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* What does that mean?

* The Standard model is not a self contained theory, because it needs experimental
inputs to be quantitatively predictive: particle masses, strength couplings, mixing
angles (depending on the choice).

there are relations that can be exploited to verify the consistency of the theory (see
later).

Therefore, we need to make more and more precise measurements:

to improve our predictions;

to test the SM over key observables, such as cross sections and asymmetries... don’t need
to stress that the devil (hopefully?) is in the details;

. is there new physics? Are we really able to predict/interpret all experimental results? Is our

picture complete or do we miss some pieces?
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The mixing angle and the interaction strengths relations
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Reminder: g is the strength of the
couplings between the isotriplet of
vector field W' and the weak isospin
current, while g’/2 is the strength
between the single vector field B, and
the hypercharge current.
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Since | e=gsin 6,=g'cos 6,
once 2 parameters are fixed the

others are determined.

The couplings with the Higgs field
depends on g, mw, and the masses of
the particle that interact with it.

— the masses of the fermions cannot
be determined in the theory.
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The masses of the EW gauge bosons are not independent to each

other, but there are relations to each other which comes from the theory:

m m> cf G 2 Ta
—* =cos 6,, »sin” 9W=1——‘;V _;/:1_2%5m29w L= 2 T 52 ?E];
m, m, C, T, V2 8my,, 2m;sin" 0,
From the EWSB we also have the relations:
F_ m,=—vvVa+ag' My =—V m2=2v*A
\/2 2v2 Y4 2 g g w 2 g H

Therefore, excluding the fermion masses (and the CKM matrix), the
theory depends on 4 inputs. The natural choice would be {g,g’,v,A},
but the one that minimizes the parametric uncertainty is {oqep, Gr, mz,
mu}. The above relations (with radiative corrections) can be used as

predictions to test the theory.
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We will

* go through the most recent measurement at LHC of the
predictions of the Electroweak part of the Standard Model.

* go through the most recent measurement at LHC of key-

process cross sections:

~— hold the key to test the couplings;

— pave the road for the complete understanding of the EWSB:

— constraints on anomalous couplings/Effective Field Theories (EFT)

operators.
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Studies of EW predictions

R.Bellan 24" May 2024 — EW-EXP e



Reanalysis of ATLAS data used for the 2017 mw measurement.
Use the decay in the electron and muon channels and exploit

W mass can be compute precisely.
It is a prediction of the SM
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-24/

Background is composed by

I) Z, W — v, di-bosons, top processes: estimated using simulations, account for 6.4% (u

channel) and 3.1% (e channel) of the total search region.

IT) multijet events: estimated from data, accounts for 1.2% of the signal region.

Multi mw and I'v measurements done fitting separately pr' and mr distributions for each

leptonic category (flavour, charge, 3 pseudorapidity bins).
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-24/

W' mass measurement

The LHCD coll. measured the mw through a simultaneous fit of the q/pr
distribution of the muons from Ws, and the ¢" distribution of the Z
boson, which is used as a proxy, properly tuned, of the pr of the W.
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https://link.springer.com/article/10.1007/JHEP01(2022)036

mass measurement

Overview of m,, measurements Overview of I, measurements
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Measurement done by CMS using di-muon and di-electron events, collected at 13 TeV (137 fb),

as a function of dilepton’s mass and rapidity.
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P, . 9 Cy oy aving had absorbed in the
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Angular (weighted) Forward-Backward asymmetry is sensitive to sinZ0

We can write the cross section as The function f; are combination of sin&cos of 6 and ¢.
167 do — 14 cos?h 4 i A, £,(0,9) To obtain the FB asymmetry we integrate x section over
1J1 ’

30 dcostd¢ i=0 the solid angle separating cos(0)>0 (F) and cos(8)<0 (B).
The only term that survive at the The or,08 are measured in the Collin-Sopper (CS) r.f.
integration && subtraction of the F-B 2(PfP; — P[P
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-010/index.html

Measurement done dividing the dilepton events in different categories: dimuon
(up), central dielectron (ee), central-forwar ECAL dielectron (eg) and central-

forward HCAL dielectron (eh).
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The yellow band is the combination of the _
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-010/index.html
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This is the most precise measurement at hadron colliders!!
(the quoted value refers to CT18Z PDF and Arg based measurement)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-010/index.html

Flrst observation of this process in p-p collisions (both ATLAS and CMS observed in

nuclei collisions for m~ < 20 GeV).

P1=—> > i = LH_L > { \‘ﬁ‘LL
WLLH_._ r+ i ey T v S
Y

Pr— > Py D= Pr=—>

The process is a purely QED and depend on the ytt vertex, which is a function of g;

ot .
[* = M F, (qz) + anv |iF, (qz) + F; (qz) Vs
F; (0) = —24d,

Lo BO) =a = (-2

The anomalous electromagnetic moment a. is expected to be 0.00117721(5) while the

anomalous electric dipole d. is

— set limits on deviations from what predicted by the SM
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-005/index.html
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Observed Sexpected! significance 5.30 !6.50!
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-005/index.html

PP —> pUyy pY— pUTTP®

CMS Preliminary 138 to™" (13 TeV) CMS Preliminary 138 to™' (13 TeV)
® Observed —68% CL —95% CL ® Observed —68% CL —95% CL
T T T T ‘ T T T T |: T T T T | T \||||T||IITIIIITII||T||||!IIlIIITlIIITlIIITlIIIT
OPAL j OPAL
PLB 431 (1998) 188 i PLB 431 (1998) 188
L3 :
PLB 434 (1998) 169 L3 e
: PLB 434 (1998) 169 :
DELPHI ——

EPJC 35 (2004) 159

ARGUS : .

PLB 485 (2000) 37

ATLAS Pb+Pb .

PRL 131 (2023) 151802

Belle *
JHEP 04 (2022) 110 I

CMS Pb+Pb

PRL 131 (2023) 151803

e e e B G S e

This result * This result *
Ty T R R TR
e d: (e cm)
—17
a.=0.0009*0%% (—0.17<d ,<1.7)-10" 7 e cm

R.Bellan 24" May 2024 — EW-EXP 1R


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-005/index.html

We can set limits on possible anomalies

Parametrize da. and 0d. using SMEFT dim-6 operators:

Copr Cowr i
[’BSM = FLLO-F TRHB;,W + FLLO-V RO HW}W +hC

That translates in a modification of the ytt vertex:
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Which induces variations of a,. and d.:
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otudies of EW key processes

R.Bellan 24" May 2024 — EW-EXP 20



* Standard Model cross sections

Stairway to Heaven

Overview of CMS cross section results
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Measured cross sections and exclusion limits at 95% C.L. August 2023
s

Inner colored bars statistical uncertainty, outer narrow bars statistical +systematic uncertainty
See here for all cross section summary plot:

Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction

It is a long journey, but several milestones have been posed and we are on
the road to study the most intimate part of the Standard Model!!

