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Standard Model

» The Standard Model has been quite successful in describing the physics
at small scales.

I The Standard Model of particle physics we Leptons | Theorised/explained
Years from concept to discove ' Bosons .
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Source: The Economist
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Standard Model

» The Standard Model has been quite successful In descmbmg the physics

at small scales. Enery Longt
107 GeV T
~<—Planck scale >T 10 cm
. : 10 GeV 1 4
* Intriguing puzzles: I I L
é +107 cm
; 102 GeV T g
s T10%
*  Hierarchy problem *
g T10% cm
10° GeV + ©
T10%cm
e Dark matter L1 SR
eV) +10"% cm
GeV T =—proton mass -
' ' ' +10"%¢cm
- Neutrino oscillation 0 < cton mass|
10°GeV + Y

* Baryon asymmetry
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Standard Model

» The Standard Model has been quite successful In descmbmg the physics

B Enall seales. cor pes
I:w Gev__“ Planck scale >t 10®cm
* Intriguing puzzles: 1
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* Baryon asymmetry
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Muon Collider

EREentcolliders offer:
S eipacE macnine
* Less synchrotron radiation / beamstrahlung

» Point-like particle, no energy "waste"

3 TeV CLIC
""" "" l; —a— FCC-ee
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Muon Collider

*  Building a muon colliders is also challenging:

Accelerator challenges Detector challenges
See Neuffer’s talk See Lee’s talk
IMCC Scenario (2025)
‘oton Driver Target & Front End Cooling Acceleration Collider
TLNAC Accyator Conpresor| flon, Chicaie Mun, 1 | ootme. Mos Gang Coing P[P UNAC RALZ - RCS12384 | 37ey Collder C entral Cha“enges
Q)
p,
»Demos needed »Demos needed ] )
+lonization cooling *Final Cooling 1 B“'_'d a detector robust against
« Can components be built? + B=407?T, low-frequency rf ? = residual BIB
+ Rf within B-fields and with beam * Operate with beam ?
» Cool by large factor? >2? * Wedge alternative ?
*Target Front End 2 At 10 Te\{, annihil_ation processes will
« Can be built? - Optimize, demonstrate ??? . always give multi-TeV objects!
» Target production/heating ? *Magnets
3 captyre?  Build, test, operate . . ) .
«Acceleration « High field, Challenging environment for particle physics.
« Rf/magnets can be built? * RCSramp ?

. Operate in desired mode? Let’s try to build an experiment...

34

But Véy ofte4|-1‘, chaliéngig is al

so synonymous to exciting! |

Xing Wang, Roma3 xing.wang@uniroma..it



mailto:xing.wang@uniroma3.it
https://agenda.infn.it/event/47981/contributions/271635/attachments/139108/209585/intensityenergy-2.pdf
https://agenda.infn.it/event/47981/contributions/271624/attachments/139109/209586/072925_LLee_GGI.pdf

Content

* |ntroduction

N evelir S paysics at IMuE

2 =1

S ES

bhysics at MuC

v at energy frontier

e BSIMTat precision frontier

s @ onhcllsion
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SM Physics at MuC
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Higgs Precision

* Precision measurement of Higgs couplings.

_Forslund, Meade, arXiv: 2203.09425

p*u'SingIeHiggsProduction 50 /s s e e T L R s
1000? - W10 TeV y*u~ @ 10 ab™ arXiv: 2308.02633
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HIggs Palrs

* The Higgs self-coupling Is the least measured SM parameter.
* It may shed light on the origin of EVVSB.
S clidiieo measure at LHC due to destructive IntEfErEhEss

R aGcc/ C ERC can only measure via loop effects:

ATLAS + CMS projections ESPPU 2026

~ 50%
—— Combination 1

—— bbt*T"

—— bbyy

—— bbbb 1
Multilepton
bbll /

Credit to N. Craig %5 00 05 1.0 15 20 25 30 K33.5

g
o
2 20} Vs =14TeV, S3, 3 ab~! per experiment
o~ All other couplings fixed to SM
|

68% CL k3 €[0.74,1.29]

15

LHC (now)
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H1ggs Pairs

* Plenty of Higgs pairs will be produced at MuC.

