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The Electroweak Era

“The more ambitious goal...is to identity and understand the nature of electroweak symmetry breaking, the
asymmetry that is key to the material universe. The Higgs boson is but its herald.” — Frank Close

Electroweak symmetry? Electroweak radiation

Electroweak breaking Electroweak restoration
3



The Electroweak Era

Sanford Underground
Research Facility

Fermilab
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Neutrinos: the purely weak frontier of the Standard Model

Dark sectors: portals are weak interactions & SM electroweak states

neutrino portal
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weak portal
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The Electroweak Era

...and exploration after the LHC

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

107! 1

10 Mass scale [TeV]

Status: July 2022 [£ dt = (3.6 - 139) fb™ V5 =8,13TeV
Model t{,y Jetst E?'ss JL dt[fb™] Limit Reference
| | | | L] I | L | | | |

ADD Ggx + g/q Oe,p,7,y 1-4j Yes 139 n=2 2102.10874
ADD non-resonant yy 2y - - 36.7 n=3HLZNLO 1707.04147
ADD QBH - 2] - 139 ) 1910.08447
ADD BH multijet - >3] - 3.6 n=6, Mp =3 TeV, rot BH 1512.02586
RS1 Gkk — vy 2y - - 139 k/Mp; = 0.1 2102.13405
Bulk RS Gy > WW/ZZ multi-channel 36.1 k/Mp = 1.0 1808.02380
Bulk RS Gkx — WV — ¢tvqq 1epu 2j/1J  Yes 139 k/Mp;=1.0 2004.14636
Bulk RS gxx — tt 1e,u 21b,21J/2) Yes 36.1 r/m=15% 1804.10823
2UED / RPP le,u 22b,23] Yes 36.1 Tier (1,1), B(AGY - ) =1 1803.09678
SSM Z’ — ¢¢ 2e,pu - - 139 1903.06248
SSMZ’ - 1t 27 - - 36.1 1709.07242
Leptophobic Z’ — bb . 2b - 36.1 1805.09299
Leptophobic Z’ — tt Oe,u 21b,22J Yes 139 MN/m=1.2% 2005.05138
SSM W’ — ¢v 1epu - Yes 139 1906.05609
SSM W’ - 1y 17 - Yes 139 ATLAS-CONF-2021-025
SSM W’ — tb - >1b,>1J - 139 ATLAS-CONF-2021-043
HVT W —» WZ - ¢vggmodel B 1 e,u 2j/1J  Yes 139 gv=3 2004.14636
HVT W’ — WZ — ¢v ¢'¢’ model C 3 e, u i (VBF) Yes 139 gven=1,g=0 ATLAS-CONF-2022-005
HVT W’ — WH — ¢tybbmodelB  1e,u 1-2b,1-0] Yes 139 gv =3 2207.00230
HVT Z' - ZH — ¢¢/vvbbmodel B 0,2e,u 1-2b,1-0] Yes 139 gv =3 2207.00230
LRSM Wg — uNg 2u 1J - 80 m(Ng) =0.5TeV, g, = gr 1904.12679
Scalar LQ 1%t gen 2e >2j Yes 139 B=1 2006.05872
Scalar LQ 2" gen 2u >2]j Yes 139 g=1 2006.05872
Scalar LQ 3" gen 17 2b Yes 139 B(LQY - br) =1 2108.07665
Scalar LQ 3" gen Oe,u 22),22b  Yes 139 B(LQ » tv)=1 2004.14060
Scalar LQ 3" gen >2e,u,21721j,21b - 139 B(LQ§ » tr) =1 2101.11582
Scalar LQ 3" gen Oe,u,217 0-2j,2b Yes 139 B(LQI - bv) =1 2101.12527
Vector LQ 3 gen 17 2b Yes 139 B(LQY — br) = 0.5, Y-M coupl. 2108.07665
VLQTT - Zt+ X 2e/2u/>3eu 21b,>1) - 139 SU(2) doublet ATLAS-CONF-2021-024
VLQ BB - Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343
VLQ T5/3 T5/3|T5/3 - Wt+ X 2(8S)/>3eu21b,21] Yes 36.1 B(Ts;3 » Wi)=1, c(Ts;3Wt)=1 1807.11883
VLQ T — Ht/Zt 1e,u  21b>3] Yes 139 SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQY - Wh 1e,u 21b>21] Yes 36.1 B(Y — Wb)=1, cr(Wb)=1 1812.07343
VLQ B — Hb Oeu >2b >1j,>1J - 139 SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7’ — Z7/Hr multi-channel >1]  Yes 139 SU(2) doublet ATLAS-CONF-2022-044
Excited quark ¢* — qg - 2j - 139 only u* and d*, A = m(q*) 1910.08447
Excited quark ¢* — qy 1% 1j - 36.7 only u* and d*, A = m(q*) 1709.10440
Excited quark b* — bg - 1b,1]j - 139 1910.0447
Excited lepton £* e u - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eu, 7T - - 20.3 A=1.6TeV 1411.2921
Type lll Seesaw 2384e,pu >2j Yes 139 2202.02039
LRSM Majorana v 2u 2j - 36.1 m(Wgr)=4.1TeV, g, = gr 1809.11105
Higgs triplet H¥** —» W*W=* 234 e, (SS) various Yes 139 DY production 2101.11961
Higgs triplet H** — ¢¢ 234eu(SS) - - 139 DY production ATLAS-CONF-2022-010
Higgs triplet H** — {7 eurt - - 20.3 DY production, B(H;* — 1) =1 1411.2921
Multi-charged particles - - - 139 DY production, |q| = 5e ATLAS-CONF-2022-034
Magnetic monopoles — — — 34.4 DY production, |g| = 1gp, spin 1/2 1905.10130
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Why Muon Colliders?

