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Fundamental particles & interactions

Standard Model of Elementary Particles

Why EW physics?

Understand/test coherent
description of electromagnetic
and weak interactions, unified

through EW interaction

Despite important differences

Massive W,Z — short range
weak interaction

Contrary to long range
electromagnetic interactions
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Fundamental particles & interactions

O Experimentally:

mass  x2.4 MeV/c?

charge

spin

Q W, Z: unstable particles, detected

from their decay into Iv/ll or

gq°’/qq

Q Photon: stable, directly detected

by e.m. calorimeters (only)
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Fundamental particles & interactions

a In this lecture

O Do EWK particles interact at
the expected rates? W,Z
production at LHC

Q F/B asymmetry and sin®,,

a m,, measurement, consistency
check of the standard model

QO Vector boson scattering and
unitarity

O Not in this lecture

Q Higgs physics
Q Although intimately
connected

Standard Model of Elementary Particles
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EWK measurements at LHC

e —— —ai
o — —_—

Q Proton-proton collisions
at 7/8 (run 1, 13 TeV (run
2) and now 13.6 TeV

O SM-EWK mainly studied
at the two large general

purpose experiments
ATLAS and CMS

O Alsoat LHCb in the
forward direction



W and Z decays

Q Most of the time (~67-
70%), W and Z bosons
decay into quarks/jets

Q Followed by decay in v
for the Z

O Highest rates but also
large backgrounds,
experimental resolution

@ hadrons

O Decays to e/u have lower
rates but have lower
backgrounds and are more
precisely measured =>
cleanest signals at LHC

O t can also be reconstructed via
their decay to e/u or to hadrons




Leptonic Z reconstruction

Z— Il one of the cleanest signature at a hadron collider

Q Opposite charge same flavor electron or muon pair with invariant mass near the Z
mass (~91 GeV)

Q Lepton identification + isolation suppress fake background from jets and light
mesons decay. Also suppress non-prompt leptons from heavy flavor (b/c) decays
(eventually supplemented by IP cuts)



Leptonic W reconstruction

O W-—lv: high p; isolated electron or muon, with missing transverse energy inferred
from the sum of the p of all particles originating from the primary vertex

O Undetected neutrino: no

“Missing ET” clear mass peak, so rely
i ol oy ~Z4 on other observables
NS Q Lepton p;
| v . Q Missing transverse energy
—-; | (p'“ Q Transverse mass

My = 2p;'pmiss(1-cosAG)



Z->uu event

Run: 154822, Event: 14321500
Date: 2010-05-10 02:07:22 CEST

p (1) =27 GeV n(u)= 0.7
pT(w) =45GeV n(u*) = 2.2

M =87 GeV
Hu

@ Z>pu candidate
in 7 TeV collisions




pp—>Z°->1*l cross section at LHC

%103 CMS prehmmary

2F 36 pb’ 7TeV . -
2 " aNe=To _ theory prediction

>
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Q O(5%) precision, limited by systematic and luminosity uncertainties
Q Large corrections from quantum chromodynamics (QCD), also a test of pQCD
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pp>W=E->1%v cross section

20 x10° CIVIS prellmlnary
i 36pb at \'s = 7TeV i
> -
o |
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— ~50% precision, EW theory predictions at NNLO in agreement with data
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W= production cross section

— [
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Q Smaller cross section at pp than ppbar collider due to proton content
Q Difference vanishes at high energy
Q EW theory predictions in agreement with measurements 12



Z° production cross section

—
S} - ATLAS
=
— 1 Data 2010 (/s =7 TeV)
! = f L dt = 316-331 nb"
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- - o
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m |
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Q Smaller cross section at pp than ppbar collider due to proton content
Q Difference vanishes at high energy
Q Prediction in agreement with data 13



tri-Boson

Summary of EW cross section measurements

CMS preliminary

18pb~t-138 b1 (7,8,13 TeV)
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Measured cross sections and exclusion limits at 95% C.L
See here for all cross section summary plats

Inner calared bars statistical uncertalnty, outer narrow bars statistical+systematic uncertainty
Light calored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theary prediction



W charge asymmetry
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A LHC produces more W* than W-
— Dominance of u-quark vs d-quark inside the proton
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Lepton charge asymmetry

Q Can go further and evaluate
charge asymmetry vs W
rapidity

a Cannot reconstruct p, of the v
=> measure lepton charge
asymmetry instead

F ATLAS + CMS + LHCb
B e preliminary

Vs=TTeV

p; > 20 Gev

CMS (W—> uv) 36pb™?
LHCb (W—> uv) 36pb ™
~0.2+ MSTWOS prediction (MC@NLO, 90% CL)

lepton charge asymmetry
(e]
|

~&~  ATLAS (extrapolated data, W—Iv) 35pb™"
et
| |

_0'3_ ..............
_ l : | |
29 W+ > rvy-2Z W 1) 1 2 3 4
a9 dn |
A=
do

/ -
0. W w22 - sy
dn dn

— measurement of charge asymmetry allows to put constraints on the parton
distribution functions for quarks inside the proton
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Parity violation in weak interactions

o . _ =
B decay: withinnuclei n—p+e + v, 4%4/
i i eelR oF
Weak interaction between quarks: CRy e

d—ou+e+v,
Experimental fact (1956: Lee, Yang, Wu):
e is always left-handed

This means P is (maximally) violated by
weak interactions

But CP is (approximately) conserved:

