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In this workshop we will explore the opportunities unleashed by progress in muon-based
experiments, with particular focus on a multi-TeV muon collider. We will discuss both
Standard Model precision physics and the search for new phenomena at the highest
b ~ /L possible accelerator energies.

( ! (L G Muon beams up to multi-TeV energies hold the potential to revolutionize the exploration of
/ T the high-energy frontier. At the same time, they require the development of new methods
and tools in particle theory as well as in collider experiments and accelerator physics. Our
workshop will bring together experts, and early career scientists from these communities
and will provide the setting to weave together the strategy to get to the next new kind of
particle collider. In addition the workshop will serve as a platform to develop possible
synergies between all the communities potentially interested in muon beams, and in the

technologies that are necessary to develop them.
A muon collider requires an intense proton beam that produces similarly intense hadron,
muon, and neutrino beams; we will discuss how those beams can enable exploration of the
lepton and neutrino sector, as well as dark matter and dark sectors and other investigations
at the intensity frontier. During the workshop we will organize several pedagogical activities
aimed at increasing the awareness and competence in the high energy physics theoretical
community on the exciting possibilities enabled by progress expected in muon beams and
collider technologies. We will also organize small groups focused on further developing key

Topics: tools needed for muon collider R&D.

o Week-1 Training Week: Introduction To Muon Beams And - ] .
Applications Sl i g tecy bﬂS@d on.
o Week-2 Focus Week: Precision Physics (SM) J. Scott Berg (BNL, USA) R . . . <
Weeks3 Focus i T unEig Dario Buttazzo (INFN Pisa) Arvanitaki, Craig, Dimopoulos and GV — ‘12
o Week-3 Focus Week: New Physics ( ) Roberto Franceschini (Roma Tre U. and INFN)
e Synergy Week: Physics With Muon Beams Tova Holmes (University of Tennessee, Knoxville, USA) ¢
Patrick Meade (Stony Brook University, USA) Pardo Vega and GV 1 5
° Puﬁl(ijc Conference: "Physics At The Highest Energies With Fabio Maltoni (Louvain, Bologna U. and INFN)
Colliders" . . = . .
.. Federico Meloni (Deutsches Elektronen-Synchrotron, DE) Chen, RedlgOIO, GV _ WOfk Iﬂp gl‘@SS
SIM NS Training Week (Jun 30, 2025 - Jul 04, 2025)

FOUNDATION

Conference (Jul 28, 2025 - Aug 01, 2025)
Deadline for applications: Feb14, 2025

GGI: http://www.ggi.infn.it/
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Supersymmetry

Historical motivations for low-energy SUSY::

e Hierarchy Problem
« WIMP Miracle

e Grand Unification
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1. Hierarchy Problem

