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http://vietnam.in2p3.fr/2024/PASCOS/overview.php
https://indico.desy.de/event/38293/timetable/?view=standard#1-electroweak-physics-at-the-l

To introduce works done by many people together,
CMS +ATLAS, not meant to be exhaustive.

Cares are put more on future prospects i.e. how/what we
can achieve more?
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Electroweak milestones: From infancy to adolescence
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https://indico.cern.ch/event/1301000/timetable/?view=standard
https://indico.cern.ch/event/1301000/timetable/?view=standard#18-the-w-mass-at-the-lhc
https://indico.cern.ch/event/1333553/
https://home.cern/news/news/physics/w-boson-turns-40
https://news.fnal.gov/2020/03/twenty-fifth-anniversary-of-the-discovery-of-the-top-quark-at-fermilab/
https://link.springer.com/article/10.1140/epjc/s10052-018-6131-3

https://cerncourier.com/a/electroweak-milestones-at-cern/

Electroweak milestones
R 50 years of neutral currents,
40 years of W and Z bosons



https://cerncourier.com/a/electroweak-milestones-at-cern/

The Nobel Prize in Physics
1084 W, ZIBF

Carlo Rubbia Simon van der Meer
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1984 was awarded jointly to Carlo

Rubbia and Simon van der Meer "for their decisive contributions to
the large project, which led to the discovery of the field particles W §
and Z, communicators of weak interaction"




The Nobel Prize in Physics
2013

£125 GeV/c?

o H

Higgs-

boson

Francois Englert Peter W. Higgs

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Francgois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed

through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider”

Higgs Boson

QEATLAS
EXPERIMENT

http://atlas.ch




Seattle snowmass summer meeting 2022
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https://indico.fnal.gov/event/22303/timetable/?view=standard#563-large-experimentsfacilitie

Direct and indirect searches for BSM

Events

Electroweak Beyond the

Standard Model
as a key tool

Standard
Model

T

( ~ ~1TeV 10-100 TeV
~ : Energy

Anomalous couplings, EFT (CP even or odd)
(6) c®

Buisa= B3 Z ——0© + Z —@(8) +.

Boosted jets: Inc reasing transverse momentum, py
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Rich results at the LHC (ATLAS, CMS)
CMS

13.6 TeV (L<5fb")

‘;e v L P

" CMS Stairway to discovery oE 13TeV (L<138fb™) |

. - . AN 8TeV (L<19.6fb7")

il M:v See also ATLAS Version v' 7TeV (L<5fb)
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
https://arxiv.org/abs/2405.18661
https://arxiv.org/abs/2404.06829

Eur. Phys. J. C 84 (2024) 315 _ ol
Eur. Phys. J. C 83 (2023) 628 Dre” Yan preCISIOn

1 T

2 [ aTLAS op = Z .1 N3LOQCD predictions
s Vs=8TeV,20.2fb" - obtained from DYTurbo
‘8 400_— =
e . - aN’LO MSHT PDF set.
300:— —e— Data — —: e A negative correction of
oo o == | oaxfomNloew
200/— —— N°LO QCD + NLO EW 1 included

— P Scale variations
— [ ] PDF uncertainty

e ap-value of 11% if one
only includes the
uncertainties in the
PDFs for the predictions

e 2D differential
distributions measured
in both papers
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https://arxiv.org/abs/2309.09318
https://doi.org/10.1140/epjc/s10052-023-11631-7

SRD 102 (2090) 092012 Slngle W preC|S|On mr—— —
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e lepton eta-pT depends
on W helicity, which is
largely determined by
parton distribution
function.

Unrolled dressed lepton il bin: n| €[0.0, 2.4]
CMS 35.9fb™ (13 TeV
> & i | 4~ Measured =8 MadGraph5_aMC@NLO = PDFs @ «. W Iy 0T )
$ove[ 7 1 i Meoued B Wedorep : . .1 e Canbeusedto
= 0095 B0 2% 18 3% g0 312 3% [ign, A I (g, 31 M O
— 0030 foeV  ieeN g

constrain parton
S " T D A R B A distribution function,
modelling, etc.
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https://doi.org/10.1103/PhysRevD.102.092012

Submitted to Nature

NEWS | 17 September 2024

‘The standard modelis notdead”:
ultra-precise particle measurement
thrills physicists

CERN'’s calculation of the W boson’s mass agrees with theory, contradicting a previous
anomaly that had raised the possibility of new physics.

https://cms.cern/news/working-w-mass-no-sprint-it-m

arathon

----- |I'I'I‘||I'l'| i 5

This result is not a sprint, it is a marathon. How the teams behind the measurement of the W-boson mass at the

CMS experiment found working on this result, almost a decade in the making.

W Mass

THE WBOSONPUZZLE

HEAVYWEIGHT

CERN's CMS experiment has made a highly precise measurement of the W boson’s mass.
The result is in line with the prediction made in the standard model of particle physics.

Experiments
Tevatron | (DO and CDF, 2004)

DO 11 (2012) —@—
LEP (ALEPH, DELPHI, ®
L3, OPAL, 2013)
ATLAS (2018) —@—
LHCb (2022) —e—
CDF 1l (2022) @
CMS (2024) @
Standard-model prediction (2018) @1
| J | ! | |
80,200 80,300 80,400 80,500
Mass (MeV) ©nature


https://www.nature.com/articles/d41586-024-03042-9
https://cms.cern/news/working-w-mass-no-sprint-it-marathon
https://cms.cern/news/working-w-mass-no-sprint-it-marathon

Selected Topics with bias

e Di-boson

- o Polarized Di-boson q | Vi
o Wz

- o Polarized VBS TGG
o Same-Sign WW scattering 4

e Tri-boson 7 v,
: o  WZy, WWy s — (.:hannr:‘l

o More VBS:

o H scattering; 2 to 3 scattering

e Quantum tomography
: o HtoVVand more

15



Phys. Rev. Lett. 126. 252002 (2021) WY

Vg

* WYy fiducial cross section measurement based on d
fit to m,, distribution:

* 0=15.44 +0.05 (stat) £ 0.84 (exp) £ 0.12 (theory) pb

* Theoretical cross sections:
* MadGraph5 aMC@NLO 0+1 jets at NLO: 15.44 + 1.24

q ¥

CMS ' 137fb (13TeV)
pb & i ' -Plleup oDat% P i
s o" sa . n a - e-inaucea y
* POWHEG with “NLO competition” scheme: 22.45 + 3 k -JV"P’VV =gggg',g;g?r,ggggt_
2 \\Pred. Unc. mNonprompt photon -
3.21 pb it ¥ conversion 1
; —Cyww/AZ=2TeV?
* Limits on dimension 6 EFT operators based on ! i

photon p; distribution

E N
Coefficient Exp. lower Exp. upper Obs. lower Obs. upper | W

cwww/A2  —0.85 0.87 —0.90 0.91 3 2fF \S
B/ A —46 45 —40 41 3 1F > X S
, 2 _ | S o8 | —_— N :
CWWW)/A 0.43 0.43 0.45 i EWD|m6/HISZ Sk 500 1000 1500

ci /A2 —23 22 —20 20

Photon P, (GeV)
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https://doi.org/10.1016/j.aop.2013.04.016
https://doi.org/10.1103/PhysRevLett.126.252002

Phys. Rev. Lett. 126, 252002 (2021)

Phys. Rev. D 105 (2022) 052003

Wy

e Technique called interference resurrection used
to enhance anomalous coupling sensitivity

* Phenomenon called radiation amplitude zero: a 0

in the LO cross section at An(l,y) =0

x-z plane

< Events / GeV >

Data/Exp.