U—>d+e++\/e udd .
n projector on left-handed states
gwo [~ W 1= — 9.9 v
iM = (—i==)? [Ifﬂ*“( JE} 5 (M — =557) [ { L)y }
V2 2 g — mw a mw T

— Parity Is conserved by electromagnetic (QED) and strong (QCD) interactions,
but not in weak Interactions 17



Forward-backward asymmetry

O Because of parity violation in weak interaction, there are differences in interaction
strength between left-handed and right-handed particles
QO This reflects in an asymmetry in the direction of fermions produced in ff—Z—ff

0 Here ete—ff, similarly gg—ffat LHC

el f et f .
f: fermion
f: anti-fermion
>?< + >—-Z--<
e~ f e~ f

o ra s(s—M7 52
_do . — T [ (cos 0)+F, z(cos0) G _M(z )2+M)2 Iz +Fz(cos0) M§)2+M§FZZ]
/ Y v/Z interference Z

/

X N.: number of colours for fermion f
18



Forward-backward asymmetry

O Because of parity violation, there are differences in interaction strength between
left-handed and right-handed particles

Q This reflects in an asymmetry in the observed leptons direction in ff—Z0—ff

CMS Preliminary L=19.7fb'at {s =8 TeV
m -
< 1= 24 <yl <5

os- *® Data
g POWHEG

0.6 }

0.4 *

0.2 * 1(0)
- ] OF(B) = [ 3 (([(:i 9 dcos b

0:— 0(—1)

o o
]
[T
_»—l—.-—|—|
-

»- ¥ op~0p
Arp = or+op

:++++++ *I'

Data/ MC

.g .d. 1 1
T TTTTT T

50 60 70 80 100 200 300
M(e'e) [GeV]

— At the Z pole, Z term dominates. Moving away from the resonance pole the
Interference term dominates and gives larger contribution to A-g 19



EW neutral interactions

Q In the electroweak theory, two ’
carriers for neutral interactions _,%(L_Yunx,')w Projector onto
(y and Z) 2 o A e L-handed
. . iy e particles
Q The resulting interaction is a T
mixture of the two —iEyi(1 - yY)
: 2o
Q The Weinberg angle 6, \ 3
quantifies this mixing -iE (R x )W, } \
Pl 1, et e V-A structure
Tl (ery "1.)%
2 _of neutral
7 coupling
sin Oy = - = e S 5
/ !
gt — e {icosg0ury%(c{'_ciys)'
/ | SR
e.m. coupling  weak coupling
— SinB,,, IS a parameter of the theory, has to be experimentally measured .



sinQ,,: from LEP to LHC

a Many years of experimental
and theoretical progress

O EW theory tested at ~10-4 at
LEP

QO Further measurements at LHC
O Far more Z than at LEP

O O(100M) recorded
O In cleanest mode; Z°—I*l-

21



sinQ,,: from LEP to LHC

LEP + SLD - o | 0.23153 + 0.00016
LEP + SLD: Ay B —o— | 023221+ 000029
SLD: A, B —o— | 0.23098 + 0.00026
T e | i IO
D0 ety 971" | — | 0.23095 + 0.00040
ATLAS ee+up 4.8 fo! - o - | 023080 + 0.00120
LHCb pp 3 fb” B , o | 023142  0.00106
cMs uu188®° | Y B | 023125 + 0.00060
CMS ec 19.6%7 | o | 023056 + 0.00086
CMS eetup B . - ; 0.23101 + 0.00053
0.I23 | 0.2|31 0.2|32 | 0.233
sin2€t[eff -




Virtual corrections

O W mass and top quark mass are fundamental parameters of the Standard Model
Q There are well defined relationships between m,,, m,,, and m, due to virtual

corrections
At leading order: Including virtual corrections:
b myy s 1 p=1+Ap
f 'm,% cos? Ow

s 1) 0. D
sin“ Oeg = (1 4+ Ak) sin” Ow

P 9 - A3 ’III,%V
sin“fw =1— %
m2, = ¥ ' :
ma, — e’ W V2sin? 0w Gr  (1-Ar)
‘W V2 sin? 0w Gp
o s e ()
2(0) a(mz) = =x=
(5) .
Ao = A(ch])l °F Aat()p o A@]la(l t | 5"‘.
PN '
AN 'I::;:' M -P-k‘ __.-'-'Fh'unl Ilﬁ-;;:::: h AT ATATA LY RTa e TaFARA AT RTATAYS
o~ y — 2 A -
,0, A/-L7A] — f(mt,log(rnﬂ)v°") 9] " " 23




Standard model consistency

QO W mass and top quark mass are fundamental parameters of the Standard Model

Q There are well defined relationships between m,,, m,,, and m,; due to virtual
corrections

tlectromagnetic constant D GF’ a,em and Sinew are

measured in atomic transitions,

e'e” machines, etc. known with high precision

[ 112 O o,,=1/1370359999679..
(” ad 1 O G.=1.16637(1)x10° GeV-2

\/;G ) si{n 0, \/l—z}r O sin20,,=0.23153(16)

stesssrbyasisint veak mixing ang O All 3 mass measurements

decay measured at

| LEPSLE provide consistency check
N L W N e W~ of the standard model
= s s through radiative

corrections

— Very important test for new physics
24



Standard model consistency

arXiv:1407.3792 2014: my, from LEP and Tevatron, m, and m, from LHC
; 80.5 I it 3 73 &) X v 03 T I T 1 l"’} | I T 1
[ - ] 68% and 95% CL fit contours my'" Tevatron gvierage = 4
9‘ = w/o M, and m, measurements 47'
E; 80.45 = 68% and 95% CL fit contours e
= w/o M, m and M, measurements -
B A
& world average = bt
80.4 [ g -
80.35 — -
803 — —
80.25 [— . —
= [l fitterl-..| -
'-" | | — A | T 1 el 1 L | — l | S — )T T—— ]