ATLAS SUSY Searches* - 95% CL Lower Limits

o (MSUSY

2

TeV

ATLAS Preliminary

July 2024 Vs =13TeV
Model Signature  [Ldt[b7'] Reference
Oepu  26jels  EPS 140 __ 185 m(F})<400 GeV 2010.14293
2 monojet  1-3jets  Efis 140 G [8x Degen] 0.9 m(g)-m(¥})=5GeV 2102.10874
5 Oeu  26jets EPS 140 |z 23 m(E})=0GeV 2010.14293
T z Forbidden 1.15-1.95 m(¥)=1000 GeV 201014293
3 leu  2-Bjets 140 |z 2 m(¥)<600 GeV 2101.01629
o ee. ppt 2jets  EPS 140 |2 2.2 m(})<700 GeV 2204.13072
@ L 8—qqWZE, Oep 7-1jets EPS 140 |7 1.97 m(T}) <600 GeV 2008.06032
- Rkl SSeu  Gjets | 140 |z 115 LD oo 2307.01094
£ g gt 01 e 3p  EPS 140 |z 2.45 m(E})<500 GeV 221108028
SSep  Glets 140 |z 125 m(E)-m(z)=300GeV 1909.08457
biby Oep 2b Ep's 140 | b 1.255 m(¥})<400 GeV 2101.12527
b 0.68 10GeV<Am(b £1)<20 GeV 210112527
95 bibi bi—b¥ - bk} Oeu 66 Epi 140 |y Forbidden .23-1.35 130 GeV, m(¥})=100 GeV 1908.03122
5 L 2r 2b Ep® 140 | b 0.13-0.85 )=130 GeV, m(¥})=0 GeV' 2103.08189
gg P Olen  >ljet  E™S 140 |7 1.25 m(F)=1GeV 2004.14060, 2012.03799
: & in. Wbt Teu  Bjets/tb EP™ 140 7 Forbidden 1.05 (¥))=500 GeV 2012.03799, 240113430
85 ihi-nbn #1216 127 2jetsth EMS 140 |7 Forbidden 14 2108.07665
= L i, fiock) /e, eck) Oept 2c  EMogeq |z 1805.01649
T Oep mono-jet  EF™ 140 | & 0.55 2102.10874
iy, 7103, -2/t 12ep  14b  EPS 140 |d 0.067-1.18 200605680
b, hoih +Z Ben 1b EPS 140 | B Forbidden 0.86 2006.05880
Multiple £/jets E?")N 140 0.96 2106.01676, 2108.07586
ee,py >ljet  ERs 140 0.205 191112606
2ep P 140 0.42 190808215
Multiple ¢/jets EPSS 140 Forbidden 1.06 2004.10894, 2108.07586
- 2epn EPs 140 1.0 m(Z,7)=0.5(m(¥})+m(E})) 1908.08215
=8 27 2 40 (R 005 05 mii)=0 2402.00603
ws 2eqn Ojets  EPS 140 |7 0.7 m(E))=C 1908.08215
eep >ljet  EPS 140 |7 0.26 m(@)m(¥})=10 GeV 1911.12606
Oeu >3b BN 140 | B 094 240114922
dep Ojets  ERS 140 | jg 055 210311684
Ocu >2largejets EM 140 | i 0.45-0.93 2108.07586
2ep  22jets EPS 140 | & 0.77 BR(T! - ZG)=BR(! — 1G)=0.5 2204.13072
Direct ¥1¥; prod., long-lived ¥} Disapp.trk  tjet  EP™ 140 [f 066 Pure Wino 2201.02472
X 0.21 Pure higgsino 2201.02472
@
§ 8 Stable g Rehadron pixel dE/dx B 140 |7 2.05 2205.06013
ST Metastable g R-hadron, 3—gq¥| pixel dE/dx EF™ 140 | & [r(® =10ns] 22 2205.06013
S 8§ &6 Displ. lep EPs 140 | & 0.74 ATLAS-CONF-2024-011
5 F 0.36 ATLAS-CONF-2024-011
pixel dE/dx Ep™ 140 T 0.36 7(f)=10ns 2205.06013
VG I X o ze—seee 3eu 140 Pure Wino 2011.10543
RIS - Wwjzeettyy e Ojets  EP™ 140 m(¥})=200 GeV/ 2103.11684
22, 2-99%), X} - qqq >8jets 140 234 Large 1}, 2401.16333
S | 7T iR B > bs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& i, i—bX¥i Xi — bbs >4b 140 Forbidden m(¥1)=500 GeV 2010.01015
71, [ obs 2jets +2b 36.7 1710.07171
adi, gl 2ep 2bh 140 0.4-1.85 BR(7, —be/bu)>20% 2406.18367
T oV 136 16 BR( —gu1)=100%, cos,=1 2003.11956
T RS/, 1Y, tbs, KT —bbs 12eu  >6jets 140 | & 0.2-0.32 Pure higgsino 2106.09609
1
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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ATLAS SUSY Searches* - 95% CL Lower Limits

