PHYSICS OPPORTUNITIES
FOR MUON COLLIDERS
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LHC ROCKS & SO DOEsSs THE SM!
September 2020 /]\ CMS Preliminary
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All results at: http://cern.ch/go/pNj7

LHC: The energy frontier & precision frontier!
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With the Higgs discovery, completion of the SM:

A relativistic, QM, renormalizable, self-consistent theory,
valid up to an exponentially high scale! ... My, ?

“... most of the grand underlying principles
have been firmly established. (An eminent
physicist remarked that) the future truths of

physical science are to be looked for in the
sixth place of decimals. ”

--- Albert Michelson (1894)
Michelson—Morley experiments (1887):

“the moving-off point for the theoretical aspects
of the second scientific revolution”

Will History repeat itself (soon)?



MOTIVATION FOR

ENERGY FRONTIER
1. Electroweak Symmetry Breaking,

EW Superconductivity & Phase Transition

V(e]) = —p’@'e+ A\(0T0)° You are here
It's ke Landau-Ginzburg theory, \
but not! \ ? /

e & Itis arelativistic QFT. & < > / /

* &) No EW analogue for BCS as the underlylng theory
to understand the dynamics, to calculate p*(A%) & A.
And the potential shape = early universe cosmology!
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2. The “Flavor Puzzle”: fermion mass/mixing

R

e OGS GO Zf
: : - V)
Particle mass hlerarchy = b e 28
= b
Patterns of quark, e 2 et
neutrino mixings e
. o é_ d
Neutrino mass = =3 u e
: Ve - e
generation (seesaw) =
/) =
: : 0 =— All proportional to v
New CP-violation Z = =
RS =
sources = o
. a2 = =g (eV)
Higgs 1s 1n a : I
ivotal positi = o
1votal position. e
I 2 = 2 10™° tov Zf
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3. The Dark Sector: WIMP DM?

The nature of DM 1s among the most pressing issue.

Weakly Interacting DM strongly motivated.

H'H Higgs portal: k.HTH S*S, %"HTH X

Dark matter at colliders Direct detection  Indirect detection
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Snowmass on Future Colliders:

Energy Frontier / Accelerator Frontier

https://snowmass21.org

‘ s e-collider 25 TeV
Physics 1-collider 30 TeV
Interests
FCC-hh [1-collider 14 TeV
CLIC

FCC-ee ILC (C3  p-collideri2;5

_—_—_—_——_____—.+

Technology challenge

Renewed interests:
e Muon colliders

* (3 Cool Copper Collider (Linear e*e-)

iz


https://snowmass21.org/

A MUON COLLIDER
Why muons?

Although sharing the same EW interactions,
It isn't another electron:

T(u — evevy) = 2.2 s
C =600

It is these features: heavy mass, short lifetime
that dictate the physics.

Some early work in the 90’s :
S-channel Higgs boson production at a muon collider, Barger et al., PRL75 (1995).
e Collider: Feasibility study, Muon collider collaboration (July, 1996).
Huggo boson phyosics in the s-channel muon collider, Barger et al., Phys Rep. 186 (1997).
Status of muon collider research, Muon collider collaboration (Aug., 1999).

Recent progress on neutrino factory and muon collider research,

Muon collider collaboration (July, 2003).
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* & Advantages of a muon collider

Much less synchrotron radiation energy loss than e’s:

st
N

AR

which would allow a smaller and a circular machine:

* Unlike the proton as a composite particle,
Ecy efficient in prp annihilation

* Much smaller beam-energy spread:
AE/E ~0.01% - 0.001%



* & Disadvantages of a muon collider

* Production: Protons on target = pions = muons:

Require sophisticated scheme for n capture & transport

“Never play with an unstable thing!”

* Very short lifetime: in micro-second,

Muons cooling in (x,p) 6-dimensions

- Dithicu

| Note _=: |

t to make quality beams and a high luminosity

e R e S

042> y1=0.02 s 2 d=6,000 km |

* Beam Induced Backgrounds (BIB)

from the decays 1n the ring at the interacting point,

| Note _:: ¢ (total)~100 mb; o, (total)~100 nb]

* Neutrino beam dump (environmental hazard)
o, ~ GF2 E2 > Shielding?