140 150 60 170 180 190 200

m, [GeV]
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Measurement strategy

Q Main signature: high p+
lepton (electron or muon):
p'

Q The neutrino is undetected,
and measured using the
momentum conservation in
the transverse direction

— challenging measurement

Q Recoil = sum of everything else: ur = T Ex, for experiments, any mis-
0 p,Miss = -(p+ur) and my = N 2p'pMiss(1-cosAQ) measured energy produces

fake ‘ELMsS’



W mass measurement

SO ATI AC

O W-—pv candidate (2010)

Q@ Muon measured from
matching muon
spectrometer and inner
tracker tracks

O Missing transverse energy
from the absence of
additional high-p particles

27



Measurement strategy & result

O Shape of the transverse mass distribution is sensitive to m,,

O Measured distribution fitted with Monte Carlo predictions with varying parameter m,,

| N >
3 ATLAS Prelmglnary ‘e Data
Vs=7TeV,4.1fb W - utv
= MC template: Mw=80 GeV ; [] Background
:; — MC templiate: Mw=81 GeV x?/dof = 57/59
| a)
>
w
o 1 02 ..................... Nedserssbidoriavintosadie O PP TR S L PR T P T sasnisifigsissansinfaiiisiiselibdie
(l) 1 01 ......................................................................................... + ........ ‘i‘ JoaogcoodatnlE
oz s AT
/ N 1 — S 0:98 ..................... e e s .I. P wiwrsl 1l 1 SR
O 70 80 a0 100 8 60 70 80 90 100 110 120
MT (GeV) m- [GeVI1

m, =80.370 £ 0.007 (stat.) + 0.011 (exp.syst.) £ 0.014 (mod.syst.) GeV
=80.370 + 0.019 GeV

— one of the challenge is to very accurately model the expected m; distribution 28



80.45

m,, = 80.370 +

0.019 GeV

80.4

80.35

80.3

80.25

Standard model consistency

2016: m, from LHC

I 1 I I I 1 | | 1 I

ZATLAIS Preliminary

]IIIIIII]I

I l 1 1 I 1 | 1 I I 1 I I

= m,, = 80.370 £ 0.019 GeV -
Bl m =172.84 £0.70 GeV
my, = 125.09 £ 0.24 GeV
we 68/95% CL of m,, and m,

‘111111

-

|lll

T

T

Al
-y -
Al

|

-
-
-
-
-
-
A4
-

lll\‘llllll

1 1 1 I 1 1 1 | I 1 1

68/95% CL of Electrowea

Fit w/o m,, and m,
(Eur. Phys. J. C 74 (2014) 3046)

1 l | 1 1 | I | 1 1 | I 1

llllFllll

165 170

175

180

185
m, [GeV]

— Agreement improved from refined measurement of m,,, at LHC
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Standard model consistency

2022: new m,, from CDF

I l 1 1

L B I 1 I I I I l. 1 ) | 1 I I 1 | 1 I I 1 I I i
® LATLAS Preliminary@ — m,, = 80.370 £ 0.019 GeV -
S, 8051 Bl m=172.84+0.70 GeV
E; - - m, = 125.09 + 0.24 GeV -
80.45— = 68/95% CL of m,, and m, —
|
m,, = 80.434 + - 7
0.009 GeV 80.4— ﬂ )
80.35F -
80.3 “+ 68/95% CL of Electroweak]
E Fit w/o m,, and m, i
B (Eur. Phys. J. C 74 (2014) 3046)
80.25

PR T T ST ST SR S N N ) [ N (S N (W

165 170 175 180 185
— The >50 shift of the W mass reported recently by CDF makes
the global EW fit inconsistent!
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Vector boson scattering (VBS)

Q Scattering of on-shell (massive) bosons

A In the Standard Model (SM), at tree level = O(azy,?), for the W*W- — W*W- amplitude

w; '_J.W- W 'f\f\./\:_;\,f'\./'\, wr W,’l f W
M-ﬂ",:l Z/’T b_faj <; Zf L IF ~ R
e AVAYA v ~ :
S S e pure gauge diagrams
Wl' B W W IAVAVAN AV aVA2"i W ~ “w
w-;' wr W.’I.\/\../\,f\/\.f\, W~
A ‘j—r, : . . .
5o 'h Higgs-mediated diagrams
: L I
W_"S W WA -

Q Possible channels: WW- — WW-, WEW* WEWE=W=*Z - W*Z 7272 —» ZZ
(but also W*W- — ZZ, ZZ — W*W")

31



Polarization of massless gauge bosons ()

The photon field A, can be described by plane waves with constant polarization

vectors
AP (x) = et exp(—ik - x)

Maxwell equations impose a first orthogonality condition (on-shell case):
kAP (k) =0 => k-e=0

U(1) gauge (phase) invariance => second orthogonality condition by gauge choice
kiA'(k)=0 => k-e=0 (Coulomb gauge)