CMS

138 fb™ (13 TeV)

WHE(Fv)y

0<lol<g

s<li<3

T n
z=ll<3z
—o— Data
= Wivyy
[ Nonprompt/misid. y
B Nonpromptmisid. | ]
.ty
C 2y (ee) (e )
= 2y iy
[ Singlet+y
= vy
[ Stat.+Syst. Uncertainty §
—-- Gy, =02TeVv?
—— Cyy =-0.2Tev?

Pl (GeV)

Table 4: Best fit values of C;}y and corresponding 95% CL confidence intervals as a function of
"Z the maximum p] bin included in the fit.

pT cutoff (GeV)

Best fit C3yy (TeV—?)

Observed 95% CL (TeV ~?)
SM+int. only SM+int.+BSM SM+int. only SM+int.+BSM SM+int. only SM+int.+BSM

Expected 95% CL (TeV ~?)

The technique will also be valuable in the future when sufficiently small values of aGCs

200 ~0.86 —0.24 [—2.01,0.38] [-116,127] [—0.81,0.71]
300 -0.25 -0.17 [—0.81,0.34] [~0.56,0.60]  [—0.33,0.33]
500 ~0.13 ~0.025 [—0.50,0.25] [~0.35,0.38]  [~0.17,0.16]
800 —0.20 —0.033 [—0.49,0.11] [~0.29,0.31]  [—0.097,0.095]
1500 -0.13 —0.009 [-0.38,0.17] [—0.062,0.052] [—0.27,0.29] [—0.066,0.065]

are probed such that the interference contribution will be dominant

17


https://doi.org/10.1103/PhysRevLett.126.252002
https://doi.org/10.1103/PhysRevD.105.052003

Boosted Assymetry of di-boson productions

12 - : — : 12 - . — r
u,(x.Q) at Q =100.0 GeV 68%C L. dy(x,Q) at Q =100.0 GeV 68%C L.
CTISNNLO CTISNNLO
3 11 updated-by-Wgamma 3 11 updated-by-Wgamma
< <
3 b
e E
8 10 8 1.0
g 5
=] o
ug_] 09 F E 09F
0.8 b - — — 0. - . . —
100 10% 107 107 10 02 05 09 10° 10% 107 107 10! 02 05 09
X X
B - — . 14 o . — r
1(x.Q) at Q =100.0 GeV 68%C.L. A(x.Q) at Q =100.0 GeV 68%C.L.
N(‘Y ‘ > |Y{‘) — N(|Y I < ‘Yfl) 13F CTISNNLO 13F CTISNNLO
W}/ — }' g y : 5 12F updated-by-Wgamma 5 12k updated-by-Wgamma
boost o gL
N(|Y,] > |[Y]) +N(|Yy| < [Ye])  €v
5 10 % 10
g g
S 09f S 09F
=} =l
5 osf 5 o0s
07F 0.7
PHYSICAL REVIEW D 106, L051301 (2022) o ) L L7 y B L W
10 10 107 -2 102 05 09 10 104 1073 2 102 05 09
[ Letter | 10° 10 10 10 Lo 10° 10* 10 10 o
Boost asymmetry of the diboson productions in pp collisions PHYSICAL REVIEW D 106
i 1 = 3 1 1 - 1 & 3 5 1 - 1
Siqi Yang®, Mingzhe Xie®, Yao Fu®,” Zihan Zhao®, Minghui Liu, Liang Han, |_O51301 (2022) 18

Tie-Jiun Hou,2 and C.-P. Yuan®®



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.L051301
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.L051301

Selected Topics with bias

e Di-boson
o Wy

o Polarized Di-boson W

o WZ & _>/
~ e Polarized VBS

o Same-Sign WW scattering
o Tri-boson

o WZy, WWy

- o More VBS:

o H scattering; 2 to 3 scattering
e Quantum tomography backward | forward
5 o Hto VVand more i




JHEP 07 (2022) 032

W/Z (polarization)

— NN NN
q' w
q 4
q Z
—_—,— S NNNNNN
1 (13 Te 1 (13 Te
CMS 37 b (13 TeV) CMS 371" (13 TeV)
1 1] T T | T 1 T T T T l T T T T T I 1 T T I I 1 T
eee eee
s POWHEG+NNPDF31
=== NLO QCDxLO EWK
ee ee ___MATRIX+NNPDF31
H = ﬁ%vggg+[1g2%£1 # NNLO QCDxNLO EWK
+
__ MATRIX+NNPDF31 — - MR oL Bk
upe NNLO QCD+LO EWK npe
g MATRIX-NNPDF31 MATRIX+CT14
NNLO QCDxXNLO EWK NNLO QCDxNLO EWK
u“‘,’l O Best fit ”’u‘“‘ O Best fit
Il Statistical uncertainty e )
Combined I Systematic uncertainty Combined I Statistical uncertainty

Luminosity uncertainty

I Systematic uncertainty

12

1.4

16 18
o(pp > W*'Z) / o(pp »> W 2)

2

CMS

[SRPostFit

2500 ¢+~ Data BIWZ, WZq
WZ, MWZEWK [llag—ZZ

JfMX Hza VW

[ [ Xy

237 107 (13 TeV)

Nonprompt & Total SM unc.

pp—W*Z

Events / Bin

| R L

Data/pred.

08060202 0 02 04 06 08 1

g, cos(6y)

First observation of single
longitudinally polarized W
bosons in WZ production!
5.60 (4.30) obs (exp).
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https://doi.org/10.1007/JHEP07%282022%29032

Phys. Lot 8843 2023137895 W2 (jOint polarization)

pu . I
W rest frame
\

WZ rest frame

Esl]

rl Z \
| @ ! Z rest frame
\ !
\

\ ¢ )

\ /

\ A
&

Measurement performed as well
separating by the W charge

— Significance on foo at 6.96 in W+Z
— Significance on foo at 4.16 in W-Z

Events /0.2

Data / Pred.

3500
3000
2500
2000
1500
1000

500

0
T T T T T T T T T T T T T T T I3
1.2 |cos 6wl <05 ;1605 801> 0 ;105 Gl <08 ;1c0s 0l >05 T3
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1 : “.4,,‘ i v /4 } 4.+F .*,-L,a,t Yy ve +“7‘/r/"" +. Yy ..+,,. é
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0.9:_ 1 1 1 1 1 1 1 1 ’ 1 1 1 1 l 1 1 | l _:
0 2 3 4

ATLAS

;— e Data // Tot. unc. W;Z i
— W'Z SR Post-Fit OW:Z, [IWyZ; [C1W, Z -
= {s=13TeV, 139 fb™ Others MISId leptons W tt+ V =
= mZZ BWWZint =
= ke =
= =
[ - =
= ! ore W =
—x —]

4-category DNN score
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https://www.sciencedirect.com/science/article/pii/S0370269323002290?via%3Dihub

erc 1330020101302 W.Z high PT polarization and RAZ

e This analysis focuses on WZ events with Z bosons required to have high transverse momenta
e Two fiducial regions featuring two longitudinally polarized bosons are defined.
e The first study of the Radiation Amplitude Zero effect

o Events with two transversely polarized bosons are analyzed

-—m - e 0
o= 0.7 ATLAS -e- Data @B Stat. Uncert.
< % E Vs=13TeV, 140 fb" [ Tot. Uncert. -« MG+Pythia =
T 0.6 RAZ Region p"Z< 70 GeV —]
=l E T =
OE VR | 1 T P C - P R

ol 14 ; k i
a| 12 E
s\ 1 g0 " ]
o \os 3
.6 =

6

O

AY(WZ)|

Signal regions

Radiation Amplitude Zero

00-enhanced region 1

00-enriched region 2

Pass inclusive WZ event selection v v
Transverse momentum of the Z boson ( pf. ) [100,200] GeV

v
> 200 GeV

“Transverse momentum of the WZ system (p)¥%)

< 20, 40,70 GeV

<70 GeV

dominated by 77T events with low momentum W and Z bosons [1, 2, 13].
events with Z bosons required to have high transverse momenta ( p% ). The co
wz
Pr
the inclusive region to 20 — 30% in the region with high p% and low p;yz [

This analysis focuses on WZ
mbination of high p% and low

significantly reduces the TT contribution and increases fyo. As a result, fyo increases from 5 — 7% in

14].