10



Proton Driver Option: Muon Accelerator Project (MAP)

Proton Driver Front End Cooling Acceleration Collider Ring
m -
1 .
53 5 5|2 8 — (
3 5 § & [pgEZ2 |3 B P S
< E S = Sy, ® = 50 8 = = S
4 S c 2 1,853 2|9 & 9 co 9 o)
Q = S € %) BU o0 O un 8 c ®» 9 )
n S @ S |Bawm 2l o So 2 = —
9 39 2= :&é’ 8 s 2 2 Accelerators: H H
< = o =|f & = | Linacs, RLA or FFAG, RCS
Proton driver Front End Acceleration & Collider Ring
4 Mega-Watt 8 GeV Proton to muon Total transmission efficiency
protons conversion efficiency is is 70-80 %
N, = 3.13E15 protons || 10-15 % for each sign
orI: target Katsuya Yonehara, March 2022

During 2011-2016, MAP collaboration formed:
to address key fea51b111ty issues for [JC

e Protons =2 plons — muons

{mm rad)

* Transverse 1onization cooling
achieved by MICE

* Muon emittance exchange
demonstrated at FNAL/RAL

* 6D cooling of 5-6 orders needed =~ = i
https://arxiv.org/abs/1907.08562, J.P. Delahauge et al., arXiv:1901.06150/
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https://arxiv.org/abs/1907.08562

LEMMA: e*e” (at rest) 2 W (at threshold)

Low EMmittance Muon Positron Linac Pgsitron Acceleration Collider Ring
Accelerator (LEMMA): Ring
10" w pairs/sec from -
ete” interactions. The small CoM-
production emi.ttance allgws Igwer 5| — 10s of TeV
overall charge in the collider rings Positron Linac =
— hence, lower backgrounds in a > = S
. . Q =
collider detector and a higher > %3 S & — Y -
potential CoM energy due to S ¥ % Accelerators: H H
neutrino radiation. Q Linacs, RLA or FFAG, RCS
ow ittance Muon Acceleratol

web.infn.it/LEMMA

45 GeV e”

i

e’ atrest

Cooling 1s not a problem;

but high luminosity 1s challenging!

J.P. Delahauge et al., arXiv:1901.06150
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International Muon Collider Collaboration @

https:// muoncollié_er.web.cern.ch

Fermilab on site:

Radius is ~2.65 km

~16.5 km Clrcumferen
« ~2/3LHC

> LargeSt B::Iylt;:lepath :
e

~RCS accelerator

fB,,.=3T>E=2.4TeV
(Bmax = 8T’ Bpulse =i2T) :

Doubled ?

B,..=63T>E=5TeV
(Bmax = 16T Bpulse _i4T)

10 TeV collider

Collider Ring ~10 km
B,.=10T

1, =0.104 s

Daniel Schulte; Mark Palmer; Katsuya Yonehara talk, March 2022
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https://muoncollider.web.cern.ch/

Collider benchmark points:

> The Higgs factory: Parameter Units Higgs
CoM Energy TeV 0.126
Eem =my Avg. Luminosity 10°*cm=2s™!  0.008
i || fb'l/yr Beam Energy Spread Yo 0.004
AFE. -5 MeV  Higgs Production/107 sec 13’500
S Circumference km 0.3

Current Snowmass 2021 point: 4 tb-1/ yr
* Multi-TeV colliders:

Lumi-scaling scheme: 0 1, ~ const.

: B b /yr
L= 2
time 10 TeV

The aggressive choices:
\/gz 3, 6, 10, 14, 30 and 100 TeV, L =1, 4, 10, 20, 90, and 1000 ab~!
Furopean Strategy, arXiv:1910.11775; arXiv:1901.06150; arXiv:2007.15684.
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A HicGs FACTORY
H+

ol

Resonant Production: : :

~my, ~my, (m,)

47T%Br(h — p*p~)Br(h — X)

Ty - h— X)=
o(ppm — h—X) (G m2)? £ om?

Opeak(pt™pp~ = h) = —5BR(h— p"p")
. & pb at m; =125 GeV.
About O(70k) events produced per b
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Otot (Uu—h) (pb)

At m, =125 GeV, T} = 4.2 MeV

exp[— (V3 — v/5)*/(20%)] 4nl'(h — uu) I'(h — X
V27 ; (8 — mj)* + m[ '

oan(s) = [ av3 “ oty b X)

OC{I‘%LB/ (s—m2)2+T2m?] (A<Ty),
B exp|={maoy/s)- [(2)/m; (A >Th).