1. Weak and flavorful

production modes

Han, Ma, Xie, 2007.14300] :
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2. Modest irreducible

backgrounds
(1 SG]
W
Ookg = o(pp” = W/Z/v/h+ X)
pp )
Obkg = O (pp — bb)
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Why Muon Colliders?

3. Annihilation + VBF offers kinematic reach and considerable rate

. . Log oloann/ovBF] for SU(2) singlet
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Why Muon Colliders?

Discover distinctive particles up to ~ \/E/ 2

14 TeV uC

10 TeV uC

P

r t Xxx1 T q
" The low FCC-hh mass reach on Top Partners
could be due to a non-optimal analysis

15 — ' ' ' —

Indirect access to much higher scales

Precision from energy

Y-Universal Z'

2-0 exclusion
@ HL+MuC g ey

- HL+MUC3 TeV-2 ab-1
- HL+MUC3Tev_1 ab-1

@ HL-LHC
«** Others
- = fit
0 100 200 300 400 500
Mz [TeV]

[Accettura et al. 2303.08533]
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Reveal the Secrets of
the Higgs Boson

Pursue Quantum
Imprints of New
Phenomena

Precision [%]
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P<| Electroweak Breaking

Reveal the Secrets of
the Higgs Boson

X

Pursue Quantum
Imprints of New
Phenomena

|[Accettura et al. 2303.08533]
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The birth and death of the Universe?

Top Yukawa coupling y;(Mp;)

00

-006 004 -002 000 002 004 006
Higgs coupling A(Mp,)

First-order electroweak phase transition? Vacuum stability?

14



Reveal the Secrets of
the Higgs Boson

Electroweak symmetry?:

Local EFT of the Higgs only
has EWK symmetry if no
extra EWSB or new
particles acquiring most
mass from Higgs. Fully
covered by 10 TeV uC.

[Banta, Cohen, NC, Lu,
Sutherland, 2110.02967]

Electroweak restoration:

Experimentally demonstrate
Goldstone equivalence

[Huang, Lane, Lewis, Liu, 2012.00774]
Combined Result, vs =14 TeV, 3ab™1

141 [

1.0

0.8 }

0.6 - 1L 1 |1 1 1

0_45 --=-=- Prediction 68% C.L.
f —F— Statistical

- —— Statistical+Systematic

1 S ——
100 200 300 400 500 600 700 800 900 1000

p? [GeV]
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Electroweak radiation:

Sudakov suppression of hon-
emission probability becomes
significant @ 10 TeV...