Measurement
100 < p% <200 GeV pZ > 200 GeV
foo 0.19 18:% (stat) 18:85 (syst) 0.13 18:82 (stat) i8:8§ (syst)
Jor+ro 0.18 ig:gg (stat) i8:82 (syst) 0.23 ig:% (stat) i8:?8 (syst)
frr 0.63 18:82 (stat) ig:gj (syst) 0.64 i&}% (stat) igzgg (syst)
foo obs (exp) sig. 5243) o 16230

1 observation 1in
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.101802

arXiv:2505.09686

Precise Standard-Model predictions for polarised
Z-boson pair production and decay at the LHC

Costanza Carrivale,” Roberto Covarelli,” Ansgar Denner,® Dongshuo Du,? Christoph Haitz,*
Mareen Hoppe,® Martina Javurkova,” Duc Ninh Le,9 Jakob Linder,” Rafael Coelho Lopes de
Sa,’ Olivier Mattelaer,’ Susmita Mondal,” Giacomo Ortona,” Giovanni Pelliccioli,”! Rene
Poncelet,”! Karolos Potamianos,” Richard Ruiz,! Marek Schonherr,” Frank Siegert,® Lailin
Xu,? Xingyu Wu,? Giulia Zanderighi”

“For the first time, we accomplish the combination of NNLO QCD and
NLO EW corrections, setting the new state-of-the-art perturbative

accuracy for polarised Z-boson pairs at the LHC.”
23


https://arxiv.org/abs/2505.09686

Selected Topics with bias

e Di-boson

O WY AN crercctcantetetaiicaes

() PO | a ri Ze d D i— b O S O n Higgs boson exchange § }“{:

o WZ M}V\.

e Polarized VBS Fo oo v ><

o  Same-Sign WW scattering ::%;:
o Tri_boson Vector boson exchange : }\A{

| o WZyWWy  asaaasi e
e More VBS: -

o H scattering; 2 to 3 scattering

e Quantum tomography
: o HtoVVand more
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PLB 841(2023)137495

seecreonzs - \fector Boson Scattering: W+W- and WZ

g1 ds ENDC BARREL ENDCAP

\ Rapidity gap

/-—-‘“_\
Y ! @
b ///—~—> O o
q2 /
/
A - -
i e
X Iarge_ angular
i separation between .
‘ tag jets low QCQ activity Petween
X tag jets, since there’'s no color
' flow between the two protons
/\'
0 - 4 > https://indico.cern.ch/event/1253590/contributions/5843984/attachments/2872663/50311

Anj

46/2024-06-07-govoni.pdf
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https://doi.org/10.1016/j.physletb.2022.137495
https://link.springer.com/article/10.1007/JHEP07(2024)254
https://link.springer.com/article/10.1007/JHEP06(2024)192
https://indico.cern.ch/event/1253590/contributions/5843984/attachments/2872663/5031146/2024-06-07-govoni.pdf
https://indico.cern.ch/event/1253590/contributions/5843984/attachments/2872663/5031146/2024-06-07-govoni.pdf

Longitudinal Polarized VBS

Importance of W;W;" - WrW;m  we  we we  wsowe we

» Higgs Goldstone bosons result in longitudinal
polarized vector bosons:

HT—W;

4H‘—>W,j
QHO — 7

SM Higgs h

Higgs field ®

. Longitudinal Wy Wi — WFW; would
violate unitarity if Higgs coupling deviates
from SM prediction

= WEWE — WEW: is a unique opportunity to L S
probe electroweak symmetry-breaking A Ecu (Gev) 2°



reeizee0 130 Polarized VBS from CMS

e Signal sample simulated in WW/pp center-of-mass frame
e Simultaneous fit on two BDT discriminant variables:

& W;" Wi signal BDT (W) W vs W3 Wy) and inclusive BDT

proton

proton

(VBS vs Bkg.) ~
& W; Wy: signal BDT (W Wy vs WZ W) and inclusive BDT
. Observed (expected) significance
(VBS vs Bkg.) for LL and LT+LL: 0.88 (1.17)c; 2.3 (3. 1)0
M Selection and CRS are Same aS EW WtWi Droduction .....................................................................................................
13716 (13 TeV) 5 : 137 b (13 TeV) 21y CMS — ]37fb (13 Te\./)
5 cMs  MOtherbkg. ¢ Data a3 i CcMsS -3"::” bkg. ¢ [B’:m P -+« Expected bkg. only stat
= 4ot —WW,_  \Bkg.unc. | = =W¥, NEamc < 6| - Expected bkg. only statssyst .
[ —W_W. mwz [ —W, W, mwz : P g 9
ﬁ 10° s 2z - Lﬁ 10° 24 = Observed
[ Nonprompt 3 {2 Nonprompt
. v ; I S— N— v a4 ) __
\‘\\‘\\'\\\\\\\\ NN
10 10
4 2 B 7
3 14 g 14 '
E 1_21 E 3 o anaa T ben ke ians anansn flananeastinananassasnnsannnanasnnanessand
g 08 (D“ 08‘ L
=1 ~05 0 0.5 1 g 05 0 0.5 1 8 1 1.5
BDT score BDT score Ow,w, [fo] o7


https://arxiv.org/abs/2009.09429

Moriond 2025

Single Boson Polarization WZ—LWi

« Significance of 3.3 & for WLtWij'j'
(expected 4.0 o)

= First evidence for longitudinal

polarization in vector boson scattering

* Measured cross-section in agreement

with the Standard Model

* Dominated by statistical uncertainty

Prediction ~ Measured o8 (fb) Uncertainty breakdown (tb)

[1.18 £0.29

180
160
14
120
100
80
60
40
20

Events

o

0
% 1.25

0.88 + 0.30 (tot)] |+0.28 (stat.) | 0.08 (mod. syst.) + 0.05 (exp. syst.) & 0 75}

o 0.5

=

0 > 1

Polarized VBS from ATLAS

WEW=

jj EW vs bkg

Polarization

L L B L B A
C ATLAS ® Data B w;w;jj Ew

— {s=13TeV,140fb"  Ew:w;iew W5 Wz EW

C WiWsj fit B W Wi Int W*Wjj QCD

- SR B wzacp Bwzew

— Post-Fit Non-prompt Conversions

:_ Other prompt 7/ Tot. Uncert.