R.Bellan 24" May 2024 — EW-EXP

21



arXiv:2403.12902

= 250 T T T
= L 4
= T A pp— Wdata ]
IS5 _ ATLAS :
5 YV pp — Z data
(] —— Theory (NNLO
» 200 y( ) ]
3 - i
o I 276 TeV, 4 pb™, EPJC 79 (2019) 901 -
o L 5TeV, 25pb™, EPJC 79 (2019) 128 4
c | 7TeV, 46" EPJC 77 (2017) 367 i
o 8 TeV, 20.2 fo™!, JHEP 02, 117 (2017) (for 2)
5 150 8 TeV, 20.2 b, EPJC 79 (2019) 760 (for W) ]
=) - 13TeV, 81 pb™, PLB 759 (2016) 601 (for W) -
© I 13TeV,3.2fo™", JHEP 02, 117 (2017) (for 2) -
9 L 13.6 TeV, 29 fb™! (this analysis) 4
o
= L i
5 100
= = 4

501 —

0 N T T T S B B
2 4 6 8 10 12 14

Vs [TeV]
The measurements are in agreement with

SM predictions calculated at NNLO in
s, NNLL accuracy and NLO electroweak

accuracy.
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Result in agreement with the most precise
measurement from LEP and the SM

prediction based on 3 neutrino generations.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2023-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-01/

* Test of the non-Abelian gauge structure of the Electroweak theory of the
Standard Model

* 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 VLVL

system

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

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

— Through deviations, if the energy scale of new physics is higher than those reachable
at the LHC
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}
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i YFSWW/RacoonWW
4 -- no ZWW vertex (Gentle)
g 0 e only v, exchange (Gentle)
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31?:? * Triple gauge couplings (TGC)
> 5,

W 1%
>wv W >M 7,74
Gluog_s) % .
* Quartic gauge couplings (QGC)

14 W 1% w W W W W
7 L VA L Z Z w- w
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Leptons N—— * Triple gauge couplings (TGC)

uc,t
d s b

W W
;}ill’;;*— w ;jil!.\f\v w
GIUOE;
VA )

Anomalous couplings
Higgs Boson
- + what forbidden in SM

Photon

e Quartic gauge couplings (QGC)

w W w w W W w 1%
Y Y VA 7 VA VA W W=
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Traditional parametrization for

+ : : :
w diboson production (assuming CP
conservation, Lorentz invariance,
Uqen(1) gauge invariance)
q W+

Lwwz = —ig cos Oy lglz(W:VW_MZV—Wl:VW+MZV)

)\Z
+rIWIW, ZH + M—QW+ w- “Z”p]

Lwwy = —ie l(W;;/ Wk AW, Wt A¥) and from SU(2) invariance
A7
TWIW = FH 4+ +w—Hpve W ¥
With _H{ W,u Wu M2 W W v ] 5g1 — 55 _I_ C 65
w
glzzl—i—églz, k2 =14 6% Y = \Z

Annals Phys. 335 (2013) 21-32
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We can add to the SM lagrangian a series of dimension > 4

operators with a “new physics” cutoff A: L = Lgym + Z
d,k

R.Bellan 24" May 2024 — EW-EXP 20



FlParametrization of new physics: SM Bffective Field Theory (SMEET)§

We can add to the SM lagrangian a series of dimension > 4 Cd
d

operators with a “new physics” cutoff A: L = Lgym + Z = @

For example, for d = 6, we can have operators like d,k
1:x3 2: HS 3: HiD? 5:92H® + he.

2 Qc | FCGLGEGEr Qu | P Quo | HHDE) Q| ()G )

= Qa | FAPCGLGErGSH Qup | (H'D.H)" (H'D,H) Qur | (H'H)(qu-H)

81‘ Qu | TEWW W Qarr | (H'H)(gpd, H)

;5/ QW 6IJKWJVWI;JPW;<M

i

ol 4: X2H? 6:92XH +hec. 7:$2H2D

E Que | HIHGAG™ Qv | (o™ e)r HW], (4} (H'iD ) [1,)

- Que | HTHGA GAw Qs | (,0™e,)HB,, Q® (H'DLH) (@, yw1,)
Quw | HIHW]I Wi Qua | (Go"* TAu,)H G4, Qe (H'iD H)(@'e,)
Quw | HHWLWI™  Quw | (Go*u)r HW], (2] (HY'D W H) (@7 ar)
Qus | H'HB,,B" Qus | (@o"u,)H By, ey (HY DLH) (@ va,)
Qui | H'HB.B» Quc | (o™ TAd)H G4, O (H'i'D  H)(a,7"u,)
Quws | HIF'HWLB™  Quw | (go™d)r HWY, Qua (H'iD L H)(dyy"d,)
Quiwvp | HITTHW], B Qas | (@o**d,)H By, Quua + he. | i(H'D,H) (@, d,)
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https://link.springer.com/article/10.1007/JHEP10(2010)085

HParametrization of new physics: SM Effective Field Theory

(SMEEFT)§

We can add to the SM lagrangian a series of dimension > 4
operators with a “new physics” cutoff A: L = Lgym + Z

Cd

Ad— 4Ok

. d,k
For example, for d = 6, we can have operators like ’
1:x3 D e 3: HD? 5:¢%H% + hc. .
10 Q0 | FCGRGEGE Qn | (HHP G| HHOEE) Qo | (i) In case we truncate the series to
S _ i .
= Qg | fABCGHrGErGEn Qup | (H'D,H)" (H'D,H)  Qua | (H'H)(@yu-H) d = 6, then we have a simple
™ _
= Q IJKquWI;Ipr,u Q (HTH)(q dTH) . . .
S Gl R il " ' relation with the aTGC view
= Q| & W WP RE
@)
o, 2 2XH +h, 7. 42H?D 2
4: X°H 6:9 + h.c. : VT Cw
& W Y G Z _
E Ora H'H GﬁVGA“V O (l,,U‘“’ T IHWI Q(bllg (HTZK_D)#H)(? “l,) 51%' A2 S37 CHWB7 >\ A2 BMWCW
- Que | HHHGA G Q.5 | (o™ e )HBy, Q¥ (H'DLH) (@, yw1,)
Quw | HHWLW™  Qus | Go"T4u)H G, Que | (HD,uH)(Enre) The EFT is more general and in
QHW HTHW;{VWIHV Quw (QPUW/UT)TIE’ W;{u Qg()l (HTZ.?HH)(QP’Y#(]T) .
Qua | HUHBLBY  Qua | (G0"u)HB,, o, | WiDlm @y e) present days is the preferred
Quz | HHBWLB™ _ Quo | (@o" TAd)H G, Quu | (HWD,H)@"w,) framework for the interpretation
Quws | HTHWL B | Quw | (@o*vd.)r! HWE, Qra (H'i'D . H)(d"d,) .
— ) . of the experimental results
Quivp | HITTHWLB™ — Qup | (g0"d,)H By, Qrua + hee. | i(H'D,H)(tpy"dy)
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VA

