.7,5.3] [-2.7,3.4] [-4.4,5.5] [-16,31] [-2.3,3.8]
fvo/ A [-13, 16] [-19, 18] [-16, 16] [-19,19] [-11,12] [-15, 15]
fwn /A [-20, 19] [-22,25] [-19, 20] [-23, 24] [-15, 14] [-18, 20]
fve/A* [-27,32] [-37,37] [-34, 33] [-39, 39] [-22, 25] [-31, 30]
fwr /A4 [-22, 24] [-27, 25] [-22, 22] [-28, 28] [-16, 18] [-22,21]
foo/ A* [-35, 36] [-31,31] [-83, 85] [-88,91] [-34, 35] [-31,31]
for/A* [-100, 120] [-100, 110] [-110, 110] [-120, 130] [-86, 99] [-91, 97]

Lro = Tt [WWW“ ] x Tr[ adwaﬂ
Lry = Tr [WQVWW] x Tr[ JWW}
Lro = Tr [WQ#WW] x Tt [Wﬂuwua}
Lo = Tr [WWWW} X [(D;;(I))TDﬁ(ID]
Lyy = Tr [VAVWVAV"ﬁ} X [(ng))TD“(I)]
Ly = [BuB"] x [(Dﬁd))T Dﬁd)]
B = [(D@)TWWWWD“@}
Lar = [(D#Q)TWWWWDV@}
Lso = (D) D,@] x [(D*®) D 0]

Ean = [(DHCD)TD”CI)] x [(DV@)TD%}
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« First attempt to measure the different polarization contribution to the total
pp = WWjj cross section

137 b (13 TeV)
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« Make use of boosted decision tree technique and perform two separate fits to
extract either the scattering of two longitudinally polarized Ws or at least one
longitudinal polarized W.

137 b (13 TeV)
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SMP-21-001

Opposite sign WW
production in fully
leptonic final states

(e,u)
. CMS 138 fb' (13 TeV)
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_ SMP-21-001

The most disciminating variables, m and Anjj, are not enough to
disentangle the signal from the background, although in the Z <1 SR
the EW WWjj production 1s pretty visible at large values

CMS Supplementary 138 fb! (13 TeV) CMS Supplementary 138 fb ( 13 TeV)
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— make usang of a DNN!
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SMP-21-001 (NEN
Variable Description XXT T . - .
m Invariant mass of the two tagging jets pair « EWW=W JJ fiducial cross-section:
At Pseudorapidity separation between the two tagging jets
' — : = =+
o pr of the highest pr jet Measured: o, = (10.2£2.0) fb
2 f th d-highest pr jet S
T pro” " 1e SECONCTUBRET PT)E — LO predicition: o, = (9.1+0.6) fb
pr pr of the lepton pair EW
Ay Azimuthal angle between the two leptons « With an observed (ex pecte d)
Zy, Zeppenfeld variable of the highest pr lepton Lonifi £5.6 59
Zy, Zeppenfeld variable of the second-highest pt lepton significance ol 5.0G ( . O-)
0y f1 miss
m Transverse mass of the (p+, ) system .
! propros — first observation ever!
o CM 138 fb ' (13 TeV) o CMS 138 fb' (13 TeV
— T T l T T T l T T T l T T T | T T T E T T T | T T T l T T T | T T T ' T T T
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o First evidence of the

p p ~ WVjtagjtag g f\, 2-] 2jtagjtag

process at LHC

« Searched it in two topologies:

- Resolved: search the vector boson decay in
two separate AR = 0.4 jets

— Boosted: look for the vector boson
reconstructed in a unique AR = 0.8 jet

o Contribution from QCD-induced
process is very large. A careful estimation
has been done.