Vs (TeV)

benchmark lumi (ab™1)
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« Muon colliders off
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H1ggs Pairs

the Higgs self-coupling

o0k3 ~ 5% @ 10 TeV

0.01F

| 68 %, 95 % C.L. contours

Inclusive hh

0.00

er us the opportunity to precisely measure

T.Han, D. Liu, I. Low, XW _arXiv: 2008.12204
Buttazzo, Franceschini, Wulzer arXiv: 2012.1 1555

HL-LHC CLIC FCC-hhMuC-3MuC-10
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HIggs Palrs

» Muon colliders offer us the opportunity to precisely measure

the Higgs self-cou Dling T Han, D. Liu, I. Low, XW_arXiv: 2008.12204
Buttazzo, Franceschini, VWulzer arXiv: 2012.1 555

(5/63 =
002 ——————
| 68 %, 95 % C.L. conto
001F
:% 0.00_ /
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| ol I . | I
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Flectroweak Radiation

» At high energies E > my, the EW group SU(2) X U(1) is
approximately unbroken — EWV restoration.

« EW radiation will behave like QCD!

1

L] 1 lllllll Ll Ll IIIIIII Ll ] llllﬂ_
NNPDF3.0 (NNLO) ]

0.9 >

VY xf(x,u?=10 GeV?) :
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Flectroweak Radiation

* High energy muons can have rich parton contents due to

= e eadations.
( You want ThiQ
& ¥

. . 2 Q \g*fﬁtf;«*«z& s
EW radiation enhanced by log TEORT
miy
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Flectroweak Radiation

See also Pagani’s lecture

High energy muons can have rich “parton’ contents due to

-V radiations.
Han, Ma and Xie, arXiv: 2103.09844
103 e o S
'g_ ‘{ YV Muon beam
102 & —Q =3TeV
--Q =5TeV
" S
S Mo o 100
N“ \&/
= 400l
o 10
%}3\, 101 |
Y, 2, w & |
10_2 . | . | . R . R
1074 1073 1072 1071 10°
AT 9 Q2 I
EVV radiation enhanced by log” ——
My
| 6
Xing Wang, Roma3
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Flectroweak Radiation

. Dt ?
Parto N d eSCr ptl on Of W/Z b Os0Ns! THE EFFECTIVE W*, Z0 APPROXIMATION FOR HIGH ENERGY COLLISIONS
! dL G.L.KANE !
g pp—VV— X'( S ) = d T d_' Ovyv- X'( Ts ) . Randall Laboratory of Physics, University of Michigan, Ann Arbor, MI 48109, USA
Y Tmin T lpp/vv
W.W. REPKO 2
o Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
dL dx )
= fq/v'(x)fq/v‘(T/x)_ an
dr | qqvv Jr X W.B. ROLNICK '

Department of Physics, Wayne State University, Detroit, MI 48202, USA

Cy+Ci R .
Sav(x) .y > 32 (x*+2(1—x)) log (4E*/ MY) . Received 7 May 1984
>My T X
C3i+C%1-x THE EFFECTIVE W APPROXIMATION*
N v Al
Sarvi(x) Exrty | 4n? L

Sally DAWSON
Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720, USA

Received 30 April 1984

+  Unlike QCD, the EW group SU(2) X U(1) IS s

THE TeV PHYSICS OF STRONGLY INTERACTING W’s AND Z’s*
broken after all.

EW symmetry restored at £ > v

Michael S CHANOWITZ

Lawrence Berkeley Laboratory, Unwersity of Califorma,
Berkeley, Califorma 94720, USA

Physical IR cutoftf Ajg ~ mwy

Mary K GAILLARD

EW ”color” is observable (VM, ,uf)

Lawrence Berkeley Laboratory and Department of Physics, Unwersity of Califorma,
Berkeley, Califorma 94720, USA

« Active field, many questions still to be addressed!