Can be probed in:
single boson production, especially in the VBF channel,

diboson production, inclusive and VBS,

triboson production.
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QGC, where to find them

W W W W W wow W
¢ (| Z v Z z W W

Now things become nastier, because QGC are one order higher in EW with respect to
TGC, therefore processes mediated by a QGC can also mediated by one or more TGC.
Processes particularly sensitive to them are:

diboson production via VBS and central exclusive production;

triboson production
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Aug 2023
—

CMS Preliminary

Aug 2023 CMS Preliminary
CMS measurements 5.02, 7, 8, 13 TeV CMS measurements (stat,stat+sys)
vs. NNLO (nLo) theory HOH  HOH e HeH
stat Sys
Yy —o— 1.06 £0.01+£0.12 5.0fb"
Wy, (NLO th,) o 1.16 £0.03+0.13 5.0fb"
Wy, (NLO th.) ror 1.01+0.00£0.05 137 fb"
Zy, (NLO th.) HoH 0.98+0.01+0.05 5.0fb"
Zy, (NLO th,) - 0.98+0.01+0.05 19.5fb"
WW+WZ o 1.01+£0.13+0.14 49fb
= | ww b—o—s 1.24+0.18+0.09 0.302 fb"
2 | ww - 1.07 £0.04 +£0.09 4.9fb"
< | ww - 1.00+0.02+0.08 19.4fb"
< | ww e 1.00+£0.01£0.06 35.9fb"
W2z 0.57 £0.20 £ 0.04 0.302fb™"
W2z Hio 1.05+0.07+0.06 4.9fb"
W2z Hon 1.02+0.04 +0.07 19.6fb"
Wz - 1.00+£0.02+0.03 137 fb"’
77 1.36+0.59+0.12 0.302 fb"’
77 b 0.97+0.13+0.07 4.91b"’
77 e 0.97 £0.06 £0.08 19.6 fb"
77 o 1.04 £+ 0.02+0.04 137 b’
0 1 2 3 .
htip ioameehoaNi7 Production Cross Section Ratio: 6,/ o
Similarly for ATLAS, see

VBS

CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) ]
heory 8 TeV CMS measurement (stat,stat+sys) i
13 TeV CMS measurement (s§attat,s£ast+sys) ——e——1
qqW o 0.84 +0.08+0.18 19.3fb"
qqW e 0.91£0.02+0.09 359fb"
q9Z o 0.93+0.14+0.32 5.0fb"
qaZ — 0.84 £0.07 £0.19 19.7 b
qaZ o 0.98+0.04 £0.10 35.9fb"
WV ot 0.85+0.12+0.18 138 fb
TY->WW + 174+£0.00+0.74 19.7fb"
qqWy — 1 1.77+0.67+0.56 19.7 fb
qgqWy e 0.89+0.11+0.15 138 fb"’
os WW — e 1.12+0.15+0.17 138fb"
ss WW 0.69+0.38+0.18 19.4 b’
ss WW be s 1.20+0.11+0.08 137 fb"
qaZy | 1.48+0.65+0.48 19.7fb"
qaZy Foe o 1.20+£0.12+0.13 137 fb"
qqWz e 1.46 £0.31£0.11 137 fb
qqZZ e 1.19+0.38+0.13 137 fb"
— — T
httpﬁgéﬁsﬁﬁfgﬁt@ N7 Production Cross Section Ratio: 64,/ G,
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-039/fig_09.png

First measurement of opposite-sign WW production at vs = 13.6 TeV (Z£'=34.8 fb)
Mazx likelihood fit on different event categories defined by flavour and charge of the leptons,

number of jets, and b-tagging
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-001/index.html

First measurement of opposite-sign WW production at vs = 13.6 TeV (Z£'=34.8 fb)
Mazx likelihood fit on different event categories defined by flavour and charge of the leptons,

number of jets, and b-tagging
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-001/index.html

pp — Zy — VWVy

C
. , g Very powerful process to study anomalous TGC, in fact,
Z/y v this analysis provides the most stringent CMS limits to
v Z . .
. ) date. Parametrize the anomalies as
Z
: v a PP-alz h3
' I =Pt | (hg™® — g5g") + -2 p* | (p - 42)8"® — hpP |+
Z Z
7 — Wz . CMS simulation Preliminary 138 b (13 TeV)
pacp P4 a uppo |
@ h3€ q2p+m%p € pquU] 7 102? —+ SM
C —o— h§=4><1 0*
& fp p . - I —=— hf=5x10"
Z [y (V) = iel'zv~ (D, q1,q2;h") r" is given by the replacement > 106 e h§=4><10'4
‘P 5 __ 7 5 (OIS —v— h}=5x10"
P 2q1—>p—2andhiz—>hl7 a4 ¢
v Mz Tz &
S B
L i
107 : .
Analysis put limits on CP-conserving operators hsV - :
B .
and h4V- 10_2?| T I | L \Y\ |
200 400 600 800 1000 1200 1400

Generator-level photon R ( (GeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-009/index.html

CMS Preliminary 138 fb' (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-009/index.html

pPp — 4y — vy

50CMS Preliminary 138 b (13 TeV)
CMS Preliminary 138 fb ' (13 TeV)
E+ —4- Observed (stat+syst unc)
—~~ _ o
S 1 0 1 - == - Observed (stat unc only) —
[0} E S5 Madgraph aMC@NLO o
o B Matrix NNLO —
o 10%: <
o E =
N —
|_ [
o 1 0—3 - I —
Q =
o) -
© 4l
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C |
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Q o e R S
8 1E e ?
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& E 1 ] Il i i 1 g/
400 600 800 1000 1200 1400 =
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o(Zy)=26.1"°
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-009/index.html