— Dedicated control regions to costrain main
sources of backround

e Make use of a DNN discriminator in both
categories

R.Bellan 1% July 2022 — VBS @ CMS 13



CMS L =138 (13 TeV) CMS L=1381b" (13 TeV)
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« Simultaneous fit of the SRs and Ob q od
the dedicated CRs fot W+jets and tt served (expected)

significance = 4.40 (5.10)
o Extract separately EW WVjj and .
EW+QCD WVjj signal strenght () Opwrqop = 164,45 pb

« Extract the u., and w,., with a 2D 0w =190 pb
simultanous fit
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Pros

Cons

_ SMP-20-001

Search for two on-shell (60 < m,, < 120 GeV) Z bosons decaying
into electrons or muons pairs, consider jets if their p_is > 30 GeV

Final state can be fully reconstructed
— all kinematic variables are accessible
Very clean final state

— low reducible background

Low oxBR compared to other channels

— maximize the selection efficiency (minimal cuts on lepton mainly
driven by trigger thresholds, detector acceptance)

7.7, + QCD-induced jets (irreducible background) highly dominant
compared to pure EW production

— understanding of the irreducible background is paramount
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Events/0.04

Data/bkgd.

Evidence of the electroweak production
of ZZ+jets with 4.0 (3.5) o obs (exp)

0 =0.3370 (stat) oo (syst) fb

Among the lowest cross sections
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measured so far at LHC!
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Clfo /A =2Tev*
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m,, [GeV]

o Access to neutral dim-8 operators T8 and T9,
not accessible in other VBS processes with
massive bosons only

B, B" B,sB*’
B,,B" Bs,B"

« Set strict bounds on these sets of operators,
inaccessible in charged gauge boson final states

o Results take into account the unitarity bounds

R.Bellan
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Allows the measurement of differential
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« Single and double proton channel detected in the very forward-
backward regions

p2

[
-

Y

P1

o Interaction of quasi-real photons (very low g?)

e Search for one or two intact protons in PPS in central events with 2 jets

PPS Roman Pots containing Detectors

T g S [oiered e 5
A W

e Access to the full kinematics of the event!

— Can directly access the EW gauge boson interactions
~ 010 o v z \\/ \\/ .

« Very rare process: o

q—=WW
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pp DR

CMS-TOTEM simulation Preliminary

§ = Ap/p, is measured

= ,sb —2 .10° GeV" :
with PPS and itis used to S C°F W ER0eeV _  region I'25
o 3o o 06— - /
cumpute the rapidity and e 1,
the invariant mass of the R -o region.
pp system 0.2 3 R 0
1 gl _ 0 }' . N l- - 15
y(pp)=Jlogg  mlpp)=vs§5§, R
2 028  r f'---: " _
- . - 10
_0-4 I - - - [ -- - L] - -
Signal regions: n " .. '_ -
0.6 S bt E e i o
e In the red diamond (0): 0.8 ot =T - " °
m(VV) = m(pp) s - .
y(VV) = y(pp) _I | 11 1 | 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 11 1 | 1 1 1 | 1 1 1 | 1 1 1 0
-4 12 108 08 04 02 Pm(W v(\)/')em(P F9).4
o the black diagonal bands (0): Key selection:
one proton is correctly At least two fat jets, with [n| < 2.5, p. > 200 GeV,
matched, the other comes InG1) - n(G2)| < 1.3.
Jfrom pileup events m, range: 1126 - 2500 GeV, both jets V-tagged.

— Still considered as signal
Main background from QCD dijet production, estimated with ‘ABCD’ method
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. .. . a%/A% (x 107 GeV?)| |aZ/A? (x 107 GeV?)|
o Dim-8 limits close to CMS same-sign WW and
. o o [ [J
WZ scattering analyses at 13 TeV after Limits on the fiducial cross sections

unitarization

-S> +34
o First yyZZ limits through the exclusive yy = alpp=> pWWp )°'°4<§<°'2°””> wo0Gev< 67(53735 ) b

77 .
o ( pp~> pZZp )0.04< £<0.20,m>1000GeV < 43 (62- 23(? ) fb

o« New limits on the fiducial cross section for
TeV-scale

R.Bellan 1% July 2022 — VBS @ CMS 20



« We discovered a Higgs boson, yet the comprehension of the Electroweak
Symmetry Breaking is not completed

— Understanding the Multi-boson production in association with jets is the
key point!

— Complementary to Higgs boson properties studies and high mass searches

« Observation/evidence of all VVjj electroweak production processes

Time to enter in the differential cross section measurements,
Especially those sensitive to the vector boson polarization

— they will be ones of the hot topic of LHC Run III data analysis!