Therefore 2 degrees of freedom and for a photon propagating in the z direction, a

commonly used basis for the polarization vectors are the helicity eigenstates
1 A
I

el ﬁ(D 1,i,0)" JJ)’ 11,1> (nght)
(0,1,i,0)" ;fl 11> (Left

These are the transverse polarization states, orthogonal to k

et

E}"‘

7 The photon is only transversely polarized, this is directly related to
the gauge invariance 32



Polarization of massive gauge bosons (W=, Z)

Q For a massive boson the same ortogonality condition arises from the equations of

motion: By A(k) = 0

O But the mass term breaks U(1) symmetry, therefore there is not anymore the
gauge choice freedom and therefore not the second condition
Q For a boson propagating in the z direction
k, = (E,0,0,k3)* with k% = m?
Q The polarization vector consists of the two transverse modes, and an additional

longitudinal mode 1 "
el = E(kg,,[),[), E)H ”JJJ_ 1,0> (longitudinal)

> Fundamental difference in the massive case: additional longitudinal component
> At high energies E>>m the longitudinal mode dominates and grows with E
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Electroweak symmetry breaking

O EWSB leads to 4 additional scalar (Goldstone) bosons: 3 are e@

absorbed as longitudinal degrees of freedom for the W= and Z
bosons, 1 remains as the Higgs boson z Q

a In the high energy limit E>>m, amplitudes obtained by replacing all external weak
bosons with the corresponding Goldstone bosons and use Feynman rules for their
scattering derived from SM before EWSB (Goldstone theorem)

WE: Wy

L p
; - iy
e - e e

> Fundamental difference between the transverse and longitudinal modes: at high
energies the longitudinal states of the W= and Z are the Goldstone bosons of EWSB,
while the transverse modes correspond to the original EW gauge bosons
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Gauge boson scattering and unitarity

a Consider W *W ~— W "W, -

O 7 diagrams in the SM: 4-W interaction, s-channel diagrams with a gamma, Z or H, and t-
channel with a gamma, Z or H

O Similar for other initial/final states

a Exact amplitude rather involved, but at high energy — use the Goldstone theorem
O For the diagrams involving only Goldstone and H bosons (the gamma and Z diagrams are

negligible):
wt wt
<: = —4iA
w™ w™ Msu(Wi Wy = WiW,) & Mgy(wTw™ = whw™)
+ + . .
v v _ 4i\2p? 4i\2?
\ p —4i\2p2 ~ —4i)\ — —
N = s —m? t — m?
JH \ s—m2’ H H
- w MY my my
oo 12T 7+ 2
wh wt v s—my t—my
e L —4id?
/L\ - t—m%f
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High energy behaviour

Q In the high-energy limit: s, [t|>>m, 2

1

OsM ~ —
S

Q In contrast in a scenario without the Higgs:

2
_ _ m 1 1
Mitiggsless( W W, — W, W) ~ —1—;1’ 2 — — — :
v 1 — m—g— 1 — —3
H My
.S +t
~ 1 U2

a And in the high energy limit, the cross section is proportional to
OHiggsless ™ S

Q This leads to unitarity violation at high energy, the energy at which unitarity is

violated can be estimated as
V5 < 1.2 TeV

and new physics is required to cure unitarity violation at this scale

P Goal is to see if indeed the H125 does restore unitarity or if something else is at work
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Unitarity violation

W'WS' — W'W," with modified Higgs couplings

T

m<1.5

I

arxiv:1412.8
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Beyond VBS

HC HwH Growth

> This is not all: .
many other ke | O d ~ h7 tVV and tH

divergences in

the SM are ‘
regularized by the | j}_,_{{, 2 SV and e
Higgs boson! ™
O
7 Full program | ome ----{'L: Lz | VVandH(VBS)
of verification of kv | On
the role of the
Higgs boson in kg | O waee ~ £ VVand H (gluon induced)
processes
involving VV

TABLE 1. Each effect (left column) can be measured as an PRL 123, 181801 (2019)
on-shell Higgs Coupling (diagram in the HC column) or in a ’

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column. 38



VBS at LHC

VBS processes through emission of gauge bosons from colliding quarks

Two hadronic jets in the
forward and backward regions
with very high energy (tagging

jets)
Hadronic activity suppressed mEE—° '/’/i
between the two jets (rapidity ——

gap) due to pure EW process
Two bosons ~back-to-back

0.25 0.0012 ’ :
. VBF-Hjj ——
VBF-W*WHjj - - - |

0.001 |

o
o

Contributions to the final state
O EW (signal) = O(agy,®)
O QCD (backgd) = O(agy*ois?)
O Interference: O(ogy, ols)

0.0008 |

o
-
(&)}

large m;;

0.0006 | 1

1/0 do/dAy;;
°©

0.0004

1/o do/dm;; [1/G

005 - 0.0002

0 1 0 ! 1 1 1
01 2 3 4 5 6 7 8 9 1 0 500 1000 1500 2000
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Where do we stand?