INEN
C

Very related to Zy diboson measurement. This analysis targets the production of

the photon(s) through Final State Radiation (FSR) § i — rwemmman 3
g 180 [ T T 7T LI B O B LI B I N N O B I T T T LNLLINLIN I ERLN P E). 3000§:ATLAS :E
% . ; | o ' £ 250F- \s=8TeV, 20.2 10" 3
(.2, - o '. ' 2000§—Z—>,u,uy —g
y B0 ATIAS oo >
= - \s=8TeV,202fb" 3 | o
140 [ 555 TS - i
- Z oy s I T T
120 _— CRVII - S %0 70 80 90 100 mzy[Ge%zo
100 __ ‘u!“v.“..!i_!u'. Sr):;. :::Z; T I:P’:ll;lﬂheg;nPythia8+Photos E
] % b ATLAS E
] £ C \s=8TeV, 20.2 0" .
80 — e S E
. e : S E— ) 4005— —E
60 A PTIATI P T Y W NN R o ]
0 20 30 40 50 60 70 80 90 100 : o -
m Vv ; mE T 3
s [Ge ] S 0 E WMW#“{ E
8 ot + 3
8 %%0 20 30 40 50 60 70 80 90_ 100
m,, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-05/
https://link.springer.com/article/10.1140/epjc/s10052-024-12471-9

7/ — U0y

The measurement results are presented as unfolded normalised differential cross-

sections for the 3 observables: the invariant mass of the positively charged lepton and
the photon, the angular distance between the photon and the closer of the two leptons,

and the transverse momentum of the photon.

; 003 == T P D = A: : T L T N ; = T T T | =1
® - ATLAS ata : - 15—  ATLAS e Data , . > - ATLAS ® Data : .
- .1 — Powheg+Pythia8+Photos O .1 — Powheg+Pythia8+Photos ] L .1 — Powheg+Pythia8+Photos __|
E\E C 1s=8 TeV, 20.2 fb i — Sherpa 2.2.4 (YFS) - 3 _ \s=8 TeV, 20.2 fb L — Sherpa 2.2.4 (YFS) 7 g 0.1 \s=8 TeV, 20.2 fb 1 — Sherpa 2.2.4 (YFS) B
= 0.02 Z - puy — KKMChh (ISR+IFI+FSR) _T] k] - Z — ppy — KKMChh (ISR+IFI+FSR) 7] = B Z — ppy — KKMChh (ISR+IFI+FSR)
E*i - ] 8 1= = %l B ]
- _ © ks i e t— =
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Iy

In the analysis’ paper is also reported the first observation of Z — ffyy, with the
corresponding differential cross sections.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-05/
https://link.springer.com/article/10.1140/epjc/s10052-024-12471-9

First di-boson measurement at LHC
at vs = 13.6 TeV (Z=29 fb)

differential cross sections

Extract measurement of fiducial (4 total) and

3 w0k N
> FrrrrrjJrrrrrrr 1 11111113 g E ATLAS % g:‘:rpa GANLO+ggLOX1.7(> Z2) () E
8 160__ ATLAS ¢ Data . 77 ] ﬁ C Vs=13.6TeV, 29 5’ @ Sherpa qqINLOXNLO EWJ+ggLOX1.7( 22) (*) -
L A qq _ = - ZZ -4l ¥ MATRIX qqNNLO+ggNLO(— Z2) (*) -
8 - r ~13.6 TeV, 29 fb Wgg — 77 EW Zij ] _g 1= A MATRIX gqINNLOXNLO EWhgNLO(> 22) () _
o M zzoa I Irreducible []Reducible 8 - e ) - Comparison with
= C . 72 Uncertainty ] il ] L
G 120 E 1071 ‘*"‘@w ~ several predictions,
4 : E A‘ VA E
- Order of 600 7 - P, i All in good
o 2 A _
77 event collected ] 107 E
80 - : e agreement
60 — 107
40 - o
1 ©
] Q
20 . s
i Q
| LT . - -8 0 5 L
g Og E o 2x102 3x10%  4x10? 10°
x 1-25¢ 3 m, [GeV]
w5
o 1_ W/W //%/ // // % Measurement MC prediction | MATRIX prediction
S 0.75F 3
a5 ] Fiducial | 36.7 + 1.6(stat) + 1.5(syst) + 0.8(lumi) fb | 36.8 133 b 36.5+ 0.7 fb
200 300 500 600 700
m, [GeV] Total | 16.8 4 0.7(stat) + 0.7(syst) + 0.4(lumi) pb | 17.0 T1'] pb 16.7 + 0.5 pb
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arXiv:2311.09715

CM$ Preliminary

CMS-SMP-2024-001
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The longitudinally polarized vector bosons (V1) are coupled
to the Higgs and they are the ones sensitive to the EWSB.
The behavior of the V1, V1, cross section only can give information

on the scale at which the symmetry breaks.

If the cancellation of the Higgs diagrams is not complete, then

we expect a g, coupling smaller than the SM.

[ ud->ud W'W ->udpvecs~ |

do/dM(WW) [pb/GeV]

VBS, an introduction

PRI BT
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The V, V, will keep growing with 4s, up to the the new i §
resonance, or more generally to the new physics scale A. g
Suppose the Higgs-WW coupling is Vo of the SM value, then the ’f g.jé;:" 2
amplitudes become 2 3 al -
P MRS = g 92 u—i—(’)((E/mi,v)D) 9 0.75 .
4ms;, : Q
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:\ o(VV — VV) with my, = 120 GeV ) o(VV — VV), no Higgs o(VV — VV), no Higgs, with K matrix o
14 I\ B 9 ,‘:*
(%)
1 1 S
0:1 S
. WHW= — WHW- @/
0.5 057 G CWEWE S WEwE :

0.01 - — = N
BT S e, Y
0.001 - ——idd—~22 0.2 W*Z — W+Z \‘(ﬂvfﬂzz )
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Experimentally we should design search regions, and/or develop new techniques, to
enhance V.V, scattering with respect to VrVr and V.,V and measure the cross
sections at the highest mvv as possible.

Contextually, we shall measure precisely the HV'V couplings.
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pPp — ZLZL 5/ (f:e,p) FN
Using the full Run 2 data (=140 fb') it was MC templates generated at LO, but employed
possible to get evidence (4.30) of the production a  three-steps re-weighting method to
of longitudinally polarized vector bosons and incorporate QCD and EW corrections

study the CP properties of the ZZ events calculated at fixed order with MoOCANLO

Use a BDT to separate ZiZy, wrt ZrZx, trained over lepton and boson angular variables, then via profile

binned maximum-likelihood of the BDT shape extract Z1Z:,

LB oo S B s e e e B =
= E ATLAS Simulation —— 2,Z, -==: Z;Z(w/o NLO correction) -
2 S o02F =
t & £ Vs=13TeVv 2,z /o NLO tion)
. 0.18— 5 —ZZ --- ZZ (wlo correction)
| , = F qg—>ZZ -4l _ =
i ¥ £ 0161 polarisation states & oe- 2, wio NLO correction) _—
i Z, rest frame 5 0.14 shape-only
x' i 4 S o012
_______ T 0.