Details on results can be found in the public pages of the CMS experiments
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
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Instructions to directly access the analysis page

CMS

— For pubblications

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-Y Y -XXX/index.html

— For PAS

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-Y Y - XX X/index.html
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Six-fermions final state at leading order o, or four-fermions and a photon at €{c)
qd—aw - q T —aw T T —au - q

T2

VYV scattering —

q q g - q q = i
q W q o7 q W
o W Z W
Triboson — il Iy s v &
q q q

... however, also this diagrams are present and cannot be neglected

q - q

W/Z g
. .

ey

o ® T

«— Higgs

VAVAVAVAY
K

éw<w< < VV and non resonant
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@ Why multiboSORSG importan”

o Test of the non-Abelian structure of the Electroweak theory of
the Standard Model

« Validation of the perturbative calculations

o Test of standard model couplings

— In vector boson scattering processes, the unitarity is preserved via
Higgs contributions, if not the cross section rise as a function of
the invariant mass of the V. V. system

— Test the gauge structure of the EW interactions, as it is sensitive
at three level to quartic gauge couplings

— Test the couplings between the Higgs and gauge bosons
« Search for new physics

— Through resonances, if the new particle mass is accessible w/ LHC

— Through deviations if the energy scale of new physics is higher than
those reachable at the LHC
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et e+ Triple gauge couplings (TGC)

u,ct

e" I'l! I
Ve ] vp L] V.[ d, S, b
W W
W W
Photon Gluons
VA Y

Higgs Boson

e Quartic gauge couplings (QGC)

W wow woW wow W
v v Z g} Z zZ W W

26

R.Bellan 1 July 2022 — VBS @ CMS



Test of the/SRNIORGI coupline:

wei e+ Triple gauge couplings (TGC)

Leptons
g H, T 4 u, Cat
Vi, Vy, V. d,s, b
1% 4%

Gluons

Anomalous couplings
+ what forbidden in SM

Higgs Boson

e Quartic gauge couplings (QGC)

W

W

W W-
277
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& Parametrization _auge Couplings

q Z

W:l:

q W=
Traditional parametrization for diboson production
(assuming CP conservation, Lorentz invariance, U(1)EM gauge invariance)

Lwwz = —igcos by [gl (VVJr W_”ZV—W;VWJFHZ”)

)\Z
+EIW W, 2 + Mz W w™ “Z”p]

Lywwy = —te|(WHW"A"—W Wt AY)
+RIW W, Fr 4 )‘2 W W’;FVP]
' M,

with

g2 =1+ 68¢7, K% =1+ 6r%7 and from SU(2) invariance
s?

59’1 = 0K% + Wﬁﬁﬂ
Cly
A=)\

See,e.g., C. Degrande et al, 10.1016/j.a0p.2013.04.016
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Parametrization _heory (SMEFT)

o We can add to the SM lagrangian a series of dimension > 4 operators
with a “new physics” cutoff A:

L = Lsm —|—Z
d.k

Ci

d
Ad—4 Ok
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Parametrization o_ Theory (SMEFT)

« We can add to the SM lagrangian a series of dimension > 4 operators
with a “new physics” cutoff A:

Crd
L=Lsm+ Z Adil@;‘f
d.k

« For example, for d = 6, we can have operators like

1: X3 2: HS 3: H4D? 5: v2H% 4 hc.
Qo | 14PCGAGBGor  Qy ‘ (HIHY?  Quo (HYH)O(HH) Qer | (HTH)(lpe,H)
Qs | 1APCGiabraSr Qup | (H'D,H)" (H'D,H)  Qua | (H'H)(gyu,H)
Qw | KWW lew e Qar | (H'H)(GpdyH)
QW GIJKWI{VWVJpWPKp
4: X2H? 6:v2XH + he. 7:2HD

Quo | HHGAG™  Quw | ([o"e,)r' HW], Q) (H'i'D  H) T,y
Qua | HHHGAGY Qg | (Lo™e)HB,, W | @D Gry,)
Quw | HHHWLW™ Q. | (o T4u,)H G, Qe (H''D ,H) (eper)
Qui | HEWLW™  Quw | (0" u)r HW], Q' (H'i'D, H)(qm @)
Qus | H'HBWLB™  Qus | (50" u)H By, QW | (ENDLH) @G v e)
Qus | HUHB.,B" Qac | (@0 T4d,)H G, QHu (H'iD . H )(upv“uT)
Quws | HIFTHWLBY  Quy | (go™d,)r HWL, Qrra (HYD H)(dyyd,)
Quivy | HITTHW], B Qap | (g0"d,)H By, Quua + he. | i(H'D,H)(u,v"d,)
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Parametrization o_ Theory (SMEFT)

« We can add to the SM lagrangian a series of dimension > 4 operators
with a “new physics” cutoff A:

Crd
L=Lsu+ Z Adil@;‘f
d,k

« For example, for d = 6, we can have operators like

1:x3 2: HS 3: H4D? 5:¢2H3 + he.