2A2
s h \ Breit-Wigner 1 “Muon Collider Quartet”:
60F  m, =125 GeV 5 Barger-Berger-Gunion-Han
sof  [h=4.07 MeV i PRL & Phys. Report (1995)
sof Case A : 1R =0.01% (A =89MeV), L=0.5fb"",
305 | \ Case B: R =0.003% (A =27MeV), L=1fb"".
20f
i ISR & R=0.003%7 Jf] __\ : .
SR I NS B s sl s QLT ] RS e 0S5
0 = S == ISR & R=0.01% \. = i-l- g Greco, TH, Liu: 1607.03210
124.97 124.98 124.99 125.00 125.01 125.02 125.03

Js Gev)
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Ideal, conceivable case:
(A=5MeV, T,=4.2MeV)

S & @ —
- =

dO‘/ TmaxdV 8 AL/ LyaxdV s
-
b

0.0L
125.94 125.96 125.98 126.00 126.02 126.04 126.06

Vs (GeV)
An optimal fitting would reveal T’

17
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Achievable accuracy at the Higgs factory:

TABLE 1. Effective cross sections (in pb) at the resonance
/s = my, for two choices of beam energy resolutions R and
two leading decay channels, with the SM branching fractions
Br,; = 56% and Bryy+ = 23% [9]. a cone angle cut: 10° < 0 < 170°

Lo e h— bb h— WW*
R (%) O s (Pb) Osio O Bkg Tsig O Bkg
0.01 16 7P Areias i 2l
0.003 38 18 15 5.5 0.051

Good S/B>1, S/VB =2 % accuracies

Table 3

Fitting accuracies for one standard deviation of I'y, B and my of the SM Higgs with
the scanning scheme for two representative luminosities per step and two bench-
mark beam energy spread parameters.

[}, =4.07 MeV B 5T, (MeV) 5B smy (MeV)
R =0.01% 0.05 0.79 3.0% 0.36
0.2 0.39 151 0.18

R = 0.003% 0.05 0.30 2.5% 0.14
0.2 0.14 0.8% 0.07

TH, Liu: 1210.7803;
0 ’ :
~3.9% (oo, TH, Liu: 1607.03210
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o (fb)

A MULTI-TEVY MUON COLLIDER

Exciting new energy-frontier!
U

U (250 GGV) i AQC’D (300 MeV)
B : ~

BEESIlic 10 GeV
'lJ//_ZZ7, 777Lt;//_227, .Z\{fhpl/'//_lgj — 0!

Leading-order p*p- annihilation:
108%""I""|""|""|""
107 ;—
106 ;—e+ N
10° ;—
104 —
152 e
10° ;— EEEEEEEE
101:....|..... .
0 100 200 300
\/SW (GeV)
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e EW PDFs at a muon collider:

Collinear splitting phenomena dominate,

df; o
« . . e I .
part()ns” dynamlcally generated: dIn Q2 S5 21: % zj:Pfi,j = fJ
. of B30 VE[TV] 15 80
i V474 | | 7
—Q =3 TeV
--Q=5TeV

d[,ij/d’r

0.1 JT 0.5 1

U= the valance. ¢z, ¢;, v, and B,W*3: LO sea.
Quarks: NLO; gluons: NNLO.

TH, Yang Ma, Keping Xie, arXiv:2007.14300
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“ SR . »
* “Semi-inclusive” processes

Just like 1n hadronic collisions:
p* - =2 exclusive particles + remnants

10° o

104+ WW- :
’\,/-" VBF — H E VBF

T

e annihilations
5 10 15 20 o5 30
Vs [TeV]
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* Underlying sub-processes:

1072 ‘ L
’ utpT — tt, \/s=14 TeV
—WiWrp,
. 107 VBF :ny,VTZV,V L
W 5 g _V[iTI/YT
o — ]
.......... e L 10 U Hanni/.
.............. . N N
““““““““““““““““““ 0 100 10
25 30 myz [TeV]
26 ‘ ‘
Decomposed partonic N allel lanm — i
< /s=14 TeV | — Wy
ibuti 0.3 | — Wit
contributions v, 7,7/
£ — T
u*u Collider: 4,  VBF
—| B
{1 »
Buy one, get one free
0.1 r
Annihilation + VBF
O-4 2 0 2