o (MSUSY

2

2\ TeV

ATLAS Preliminary

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

July 2024 Vs =13TeV
Model Signature  [Ldt[b7'] Mass limit Reference
T T T ——
Gogt) Ocu — 26jets  ER 140 Iﬂ__ 185 m(})<400 GeV 2010.14293
2 mono-jet  1-3jets EP™ 140 | g [8x Degen] 0.9 m(g)-m(¥})=5GeV 210210874
eS| Oep 26jets  Ep 140 |# 23 m(F})=0GeV 2010.14293
3 z Forbidden 1.15-1.95 m(¥)=1000 GeV 201014293
3 leu  2-Bjets 140 |z 2 m(¥)<600 GeV 2101.01629
o ee.pp 2jets  EPS 140 |2 22 m(})<700 GeV 2204.13072
B Ocp 7-Mjets EMS 140 | 1.97 2008.06032
% SSeu Bjets 140 |2z 1.15 2307.01094
= 0-1ep 3b EPs 140 | 245 2211.08028
SSeu  Bjets 140 |z 125 1909.08457
biby Oep 2b Episs 140 | b 1.255 m(i',"<4mo(;ev 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV' 2101.12527
o5 hb. by—b¥3 — bht) Oe.p 6b Eps 140 | By Forbidden 0.23-1.35 130 GeV, m(P})=100 GeV' 1908.03122
: S 2r 2b ERSS 140 | By 0.13-0.85 30 GeV, m(¥})=0GeV 2103.08189
ETS Ry, o] 0-1ep >ljet  EPS 140 |7 1.25 m(P})=1GeV 2004.14060, 2012.03799
I g iy, Wb Tepu 3jets/1 b EMNS 140 |@ Forbidden 1.05 00 GeV' 201203799, 2401.13430
Ss Ait, hi=T1by, #7116 127 2jets/t b EPS 140 i Forbidden 14 00 GeV' 2108.07665
= L i, fiock) /e, eck) 0ept 2c  EPM 364 |z m(E})=0Gev 1805.01649
T Oep mono-jet  EPS 140 i 0.55 m(f),&)-m(¥})=5 GeV 2102.10874
1-2e.p 1-4b  EPS 140 |7 0.067-1.18 7)=500 GeV' 2006.05880
Beu 1b EPs 140 | h Forbidden 0.86 m(¥)=360 GeV, m(7;)-m(¥})= 40 GeV 2006.05880
Multiple ¢/jets. E;:'“ 140 )2; Tl 0.96 m(e! -bino. 2106.01676, 2108.07586
ee, ppt >1jet  EPS 140 |/, 0.205 m(F})-m(¥})=5 GeV, wino-bino 1911.12606
2epn EPs 140 | 0.42 wino-bino 1908.08215
Multiple ¢/jets EPsS 140 | %%, Forbidden 1.06 0 GeV, wino-bino 2004.10894, 2108.07586
. 2ep Ep's 140 | ¥ 1.0 .5(m(F;)+m(E})) 1908.08215
=8 27 2 40 (R 005 05 miF)=0 2402.00603
ws 2en Ojets  EMS 140 |7 0.7 m(E})=0 1908.08215
eepu >ljet  EPS 140 |7 0.26 m(@)m(¥})=10 GeV 1911.12606
AH, A-hG/2G Oe.p 23b  Epe 140 | 0.94 BR(XY = I 2401.14922
dep Ojets  Emiss 140 i 0.55 BRWA - Z 2103.11684
Oei >2largejets EF™ 140 | i1 0.45-0.93 BR(Y} - ZG)= 2108.07586
2eu 22jets  EP™ 140 | & 077 BR(! — ZG)-BR(Y! — 1G)=05 2204.13072
Direct ¥ %] prod., long-lived ¥ Disapp.ttk  1jet — Ep™ 140 |y 066 Pure Wino 2201.02472
il 0.21 Pure higgsino 2201.02472
@
§ 8 Stable g Rehadron pixel dE/dx B 140 |2 2.05 2205.06013
& Metastable  R-hadron, §-q¥) pixel dE/dx EPS 140 | (@) =100s] 22 2205.06013
S ] -G Displ. lep EPs 140 | & 0.74 ATLAS-CONF-2024-011
~ ¥ 0.36 ATLAS-CONF-2024-011
pixel dE/dx Ep™ 140 T 0.36 2205.06013
TG X ze—eee Beu 140 Pure Wino 2011.10543
TV 1Y) - wwjzeeeew depn Ojets  EPs 140 m(F)=200 GeV. 2103.11684
22, 2-99%), X} - qqq >8 jets 140 234 Large &/, 240116333
S | 7T iR B > bs Multiple 36.1 .55 =200 GeV, bino-like ATLAS-CONF-2018-003
& 70T X bbs >4b 140 Forbidden m(¥1)=500 GeV 2010.01015
iy, fi—bs 2jets +2b 36.7 1710.07171
adi, gl 2ep 2bh 140 0.4-1.85 BR(7, —be/bu)>20% 2406.18367
T oV 136 <X, 16 BR( —gu1)=100%, cos,=1 2003.11956
TR/, 1Y, tbs, KT —bbs 12eu  >6jets 140 | & 0.2-0.32 Pure higgsino 2106.09609
1
“Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

mini SPLIT

complexity
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many known alternatives to
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ATLAS Preliminary