Received 24 June 1985
T
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BECAIS.

Neutrino Beam

» Muon colliders offer high energy / high quality neutrino
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Neutrino Energy E [GeV]
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Neutrino DIS

See Morales-Alvarado’s talk

» Muon colliders offer high energy / high quality neutrino

BiEClNAS.
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Neutrino DIS

See Morales-Alvarado’s talk

BECAIS.

vy, 1

Integrated over E,
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Total Counts
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Muon colliders offer high energy / high quality neutrino
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BSM Searches at MuC
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Minimal Dark Matter

» Simple but well-motivated model.

Model Therm.
(color,n,Y) target
(1,2,1/2) Dirac 1.1 TeV
(1,3,0) | Majorana | 2.8 TeV
(1,3,¢€) Dirac 2.0 TeV
(1,5,0) | Majorana | 11 TeV
(1,5,¢€) Dirac 6.6 TeV
(1,7,0) | Majorana | 23 TeV
(1,7,€) Dirac 16 TeV

Xing Wang, Roma3
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Minimal Dark Matter

«  Conventional missing mass searches

RO RG=MLON

Uy
X
X
— ,}/7 Z ,-)/7 Z = ———

* di-muon

Xing Wang, Roma3

ESPPU Muon Collider Report
WIMP Dark Matter 20 reach®2 220421417

5 =3TeV
B 5= 10 TeV

(17 37 0)MF i
Wino-like

mono-photon

( 1 ) 27 %)DF
Higgsino-like

i Thermal Target

o5 1 2 3 & 5

23
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Minimal Dark Matter

Search for Exotic signatures from

compressed spectra
355 MeV Higgsino

mxi il mXo 2

164 MeV  Wino
7~ 0(0.01 —0.1) ns

* Disappearing track

A[LAS Simulation Préliminary

\ _\2 (ol
» Soft tracks 06D
Tracker
+ (soft track)
o pr SO Gev\
s <
0
(charged parent) X+ / X (dark matter)
N+ /.L_

P=== - - g
» <

Xing Wang, Roma3

ESPPU Muon Collider Report
WIMP Dark Matter 20 reach™“+>0-441,

5 =3TeV
=10 TeV

<17 37 O>MF |
Wino-like

mono-photon

( 1 ) 27 %)DF
Higgsino-like

i Thermal Target

o5 1 2 3 % 5

ek
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Extension of SM (+singlet)

B implest extension of
the Higgs sector

h = hgcos~y + Ssin-y,

@ = S cosy — hgsiny,

Eliclrect probe

W = i cos” .

* Direct search
VV = ¢

Xing Wang, Roma3

sin’7y

Buttazzo, Redigolo, Sala, Tesi, arXiv: 1807.04743

MuC 10 TeV
HL-LHC |

MuC 3 TeV

FCC LL/hh

____________________

25
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-xtension of SM (2ZHDM)

* Heavy Higgs can be

Han, Li, Su, Su,Wu_arXiv: 2102.08386

broduced In palr % pr———-
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1 1 1 H
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[ ,4” ﬁi. ------ éo ﬁ E EO ;
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1 : 1 :
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»  HNL 1s ubiguitous in BSM models that address neutrino masses.

Heavy Neutral Lepton

MuC 10 TeV

p (p1) Ny(k1) :
1072 =
107 ¢
91w~ 104k
3 E
= o5l
. \ 1076 ¢
pr (p2) U (k2) :
1077 3
10_8 i | L | L
200 500
107" ¢ ‘ > g
SN0V - R Li, Lyu, Liu, arXiv: 2301.07117  mp(GeV)
e el — R R :
109 7 sy N, 10 TeV
10—5; :u’+(p2) Ve/’r(k2)
106 A
10777 | \ L | \ Lo —_—>
200 500 1000 2000 5000 10° q
my(GeV) u=(p1) N/ (k1)