Yt




* Precision Higgs Phys1cs

T —)VMVMH

(WW fusion),

.
e T (Z Z fusion). __ 0
. +
WWH / ZZH couplings .
HHH/  WWHH couphngsz
712 H / - T T Pad
s H
H /
— — /
\
W+ H > <
N\ AN
(a)
/5 (TeV) 3 6 10 14 | 30
benchmark lumi (ab™!) 1 4 10 20 90
o (fb): WW — H 490 | 700 | 830 [ 950 | 1200 | JOM H
77— H 51 72 89 | 96 | 120
WW — HH D0 st e s
T G T b e L g g e 500k HH
WW — ZH 95 | 22 SR oms s
WW — ttH 0.012 | 0.046 | 0.090 | 0.14 | 0.28
WW — Z 2200 | 3100 | 3600 | 4200 | 5200 ,
WW — ZZ 57 130 | 200 | 260 | 420 | TH D. Ly, 1. Low,

23
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H .
Leading channel H = bb: 250 ul

AE/E = 10%.
10° < 0, < 170°.

Z=j

N J ,—!:Ii:i:—’:m::‘_\—;v
0

do/dm,; [fb/5 GeV]
O

60 80 100 120 140 160
m, ; [GeV]
2 )
80 (M%VWJW_“ + %M%ZMZ“) <RV? + RVQ%) - ”;—f (/4;3[{3 + %541&14)
Vs (lumi.) 3TeV (1ab 1) | 6(4) | 10 (10) | 14 (20
WWH (Aky) 0.26% 0.12% | 0.073% | 0.05Q88
A/+/c; (TeV) 4.7 7.0 9.0 16 (68% C.L.)
ZZH (Akyz) 1.4% 0.89% | 0.61% ORI e 0 E30e ]
A/+/c; (TeV) 241 2.6 3.2 5.3 (95% C.L.)
WWHH (Akw,) 5.3% 1.3% | 0.62% 0.20% 5% [36]

A/+/c; (TeV) g1 2.1 el 5% (68% C.L.)
HHH (Ak3) 25% 0% -|655.6%0 % -39 5% [22, 23]
A/y/c; (TeV) 0.49 BT 1.0

Table 7: Summary table of the expected accuracies at 95% C.L. for the Higgs couplings at a

variety of muon collider collider energies and luminosities.

24 TH, D. Liu, I. Low, X. Wang, arXiv:2008.12204



e WIMP Dark Matter

(a conservative SUSY scenario)

Consider the “minimal EW dark matter”: an EW multi-plet
* The hghtest neutral component as DM

* Interactions well defined = pure gauge

* Mass upper limit predicted = thermal relic abundance

Model Therm.
(color,n,Y) target

(1,2,1/2) Dirac 1.1 TeV
1,3,0) | Majorana | 2.8 TeV  Cirelli, Fornengo and Strumia:
Dirac 2.0 TeV  hep-ph/0512090, 0903.3381;

)

) | Majorana | 14 TeV TH, Z. Liu, L.T. Wang, X. Wang:
1,5,¢€) Dirac 6.6 TeV arXiv:2009.11287
)

)

Majorana | 23 TeV
Dirac 16 TeV

25



The mass reach for minimal WIMP DM:

Muon Collider 20 Reach (J__ 30, 100 TeV)

—_

| —

N
I
_

~like ]
| Thermal Target |
Higgsino- I| e — 1

10 50

mX(TeV)

(1.7, -

(1,7,0)
(e
(1,5,0)
(1:3.€)

(1,350)

(12) |

Muon Collider 50 Reach (J__

30, 100 TeV)

B

 —

| —
e
—

AP e e ) e o SR 3N

Wino-lke _
N | Thermal Target
0.5 50

(TeV)

Ecm = 14 TeV enough to cover n<3 multiplets.

Higher energy needed to cover higher multiplets.