0.1
0.08
0.06
] 0.04

/ E 0.02
Make use of a dedicated CP-odd angular 0

‘Lesmme 7 observable, the “ Optimal Observable”, to e

/ . . 0.95
. constrain anomalous neutral triple gauge %<5 <& <7<z 0z 07 05 08
BDT Score
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NLO/LO

couplings
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pPp — ZLZL — 4 (f:e,u)

Prefit | Poch
g ol 5= 13TeV, 140" Wzz ]
3 I;P?F?tz*“ I?? 217y 189.3 + 8.7 220 = 54
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Others 200 £ 3.7 199 =+ 37
. 0 [ @1
B 1 Total 3140 + 150 3149 + 57
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0%, = 2.45 £ 0.56(stat.) = 0.21(syst.) fb = 2.45 = 0.60fb

oy =2.10£0.09fb  (NLO QCD and EW)
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pp — ZiWi— 3tv (C=e,p)

Study the two vector boson with longitudinal polarization in two pr? regions:

100-200 GeV — observation at 5.30 and >200 GeV — measurement at 1.60.

For both regions pr'V% > 70 GeV.

Additionally, study of the Radiation Amplitude Zero (RAZ) effect in three pr* bins < 20, 40
or 70 GeV.
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Most recent results on VBS
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Full Run 2 data (=139 fb') analysis in fully leptonic channel (e,n). Measured the EW and
inclusive WWijj cross sections: ogw = 2.92 %+ 0.22 (stat.) £ 0.19 (syst.) fb.

Measured the differential
found with respect to the

cross section for both EW and inclusive processes. Some discrepancies

MC predictions.
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Constrain anomalous quartlc gauge couphngs via dim-8 EF'T operators

|

i

i
QL4 )

INEN
C

= . LI S B LA e s e e e x;u T |°1 L = 30- . . . . ; . = T T T T T
8 15 I sskoLimty T ATLAS 3 ATLAS .
= 4k = Epected (¢10) | = 20F VS=13Tev, 139701 | S 40 VS=13TeV, 1391
"S . Expected (£20) J E E ] "S
S 5F i E 0 1= 201
oF ] oF ] oF 1 Lago = Tt [VT/WWW] x [(D@)*Dﬁ@]
o E : ] ] _ Ve i
-5t : ik : 1 £as = T [Wu 7] x [(D0)' Dre]
: ] [ —— Obs. 95% CL limit ] Obs. 95% GL limit | -
-1op ATLAS E pof. == EXP-95% CLimit ] 40 —— Exp.95%CLImit | £m2 = [BuB"] X [(Dﬂq)) D 4’]
- _ 1 ] TEUF mmm Expected (+10) 4 - W Expected (£10) 7] . — [(p &\ V. W Dre
-15F Vs =13TeV, 139 ] : Expected (£20) ] Expected (£20) { [( u®)' W, ]
_10‘|‘|_I|‘|‘l‘|‘|I||||1‘|||I|‘|\210\ _391...._“..._l....l....l....l....15 .(1)...210..‘410 L:MJ:[(D,;‘I))TWWWB”DV@]
fuo/A* [1/TeV4] fuo/A* [1/TeV4] fun/A* [1/TeV4]
= — T T = e e s T e e s s S o Lro = Tr [ﬁ/m/'[/f/;W] x Tr [WQBWQ‘G]
= ATLAS = 0.6 ATLAS 102 ATLAS i 2
(0] — () . o 2+ - — 1B
S Vs=13Tev130m7 | £ L VS=13Tev,139%7 | £ “F VS o3 Tev, 13011 ] £ = T [WarlW?] xTx W]
= - — Eln 7 = F . _ 7 TuB VaZs
vSH R 1 20 {2 =T [WQ#W ] x Tr {Wgyu ]
K% 1 F o2 s ]
: I ook 1 of 1450 = (D0 D] x [(D'e) De]
o ] ook ] i g = [(D,,@)TD”@] x [(D,,CP)T D”cb]
[ —— Obs. 95% CL limit — Obs. 95% CL limit =1 —— Obs. 95% CL limit ]
=401 __ Exp. 95% CL limit ~0.4F == Exp. 95% CL limit . [ == Exp.95% CL limit ]
60:-- Expected (+10) [ W Expected (+10) ] - W Expected (+10) 1
- 5 Expected (+20) -0.6 Expected (+20) B -2r Expected(+20) ]
L L 1 1 1 1 L 1 et b o o e o b o s g o 1 o s o o b 4 o 3 o L 3 o T | ! O T N SN TN TR VRN SUNS (Y Y S S SN N1
-20 —1 0 0 10 20 -1.0 -0.5 0.0 0.5 1.0 -1 .0 —0 5 0.0 0.5 1.0
fs02/\* [1/TeVA4] fro/A* [1/TeV4] fro/A* [1/TeV4]
R.Bellan 24" May 2024 — EW-EXP


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-32/
https://link.springer.com/article/10.1007/JHEP04(2024)026

Measure differential cross sections for the inclusive WZjj and EW WYZjj productions

and extract the EW component by means of a BDT
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CMS corresponding measurement Phys. Lett. B 809 (2020) 135710
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Observed in the different-flavour dilepton channel, measuring a fiducial cross section of 2.7+0.5 fb.

To disentangle the signal from the large top quark production background a neural network has been
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CMS corresponding measurement Phys-. Lett. B 841 (2023) 137495
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The largest uncertainties are the from the data (~12%) and simulation (~8%) sample

size, followed by theoretical uncertainties on the top background and signal (~6% each)
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pp — Wyjj

Use a BDT to extract the EW signal from the inclusive WYyjj production and measure

the differential cross section of key observables, especially new ones sensitive to CP
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Use mwy as observable to put limits on dim-8 operators: fro/A* up to frr/A*
and fuo/A* up to fur/A

CMS corresponding measurement Phys. Lett. B 811 (2020) 135988
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Triboeson production