(H'HYO(H'H) Qer | (HYH)(lye H)
(HTDHH)*(HTDMH) Quu (HTH)(Qp“r )

Qe | FAPCGIGEGS:  Qu | (HH)Y  Quo
va fABCéAuGBpGCu Qup
| Qu | drswivwowsn Quin | (H'H)(Gd, H)
Qu | KWW IrwEn

In case we truncate the series
to d = 6, then we have a simple

4: X2H? 6: Y2 XH + he. 7. 2H?D . . .
: 1 = relation with the aGC view
Que | HIHGAG™ Qv | (o' e, )T HWL, G (HYi' D H)(I,7"1,)
Que | HIHGA GAW Qes | (Lo"e,)HB,, QY (HTiﬁ,{H)(l‘p Lyng)
~ <=
Quw | HIHWL W Que | (@o" TAu,)H G, Qe (H'iD ,H)(e,1" e,) 5.2 2 CWC’ \Z 3M o
— ~ — K" =—-—=—Chownb wCw
Quiw | HIHWL W Quw | (G0 u, )T HW], Q%) (H'i'D , H)(g,7"qr) A2 sy ’ T A2
~ <=
Qup | HVHB,,B"™ Qus | (Go*™u,)H By, Q%) (H'i DLH)(qm"v"q,)
~ <=
QHE HTH B,LLI/B#V QdG (‘ij#VTAdr)HGﬁV QHu (HTZD H)(UP’Y#UT) I B . . d M T tt
_ R e.g., see L. Brivio an . Tro
Quws | HiT'HW! B* Qaw | (gporvd,)TTHW!, QHa (H'i'D ,H)(dyy"d,) i i
I . ' . _ Phys. Rep. 793 (2019) 1
Quivp | HTTHWLB™ — Qup | (40" d,)H By, QHua + hc. | i(H'D,H)(w,v"d,)

The EFT is more general and in present days is the preferred framework
for the interpretation of the experimental results
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Vew key BRI SME'T

o The effective field theory reveals high energy physics through precise
measurements at low energies . Its validity is for E << A.

« It allows us to compute precise cross sections starting from the lagrangian

from Lagrangian .. b
6 8
QSMEFT—QSM'FZAZ ()+ZA4@()+

I

SM EFTas EFTas
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Few keSS ME T

o The effective field theory reveals high energy physics through precise
measurements at low energies . Its validity is for E << A.

o It allows us to compute precise Cross sectlons startmg from the lagrang1an

from Lagrangian ..

ZsmerT = ZLsm + Z —@(6)

A

SM EFTas
Linear EFT cross-sections: Quadratic EFT cross-sections:
interference SM-EFTde squares EFTads
. \ / R. Ruiz
to cross-sections ....
N C N C,,Cp
_m _(eft) —mn s(eft)
O'SMEFT(C,A) ~ ogmq X |1+ E 2 0m -+ E A2 Omn
I m=1 \ m,n=1
evaluate at (N)NLO QCD + NLO EW evaluate at NLO QCD

with SMEFT@NLO

The quadratic d6 cross section contains both pure (i.e., m=n) and mixed contributions
When considering d6 quadratic term one should include the d8 linear term, unless
the measurement is proven to be insensitive to the addition of the d6 quadratic term
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Relevant
Operators

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

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

.....................................................................................................................................................................................................................
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pp W g

—0.24 < fpo/A* < 0.22
—0.31 < fr1/A* < 0.31
—0.63 < fra/A* < 0.59
—0.43 < frg/A* < 0.43
—0.92 < fro/A* < 0.92