E  Incl. DNN bin 0 =3 Incl. DNN bin 1 =3 Incl. DNN bin 2
-

Signal DNN score + Incl. DNN bin
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https://indico.in2p3.fr/event/35965/contributions/152508/attachments/91674/139717/7_MStange-v1.pdf

Selected Topics with bias

e Di-boson

o Wy

- @ Polarized Di-boson

o WZ

~ e Polarized VBS

o Same-Sign WW scattering
o Tri-boson

o WZy, WWy

- e More VBS:

o H scattering; 2 to 3 scattering
o Quantum tomography
: o HtoVVandmore



PRL132 (2024) 021802
arXiv:2503.21977

z
W
¢ ——
W

WZy observation

S|

w

(euu, uee, eee, uuu) channels combined
profile-likelihood fit in SR+2CRs

Process SR ZZvy CR ZZ(e — v) CR
WZy 92 15 0.21 +£0.07 0.56 +0.14
ZZy 107 = 23 23 i 1.8 £04
ZZ(e > vy) 30 = 06 0.028+0.020 30 =6

Zyy 1.3+ 032 015 =0.06 0.29£0.10
Nonprompt background 30 + 6 - -

Pileup y 1.9 = B - -

Total yield 139 212 23 +5 33 <£6

Data 139 23 33

Events / 20 GeV

o

/ Pred

©

Dat

120

100

80

60

40

20

1.25

0.75

0.5

= | L T T I T ] T I T T T I ] T T I T T T | T T T I T L=
[ ATLAS ¢ Data .
L Vs =13 TeV, 140 fb™ Owzy .
[ W(—= M)Z(= 1)y B zzy ]
— SR W ZZ(e—y) -
[ Post-Fit B Zyy q
[ W Pileup v ki
4 [ Nonprompt B
K 722 Uncertainty ]
i 6.3 (5.0)0 obs.(exp.)
B e
e ey g —
-1/ //+ Z //+'/‘/’";’ ////’///+/‘
20 40 60 80 100 120 ; 140
P; [GeV]

owzy = 2.01£0.30 (stat.) £0.16 (syst.) fb. 39


https://doi.org/10.1103/PhysRevLett.132.021802
https://arxiv.org/abs/2503.21977

PRL132 (2024) 121901

WWYy Observation

Signal region categorized with 0 and >0 jet,

only ex channel
s 5.6 (4.7)o obs.(exp.)
data-driven non-prompt backgrounds

o
o
e SSWWy and TOPy CRs,
o
o

maximum likelihood fit of 2D binned distributions.

obs. 4 = 1.31+0.17 (stat) & 0.21 (syst)
CMS 138 fb' (13 TeV)
c =1 7 T LI N B s S " - . . . .
5 L rww snt VT EWWy ] Also sensitive to Higgs couplings with light quarks
Z ICategory O?et § w Nonprompt / i o no gluon fusion contribution due to Furry’s theorem
o L : . .. . . . . ..
& 100 ; EToe ENopomety - Further optimization targeting the Higgs characteristics
s —+ Data 77 Stat @ Syst 4 -
- : : - +
(20,150] Em,,Ye(150,250] my;, € (250,) A 4 __4____}.1____>_2_,/v/l
SO s : : ] il W= Vi
o upper limits obs. (exp.) [fb] x, limits obs. (exp.) at 95% CL
- — — 85 (67) [, | < 16000 (13000)
a 15 n i
b g-g_—;— e N firisisent + prrecy & 72 (58) k4| < 17000 (14000)
§ 553338333833 68 (49) [, <1700 (1300)
Q & B g E& z &&= g 87 (67) |x.| < 200 (110)
m¥WGeV] 31
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Selected Topics with bias

e Di-boson

o Wy

- @ Polarized Di-boson

o WZ

~ e Polarized VBS

o Same-Sign WW scattering
o Tri-boson

o WZy, WWy

- o More VBS:

o H scattering; 2 to 3 scattering
o Quantum tomography
: o HtoVVandmore
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ook o (e 133300 W and Higgs scattering

e Anovel type of Vector Boson Scattering process
e Can be sensitive to the relative sign of HWW and Hzz
e ATLAS and CMS both exclude kw/kz<0 beyond 5o in H—bb final states

d
d
- U 138 fo~' (13 TeV)
W W+t : SM expected 95% CL CMS (2022)
mg W " Wt B (95%CL (20)obs. W <99.99% CL (50) obs.
i ger by £ |
H u
i 7 4-\
_\ u
u
.
~ /\'Z I Ky # ~ K‘Z‘;
2 2 il
2 2 : 2 1- = ’
=K : — c u MY M -1.8 -1.4 -1.0 06 -02 02 06 10 1.4 18
2|t + 2 Ay R Ay, i
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.141801
https://linkinghub.elsevier.com/retrieve/pii/S0370269324007603

CMS-PAS-HIG-24-001

e Another novel type of Vector Boson Scattering
e Can be sensitive to HHVV coupling
e Open new doors to probe most rare process

0 a ¢ 1
\\<«\- W= W
\
\
\ ‘\
O----- H / >~ H
’ /
/ /
’
/&" \\’:t /&N “’i
/p) q- q2 (].,2

95% CL upper limit on p

2—3 VBS Process

10t CMS
F Preliminary
10° 3

10%E

10k

—e— Observed
— Expected
[ +1o Expected
[ ]+20 Expected
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Selected Topics with bias

e Di-boson

o Wy

- @ Polarized Di-boson

o WZ

~ e Polarized VBS

o Same-Sign WW scattering
e Tri-boson

o WZy, WWy

- e More VBS:

o H scattering; 2 to 3 scattering
o Quantum tomography
: o HtoVVandmore




Spooky action at a distance! ref

“Can Quantum Mechanical Description of
Physical Reality Be Considered Complete?”

A. Einstein B. Podolski N. Rosen

Physical reality must be local! - Podolsky

EPR Paradox

Upon observation, the cat was found to be alive.

MAY 15, 19358

Can Quantum-Mechanical D

A. Eixstei, B. Ponorsy axp N. Rosex, In

PHYSICAL REVIEW VOLUME 47

of Physical Reality Be Considered Complete?

isute for Advanced Study, Princeton, New Jersey

(Received March 25, 1935)

dition for the

s
it with certsinty, without disturbing the system. [n
um mechanics in the case of two physical quantities
cribed by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of realicy given by the wave function in

13

NY serious consideration of a physical

mdtpendenl of any theory, and the physica
concepts with which the theory operates. These
concepts are intended to correspond with the
objective reality, and by means of these concepts
we picture this reality to ourselves.
In attempting to judge the success of a
physical theory, we may ask ours
tions : (1) “Is the theory correct
the description given by the theory complete?
It is only in the case in which positi
may be given to both of these questions, that the
concepts of the theory may be said to be satis-
factory. The correctness of the theory is judged
by the degree of agreement between the con-
clusions of the theory and human experience.
This experience, which alone enables us to make
inferences about reality, in physics takes the
form of experiment and measurement. It is the
second question that we wish to consider here, as
applied to quantum mechanics.

Huh? The cat suddenly died.

e

Planet A

However, it still takes 1

1 Light Year

Planet B

ight year for A and B to exchange answers.

quantum mechanics is not complete or rz) these two
ealit

of the prablea of maki ncerning & system
on the basis of measurements made on another system that
had previously inceracted with it leads to the result that if
(1) is false then (2) is also false. One is thus led to conclude
that the description of reality as given by a wave function
is not ¢

plete
elemen
park &
condit
is thus
decide
reality
The
be de
sidera:
results
compr
unnec
with ¢
reason
system
probat
quanti
reality
seems
exhau
physic

1928~1990
John Stewart Bell

In the 1980s, he was always mentioned
as a candidate for the Nobel Prize.

- 1964 QM with hidden variables differs from QM

[
Bell’s Inequality

Physics Vol. 1, No. 3, pp. 195-200, 1964  Physics Publishing Co.  Printed in the United States

ON THE EINSTEIN PODOLSKY ROSEN PARADOX*

J.S. BELL!
Department of Physics, University of Wisconsin, Madison, Wisconsin

(Received 4 November 1964)

1. Introduction

‘THE paradox of Einstein, Podolsky and Rosen (1] was advanced as an argument that quantum mechanics
could not be a complete theory but should be supplemented by additional variables. These additional vari-
ables were to restore to the theory causality and locality [2]. In this note that idea will be formulated
and shown to be i statistical predictions of quantum mechanics. It is
the reauirement of locality, of more preciselv that the resil 'a measurement on one system be unaffected
QM with hidden variables differs from standard QMates the essential dif-

ficulty. ‘There have been attempts 3] to show that even without such a separanility o locality require-

d. That particular interpretation has indeed a prossly non-

local structure. This is cha:He shows that von Neumann's proof was bogus.

reproduces exactly the quantum mechanical predictions.