,LI\ug 2023 | . . | | | . | | CMS Ereliminary
CMS measurements vs. 7 TeV CMS measurement (stat,stat+sys) o+
Theory 8 TeV CMS measurement (stat,stat+sys) o
13 TeV CMS measurement (stat,stat+sys) (NP
stat sys
VVV H—e— 1.02+£0.21+0.14 137 fb"
WWW  ——e—n 116 £0.30 £0.28 137 fb"
WWZ e 0.85+0.31+0.13 137 b
wzz . 218+147+049 137fb"
WWy ——e—— 1.30+0.22+0.29 138fb’
Wyy e 1.03+0.29 £ 0.34 19.4 fb
Wyy e 0.73+0.10+0.22 137 b’
Zyy Ht 0.98+0.11£0.14 19.41fb"
Zyy HoH 0.91+0.09 £0.11 137 o’
Al resuls at . i Productign Cross Section E{atio: G,/ O X
http:/cern.ch/go/pNj7 exp ' “theo
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138 fb™ (13 TeV
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-006/index.html
https://dx.doi.org/10.1103/PhysRevLett.132.121901

CMS 138 fb” (13 TeV) CMS
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o 8§ 38 2 &~ &8 3 =2 8 3 : A o 5 3 = &8 3 =2 8 38 2 °
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[GeV] WWIGeV]
Oowwy = 6.0 £ 0.8 (stat) + 0.7 (syst) & 0.6 (modeling) fb
With an observed (expected) significance of 5.6 (4.7) o
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-006/index.html
https://dx.doi.org/10.1103/PhysRevLett.132.121901

Prospects for HL-LHC and FA
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ATLAS Simulation Preliminary — 20 | i : :
LEP-1 and SLD: Z-pole average ' ' —r— 0.23152 +0.00016 > C : . . ]
on - _| 2 E ATLAS Simulation Preliminary e
LEP-1 and SLD: Al B ——e—— | 028221+0.00029 = 18 T Vs=14TeV, <u> =2 I stet. © PDF 200 ot
SLD: A B —_— | 028098+ 0.00026 E; 16 =-m,, from m. & o <4 ' P
Tevatron ——,— 0.23148 + 0.00033 4 C T Sy D Stat. ® PDF 1 fb ]
LHCb: 7+8 TeV [ | 0.23142£0.00106 14 I POF =
CMS: 8 TeV B | | 028101 0.00053 19 Fe =
ATLAS: 7 TeV " 0.23080 £ 0.00120 u ]
ATLAS Preliminary: 8 TeV B — | 0.23140 £ 0.00036 10 —
HL-LHC ATLAS CT14: 14 TeV [ — "] 0.23153+0.00018 8 E =
HL-LHC ATLAS PDFALHC15,, ,,q: 14 TeV - 0.23153 £ 0.00015 a ]
HL-LHC ATLAS PDFLHeC: 14 TeV [ . . - . | 0.23153 +0.00008 6 g
0.23 0.231 0.232 . 4 C i
sin’e’ 6/2 - 3' H ]
10 C‘MS Phasel-.? Simr;tlatioln PfelfTirTaJ?/l : . . e 14 Tey 102 2 E _E
h:.,,?’ = é . 0 CT10 CT14 MMHT2014 HL-LHC . LHeC .
e i This measurement would require a dedicated
[an]
£ dataset collected at low instantaneous luminosity.
[Ze]

nl<2.4

—e— Statistical

—e— NNPDF3.0 nominal
—e— NNPDF3.0 constrained

<28

—o— Statistical

—&— NNPDF3.0 nominal

—o— NNPDF3.0 constrained
|

— Can reach < 10 MeV precision

Extending the eta coverage there is a gain of the order

of 30% in each type of uncertainty (can access larger x).

10%

10°

1

L (o)

int
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https://cds.cern.ch/record/2806962
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& [ ATLAS Si i imi 3 1T >
2 | imulation Preliminar 5 _ > -
% y £ | Vs=14 Tev 1 & | Phase-2 Projection
'& : E=14 TeV —— Statistical sources of uncertainty g ® .‘(_g 30 ; Inclusive measurements |
g ) pp — waxjj —— Theoretical sources of uncertainty -} _. — VBS WV - Ivqq - GL)
s 8_— ‘\ Systematic sources of uncertainty S Q 8 — Eww'w*
_‘E L W All sources of uncertainty 5 -+-- VBS WV llqg+lvaq+vvaq = s Eau EW WZ
g = [0 ) 8 20 __ __
8 6— @ 1 e, k] : e QCD WZ
s - o 107" 3 - 1
E L 8 - &
o = = x E
[y O r (0] B
: g | 1ok
- -'('_U. T
2— o ~ -
C o i
Loos o oany Caos sy plie somlyonnlipailgmn s Loass _ o=
% 1000 2000 3000 4000 5000 6000 7000 8000 0 500 1000 1500 2000 2500 3000 2000 s .
Luminosity [fb Luminosity [fb™]

Luminosity [fb]
ATLAS and CMS have performed projections of analysis sensitivities for measuring the
cross sections of leptonic and semi-leptonic decays of several VBS diboson processes: WW,

WZ, and ZZ. In general, the uncertainties on the cross sections are expected to ranges
from 3 to 10% (for ZZ — 4t), by the end of the HL-LHC data taking.

R.Bellan 24" May 2024 — EW-EXP A2


https://cds.cern.ch/record/2806962

Significance (o)
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Reaching an evidence of V.V, at HL-LHC will be very though, however, history of particle

physics thought wus that projections

were pessimistic,

as they did not consider

improvements in techniques, better description of the detector, etc. Also,

combination between ATLAS and CMS should be considered.

R.Bellan
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https://cds.cern.ch/record/2806962

Rev.Phys. 8 (2022) 100071

1047

pp: WrWr

] pp: WoWy

pp: WoWy

0.2 0.3

R.Bellan

e WeWy
o WoWr

Sz wow,y

L;) 1I0 \/51[5T6V] 20 2I5 30

utw and ete colliders have similar physics for VBS
production, and are superior in term of parton luminosity (®)
with respect to pp.

For VBS Z.Z: to reach the same significance level (~20) as
HL-LHC with 4 ab™ of collected data, a uu collider requires
Vs = 6 TeV; 50 discovery can instead be reached with 3 ab™

of data and Vs = 14 TeV [PRD.104.093003].
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https://doi.org/10.1016/j.revip.2022.100071
https://doi.org/10.1103/PhysRevD.104.093003

* Many new interesting results from LHC in the last 2-3 months

— More are yet to come!