Xing Wang, Roma3

xing.wang@uniromaJ.it

2


https://arxiv.org/abs/2301.07117
mailto:xing.wang@uniroma3.it

(BSM) Precision From Energy

Xing Wang, Roma3 xing.wang@uniroma..it
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Precision at Higher Energles

» |0 TeV MuC can probe new physics well beyond [0 TeV!

lllllllllllllll 12
1.4 9
S $ 10
i e &
A RS>
1 ) 8
~ O 8 L%) .%GOAQ?"'
§ ‘ %o"?," m* 6
0.6 o _
0.4 05%CL - 4
02 ' 2
A R
100 200 300 400 500
M [TGV] My [Te\/]

Xing Wang, Roma3

ESPPU Muon Collider Report
Gl NAD LS 0B A A

2
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Precision at Higher Energies

SMEFT Is a useful framework to study indirect effects of BSM

physics G
= Aﬁ i AQE =

At dimension-6, BSM amplitudes can have scaling
vl
MA@+_”N0
2 ’U2

For high energy muon colliders, e

v~ E28 o (49)

BSM reach at muon colliders

LA E g N i
\/—NNE ANlOOTeV(mTeV) (E) (10fb‘1>

A:ASM+< A
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2-to-2 Processes

° Op = Lrr™)(Lry L),

O = Ey"e)@rruds),
; 0P = (Er*e't)@ruo'a),
7 :

D = l(H'DuH)([LY“@L)

One = i(H'D,H)(er"en)

E ~ 10 TeV 1% = A ~ 100 TeV

Xing.wang@uniromaas.it
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2-to-2 Processes

Also see Glioti's talk for details

) (£0)

" HL-LHC [ HL-LHC+MuC

1000

oL e SRRSO S e ;
- 68% CL |
B | {
100 — E Z--- 10 -- - --- - - - - L 3 100
= ] :
= - § 5 |
LS [ | ; 3
e i
[ '_, E £
3 : {
8 | ‘
| i
1

) 1)22 3)22 22 »‘ ' 1122 1122 2222 2233 2332 1122 2222 2233 11312 2211 2200 2233 3322 !
4 (2;2 (Z;R (7¢e»wc%l C%l C%l C%l C%l Clw Clm Clm C%e C%e C%e C%e C%e {

2 = G Sy (el Aghic N A= S B S m e T B e Fo S22 it it SR Ag Fn D (Bt

e aze B Ny . - c _ . 5= s L~ . ) 2= s L . ) I35 s =

( Iu Iu) ( H D H ) ESPPU Muon Collider Report

arXiv: 2504.2 (417

30
Xing Wang, Roma3 xing.wang@uniroma..it



mailto:xing.wang@uniroma3.it
https://indico.cern.ch/event/1564581/contributions/6606752/attachments/3104361/5501372/Glioti-GGI.pdf
https://arxiv.org/abs/2504.21417
https://arxiv.org/abs/2504.21417

2-to-2 Processes

Also see Glioti's talk for details
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2-to-2 Processes

Also see Glioti's talk for details

1 Low energy ® MuC-3 ® MuC-10
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BSM with VBF

AT

More detalls in previous talk
* VBF In general has weaker sensitivity compared to

annihilation processes.

“Arbitrary normalization?

V3 [TeV]

xing.wang@uniromaJ.it
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1 A
. CHMCT SN 105
b fL(fI?,S)fL(EaS)?
] 1
X X S Sl
B ~ 6gm fT/L(SU,S)fT/L(—S73)_
3/8 =

S ~ 0BsM
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BSM with VBF

More detalls in previous talk

* VBF In general has weaker sensitivity compared to

annihilation processes.

~

» Useful for operators that are not directly accessible via
annih

ations or complementarity to resolve flat directions.