Overview of CMS cross section results

CMS preliminary

18 pb~'-138fb1(7,8,13 TeV)

Wi 7 TeV SMP-00-000 - olWij) = 1.3e+07 fo 5 fb!
wzj 7 e SMP-D0-000 . GIWZjl = 2.5e+06 b 5 fb~!
W3j 7 oW SMP-DO-000 - 3j) = 3.9e+05 b 5fb-1
waj 7 TR SMP-00-000 - aUWa|) = 5.68+04 fo 5fb1
zj 7 Tev SMP-00-000 - olZj} = 4.3e+06 b 5fb™!

i z2j 7TV SMP-00-000 - olZ2j} = 7.8e405 fb 5fb~t
Z3j 7 TV SMP-DO-000 - 2(Z3j) = 1.2e+05 fb 5fb1
74j 7 eV SMP.00-000 - o{74]) = 2 5e+04 5 fh~!
Wy 7 Tl PRD 89 (2014) 092005 - mWyl = 3.48+05 fb § fb~1
Wy 137eV  PRL 126 252002 (2021) & oWyl = 14e+05 fo 137 fb~?
Zy PRD 89 (2014) 092005 = o2y = 1.6e+05fb 5 fh~!
Zy JHEP 04 [2015) 164 - miZy) = 1.9e+05 fiv 20 fb~t
W FRIC 73 (7013) 2610 ' olWW) = 52e+04 T 5 fb?

H wwW EFJC 76 (2016} 401 . SWW) = Be+04 1o 19 bt

g W PRD 102 492001 {20 W olWW) = 12Ze+05 o 36 bt

2 WZ ERJC 77 (2017) 236 . olWZ) = 2e+04 fb 5fb~!
WZ ERIC 77 (2017} 236 @ olWZ) = 2.42+04 fb 20 fb~!
Wz Subimitted to JHEP B OWZ) =51e+04 b 137 fb~!
Zz JHEP 01 [2013) 063 . aZZ} = 6.2e+03 b 5fb~1
zz PLB 740 {2015} 250 W olZZ)=T77e+03fD 20 bt
2z EPJC 81 (2021} 200 4 olZZ)=17e+0afb 137 fb?
W PAL 125 151802 (2020) [ oYWV} = le+03 fb 137 fb!
WWW PRL 125 151802 (2020) . ol WWW) = 5.9e+02 b 137 fb!
WWZ PRL 125 151802 (2020) . 137 fb!

5 wzz PAL 125 151602 (2020) i ze+02 fo 137 fb1

] 222 PAL 125 151802 (2020) . o222} = 2e+02 fb 137 fb!

@ Wiy PRD 00 032008 {2014) — W) < 3 1e+02 fo 19 ib~t

E Wy JHER 10 (2017) 072 - SiWyy) = 4.9 b 19 bt
Wy IHEP 10 [2021) 174 v oWyl =14 Th 19 fb~!
Zyy JHEP 10 (2017) 072 - olZyy)=13M 19 fb~!
Zyy JHEP 10 (2021} 174 m  oZyyl =541 19 fb1
VEF W 2 Tev JHEP 11 (2016) 147 = O(VEF W) = 4.2e402 fo 19 b=t
VBF W 13 TeV ERJC B0 (2020} 43 e olVBF W} = 6.2e+03 fb 36t
VEFZ 7TV JHEP 10 (2013) 101 = FZ) = 1.5¢+02 T 5 fb~!
VBF Z 8 Tev EPJC 75 (2015} 66 = OIVEF Z} = 1.7e+02 fo 20 b1
VEF Z 13 EPJC 78 (2018) 589 B olVBFZ) =532+02 0 36 b1

0 EW W 13 Tev Submitted to PLE mlls  ciew W) = LSes03 b 138 fb~!

; e Py - WWE Tev IHEF 08 (2016) 119 - olex, yy-+WW) = 22 fb 20!

z EW qaWy 8 Tev JHEP 06 (2017) 106 —— SlEW qaWyl = 11 fb 20 b7

" W ggqWy 13 Tev SMP-21-011 o= olEW ggWy) = 191 138fb!

E EWos WW 13TeV  Submitted to PLE ol oEWos WW =101 138 fb!
EWss WW 8 TeV PAL 114 051601 (2015) B OlEW ss WW) = 4 fb 19 fb!
EWssWW 13TeV  PRAL 120 0B180L (2018) —l  CEWss WW) =4 fb 137!
EWqgqZy 8 Tev PLB 770 {2017} 380 - GIEW qoZy) = L9 fb 20t
EWqqZy  13TeV  PRD 104 072001 {2021) wilh oEWqaZy)=52f 137 fb~!
FW gz 1 v PLB 809 {2070} 135710 —fl  CiEWaoWZ = 18T 137 fb~!
EW gqZZ 13 PLB 812 {2020} 135992 SEW qqZZ} 33fe 137 fb1

1 L L s
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07
o [fb]
Measured cross sections and exclusion limits at 95% C.L. Inner calored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty May 2022

See here for all cross section summary plots

Light calored bars: 7 TeV, Madium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction

Smallest cross section measurements, up to now in agreement with SM predictions
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VBS ZZ analysis