2 E2
exp [—Casimir X 1gﬂ2 log? (m62m>] ~ exp [—1]
%

e, u,t,b,...
e,u,t,b,...

e,u,t,b,...
vL.W,Z

LW, Z

[Wulzer; Chen, Glioti, Rattazzi,
Riccl, Wulzer 2202.10509; Nard,
Ricci, Wulzer 2405.08220]

e,u,t,b,..



P<| Predict the Higgs Mass

Reveal the Secrets of
the Higgs Boson

A superconducting analogy:

Search for Direct
Evidence of New
Particles

_ Ginzburg-Landau Theory
High-Tc Superconductors Low-Tc Superconductors (BCS)
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High-Tc Superconductors

[Pardo Vega & Villadoro, 1504.05200 |

m- (TeV)

At/m;

130 TeV

14 TeV

110 TeV

6 TeV

3 TeV

A superconducting analogy:

Ginzburg-Landau Theory

Higgs Potential

16

<)

(

Low-Tc Superconductors (BCS)

12

10

[Chen, Glioti, Rattazzi, Ricci, Wulzer 2202.10509]

lllllllllll

m Comp. Top (¢, = €;)
mm Universal CH

10 TeV
95% CL

20 40 60 80 100 120
my [TeV]


https://arxiv.org/abs/1504.05200

Origins of Flavor

First high-enerqgy accelerator to primarily collide second-generation fermions.

Pursue Quantum
Imprints of New
Phenomena

Direct access to hypothetical new particles associated with flavor structure

Indirect access 1o flavor structure via lepton flavor violating operators

Search for Direct
Evidence of New

Particles [IMCC Muon Collider Physics Summary] T |
e VTl MgeoT Muse SINDRUM [Homiller/uSG
> 100} 1 I I : 31 290
Q - I I I
E : : : :
< 7 : 5 : e 125 Gev From
g | g SR pp — pt
@ Belle—TT b i I e < 3 TeV at muon
.a 10 ! ; ; ; 6 TeV -
g f 104 . . . 14 TeV colliders,
2 5] ! ! 3 TeV ~
2 - — : 100 TeV
i NS : Belle-ll
107° - I P,&\“)SGQ\J |
L el I L ‘..‘HL L “‘H‘\: L L L |Cﬂ3e| -2
1 1
Vs [TeV] 10-8 107 10-6 10-5 10-4 0001 Az eV

An outstanding probe of flavor anomalies, indicative of complementarity w/ future signs of flavor violation.
[Huang, Queiroz, Rodejohann, 2101.04956; Huang, Sana, Queiroz, Rodejohann, 2103.01617, Asadi, Capdevilla, Cesarotti, Homiller 2104.05720, ...]

; oo TTomars tak




Determine the Nature
of Dark Matter

[“Towards a
Muon Collider,”
Accettura et al.
2303.08533 &

Bottaro et al.
2205.04486,],
see also [Han,

Liu, Wang,

Wang,
2009.11287,
Capdeuvilla,
Meloni,

Simoniello, Zurita

2102.11292;
Bottaro et al.
2107.09688]

Nature of Dark Matter

“Minimal dark matter”

mono —y|
mono —Wt
1 DT}
2DT¢t

mono —y|
mono —W
1 DT| |
2DT¢

mono —yp
mono —Wt
1DT¢t
2DT}

mono —y
mono —W
1 DTt}
2DT¢

Target set by DM abundance

(WIMP miracle)

[(J3TeV EH6TeV M 10TeV
Bi14TeV HE30TeV

| N NN TR RO NN TN NN SN SN N SR SR R

6

M, @ 95% [TeV]

8 10 12 14

“lectroweak multiplet w/ neutral lightest particle)

Electroweak doublet (“*higgsino”)
thermal relic plausibly discoverable
at 3 eV using soft tracks

x: X production, w’ collisions, Vs = 3TeV 1 ab’

la' llllIllllllllllllllllllll llllllll |llll|llll|llll'
L. 10° Disappearing Tracks Soft Tracks (this work)
P —50 F--95% CL limit —50 £--95% CL limit

102 AL Higgsino (100% ©h%) [ Wino (10% Qh’) A 5-plet (1% Q)

HL-LHC
95% CL limit

B

B

—4 S N T T T T T L LJ_L 1l L1 Ll
10500 600 700 800 900 1000 1100 1200 1300 140(95. 1500
|[Capdevilla, Meloni, Zurita 2405.08858] m(x ) [GeV]