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

o/ A* —12.5 12.8 —15.8 16.0 1.3
P /A* —28.1 27.0 —35.0 34.7 1.5
Fvo /A —5.21 5.12 —6.55 6.49 1.5
Fuvs/A* -10.2 10.3 —13.0 13.0 1.8
Fyva/ A ~10.2 10.2 ~13.0 12.7 1.7
Fuvs/ A ~17.6 16.8 —22.2 21.3 1.7
Fuvz/A* —44.7 45.0 —56.6 55.9 1.6
Fro/A* —0.52 0.44 —0.64 0.57 1.9
Fri/A* —0.65 0.63 —0.81 0.90 2.0
Fro/ A% ~1.36 1.21 —1.68 1.54 1.9
Frs/A* —0.45 0.52 —0.58 0.64 2.2
Fre/A* —1.02 1.07 —1.30 1.33 2.0
Fr7/A* —1.67 1.97 —2.15 2.43 2.2
Frg/A* —0.36 0.36 —0.47 0.47 1.8
Fro/ A% —0.72 0.72 —0.91 0.91 1.9

R.Bellan 1* July 2022 — VBS @ CMS 35



smp-21-011 (&Y

Expected. limit Observed. limit Upound
5.1 < fuo/A* <51  —5.6 < fp/A* <55 1.7
71< fan /A <74 =78 < fin/A* <81 2.1

18 < fup/A* <18  —19< fip/A* <19 2.0
25< fus/A* <25 =27 < fus/ A <27 2.7
33 < fou/AN* <33 =37 < fuu/A* < 3.6 2.3
-3.4 < fM5/A4 < 3.6 -39 < fMS /A* < 3.9 2.7

13 < fur /A <13 —14 < fun/A* < 14 2.2
043 < fro/A* <051 —047 < fro/A* <051 1.9
027 < fr/A* <031 —031< fr1/A* <034 25
0.72 < frr /A* <092 —0.85< frp/A* < 1.0 2.3
029 < frs/A* <031 —0.31 < frs/A* <033 2.6
023 < fre/A* <025 —0.25< frg/A* <027 29
-0.60 < frr/A* <0.68 —0.67 < fr7;/A* <073 3.1

R.Bellan 1* July 2022 — VBS @ CMS 36



R.Bellan 1* July 2022 — VBS @ CMS 37



o« The EWK V+2jets process - Important SM
benchmark

—  Cross check and validate other VBF productions
« VBF V process:

— Central V decay associated with energetic
forward-backward jets

- Large invariant dijet mass and large n
separation between the tagging jets

o Pure EWK process :

— Suppressed color flow between the quark-jets
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All results at: http://cern.ch/go/pNj7

R.Bellan

' W ' Z IWYI Zy \NWIWZI Y4 Ivvv !NwwlwwzlwzzI 727 IWVYIWWIZWI EW 'E
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a

qqW qqZ)l WW aqWyssWW qqZyqqWZqqZZ
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CMS Preliminary

i 7 TeV CMS measurement (L <5.0 fb™)

# 8 TeV CMS measurement (L < 19.6 fb)

i 13 TeV CMS measurement (L <137 fo™)
- Theory prediction

% & Z CMS 95%CL limits at 7, 8 and 13 TeV

ol el sl

Yty 'tZq ttZ 'ty HW ttt bgH'ggg'VH'WH'ZH ViH' tH HH
Th. Aoy, in exp. Ac



Valldatlon_lculatlons To Egip
(G
pp — AT vpip pp — 00T vpiy pp — 00T 0vpy LHC /s =13TeV
k 77 WW || WZ;
% 13_2 baseline cuts baseline cuts : baseline cuts :
U 3 3
;‘g 103 r {
10
Eg 10—5 3 3
:‘E 10:: Lo
< 107 | = NLO EW i 1t
Lo—¢ | === NLO QCD

== NNLO QCD

2 IF 1 F
8 . ] . —————
: - — -
MI ‘\_\_\_\_\;
| 1 NLO EW/LO -
’ —— NNLO QCD /NLO QCD
XX, 420 F 1F 1F ]
— b ]
| 0 : j il s e —— I
c | | S | s
o E - 1 r —
S —40f ; ]
2 _go [ === NNLO QCD :
g [ —— NNLO QCD+EW 1L
< 80 F == NNLO QCDxEW,, it
I NNLO QCDXEW 1t
= 200 500 1000 200 500 1000 2000 5000 500 1000 2000 5000
myy [GeV] myy [GeV] myy [GeV]