PLB 812 (2020) 135992, PhD D. Glljanowc

- - -. CMS l:i?lb (13T V) BDCMS —— — : . WSTFb'I':T‘ST‘e\i
0 Main bkgd from QCD-induced ZZjj 2w Sz - 8 =y
_ , 5w BAzZ 1§ o 2z
O Special effort to accurately simulate the loop- * = s - g -
. . . 6o — VBS (x30) | 50 — VBS(x30) ]
induced contribution (part of N*LO pp — Z2Z) .. oo,
a0t =
PRD 102, 116003 (2020) E N
E B 20
) .. ) 0 ER
Q Ky discriminant combines all observablesto _ FAREE * :
' ? b A
separate QCD-induced background § ettt WH - vttt 1
0 1 2 3 4 5 7 200 400 600 800 1000 1200
lAn| m; [GeV]
0 4.0 (35)6 Observed (eXpeCted) - 10° CMS Preliminary 137 fb! (13 TeV)
I R R R L L L B B L =
o E =
o B ]
Perturbative order =~ SM ¢ (fb) Measured o (fb) @ = -
LO Zzéj;;lf:o; ._% “ = M>100GeY % tZ;Z)’{ wz -
. o — =1 Zz —
EW NLO QCD 0278 £0.017 033701 (stat) 0% (syst) ok E oz ] FRONTIERS
NLO EW 0.242+0015 E m EW ZZjj E = : —=
EW+QCD 5354051 5297031 (stat) + 0.47 (syst) - -+ Data ] e e
VBS-enriched (loose) 10 = AT E
LO 0.186 = 0.015 c .
EW NLO QCD 0197 <0013 18070060 (stat) Gtz (syst) i i
EW+QCD 1214009 1007912 (stat) + 0.07 (syst) 2 3 ' s
VBS-enriched (tight) = s - 5
LO 0.104 + 0.008 107 = R
EW NLO QCD 0108 £0.007 009700 (stat) £0.02(syst) U T T PR a L—u
EW+QCD 0.221+0.014 0.207003 (stat) = 0.02 (syst) S aE S =400 Dt
R Auudw FR . + LH¢++++{ _
S SRR S0t 6 S OISR https://cerncourrier.com

o

T
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Triboson production

O Anomalous HVV, TGC

or QGC couplings
would break the
delicate cancellation in
the SM and produce
divergent cross section
at high energy

Combined

WWW
WWZ
WZzZ
2727

CMS 137 fb' (13 TeV)
' , e BDT total stat
tial-cut 4026 +
_+_ + Sequential-cu 1.02 _ggg -8.223
I +0.45 +0.32
— 1.15 540 "030
— 0.86 537 025
: —e 224 %%
Allowed <54 |
sl s 3 4 lI PR T N U T N S T SN S T | I
0 1 2 3 4 5 6

Signal strength p

VH as signal

Process

cut-based BDT-based
WWW 2.54 (2.94) 3.33(3.09)
WWZ 3.53(3.62) 3.35(4.09)
WZZ 1.55(0.70) 1.71(0.69)
Ll 000090y __0.00(089)
combined 5.02(5.37) 5.67 (5.88)

Process Cross section (fb)

Treating Higgs boson contributions as signal

VvV 1010*2 +239

WWw 590150 130

WWZ 300%300 T30

Wzz 2004450

777 <200

Treating Higgs boson contributions as background

VVV 370" 150 o

WWW 1907110 %0

WWZzZ 100 5o+

- 0* 100 +30

T 11
PRL 125, 151802 (2020), PhD J. Rembser <80

70 =10
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First polarized measurement in W = W * final sate

_ _ _ PLB 812 (2020) 136018
Q Longitudinal scattering
= 15l-cms =~ mOtherbkg. « Data - £ wor CMS W Other bkg. o Data |
contributes to ~10% of total EW 3" W, kg une > W Bhgune
production Fb T ] T T D
a Multivariate technique to enhance {,f+ y i ol ;Hi
. . B 1 i bt +_ ]
signal extraction N L _1114,_11--
a inclusive BDT to separate VBS %[ i Y
g } + o | * + ] q } .} ...... I'?{'l ...... .{..,_*._;..*._.!..'..;..L
from Other processes I;&_D 1000 1500 2000 2500 Z]{_)(JU ”I.ﬂ 1 2 3_
m, [GaV) -\'PI
O then LL agalnst_LT+TT § oo s oG g.:;( " § [ow " wow *Ek;'
O and LL+LT against TT : W § ol W e
a Non-prompt background - Al Z i
imat DR o |
estimation from data by by i_ P
a Simultaneous fit of WW and WZ A j T e
signal regions plus control % Hpde S % | — o -
reg I OnS 0 1 2 .ﬂsol 1 0.5 0 0.5 80T s-:oro1

Input variables to the inclusive BDT and BDT output
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First polarized measurement in W = W * final sate

137 o' (13 TeV)

. 045 _Cnnnnlsr |Swlr?L|”altl|O’|7| UL L T T T T $1|3\ -|r|e|\/2 .% E ICMS‘ ] I.IOtlhe'r bk'g" +‘ bat‘a - i
> - — EWW W, ; ~ 0t —W W, \\Bkg.unc. |
< 4f NG : o 10°F WW* =

0.4 - EW WiW* B E E WOW/W Wy waT W2z .
[ T L . | ]
0.35F — EW WiW: : D 10° b T 2z ]
: — = WW c.o.m. frame Nonprompt 3
0.3 E R PO W tvx ]
- WW c.o.m. f E 102 T . E
0.25 : C.0.m. Trame ] g L\\Q\\\\\\\\\é\\\\\i
0.2F — ] : B
: —— 10 E
T E
u ——
0.15— —_ . s uE :
0.05F = = % 1‘21 3 ——
Tt | | [ | | | ()] o ® ]
% 05 1 15 2 25 3 o0 | | | | 5
-1 05 0 0.5 1
Aq)jj BDT score
WW c.o.m. frame
Observed (expected) limit of 1.17 Observed (expected) significance of
+ +
(088) fb for W + |_W + . 23 (31) @) fOI‘ W LW X
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aGCs and EFT

a New physics at high energy can be parameterized in the EFT framework

LsMEFT = ﬁsm—i—z /\, 0(6) /\LO:(B)