Quantum mechanics is nonlocal
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https://indico.cern.ch/event/1462807/contributions/6158793/attachments/2953777/5193017/2024-KPS-QEinHEP.pdf

Quantum entanglement tests

As reviewed by C. N. Yang, the first experiment on quantum e
entanglement is the WWu-Shaknov Experiment published in 1950 ‘ INPHYSICS 2022 "0
in which the angular correlation of two Compton scattered photons - = &
arising from e+e— annihilation are measured.

The violation of Bell inequality was demonstrated in 1970s using
entangled photons, confirming the non-locality of our universe.
Alain Aspect, John Clauser and Anton Zeilinger won Nobel Prize in
Physics in 2022 for demonstrating the potential to investigate and
control particles (photons) that are in entangled states

N

Electron (1) 1 Electron (2) ‘ Iﬂ o ﬁ
:Rbsilron Source NNS < ’ :3, OX £/ | > L1

o T . LW | 07 Vi LU

©, - \:;\\‘ / o, = =

/ 7Y Quanta * \ godvi 4

Photon

Photon
Wu-Shaknov Experiment Clauser’s photon entanglement experiment
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https://inspirehep.net/literature/1389797
https://journals.aps.org/pr/abstract/10.1103/PhysRev.77.136

https://pubs.aip.org/physicstoday/article/77/12/28/3321126/Chien-Shiung-Wu-s-trailblazing-experiments-in

PHYSICS TODAY LATEST CURRENTISSUE COLLECTIONS » WEBINARS &

Volume 77, Issue 12

Chien-Shiung Wu's trailblazing experiments in particle
1 December 2024

physics ©
PHY S pr DAY The Chinese American physicist led groundbreaking experiments that demonstrated parity violation

and photon entanglement. Many in the physics community say Wu deserved more accolades in her
lifetime.

Chon-Fai Kam; Cheng-Ning Zhang; Da Hsuan Feng
'.) Check for updates

<+ Author & Article Information
Physics Today 77 (12), 28-35 (2024);

Shien-

https://doi.org/10.1063/pt.oufp.zwk]

) PDF 0:8 Share v @ Rights and Permissions @& Cite
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Quantum entanglement at high energy

LHC experiments at CERN observe
quantum entanglement at the
highest energy yet

The results open up a new perspective on the complex world of quantum physics

18 SEPTEMBER, 2024

Nature volume 633, pages 542-547 (2024)

Article

Observation of quantum entanglement with
top quarks at the ATLAS detector

https://doi.org/10.1038/s41586-024-07824-z

Received: 14 November 2023

The ATLAS Collaboration*

Accepted: 12 July 2024

Published online: 18 September 2024

Open access

% Check for updates

Entanglement is a key feature of quantum mechanics'?, with applicationsin

fields suchas metrology, cryptography, quantum information and quantum
computation**. It has been observed ina wide variety of systems and length scales,
ranging from the microscopic’  to the macroscopic'* '*. However, entanglement
remains largely unexplored at the highest accessible energy scales. Here we report the
highest-energy observation of entanglement, in top-antitop quark events produced
atthe Large Hadron Collider, using a proton—proton collision dataset with a centre-of-
mass energy of Vs =13 TeVand an integrated luminosity of 140 inverse femtobarns
(fb) ' recorded with the ATLAS experiment. Spin entanglement is detected from the
measurement of asingle observable D, inferred from the angle between the charged
leptonsin their parent top-and antitop-quark rest frames. The observable is measured
inanarrow interval around the top-antitop quark production threshold, at which the
entanglement detection is expected to be significant. Itis reported ina fiducial phase
space defined with stable particles to minimize the uncertainties that stem from the
limitations of the Monte Carlo event generators and the parton shower modelin
modelling top-quark pair production. The entanglement marker is measured to be
D=-0.537 +0.002 (stat.) + 0.019 (syst.) for 340 GeV < m,; <380 GeV.The observed
resultis more than five standard deviations from a scenario without entanglement
and hence constitutes the first observation of entanglement in a pair of quarks and the
highest-energy observation of entanglement so far.
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https://www.nature.com/articles/s41586-024-07824-z

Why QE at high energy? (ref)

Understand quantum nature & seek for BSM effects.

Particle scattering/decay of unstable particles provide a natural laboratory
o the momenta of observed particles are essentially commuting observables. Therefore, there is
always some hidden variable theory that can explain the observed momentum data
o However, one can focus on spin correlation emerges in different phase-space region

It is plausible that quantum mechanics undergoes modifications (ref) at
some short distance scales to achieve compatibility with gravity. Such
modifications could, in principle, be (only) detected by measuring Bell-type
observables or through quantum process tomography (ref)

offers the potential to uncover new insights into quantum field theory.

https://scipost.orag/10.21468/SciPostPhys.3.5.036

Sci|Pos SciPost Phys. 3, 036 (2017)

Maximal entanglement in high energy physics

Alba Cervera-Lierta®, José I. Latorre2, Juan Rojo® and Luca Rottoli*
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https://arxiv.org/abs/2504.00086
https://arxiv.org/abs/2403.14757
https://arxiv.org/abs/2502.19470
https://scipost.org/10.21468/SciPostPhys.3.5.036

QE between qutrits: H—-> VV

For two-triplet system, we can expand the density matrix as
» The polarization density matrix(PDM) can be reconstructed from

. . . . 8 8 8
the angular distributions of the decay products: pi= é [1®1]+ Z f.[r"e1] + Z g [1®T + Z has [T° ® Tb]
p = [Pzz(Pzz| = |PHP| a=1 a=1 a,b=1

|®) = thjlij) - ZM(ALAZ)MLAZ) 1 do ( 3

2
_——— - WS f11 . F . 1_“
o dQ, dQ_ 47r) Flevive (T ® To)]

¥, has three polarization states: +1, 0, -1

H

O s
2 Z B No direct spin measurements: inferred by angular
A /\/\/\/> distributions.

@ g: / B Both the state before decay & the final state decay
Izz) = \/%ip(l+—>—ﬁl00)+l—+>), products inherit the SAME quantum information.

All coefficients - Quantum Tomography
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https://agenda.infn.it/event/44563/contributions/251066/attachments/134056/200488/QI_GGI_Lamba-1.pdf

Prospects@LHC, MuC, CEPC

The numerical analysis shows that with a luminosity of L =300 fb—1 entanglement can
be probed at >3¢ level. For L=3 ab-1 (HL-LHC) entanglement can be probed beyond
the 5a level, while the sensitivity to Bell inequalities violation is at the 4.5¢ level.

At Muon Collider, Quantum entanglement can be probed up to 4o of significance with
lower MZ2 cut or 20 ~ 30 with higher MZ2 cut, using either one of the correlation
coefficients C2,1,2,-1 and C2,2,2,-2. The significance of the violation of Bell
inequality can be obtained up to 20.