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

July 2024 Vs =13TeV
Model Signature  [Ldt[b7'] Mass limit Reference
T T T —
Gogt) Oepu  26jels  EPS 140 [Ilm_ 185 m(})<400 GeV 2010.14293
2 monojet  1-3jets  Efis 140 G [8x Degen] 0.9 m(g)-m(¥})=5GeV 2102.10874 . - -
eS| 2-qa%) Oep 26jets  EPS 140 |z m(F1)=0GeV 2010.14293
3 z Forbidden 1.15-1.95 m(¥)=1000 GeV 2010.14293
3 leu  2-Bjets 140 |z 2 m(¥)<600 GeV 2101.01629
[ ee. 2jets  EFS 140 |2 22 m(})<700 GeV 2204.13072
B Ocp 7-Mjets EMS 140 | 1.97 2008.06032
% SSeu Bjets 140 |2z 1.15 2307.01094
= 0-1ep 3b EPs 140 | 245 2211.08028
SSeu  Bjets 140 |z 125 1909.08457
biby Oep 2b Episs 140 | b 1.255 m(i’,‘,auoeev 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV' 2101.12527
o5 hb. by—b¥3 — bht) Oe.p 6b Eps 140 | By Forbidden .23-1.35 130 GeV, m(P})=100 GeV' 1908.03122
: S 2r 2b ERSS 140 | By 0.13-0.85 30 GeV, m(¥})=0GeV 2103.08189
E,g Ry, o] 0-1ep >ljet  EPS 140 |7 1.25 m(P})=1GeV 2004.14060, 2012.03799
Z g iy, Wb Tepu 3jets/1 b EMNS 140 |@ Forbidden 1.05 00 GeV' 201203799, 2401.13430
Ss Ait, hi=T1by, #7116 127 2jets/t b EPS 140 i Forbidden 14 00 GeV' 2108.07665
= L Qi ook /e eock) Oep 2c  EMs g1 |7 m(E})=0Gev 1805.01649
T Oep mono-jet  EPS 140 7 0.55 m(f),&)-m(¥})=5 GeV 2102.10874
iy, o0, W3- Z/hi) 12ep 146 EPS 140 | 0.067-1.18 0)=500 GeV' 2006.05880
b, ol +Z Beu 1b EPs 140 | h Forbidden 0.86 m(¥)=360 GeV, m(7;)-m(¥})= 40 GeV 2006.05880
TEVD viawz Multiple ¢/jets. E;:'“ 140 i;/f(“ 0.96 m(e! -bino. 2106.01676, 2108.07586
ee, ppt >1jet  EPS 140 |/, 0.205 m(F})-m(¥})=5 GeV, wino-bino 1911.12606
2epn EPs 140 | 0.42 wino-bino 1908.08215
Multiple ¢/jets EPsS 140 | %%, Forbidden 1.06 0 GeV, wino-bino 2004.10894, 2108.07586
. 2ep Ep's 140 | ¥ 1.0 .5(m(F;)+m(E})) 1908.08215
=8 27 2 40 (R 005 05 miF)=0 2402.00603
ws 2en Ojets  EMS 140 |7 0.7 m(E})=0 1908.08215
eepu >ljet  EPS 140 |7 0.26 m(@)m(¥})=10 GeV 1911.12606
Oe.u 23b  Epe 140 | 0.94 BR(Y) — i 2401.14922
dep Ojets  Emiss 140 i 0.55 BRWA - Z 2103.11684
Oei >2largejets EF™ 140 | i1 0.45-0.93 BR(Y} - ZG)= 2108.07586
2eu >2jets  EPS 140 | & 077 BR(! — ZG)-BR(Y! — 1G)=05 2204.13072
Direct ¥1 ¥} prod., long-lived ¥} Disapp.trk  tjet  EP™ 140 [f 0.66 Pure Wino 2201.02472
il 0.21 Pure higgsino 2201.02472
@
§ S Stable g Rehadron pixel dE/dx B 140 |7 2.05 2205.06013
& Metastable  R-hadron, §-q¥) pixel dE/dx EPS 140 | (@) =100s] 22 2205.06013
S ] -G Displ. lep EPs 140 | & 0.74 ATLAS-CONF-2024-011
~ ¥ 0.36 ATLAS-CONF-2024-011
pixel dE/dx Ep™ 140 T 0.36 2205.06013
TG X ze—eee Beu 140 Pure Wino 2011.10543
TV 1Y) - wwjzeeeew depn Ojets  EPs 140 m(F)=200 GeV. 2103.11684
22, 2-99%), X} - qqq >8 jets 140 234 Large &/, 240116333
S| 7 iR, B o tbs Multiple 36.1 055 =200 GeV, bino-like ATLAS-CONF-2018-003
& 70T X bbs >4b 140 Forbidden m(¥1)=500 GeV 2010.01015
iy, fi—bs 2jets +2b 36.7 1710.07171
adi, gl 2ep 2bh 140 0.4-1.85 BR(7, —be/bu)>20% 2406.18367 -
T oV 136 % 16 BR( —gu1)=100%, cos,=1 200311956
i 11D, 20, i, X —sbbs 12eu  >6jets 10 |2 02032 Pure higgsino 2106.09608 c omp e a{] y
1
“Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]
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WIMP-nucleon og; [em?]