* Run 2 data exploited at maximum, but still there are analyses that can be

performed

— More precise measurements and very rare processes to be found

* Run 3 data analyses are underway, but important benchmarks have

been presented

* HL-LHC and FA represent an unique opportunity to dig deeper in the

EW sector of our core theory

Standard Medel Theory Rules
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Instructions to directly access the analysis page

CMS

— For publications

http://cms-results.web.cern.ch /cms-results /public-results /publications/AAA-BB-CCC/index.html

- For PAS

http://cms-results.web.cern.ch /cms-results /public-results /publications/AAA-BB-CCC/index.html
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http://cms-results.web.cern.ch/cms-results/public-results/publications/AAA-YY-XXX/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/AAA-YY-XXX/index.html

W' mass measurement

Analyzed the W — pv events taken in 2016 (Vs = 13 TeV, Z'=1.7 fb)

Use the curvature of the muon track (q/pr), which is sensitive to mw

do 3 da.unpol.
dp¥dydMd cos 9dy 167 dp¥¥ dyd M Coefficients Aj-A; are small, as
I . .
{(1 4 cos®9) + Az (1 -3 cos? ¥) + A; sin 20 cos ¢ they are second-order in o, while
1 ° °

-+ A2§ sin” ¥ cos 2 + As sin ¥ cos ¢ + Ay cos As partlcularly influence CI/pT
+ A sin® ¥'sin 2 + Agsin 20 sin ¢ 4+ A7 sin ¥ sin cp}

T 6O Tw W o Orw W ‘
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Losf i i i o Lost | | §

S T S s RS oy o S N I NS
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oot z z ] Tt 1 T
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q/pt [1/GeV] q/pt [1/GeV]
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https://link.springer.com/article/10.1007/JHEP01(2022)036

Measurement of sinZ0sw

. . " _1
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-010/index.html

36.3 fb" (13 TeV)

— Events classified in 11 categories

: T polarization in 7 — vt |

Measured the T polarization in pp — Z — 7t events @ 13 TeV

The polarization (= -A;) owsgem A i
en . | depends on the ratio of the =/ %o §
. LEP-SLD (pog
©a — 71 vector and axial-vector  rmimoee -
ep e — SLD
um e | couplings and is wused to & ="" i
a IEP? Lett. B 429 —
M " | determine the weak ==
up b ] . . . Zgbc;hsygéd' c14 -
n . mixing angle independently e
a,m ° _ . (2001) 401 7
an of the production process of o il
™ (2001) 1 | | L
pT, FECrS | the Z resonance i EE el 02
Comblned 1 1 1 .I | | 1 1 ] !
0 0.5 B ff
Average polarization < P, > S1n Hew =0.2319+0.0019
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-010/index.html
https://link.springer.com/article/10.1007/JHEP01(2024)101

Process

o upper limits obs. (exp.) [fb]

Kq limits obs. (exp.) at95% CL &, limits obs. (exp.) at 95% CL

ud - H+9 —epvv,y
dd = H+7v — epv v,
ss = H+7y —euv.v,y
cc > H+vy —=epuvy,y

%, | < 16000 (13000)
4| < 17000 (14000)
x| < 1700 (1300)
x| <200 (110)

%, <75 (6.1)

K| < 16.6 (14.7)
%,| < 32.8 (25.2)
%.| < 45.4(25.0)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-22-006/index.html
https://dx.doi.org/10.1103/PhysRevLett.132.121901

Search for W*W? scattering in final state with a T and either a p or an e (plus MET)

— First study of VBS with taus

R.Bellan

Events

138 fb (13TeV)

138 fb (13 TeV)

= 2 E
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SM DNN output

Measured the EW signal strength:

SM DNN output

Wy ws— 1.44

Statistical
uncertainty
dominates, but
total systematic
uncertainty is of the

same order

+0.63
-0.56

with an observed (expected) significance of 2.7 (1.9) o
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7/ — U0y

The predictions for the kinematic observables describing the final state differ significantly

in some regions of phase space between bare electrons and bare muons.

Dressed lepton definition minimises the differences between electrons and

muons.
%—. 115:|;4-;-L|A|S| |S:n; llaltlc|>r|]| L L L I |— ; 115_| —— 1' I |'| LA A o o o e s o ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-05/
https://link.springer.com/article/10.1140/epjc/s10052-024-12471-9

Measurements of the full 4

leptons spectrum

— includes H and Z decays

pp — 747 + jets

Measurements in the fully leptonic (u,e) decay channels with the full Run 2 data

Z pair associated to jets are among the rarest processes observed at LHC (o~1 fb!)

Very important for keeping under

control the irreducible background of

vector boson scattering and

triboson productions

Extracted differential
distribution of

several observables

CMS Preliminary 138 fb™ (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-001/index.html

pp — 727 — 4 (t=e,p)

Fiducial phase space Total lepton phase space
Muon selection Bare, pr > 5 GeV, |n| < 2.5 Born
Electron selection Dressed, pp > 7 GeV, |n| < 2.47 Born
Four-lepton signature > 2 SFOC pairs > 2 SFOC pairs
Lepton kinematics pr > 27/10 GeV
Lepton separation AR({;,0;) > 0.05
Low-mass £T¢~ veto m;; > 95 GeV m;; > 95 GeV
Z mass window 66 < mypq,mypo <116 GeV 66 < mypq, Myp o < 116 GeV
Z 7 on-shell my > 180 GeV
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pp — 727 — 4 (t=e,p)

Process | q4 — 22 g9 — ZZ EW qq— ZZ+2j {2 VVV ~ Reducible | Total | Data
Yield | 515 + 50 74 + 44 47 £ 1.0 55+ 0.8 21 +0.2 254+81 | 626+ 838 | 625

Source Relative uncertainty (%)

Data statistical uncertainty 4.2

MC statistical uncertainty 0.3

Luminosity 2.2

Lepton momentum 0.2

Lepton efficiency 3.7

Background 1.6

Theoretical uncertainty 1.0

Total 6.3
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pp —— ZLZL — 4 (f:e7u)

(g
Optimal Observable (OOr,.1.;) built up using angles defined in the previous slide, where

Tyz,1(3): Sin ¢1(3) COS 91(3)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2021-05/
https://link.springer.com/article/10.1007/JHEP12(2023)107

pPp — ZLZL — (f:e,u)

aNTGC parameter Expected

Interference only
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2021-05/
https://link.springer.com/article/10.1007/JHEP12(2023)107
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/
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C v Sherpa 2.2.11 ® NLO EW - 3‘_ v Sherpa 2.2.11 ® NLO EW 7
L Total Uncertainty B - Total Uncertainty 8
E %, Systematic Uncertainty ] i % Systematic Uncertainty ]
3E i L ]
C ] 2r- ]
2W/W W E : l{,}y :
i E 1%///////%/%%///%//’%@%% :
: s - b
0 0 1 1 1 1 | | | 1 | | 1 | | 1 1 1 1 1
L | LT T T | T T T | T T T I T T T I T T F | T T
§ 150 _ § 150 4 I |
= 1_ 7 y ? % . ///2 = 1 s 7% /92/':2//,:’ %/ﬁ? // %‘///%%//;
s T pp—_— .. S G L z
2 05F . 2 osF " v
|_ | E l |_ ) E 1 1 1 I 1 1 | | 1 1 | I 1 1 1 I 1 1 1 | 1 1 1
0 1 0 0.2 0.4 0.6 0.8 1 1.2
Ngap jets g13
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-32/
https://link.springer.com/article/10.1007/JHEP04(2024)026