TH, Z. Lau, L.'T. Wang, X. Wang: arXiv:2009.11287
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VBF

* Heavy Higgs Bosons Production
annihilation
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- 1101

— ISR spectrum ]

mmm ot = Hy o
1100 7 71')/2 7TY2 m2
T 3 = i At i H
S ol %H):Té(s_mH):Zl—s (T_T)
__ _1q§ a1+ 2 S
. e = e s
)

107 10 15 20 25 300 o = Q/diUle/é(ml)&(T = o=

Depending on the coupling,
one may reach the kinematic limit:

MH &% Ecm

TH, S. L1, S. Su, W. Su, Y. Wy, arXiv:2102.08386;
TH, Z. Liu et al., arXiv:1408.5912.
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* Model-independent sensitivity:

i SM
Yll = KuYu

New physics modification of SM leads to

notable deviation, eventually violate unitarity.

10! (T 10°

pp . :
_—777.—?_\-—_&-:—_ T_r:;] 1 . 8
| ———N [SAETR
e 1.6 —
% ,—-_'.Z:E__' = .-

10-14

o [fb]

Sl

—No cut a2 -'.___i:_f:_:f:‘_‘:-’-f-‘_:._—__:_j_ E —No cut SN . [
iy >10° e iy > 10° 1 W 0.2+
(+)AR > 0.4 —l (+)AR > 0.4 — _s—s

5 10 15 20 25 30 5 10 15 20 2 30 | Lo
. _01p —5=2
s £ —ZHH
= W20 0.05- __yyg Msp>08ys R
18 - ewwH big>10 SO

102

14 30

: = _ 6 10
1.2 —Nocut T 1.2 Vs [TeV]

—No cut — )
o3, By >10° s EE T ~Oiy > 10° B | W11
g (+)AR > ,04 . . . -3 1.0 ; (+‘)AR > ,04 . . . 1.0

5 10 15 20 25 30 5 10

15 20 25 30
V3 [TeV] V3 [TeV]

TH, Wolfgang Kilian, Nils Kreher, Yang Ma, Juergen Reuter,
Tobias Striegl and Keping Xie: arXiv:2108.05362.
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[.ots of recent works!

-- my apologies not to cover properly

D. Buttazzo, D. Redogolo, F. Sala, arXiv:1807.04743 (VBF to Higgs)
A. Costantini, F. Malton, et al., arXiv:2005.10289 (VBF to NP)
M. Chiesa, F. Maltoni, L.. Mantani, B. Mele, F. Piccinini, and X. Zhao,
arXiv:2005.10289 (SM Higgs)
R. Capdevilla, D. Curtin, Y. Kahn, G. Krnjaic,
arX1v:2006.16277; arXiv:2101.10334 (g-2, tlavor)
P. Bandyopadhyay, A. Costantini et al., arXiv:2010.02597 (Higgs)
D. Buttazzo, P. Paradisi, arXiv:2012.02769 (g-2)
W. Yin, M. Yamaguchi, arXiv:2012.03928 (g-2)
R. Capdevilla, F. Meloni, R. Simoniello, and J. Zurita, arXiv:2012.11292 (MD)
D. Buttazzo, F. Franceschini, A. Wulzer, arXiv:2012.11555 (general)
G.-Y. Huang, F. Queiroz, W. Rodejohann,
arXiv:2101.04956; arXiv:2103.01617 (flavor)
W. Liu, K.-P. Xie, arXiv:2101.10469 (EWPT)
H. Ali;, N. Arkani-Hamed, et al, arXiv:2103.14043 (Muon Smasher’s Guide)
Richard Ruiz et al., arXiv:2111.02442 (MadGraphb)
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Summary
* High energy muon-collider is a new endeavor:

Challenging technology; interdisciplinary to other
fields; great physics potential!

* s-channel Higgs factory:
- Direct measurements on ¥, & I'yy

- Other BRs comparable to e*e- Higgs factories

e Multi-TeV colliders:
- Unprecedented accuracies for WWH, WWHH, H?, HA
- Bread & butter SM EW physics in the new territory

- New particle (Q,H...) mass coverage M;; ~ (0.5 - 1)E__
- Decisive coverage for minimal WIMP DM M ~ 05 E_,
- Complementary to Astro/Cosmo/GW & to FCC-hh:

Exciting journey ahead!
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