2. WIMP Miracle

LSP (typically Neutralino) :

have naturally the right thermal relic abundance

= Unconstrained upper limit
1l I 1 1 1 1 L1 11 | 1 1 1 1

== Maedian 3o discovery potential
——— Madian cxpected upper limit ™
— Power constrained upper limit J

10° 10°
WIMP Mass [GeV/c?]

10

QCD axion, ALPs, Dark Sectors,



3. GUT
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SUSY: A New Angle

—assume SUSY
— take seriously GUT
— use exp. to determine SUSY scale
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SUSY: A New Angle

—assume SUSY
— take seriously GUT

— use exp. to determine SUSY scale

BSM Degrees of Freedom

SUSY

Standard
Model

> MSSM




In the MSSM the Higgs mass 1s predictive

m; ~ my cos” 203 -



In the MSSM the Higgs mass 1s predictive

T e m;

3 )4 a4 m}g ~ X‘Q
m; ~ my cos” 28 + m, s P {log—;—l—Xf (1— a3




In the MSSM the Higgs mass 1s predictive

T e m;

3 )4 a4 m}g ~ X‘Q
m; ~ my cos” 28 + m, s P {log—;—l—Xf (1— a3

125% ~ 920> + 90>



In the MSSM the Higgs mass 1s predictive
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In the MSSM the Higgs mass 1s predictive

—

3( m?din? B mZ| (=, X7

only /og-dependence on new physics scale

s

= high precision to get reliable constraints
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M o o S ]_it Arvanitaki et al. ‘12
lm - p Arkani-Hamed et al. ‘12

Small tang and EWSB

+ m?2 —B
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|BJL-=|2 ~ mi’umiﬂi




M o o S ]i Arvanitaki et al. ‘12
lm - p t Arkani-Hamed et al. ‘12

Small tang and EWSB

2 _
det ( _+ MH, By ) ~

2

. 2
but relation: Mz, ~ My,

broken by Yukawa

2



MSSM Higgs @ large tanf3
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MSSM Higgs @ large tanf3

20 | | | | |

-~ N Pardo Vega, GV ‘15 |

-3 -2 -1 0 1 2 3
At/m;

“Hell is truth seen too late.”
—Thomas Hobbes, Leviathan
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MSSM freedom

SM | MSSM

params. | 19 18 - 124 *

Depend on Mediation Mechanism:

not predictive

FCNC, EDM,, ...

Gravity / Anomaly / (Generalized) Gauge / Gaugino / Moduli / ...

| N
.J’" - \
AUYEC
-y




Minimal Gauge Mediation
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Minimal Gauge Mediation
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[ M; = N=LA
: 47

spectrum: < m; = ZVNCij%A
T

A; =B, =0



Minimal Gauge Mediation

N =
Moo
VF [ SUSY A=F/M
s
(M, = N2LA
41
IS _ _
spectrum: < m; = 2V NC;; =LA |:> flavor blind (MFV) spectrum:
A NO dangerous FCNC
A; =B, =0
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spectrum: <

Minimal Gauge Mediation

fMj:N

m; = 2V th.j |:> flavor blind (MFV) spectrum:
A NO dangerous FCNC

| A4 =B,=0

:> NO CPV phases

# parameters = # parameters of SM
+ weak dependence on NV and log(M)



No naturalness — no x problem:

A=F] M e
G U No EWSB

0’ 1/2



A=F] M e

No naturalness — no x problem:

m, M, 6 e m EWSB ~ m,



No naturalness — no x problem:

A=F] M e

m,,

M
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SE— e [ EWSB « m, m\22—mH + ...



No naturalness — no x problem:

A=F] M e

m, ]W]/Z:) e 4 EWSB « m, W‘Q ~ —m%u e

{ B,,A=0 at the scale M J generated radiatively

> A S m no maximal mixing
> Bﬂ « m; tan(f) ~ 30-60

> no CPphases — no EDMs
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MGM Summary

fully compatible with:

No obs. flavor violation
No obs. EDM*

No obs. Proton decay
No obs. WIMP

No obs. SUSY @ LHC
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MGM Summary

[ No obs. flavor violation
No obs. EDM*

fully compatible with: { No obs. Proton decay

No obs. WIMP

No obs. SUSY @ LHC

predictions greatly improved with:
n top mass measurements

yet: all SUSY @ O(

SM corrections

MGM as benchmark for Future Collider — “work in progress”
e Muon Collider (and FCC) reach / parameters
» Constraints from cosmology and SUSY breaking sectors



more in general

0O(10) TeV SUSY still well motivated
and plausible scenario for BSM
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