3
- 1TeV Vs =1TeV
—+3TeV
¥ IR FOWR: NS SRR SO . N | Mz, (GeV) I3 C21,2,-1 Ca22,-2
4 [ ] ' - 0.000 2.563 £0.325 —0.928 £0.216 0.527 +0.164
2.6 ff—efrie csesimifsd " @
——11 : t 10.000 2.596 +=0.335 —0.943 +£0.220 0.553 £0.179
et | [
A e ‘l O O G | il 20.000 2.6564 +0.373 —-0.977+£0.248 0.574 £0.192
30.000 2.663 = 0.508 —0.979 £0.334 0.589 £ 0.248
Table 2. Values of the correlation coefficients C5 15 1 and Cs 55 5 as the signal for quantum
1 entanglement and also the expectation value of the Bell operator I3. The expected target luminosity
30 — ';‘ 1 ']Z‘ £y Ili5‘ = 'zio‘ = '2"5‘ e is 30ab™! and /s = 1 TeV.
M,
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https://doi.org/10.1103/PhysRevD.107.016012
https://doi.org/10.1007/JHEP10(2024)211
https://doi.org/10.1103/PhysRevD.111.036008

QE Workshop@PKU

Workshop on Quantum Entanglement at the Energy Frontier
Apr 25, 2025, 4:00 PM — Apr 27, 2025, 12:00 PM Asia/Shanghai

@ W202 (School of Physics, Peking University)

Alim Ruzi (school of physics Peking Uniersity) , Chen Zhou (Peking University (Atm|A%) ), Hao Zhang (FER ¥ RS EYERRFAELE) ,
Qiang Li (School of physics, Peking University), Qing-Hong Cao (Peking University)

Description HAREFUEMIGEIRAEANRT SEHESEER GRS ENEN LNARMWAZ — BABEMENHRVSEH IR UERRNE
FUE, SENENSSESEENEFUENARRHTHINMRER. Rz, EFUEHTENELINEREFYIZRE T HHOWVENT
2 YEN

ZETF2025F48250F48278 (4B25BARFEM. 4B260BFARERER, 4827HEBHITIL) HIRAFYEFZREBH SEEFENEF
LEIITS": https://indico.ihep.ac.cn/event/24387/, IEZNMREITERSMILAFARRZ R. SWNHILEAFYEFR. ItRAFESHEYIEHRR
FED

The study of the quantum entanglement and testing Bell inequality violation can be another new subject for the high energy physics community.
While detectors at high-energy colliders are not specifically designed to probe quantum entanglement, they have demonstrated surprising
effectiveness in this task. This opens up exciting opportunities for novel measurements in quantum information science, as well as potential
discoveries that could extend beyond the Standard Model.

The workshop on Quantum Entanglement at the Energy Frontier (Registration on April 25, talks and posters on April 26, and free discussions on
April 27) offers a welcoming environment for physicists interested in Quantum Entanglement at the energy frontiers, inviting both experimental
and theoretical communities to come together and share their latest findings. This workshop aims to facilitate discussions on ongoing and
proposed experiments, as well as to encourage participants to consider future possibilities.
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Woslkshop

QE Workshop@PKU
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https://indico.ihep.ac.cn/event/24387/timetable/?view=standard

More funs-1: Al for Boson Jets
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Congqiao Li’s talk

Al for boosted boson

g Global Particle Transformer (GIoParT)

A universal model that outperforms existing models across existing tasks
Exhibits strong fine-tuning capability in various downstream tasks

HO:t5x;X; (2-prong) like
(15 classes)

HO.:: 2
:: ?
bb, cc, ss, qq, (bc)*, (bc)-, bs,

(cs)*, (cs)-, g8,
YY; €€, UM, ThTe, ThTy, Thlh

HOx5yyX;X; like

(40 classes)

RO

N N

H-»>ZZ' like

H>WW' like H 7% i 2
ar™ 1% >ZMZ*) like H+ZZ like
H>WOWC) like H>WW like S ——
(19x3 classes) ; (74x3 classes) H>Z'Z(") like
H>W'WI') like Z ?
w ? H ?
H‘%\«ﬁ ? ?
?
3 ?
W ) Z ?
bbbb, bbcc, bbss, bbqq, cccc, cess, ccqq, ssss, 5594, 9944,

cscs, €sqq, 4qqd,
€sc, €ss, €sq, qqc, q9s, qqq,
csev, qgev, CSpv, qquv, CSTeV,
qQTeV, CSTLV, GQTyV, CSThY, GqThV

t>bW like

(17x2 classes)

W ?

bbb, bbc, bbs, bbq, ccb, ccc, ccs, ccq, ssb, ssc, sss, 559, qgb,
Qq¢, qqs, 994,
bbee, bbuy, bbe, bby, bee, buy, bbthte, bbThT,, bbThTh, bThTe,
bThT,, bThTs, CCe, CCUY, CCB, CCY, COe, CHY, CCThTe, CCTRT,,
CCThTh, CThTe, CThT,, CTHTh, SSEE, SSUY, SS€, SS, See, S|, SSThTe,
SSThT,, SSThTh, SThTe, STHT,, STHTH, Qgee, qqui, qqe, qqu, gee,
QHH, GQTrTe, QQThT,, QQTHTH, QThTe, QTaT,, QThTH

t>bW* like
t>bW- like
& QCD

(5 classes)

yvbb, vyce, yyss, vyaq, yybe, vycs, yyba, yyea, vysa,

YYEE. YYEE, YYMM, YYTrTe, YVThTy, YVThTh,

YYD, YYC, YVS, YYQ. YVE. YVe, YYM, YYTe, V¥Tu, WWTh,

¥bb, yee, yss, vaq, vbe, yes, yba, veq, ysa, vee,
Yee, ymm, YTaTe, YThTy, YTnTh

’%?
b

g glbic)
G :
,m<: g "
bWcs, bWqgq, bWc, bWs, bwg, bwev,
bWpv, bWt.v, bWt,v, bWtpy,

L * "
CTORIT
qiblc)
Wcs, Wqq, Wev, Wy, Wrev, WT,w,
Wi bb, cc, b, ¢, others

+ GloParTv3 has 750 raw
output nodes (374 final
states!) [review]

« trained with

classification (374)
split-class mass regression (374)
unified-class mass regression (2)

-« trained as a mass-
decorrelated model

"« from v1-v3: complexity

improves significantly
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https://indico.pnp.ustc.edu.cn/event/2009/contributions/19271/attachments/7294/11349/24.12.21_HiggsPotential_Boosted%20tagging%20in%20HH%20(1).pdf

arXiv:2503.00118 W_)Cb

A novel method for measuring |Vcb| at the LHC using an advanced boosted-jet tagger to
identify “bc signatures”. By associating boosted W — bc signals with bc-matched jets from
top-quark decays, we enable an in-situ calibration of the tagger.

(a) b b

reconstructed
large-R jet

reconstructed

v Crrossersnsaenronere 3 ; small-R jet

from a single
el U (triggered) <0 Whoson ¢ ecay
b

(b) rboosted-jet [ calibrated in situ by
bc tagging

FIG. 1. Illustration of (a) the boosted event topology of semi-
leptonic ¢ channel including a W — be decay, and (b) tech-
niques of boosted-jet be tagging and in-situ calibration intro-
duced in this work.