C, = Wilson coefficients

where A Is the (unknown) scale of new physics

Q Analog to to Fermi theory of weak interaction before higher energy allows to
resolve the W propagator

h - f3
Q Built upon SM fields and symmetries (neglecting B/L

violating dim-odd operators, linear realization of o I T
EWSB) h

O Useful tool to consistently interpret l ‘,
- 2 ' ~ Gp —L
measurements/constraints on NP/anomalous couplings Mo~ Gr Gr o< =12

O with above limitations £ fi
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aQGC limits

CMS I:'
AUQ 2020 ATLAS Channel  Limits _ [ Ldt s
£ IA? — www -1.2e+00, 1,2e+00] 3591b° 13 TeV
To P Zy -3.8e+00, 3.4e+00 19.7 b’ 8 TeV
— Zy -7.4e-01, 6.9e-01 35.9 fb" 13 TeV
_ Z -3.4e+00, 2.9e ] 29.2 b’ 8 TeV
I | 'y -5.4e+00, 5.6e+00 19.7 fb"! 8 TeV
H Wy -6.0e-01, 6.0e-01 35.9 b’ 13 TeV
P 558 WW -4.2e+00, 4.6e+00] 19.4 fb]’ 8 TeV
H ss WW -2.8e-01, 3.1e-01 137 fo’! 13 TeV
H Wz -6.2e-01, 6.5e-01 137 fb”! 13 TeV
lil 77 -2.4e-01, 2.2e-01 137 fo” 13 TeV
WV ZV -1.2¢-01, 1.1e-01 35.9 b 13 TeV
£ IAf - wWww -3.3e+00, 3.3e+ 35.9 fb" 13 TeV
T  ————————— Zy -4.4e+00, 4.4e+00 19.7 b 8TeV
— Z -1.2e+00, 1.1e+00 35.9 b’ 13 TeV
R ———— Y -3.7e+00, 4.0e+00 19.7 fo’! 8 TeV
H Wy -4.0e-01, 4.0e-01 35.9 fb’ 13 TeV
[ | 55 WW -2.1e+00, 2.4e+00] 19.4 fb”! 8 TeV
H ss WW -1.2e-01, 1.5e-01] 137 fb”! 13 TeV
' -3.7e-01, 4.1e-01 137 fo’! 13 TeV
zz -3.1e-01, 3.1e-01 137 fo! 13 TeV
WV ZV -1.2e-01, 1.3e-01 35.9 fb! 13 TeV
AR — WWW -2.7e+00, 2.6e+ 35.9 fb! 13 TeV
T2 | | Zy -9.9e+00, 9.0e+00 19.7 fo'! 8TeV
— zZ -2.0e+00, 1.9e+00 35.9 fb” 13 TeV
| | Y -1.1e+01, 1.2e+01 19.7 fb”! 8TeV
— Wy -1.0e+00, 1.2e+00 35.9 fb’ 13 TeV
} | ss WW -5.9e+00, 7.1e+00 19.4 b 8 TeV
H ss WW -3.8e-01, 5.0e-01] 137 fb’ 13 TeV
e | Wz -1.0e+00, 1.3e+00] 137 fb”! 13 TeV
H zZ -6.3e-01, 5.9e-01 137 fb” 13 TeV
H wv Zv -2.8e-01, 2.8e-01 35.9 fb” 13 TeV
i /A4 f | Zyy -9.3e+00, 9.1e+00] 20.3fb" 8 TeV
TS5 — Z -7.0e-01, ?‘49'0(1)% 35.9 b’ 13 TeV
| ————— Y -3.8e+00, 3.8e+00] 19.7 b’ 8 TeV
H Wy -5.0e-01, 5‘09—0& 35.9 b 13 TeV
A — Z -1.6e+00, 1.7e+ 35.9 fb! 13 TeV
T6 —_ Y -2.8e+00, 3.0e+00 19.7 fo’ 8 TeV
H Wy -4.0e-01, 4.0e-01] 35.9 fb! 13 TeV
i ',rA4 — z -2.6e+00, 2.8e+00 35.9 fb” 13 TeV
7 } | y -7.3e+00, 7.7e+00 19.7 fb” 8TeV
= Wy -9.0e-01, e‘oe-o& 35.9 b’ 13 TeV
i /A4 —- Zy -1.8e+00, 1.8e+00] 19.7 fb” 8TeV
T8 H Zy -4.7e-01, 4?&0(1)9] 35.9 b’ 13 TeV
- Zy -1.8e+00, 1.8e+00] 20.2 fb' 8TeV
H ZZ -4.3e-01, 4.3e-01 137 fb"' 13 TeV
NG I | Zyy -7.4e+00, 7 4e+ 20.3 fb” 8TeV
T9 e —| Zy -4.0e+00, 4.0e+00 19.7 fb'! 8 TeV
Zy -1.3e+00, 1.3e+00 35.9 b 13 TeV
_ Zy -3.9e+00, 3.9e+00] 20.2 o' 8 TeV
\ | HA | | zz | -9.2¢-01,'9.26-01] 137 ff’ 13 Tev

aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @95% C.L. [TeV‘4]