M. Grazzini et al, 10.1007/JHEP02(2020)087
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' o) .
Test of tHESIREEIcouplings 7,
M
If the cancellation of the nggs WWT —> WW T with anomalous triple and quartic couplings

1O3§'

o (pb)

diagrams 1s not complete, then :
the W W_ cross section will 07l

grows as a function of Vs, up to
a new physics scale A

WW. — WSW, with modified Higgs couplings
10377| T T T T T T T | T T T T T T ‘i

o (pb)

I<1.5 o

mo W ey o
M. Szleper, arXiv:1412.8367
41
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ElCCt_f ZJJ STDM-2017-27

Process Generator ME accuracy PDF Shower and Parameter
hadronisation set

EW Zjj PowneG-Box v1 NLO CT10nlo PyTH1A8 + EviGEn  AZNLO
HErRwIG7 + VBFNLO NLO MMHT20141o HerwiG7 + EvTGEN  default
SHERPA 2.2.1 LO (2-4j) NNPDF3.0nnlo SHERPA default

Strong Zjj  SHErea 2.2.1 NLO (0-2j), LO (34j) NNPDF3.0nnlo SHERPA default
MapGrapuS_aMC@NLO  NLO (0-2j),LO (3—4j) NNPDF2.3nlo Pythia8 + EviGen  Al4
MADGRAPHS LO (0-4j) NNPDF3.0lo PytHiA8 + EvIGEN  Al4

vv SHERPA NLO (0-1j), LO (2-3j) NNPDF3.0nnlo SHERPA default

tt PowHEG-Box v2 hvq NLO NNPDF3.0nnlo PyTHiA8 + EvTIGEN  Al4

vvv SHERPA LO (0-1j) NNPDF3.0nnlo SHERPA default

W+jets SHERPA NLO (0-2j), LO (34j) NNPDF3.0nnlo SHERPA default
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Anomalo S SEENRNGR coupine:

« Search for new physics while doing EW measurements

 Look for deviations from SM in tail of distributions (m,, m , m., P, col)

o Parametrize the new physics adding terms to the SM lagrangian

« Several possibilities, for the analyses presented here we made use of the
Effective field theory approach [Phys. Rev. D 48(1993) 2182,
Phys. Rev. D 74 (2006) 073003] to extract limits on anomalous quartic gauge
couplings

o Parameters are varied one-by-one, with the exception of the WZjj analysis in
which we varied two parameters at a time

e Designed an analysis (SMP-18-006) specifically to search for aQGC in
WW/WZ/ZZ + jets production, in final states where the vector bosons have
been decayed semileptonically
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Anomalous Modelling

« Extension of the SM Lagrangian by introducing additional dimension-8 (or 6) operators:

Lo = Loy + Z % O; + ... desideratum: A ~ 1-2 TeV
I

o Effective field theory is useful as a methodology for studying possible new physics effects from
massive particles that are not directly detectable.

Underlying assumption: scale A is large compared with the experimentally-accessible energy

These operators have coefficients of inverse powers of mass (A), and hence are suppressed if
this mass is large compared with the experimentally-accessible energy

Limit: A so large that the effect is comparable to missing higher order corrections from SM

An effective field theory is the low-energy approximation of the new physics

o coefficients in dimension-6 (i.e. c/A%) (e.g., hep-ph/9908254), may affects 3 boson vertices too:

C,,/A* (VBFNLO), a,*/A?, a_"/A> (CALCHEP)...

. coefficients in dimension-8 (i.e. c/A") (e.g., hep-ph/0606118), modifies 4 boson vertices only:

£, /A% £, JA...
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A A<1TeV Agg>1TeV

SB sector weakly coupled SB sector strongly coupled

SB i
(%

SM No-Higgs

Unitarity violation

SILH : 9,— 9,/ J1+&C,, 5=V / f*

Higgs a pseudo Goldstone Boson of a new strong sector

M(VV)

Both a light Higgs and Bosons strongly coupled
Modified higgs coupling h — A / V1+écy, €= V2 /f2

SILH Giudice et al arXiv:hep-ph/0703164v2
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