First measurement of the top quark pair production cross section in proton-proton collisions at
13.6 TeV, with 1.21 fb! of data from 2022

Measured in dilepton and

—~~ —_— T T ] T T ] T — | T T T | | I | —
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= - ¢ e/ 13TeV (L =359 3 $Data mf  wSiget Wists
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Ratio to SM

Higgs Couplings

Recently studied Higgs anomalous

10°% w7

CMS 138 fb™! (13 TeV)
Al T T T —
E t ...
E m,=125.38 GeV w Z‘,."' q

pg,, = 37.5% -

b |

L L
F ,~‘ Leptons and neutrinos Quarks

o, e |
e Do

bb ZZ
Expected: 40
Observed: 32

Multilepton
Expected: 19
Observed: 21

:""" Force carriers Higgs boson
| niiin o |
1(1)_42::; — — :
1.2F ok 3
124 e i yo AT
0.8F 0.95f E
0.6:"1 | il . Ll ]
107 1 10 10?

Particle mass (GeV)

Nature 607 (2022) 60-68

R.Bellan

bb yy
Expected: 5.5
Observed: 8.4

bb Tt
Expected: 5.2
Observed: 3.3

bb bb
Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

Still missing somes, but
we are under way.

k. < 240 (HIG-21-015) k.
< 47 (HIG-21-12)

CMS 138 fb' (13 TeV)
T T T
K=Kk =1 —e— Observed ~ ----- Median expected
Ky =Ky =1

BB 68% expected
----- 95% expected

L | L L PR N P ST |
1 10 100
95% CL limit on o(pp — HH) / GTheory

24t May 2024 — EW-EXP

couplings from its production and
decay in the WW channel (eu final

HIG-22-

008

state). Used several categories:
ggFusion, EWK VBS, and HV

associated production

Coupling Observed Expected

O -0.761 3%
CHD -0.12°90
Cw 0.08"5%
CHWE 0.17+058
CHB 0. 03+8 %2
Cony -0.26705)
CHWB -0. 54+% gg
CHB -0. 08+8 %g

+1.37
0.0 —1.84

+0.43
0.0 -0.30

+0.37
0.0 —0.48

+0.77
0.0 —0.96

+0.11
0.0 —0.14

+0.48
0.0 —0.52

+0.99
0.0 —1.07

+0.15
0.0 —0.16

RHE



W' mass measurement

| |ATLAS my, 2017 ATLAS my, 2023 Effecton  Effect on

Statistical interpretation 2 fit with stat-only Profile max. likelihood (ML) fit -  central value uncertainty
uncertainties, for the first time in context of
systematics added my, measurements; O(1000) NPs -16.3 MeV |,
aposteriori reduced to ~200 NPs with PCA
Baseline PDF CT10 CT18 +4.6 MeV ™
Electroweak theory unc. Evaluated at truth level Evaluated at detector level ™
Multijet background 2023: Systematic shape variations using PCA, new transfer
function from CR to SR +1.9 MeV NV
Detector calibration Unchanged Good
EW and top background Unchanged - compatibility

R.Bellan 24" May 2024 — EW-EXP 9()
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Source

Size [ MeV]

Parton distribution functions

Theory (excl. PDFs) total

Transverse momentum model

Angular coefficients

QED FSR model

Additional electroweak corrections

Experimental total

Momentum scale and resolution modelling

Muon ID, trigger and tracking efficiency

[solation efficiency

QCD background

Statistical
Total

9
17
11
10
7
)
10

23
32

24t May 2024 — EW-EXP
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https://link.springer.com/article/10.1007/JHEP01(2022)036
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CDE"W' mass measurement

* Full Run II Tevatron data

Source Uncertainty (MeV)

Lepton energy scale 3.0

* Most precise mw measurement to date (even than

Lepton energy resolution 1.2

combinations)

Recoil energy scale 1.2

* Significant systematics reduction using cosmic data: S — '

Lepton efficiency 0.4

Tracking detector alignment & drift model

Lepton removal 1.2

Backgrounds 3.3

— Uniformity of the EM calo response and resolution

p% model 1.8

model

pY /p% model 1.3

* Custom detector response simulation (not full Paron ditbutions 3s

QED radiation 2.7

simulation unlike LHC experiments)

W boson statistics 6.4

* Six mw values from template fits to mr, pr’, pr’ y

distributions in e and w channels

. . =80'435.5+6.4(stat ) +6.9 t)MeV =80"'435.5+9.4 MeV
— Technique similar to 2017 ATLAS first measurement Mw (stat) (syst) Me ¢

R.Bellan 24" May 2024 — EW-EXP 09


https://www.science.org/doi/10.1126/science.abk1781
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80.45

80.4

80.35

80.3

80.25

— m,, =80366.5 + 15.9 MeV
-m,_17252+033GeV
R e Sy

ATLAS
CDF .
my ~ 20 GeV

s 68/95% CL of m, and m,

L)

*
|’u‘

III‘||IIII
A

-
-
-
=
-

e 68/95% CL of Electroweak

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

| |
185

m, [GeV]

\J
~190 GeV
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The effective field theory reveals high energy physics through precise measurements at low
energies. Its validity is for E << A.

from Lagrangian ..

ZsMmeFT = Lsm T Z (6) + Z (8)

o T

SM EFTas EFTas

R.Bellan 24" May 2024 — EW-EXP 95



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 .. o
% The quadratic dim 6 cross
ZsmerT = Lsm + Z —@(6) IV q
— ' section contains both pure
SIM EFLG % (i.e, m=n) and mixed

contributions.
Linear EFT cross-sections: Quadratic EFT cross-sections: When ConSidering dim 6
Interference SM-EFTae squares EFTas quadratic term one should
to cross-sections .... \ / include the dim 8 linear
Ne GG term, unless the measurement
o, (e, A) 2o X |1+ E oV 4 E 7 5lett) ’
SMERTL 48 SM A2 Om A4 mn is proven to be insensitive to
mn=1
[ \ the addition of the dim 6
evaluate at (N)NLO QCD + NLO EW evaluate at NLO QCD R. Rui quadratic term.
with SMEFT@NLO - iz

R.Bellan 24" May 2024 — EW-EXP o6
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