> Results shown here for the tensor operators

> Competitive or complementary results among final states, most stringent limits from semi-
leptonic final states 47



CERN-LPCC-2018-03

Prospects for HL-LHC

Q Many projections in the context of the yellow report for HL-LHC (2018)

O Various levels of analyses: Delphes simulation with 200PU, simulations on top
of run 2 results, simple projection of run 2 results

a While the cross section for inclusive VBS in the different channels will be

measured with a precision of 0(5%), V|V, will remain statistically limited

Expected significance(o)

35 .
with YR18 syst uncert

pp— W= W= jj —Ivivjj

CMS Phase-2 Simulation Preliminary
R R e e

(14 TeV)
L | T

1_—.. | .|—_

0 1000 2000 3000 4000 5000 6000
Luminosity(fb™)

2.7c@3ab?

Expected Significance [o]

(]

a1
T L

—
T

pp—W= Z,jj —31vjj

(14761

T T ‘
- CMS Projection
™ WZjj— 3

—+— Gtafistical Uncertainty |
Stafistical and Systematic

Uncertainty
| o L L L.
0 2000 200 6000
Integrated Luminosity [fb]
1.6c@3ab

pp—Z Zjj —41jj

3

Significance (o)
I'\l) ; [42]

-
o

o
in =
\\

o

CMS phase-2 simulation Preliminary (14 TeV
I @ w/Run 2 syst. uncert., ggZZ 10%
|- 4 w/YR18 syst. uncert., ggZZ 10%
L = w/stat. uncert. only
—4

g
IIIII

NB: superseded
by full run 2
measurement

il L [ L L |
2000 3000 4000 5000 6000
Luminosity [fb™]

1.4c@3ab?!

1 1
1000
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Prospects for HL-LHC

O New projection for W=, W= cMs-PAS-FTR-21-001
O Simple projection of the current analysis: no attempt at fake bkgd nor PU simulation
O Importance of choice of ref. frame for the definition of the polarization

" + a ..
CMS-PAS-FTR-21-001 pp— W= W= jj —lvlvjj
= — ,1 4 TBV - QAAS !Th_'grselé Simulation Preliminary I(j‘?‘ ITBY)
‘s | CMS *?%, a5l ]
€ | Phase-2 Projection = i with YR18 syst uncert
S | g |
= = 3r —
E’ 4r 4 g r .
o |
B % 25| CMS-PAS-FTR-18-005
'S o
0] i hl : ]
-3 2| )
42c@3abt x| ) ' y
O g" - — WW rest-frame r _
Dg_‘ *:+* pp rest-frame | 1.5 2'76@3ab
2.7c@3ab1
L I L ] L I L ] L I i ] 1= L L P L TR
0 2000 4000 6000 0 10|00 2000 3000 4000 5000 6000
Luminosity [fo] Luminosity(fb™)

Similar result if same chosen frame, significantly higher sensitivity for WW frame

Cross sections measured with ~5% precision for inclusive VBS 40



Prospect for higher energies

pp— W WHjj — 1 vitvjj

Vs o O[fb]  opw [fb]  Sew[%]
14TeV | 1.4282(2) 1.213(5) —15.1
27TTeV | 4.7848(5) 3.881(7) —18.9
100 TeV | 25.485(9) 19.07(6) —25.2

CERN-LPCC-2018-03

Factor ~15 increase from 14 to 100 TeV!

CMS-PAS-FTR-18-014

. . significance VBS 71 Z;, fraction uncertainty (%)
pp—ZZ,)) —4lj) w/ syst. uncert. w/o syst. uncert. w/ syst. uncert. w/o syst. uncert.)
HL-LHC 140 1.40 75% 75%
HE-LHC 5.2c 5.70 20% 19%

Simple scaling of cross section but preliminary results indicate that the change in kinematical
distributions from 14 TeV->27 TeV does not affect much the result

b D ]
FCC-hh @30ab-1 with VBS cuts (m;; and |An;;|) Ly VBS setup pT,jzgg gex
1| pT,| e
VBS channel | og [fb] | o5 [fb] | S/B | S/VB | 5/v/S+ B N m;>2TeV
Wiwts [ 048 [ 004 [ 12 [ 416 115 1072 | |An;1>3
W*Zjj | 0.047 | 0.008 | 5.9 | 91 35 ool
77757 0.1 | 0.008 | 13.7 | 213 56
WIW=jj5 | 359 | 462 |0.78 | 289 217 104 9D
- . : 0 2 1 6 » 10
500 events Z, Z, jj @ 30abt, m,>2 TeV R 50



The take away messages

HC | HwH | Growth

|
> N |

., 3 Longitudinal massive VV scattering is deeply connected with EWSB %;
O In the SM unitarity is preserved by the Higgs
o O any new physics in the gauge sector would lead to a cross section growth
at high energy, unless there is some additional cancellation
Q Study of longitudinal VV scattering has started, but very small cross sections ..
e O Will benefit from higher statistics - HL-LHC A2
O Will benefit from higher energies — HE-LHC and FCC
- O Will benefit also from detector upgrade (extended acceptance) and -
Kz Improved analysis techniques (ML)
R<~-10Q Thisis along term program, also part of a larger program to investigate the f—i
~v~ Higgs role in the regularization at high energies of all amplitudes involving
— massive VV final states -
Kg | Ogg 9}-- - | 99%‘% | ~ f—j