BRE cricrically,

Ows = (H'H)O(H'H), QiEl= i(H”B’M )(qL}f o O = Eqpc WS PWE "WEH,
Onp = (P*H'H)(H'DH), o, = i(H‘BH

. 36
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BSM with VBF

HL-LHC = HL-LHC+MuC ESPPU Muon Collider Report
arXiv: 250421417
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Conclusion

Muon collider not only probes exciting new physics, it is also an

technologically excrting project to work on.

VWe not only measure SM more precisely, we will see new (SM)
phenomena.

Directly probe BSM states up to \/5/2 (pair) or\/g (single).
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1 hanks!

xing.wang@uniromaJ.it
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Backups

xing.wang@uniromaJ.it
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Higos Cross Sections

/5 (TeV) 3|6 | Tor|
benchmark lumi (ab™1)| 1 A RO 205 )
o (fb): WW — H | 490 | 700 | 830 | 950 |1200
Z7Z - H b1 | 72 | 89 | 96 | 120

WW — HH 080 1.8 | 3.2 |43 | 6.7

/474 — HH 0.11 1 0.24 | 0.43 |{0.57]0.91

WW — ZH 99 | 22 | 33 | 42 | 67
WW — ttH 0.012]0.046(0.090/0.14 | 0.28
WW — 2 2200 | 3100 | 3600 |4200{5200

WW — ZZ 57 | 130 | 200 | 260 | 420

Xing.wang@uniromaas.it
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m HL-LHC ®m FCC-hh = MuC-10 ESPPU Muon Collider Report
arXivi 250428V
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Muon Collider 50 Reach (J_ 3, 30, 100 TeV)

WIMP

I
|
I
r

+ |< | Thermal Target -
0.5 50

X(TeV)

Combined missing mass search

Xing Wang, Roma3

&
Disappearing track
Xing.wang@uniroma3.it

Muon collider has great
potential In DM search

Decisive statements on Minimal
B

»  Missing mass
* Disappearing tracks

Further optimizations

Can be extended beyond
minimal DM.
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Sl — o) = GOl

—Eroe = Eape = tan f;
—Eproe = Eage = tan f;

S — e = ol O
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WW vs. Z/ Fusion

» Can we distinguishing WW vs, Z/Z fusion !
w T —v,p, HH  (WW fusion),
uwtu” =ty HH (ZZ fusion).
* But the outgoing muons are quite forward!

1 30 TeV

1/o do/db,-
= =
|_'|

—_
=
Ot
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WW vs. Z/ Fusion

» Distinguishing WW vs. ZZ fusion
pwum — v, HH (WW fusion),

uwtu” =ty HH (ZZ fusion).

» Forward muon tagging |n| < 6 (even poor resolution is still ok)

pr ~ O(mz)
a

7 ~ cosh™* (
QmZ

~ 3.5, A7 s
for 3,10,30 TeV

For more applications/discussions: Li, Liu, Lyu, arXiv: 2401.08756
Ruhdorfer, Salvioni, Wulzer; arXiv: 241 1.00096, 46
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S iE-lfoe OV rate from

i
* Forward muon tagging !

E=3TeV, n=6 = ppr~15GeV

» Cannot distinguish W' vs. «y

VV — ff

10%

10° ¢

fi/,u(x7 Q)

107"

10t ¢
R

—@Q =3 TeV
--Q =5TeV

102

Han, Ma and Xie, arXiv: 200/7.14300 <&

------- Arbitrary normalization 10—120_3
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Xing Wang, Roma3 kT [GeV]
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2 Blisienn <l aspenaeice

for VT

for VL
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VV — ff

S iE-lfoe OV rate from

i
* Forward muon tagging !

E=3TeV, n=6 = ppr~15GeV

» Cannot distinguish W' vs. ~y

Arbitrary normalization

oalv i
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Han, Ma and Xie, arXiv: 200/7.14300 <&

Different p I specire 08
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VV — ff

* For bb final state,

Ong = i(H'DH)dir"aL), by = i(H'0"DH) (o ay),

Lo bound on A/, /cp, [TeV] for bb final state lo bound on A/, /¢y, [TeV] for bb final state
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