Elucidate the
Mysteries of Neutrinos

The Neutrino Sector

Beyond the familiar synergies between muon colliders & neutrino factories:

1. Opportunities from high-energy
neutrinos at the interaction point

2. Opportunities from high-energy
neutrinos at a forward detector

P 10
10°F ] R 107" 5 =
R ' | 5 ' energy spectrum for v, + v,
N 21/2 [Han, Ma, Xie, 2007.14300] | IMCC Interim Report 2407.12450] . ]|
. N - 109 - (lton-year) ____== __-==-= SO
~ N ’f’ \ ,” \
™ ) VG S — - A~ ’
; S S Q=3TeV ; - Pl MuC 10TeV
10 Wrs “ --Q =5TeV 108 - _-" JPtag (1ton-year)
L ~ s\ ’¢’ ”
N . S : DUNE ND -7 -~ MuC 3TeV
el N % 107 -7 . (10kg-year)
s & LN 9 CDHS ~__-*NuTev _
B 100¢ . < | SND@ECN3, __..--—--=ng” MuC 10TeV
g i Qo | = 104 7 /,/‘f,;..-'-'.._~ T—y (10kg-year)
R 3 Lot TS TN T
LS ~ KL \\\\ | % 105- //7/ - /’,’—'t—’/’(" B FPF
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1071 R X ] . 7"/ CHORUS*" 72
B NG o ~ ] 1 P 4 ’
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Neutrino Energy E [GeV]

19



Dark Sectors

Search for Direct
Evidence of New
Particles

weak portal

Higgs portal

Electroweak multiplets Linearly mixed singlet scalar

X X, production, H

| g | lllI llllIlllllllllIllllIllllllll]lllllllllll i ' ' ) -
2 _F whw collisions B HL-LHC 95% CL limit MuC 10 TeV
e 10° s =10 TeV, 10 ab™ B MuC3 95% CL limit HL-LHC
10K g e, § MuC 3 TeV
....... 3 !
10 5
E |2
1 - |€
2 k-
)
107 B e -
10—2 Y ------.--..- Y
SR,, 95% CL limit — SR, 5o
10°3 *==% SR}, 95% CL limit — SR;, 50 ----SRmso(NTgxw) Y
lIIlIIlIIIlIIIIIIIIIIIIIIIIlIIIlIIIlIlIIIII ~~~~~~~
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 o4y v o 95%CL.exclusions -
m(x;) [GeV] 0 2 4 6 g 10 12
ms [TeV]
[Capdevilla, Meloni, Simoniello, Zurita 2102.11292] [Buttazzo, Redigolo, Sala, Tesi, 1807.04743]
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Search for Direct
Evidence of New
Particles

neutrino portal

Heavy neutral leptons

N_:. 1074 £ o ammEm-- et MuC 3 TeV .
—— -2 - ‘ RN *

) 105 ¢ ORI ,
RS Tl - - - - - - :
", 3‘ ot ~ ~ ]
10F LHeC, ... T P
107 ke FCC-he MuC 10 TeV

10_8 1 ! | L] | 1 | !

200 500 1000 2000 5000

mN(GeV)

[Li, Liu, Lyu 2301.07117]

21

Dark Sectors

axion portal

Axion-like Particles

109

} Cp=0 |
]

3TeV, 1 ab‘lll:',"

.',.

10 TeV, 10 ab™ ' ;

Inclusive VBF

va Inclusive VBF va
A — Dimuon — Za — Dimuon
B FUEL T ot
m, [TeV] my, [TeV]

[Han, Li, Wang 2203.05484]
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We set sail on this nhew sea because there is new knowledge to be gained
across the frontiers of particle physics.

We choose to collide muons.
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We set sail on this nhew sea because there is new knowledge to be gained
across the frontiers of particle physics.

We choose to collide muons.
We choose to collide muons in the coming decades...not because it is easy,
but because it is hard; because that goal will serve to organize and measure

the best of our energies and skills, because that challenge is one that we are
willing to accept, one we are unwilling to postpone, and one we intend to win.
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