<

o
J
1

Background (QCD) efficiency
>
|

1073 3

1 —— Sophon X bb vs QCD (AUC : 0.9940)
] = Sophon X = bc vs QCD (AUC : 0.9918)
| —— Sophon X = cc vs QCD (AUC : 0.9728)

] Signal: X% (125 GeV) — bb/bc/ cc
: 450< pr< 600 GeV, Inl<2.4
2 90 < mgsp < 140 GeV

10~
0.0

0.2 0.4 0.6 0.8 1.0
Signal (X — bb/bc/ cc) efficiency
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https://arxiv.org/abs/2503.00118

CMS-PAS-HIG-24-008

Boosted Higgs to WW*

Jet: Hlaa w q
Jet - -
: Y ; v q it
b, W, Z geF, VH, WS ¥y i) q H3d
gl q;t; ] ) VBF,ttH e q
W q H_ss?
q H-gg?
Jet »
ggF —  Jet: H
oo X
[eXoXoXoXoXoXoXo) Jnmnmmmus .
e | \l) (isolated)

: t
H
= Jet: Hlad I .
AK4 jets H q

A

-------- q

. ....... { (isolated) 1¢
/VBF w -

q

g

g
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-008/index.html

More funs-2:
Probing and Knocking with Muon
dark boson
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PKU Muon Detector Development

= CMS Muon Trigger RPC:
assembled and tested at PKU
at around 2002

RPC R&D for nuclear physics
CMS GEM upgrade program

e 2
e 2
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Workshop on Muon Physics at the Intensity and Precision Frontiers (MIP

2024)

19 Apr 2024,02:00 — 22 Apr 2024, 12:20 Asia/Shanghai
Q@ Peking University

2 Chen Zhou (Peking University (CN)), Qiang Li (Peking University (CN)) , Qite Li (Peking University)
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MIP2024

Several possible
Chinese Muon beams
in the near future:
Melody,

CIADS, HIAF



https://indico.cern.ch/event/1356341/
https://indico.ihep.ac.cn/event/20601/
https://indico.ihep.ac.cn/event/20601/timetable/?view=standard#29-ciads-and-its-plan-of-muon
https://indico-tdli.sjtu.edu.cn/event/1465/timetable/?view=standard#51-toward-a-muon-source-in-hia
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https://wuli.iphy.ac.cn/en/article/pdf/preview/10.7693/wl20210406.pdf

Muon Scattering Experiment at HIAF-HIRIBL

PKMu(Probing and Knocking with Muons) Proposed
by Peking University together with HIAF-HFRS from
Institute of Modern Physics, Chinese Academy of
Sciences, China: using 1-10 GeV Muon to probe
new physics beyond the Standard Model

PKIL @HIRIBL R Rt

Pre-Separator Main-Separator

Tracker
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RPC/GEM (REHMIR. BTE) AR PNPGRES

2275 3CHk :[1] Phys. Rev. D 110, 016017  [2] arxiv:2410.20323 [3]
arXiv:2411.12518 [4] Nucl. Instrum. Methods. Phys. Res. A 663 (2012) 22-25
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https://doi.org/10.1142/S0217732325300083

Light Dark Matter — Dark Sector

known particles
| o o i |

! Thermal 1
1022 eV 100 Mo
MeV GeV
~10 keV I | 100 TeV
l N 1 N J
“Light” Dark Matter “WIMPs” Qy>Qowm
< “Hidden sector” Dark Matter | B
DM>“*:<SM DM>‘M{M<SM
portal weak
o interaction 8 i interaction SM

Minimal scenarios with light (sub-GeV) dark matter whose relic density is obtained from thermal
freeze-out must include new light mediators. In particular, a very well-motivated case is that of a
new “dark” massive vector gauge boson mediator. JHEP03(2018)084 Granada19 LDMX2024

(RFRIZE T RNE (RGeV) BYRHNREREFRLINAESHHIEENNF, FAZ, — TR
BB REE — MR REXEIECHE FIEAENHF,) >



https://link.springer.com/article/10.1007/JHEP03(2018)084
https://indico.cern.ch/event/808335/contributions/3365089/attachments/1845345/3027396/Summary-DM-DS-Granada.pdf
https://indico.global/event/805/contributions/23755/attachments/11142/16481/Pascadlo_DPF_Pheno_2024.pdf

Muon Philic Dark Sector

e Muon Philic Dark Matter may be possible or even necessary!
m Lu—Ltr gauged model (Z’, x) quite popular recently

m See the PKMu proposal: Phys.Rev.D 110 (2024) 1, 016017

(see also cosmology constraints)
m LDMX DarkShine; eN —eNZ, Z'—vVv orZ'—xx (dark matter)
m NAG64uy, MMM UN — uNZ’, Z'—v'v or Z’—xX (dark matter)
m  MuonE pheno.) ve — ueZ’, Z'—vv orZ'—xx (dark matter)

RPC/GEM 0 EIR. BTFD) $AR IR 56

S0k [1] Phys. Rev. D 110,016017  [2]arxiv:2410.20323  [3]arXiv:2411.12518  [4] Nucl. Instrum. Methods. Phys. Res. A 663 (2012)22-25



https://arxiv.org/abs/1804.03144
https://doi.org/10.1103/PhysRevD.110.016017
https://link.springer.com/article/10.1007/JHEP01(2021)107
https://confluence.slac.stanford.edu/display/MME/Light+Dark+Matter+Experiment
https://indico.ihep.ac.cn/event/17768/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211803
https://arxiv.org/abs/1804.03144
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051702

Current Box Exp. Status

recent report from Cheng-en Liu and Qite Li

Accumulating Data Now

4-station 20cm*20cm RPC for the moment

Petiroc 2A is a 32-channel front-end ASIC

( Timing and X-Y
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http://indico-cdex.ep.tsinghua.edu.cn/event/162/timetable/?view=standard#34-rpc
https://indico-tdli.sjtu.edu.cn/event/2635/timetable/?view=standard#35-pkmu

Byproduct: cosmic ray measurements
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PKMu@HIRIBL vs. MuonE
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Phys.Rev.D 106 (2022) 5, L051702
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Preliminary results
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https://web.infn.it/MUonE/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051702

PKMu@HIRIBL Lab/Collaboration
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Summary and Prospects

Rich progress and potential from the electroweak physics
o Precise measurements, rare process discovery

o NNNLO/polarization/interference/global...
o Tools to explore unknown: QE, Ovpp...
High energy, High Luminosity, High multiplicity
o High opportunities although with challenges!,

Quantity Current FCC-ee stat. Required Available calc. Needed theory
precision (syst.) precision theory input in 2019 improvement '
my, 2.1 MeV 0.004 (0.1) MeV non—reson'ci.mt N‘LO. ' NNLO for
I'z 2.3MeV  0.004 (0.025) MeV ete™ — ff, ISR logarithms ', .
y y initial- 6th order

cin2 gt 16x10-4 92(2.4 10—6 initial-state up to

= e s (2:4) % radintion (IS5

mw 12 MeV 0.25 (0.3) MeV lineshape of NLO (ee — 4f NNLO for

ete™ - WW or EFT frame- ee— WW,

SUb'.M.ev near threshold work) W — ff in
precision EFT setup

HZZ — 0.2% cross-sect. for NLO 4+ NNLO NNLO

coupling ete” = ZH QCD electroweak

FCC feasibility Mid-term report - Deliverable #8, physics and Experiment
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Why QE at high energy?

https://conference-indico.kek.jp/event/278/contributions/64 12/attachments/4329/6925/2025 02 19 _K_Sakurai KEKPH%20Kazuki%20Sakurai.pdf

Classical Quantum 5
Mechanics Mechanics ? Gravity
(Local) (Nonlocal) -
large small
distance

- QM might be an effective theory of
more fundamental theory applicable
only from some larger distances (lower
energies)

- QM might be modified at shorter
distances to be married with gravitation
Gravity

- Currently, no LHC analysis can
distinguish anomalies from
QFT-based BSM and those from
beyond-QFT

Static:

Particles may exhibit a strong correlation that
cannot be explained within QM

Bell test

&
A
20
g
&GP, Qg
-~ A B
L < outcome :
A B

bt =+lor —1
B=(A+A)B+(A—ANB

outcome :

a.a'=+1or —1

* [(B}QM < 2V/2 J [Tsirelson ‘87]

B2 =4-[A A[B,B]
I[A,A],|[B,B]| <2 < [os,0,]=2ic,

= (B)qu <8 = (B)qu < 2v?2

QM will be excluded if this bound is violated!
No-signalling theory: [Popescu, Rohrlich(1994)]

(B)ns™ = 4

Possible Modifications of QM

Dynamical:

Quantum dynamics may be modified.

- Schrodinger evolution

- Wave function collapse

Pin — ?

— LPout

> Non-linear extensions of QM:

[Weinberg (1989), Polchinski (1991), D.E.Kaplan, Rajendran (2021)]

Bufre) = / @z [A(z) + (MO @ 0a(2)] 1)
T

non-linear state-dependent term

* Bell test cannot detect such modifications

* We propose a method which detects
modifications of quantum dynamics

AR


https://conference-indico.kek.jp/event/278/contributions/6412/attachments/4329/6925/2025_02_19_K_Sakurai_KEKPH%20Kazuki%20Sakurai.pdf

A first electron-positron beam correlation measurement proposal

Leyun Gao@Muon4Future 2025
arXiv:2502.07597 (accepted by PRD) o

€ P

FIG. Proposed cascade experiment for measuring

polarization correlations of the primary products

Simulation setup:

@ 0.05 rad <03 <0.1 rad in a1l GeV
positron on-target experiment

@ The spins of target electrons 5 and 6 are
aligned with the beam direction

@ Consider the main component of the
primary state, (LL + RR)/v/2

-0.5 0.0 05
cos8)

o~
@
o
+
ot
=
s

cos@y

-05 0.0 0.5
cos8;

FIG. Joint angular distribution densities of the two

secondary scattering processes

Assuming the two secondary targets are 10 cm
thick iron, the event rate in cos 0'7 < 0.8 A
—0.75 < 0y < 0.75 is 1.4 x 102 /s for the state
(LL + RR) /V2.

64


https://agenda.infn.it/event/42349/timetable/?view=standard#49-probing-charged-lepton-flav
https://arxiv.org/abs/2502.07597

Future prospects: Scattering-based simplified state tomography

Take 0.05 rad < 603 < 0.1 rad in a 1 GeV positron on-target experiment as an example:

The state of the primary products is approximately 1% (RL + LR)/\/§, 1%
(RL—LR)/V?2, 7% (RR — LL)/v/2, and 90% (RR + LL)/v/2 in the lab frame

The optimized ratio of the yields of (LL + RR) /v/2 to UU is 1.29 + 0.03(MC),
corresponding to 4.4 x 103 post-optimization efficient signal event counts and an
expected signal yield over a 27-second run; the result for (LR 4+ RL) /\/2 is
0.78 + 0.02(MC) in comparison

Other uncertainties, such as those from process modeling and background
suppression, may dominate the real experimental analysis

For the 20% polarized targets, the ratios are 1.010 + 0.009 and 0.986 + 0.009
generated from 25 times the number of Monte Carlo events, corresponding to
2.5 x 10* efficient event counts accumulated in 680 seconds

The high event rate can help mitigate the decline in resolving power associated with
low target polarization purities in real-world applications

A simplified state tomography can be performed assuming prior knowledge
from the primary scattering 65



Access Polarization Information

W= rest frame

li

. W* polarization determines decay angle P 1
W=W= rest frame

= BUT: Cannot access W= rest frame since the
two neutrinos are not reconstructable 4

= Simulate full event kinematic of polarization
states predicted by SM

W= > Wi

—'1 coS(e) 1 —'1 coS(B) i —'1 cos(8) 1



Moriond 2025 Polarized VBS from ATLAS

Neural Networks Save the Day

WEW; jj EW WEWZ jj EW

‘ WL WL jj EW =
Other prompt =El WV Wjj Int
r i Conversion WEWLjjQCD o .
Lo . Non-prompt ' 7 QCD by 2 '
WZ EW LAY
+ e
‘ W
WEWEjj EW s
‘ackground
DNN trained to split signal region in 3 regions DNN trained as discriminant variable
— . vt . Yt vt
with increasing W=W=jj EW purity to measure W; W, jj EW/ W, W= EW

10

67


https://indico.in2p3.fr/event/35965/contributions/152508/attachments/91674/139717/7_MStange-v1.pdf

Higgs without Higgs

TABLEI. Each effect (left-hand column) can be measured as an
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.

Growth

~(E?/A?)

R

~(E?/A?)

7 OWW
S OBB ——--
Ky O,-

~(EY/A?)

HCs are associated with an EFT lLagrangian L =
3. ¢;0;/A?, consisting in particular of the dimension-
six operators [12,13],

— |H|2a;1H%a“H’ OA\'W — Ylp|H|2WLHWR~
Ogs = ¢*|H|*B,, B", Oww = ¢*|H|* Wi, W,
Occ = g:|HI*G;,G*,  Os = |HI°, (1)

with Y,, the Yukawa coupling for the fermion y. [Note that
the parameters in Eq. (3) can be put in correspondence with
other parametrizations of HCs: via partial widths x? =
[)_;i/ToM. [14], via Lagrangian couplings in the unitary
gauge ¢p;; [13,15], or via pseudo-observables [16].]

The operators of Eq. (1) have the form |H|?> x OM, with
OM a dimension-four SM operator (i.e., kinetic terms,
Higgs potential, and Yukawa couplings) times
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.181801

ATLAS WZ

DNN reweighting

Possible to reweight a distribution using a DNN [arXiv:1207.08209] lye.w — vzl
=>Acts as a multi-dimensionnal reweighting of the input MC sample lgf{nz
4 DNN trained on polarised Madgraph samples to discriminate one A¢(ﬁ",gV)
joint-polarisation states against the inclusive : event-by-event output p¥z
used in reweighting pg e
bz
P
Training@ AB(£1Z,027)
polarised Vs. mwz
00 R‘ R cos(O;W)
cos(8,z)
NLO Poéarlii;ing cos(6y)
inclusive for 00 Reweighting DNNs
input variables

69

w(x)~ DNN(x) / ( 1-DNN(x)) @


https://indico.cern.ch/event/1252432/contributions/5261540/attachments/2607382/4504015/LHCEWPolarisation-JointPolarisation.pdf

Future

precision reach on effective couplings from SMEFT global fit

W HL-LHC 82 + LEP SLD B CEPC Z,50/WWg/240GeV 5 [
(combined in all lepton collider scenarios) | ll CEPC +360GeV, M ILC +350GeV, ,+500GeV, .CLIC +1 .5TeV2 5 Il MuC 10TeV 49
Free H W\dth ‘ M ILC +1TeVy VwiGiga-Z | ll CLIC +3TeVs W MuC 1ZSGeVo 02+10TeV 4
» l no H exotic decay subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold i52
£ |
=t : . )
3 107"- Global SMEET Fits at Future Colliders , {107 o
4 ] O
[72] F 7]
@) -2 -4
D 107k 10
I =]
1073 {0
107 107

H 691,2

With 20 ab' at Vs=100 TeV expect:

2 1013 W . . . . .

~102 Z Without H: V, V| scattering violates unitarity at m,,, ~TeV

~10" tt OH regularizes the theory fully - a crucial “closure test” of the SM

= 10;0 H UElse: new physics: anomalous quartic couplings (VVVV, VVhh) and/or new
: 187 E":' heavy resonances

~105 gluino pairs m=8 TeV FCC-hh: direct discovery potential of new resonances in the O(10 TeV) range

Fabiola Gianotti at “The 50th Anniversary of Hadron Colliders at CERN” 70



https://indico.cern.ch/event/1068633/timetable/?view=standard#11-hl-lhc-and-beyond
https://arxiv.org/abs/2206.08326

