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1. A Higgs factory

2. A Multi-TeV Muon Collider

* SM expectations:
- OED & OCD
- EW physics at ultra-high energies
- Precision Higgs measurement

* Beyond the SM:

- WIMP Dark Matter
- Extended Higgs sector
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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

e 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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1. A HiIGGS FACTORY
H+

ol

Resonant Production: : :

optpy” —h—X)=

Opeak(pt™pp~ = h) = —5BR(h— p"p")

X

41 pb at mp = 125 GeV.
About O(40k) events produced per b



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).

2A?

s h \ Breit-Wigner 1 “Muon Collider Quartet”:
60 my=125 GeV - Barger-Berger-Gunion-Han
sof  h=4.07 MeV ] PRL & Phys. Report (1995)
4();_ Case A : _R = 0.01% (A =8.9MeV), L=0.5fb" ",
305 | \ Case B: R =0.003% (A =27MeV), L=1fb"".
-5

i ISR & R=0.003%7 Jf] __\ : .

SR I NS B s sl s QLT ] RS e 0S5
0 frmmmi === ISR & R=0.01% ——===mmmemed  Greco, TH, Liu: 1607.03210

124.97 124.98 124.99 125.00 125.01 125.02 125.03

Js Gev)



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’

Brait-Wizner

Gaussian

Overlap

TeF




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, 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 2 :
~ 3.9 5o, TH, Liu: 1607.03210
i




Comparlson w/ an e*e- nggs-Factory 10° Higgs

§ — : i : : : :
c__r —e'e —HZ
© 250 [ 77— |
0) | -
5 ~ 200 b — WW — H €
2 L — 77 — H
C 2001 — Total
- : : ”~
B *
P50 frrrermrmmmmem bl g g T
JOD) [ vseeeasan el e e sl stinatsatasanasatshansasnassasatnant dhanssben ananstsnas dasnsstas stnsnas ssnsdssan atssasssanasssfans anncrigasfianes
50—
800 220 240 260 280 300 320 340

\s (GeV)

ILC: E__ =250 (600) GeV, 250 (500) tb!
* Model-independent measurement: 1LC Report: 1308.6176
['y~6%, Amgy~30 MeV
(HL-LHC: assume SM, 1';~ 5-8%, Amy ~ 50 MeV)
» CEPC/FCC-ee: 10°Higgs: I'y ~ 1%, Amy ~ 5 MeV.
TLEP Report: 1308.6176;8CEPC & FCC-ee CDRs



2. A MULTI-TEV MUON COLLIDER
What will happen when

you turn on a U*- Smasher?

[Leading-order p*p- annihilation:

B
)
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100 i —

: n;| < 2.44 ] ; s e
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* Photon-induced QED cross sections

o’ AT
have larger rates o/usion ~ —10g*(%5)

2
jj Y
>k
>k
i
P 5=
Y Q
e meiw
0"”'«{5
9 I
\/g [TGV] ?;;—:,:;—""
>[4+ /8 GeV, m;; > 20 GeV, |n;| < 3.13 (2.44)
T 3 TeV Lt 2o

Quarks/gluons come into the picture via SM DGLAP:
fr Py 0 0 2NFP 0 fr
(fU\ ( 0 Py O 2Nupu7y 2NuPug\ (fU\
o | = 0 0 Pug 2NgFPa, 2NgFa, | ® /b
J~ Py Py Py Py 0 fr
\fg) 0 Pou Fgq 0 Pyg ) \fg)

10

d
dlog ()?




Di-jet production: v = 4@ v9 = 4@, v¢ = 9¢
99 — qq9(99), 99 — 9q, and gg — gg(qq)

: Event rate
~ a tew Hz

15

— Jet production dominates at low energies
TH, Yang Ma, Keping Xie, arXiv:2103.09844.
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Di-jet kinematical features

- [10? % (up — qd)

pwrp, \/s =10 TeV
|77j| < 2.44

v — W WQ_

0.6 ——

50 100 150
mij [GGV]

pt /s =10 TeV

w5 =10 TeV

Ny — W*WH

20 40 . 60 80 100 103 20

pr [GeV]

60 80 100 103
Ej [GGV]

To eftectively separate the QCD backgrounds:

pr > 60 GeV



0, [nb]

Total cross sections: Yy and u*pn- =2 hadrons
PYTHIA parameterization:

Gyy(EL,) =211 nb(EZ,GeV )% 1 215 nb(E2,GeV—2) 0+

cm

SLAC parameterization:

oyy(E2,) =200 nb(1+0.0063[In(E2,GeV 2)]*! + 1.96(E2,GeV~2)"037)

cm
Py

: ““““““““““““““““ : 50 T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T
1000 ; Event rate @10,000 Hz!
900
800
700
? — Pythi
600 e
: SLAC
500 : With EPA spectrum
e T o e R e TR [ Uo7 h o b a0, 1

Vs [TeV] Vs [TeV]

Events populated at pP2drs< a few GeV
T. Barklow, D. Dannheim, M.O. Sahin & D. Schulte, LCD-Note-2011-020.
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* EW physics at ultra-high energies:

v v (250 GeV) Agcep (300 MeV)

Jies 10 TeV 10 GeV
U/E, mt/E, Mw/E%O'

* A massless theory:

—> splitting phenomena dominate!
* EW symmetry restored:

- SU(©2), x U(1)y unbroken gauge theory
* v/E as power corrections

- Higher twist effects.

J. Chen, TH, B. Tweedie, arXiv:1611.00788;
G. Cuomo, A. Wulzer, arXiv:1703.08562; 1911.12366.

Ciafaloni et al., hep-ph/0004071; 0007096; A. Manohar et al., 1803.06347.
C. Bauer, Ferland, B. Webber et al., arXiv:1703.08562; 1808.08831.

14



EW splitting functions:

Start from the unbroken phase — all massless.
LSU(2)><U(1) o Egauge 53 Cqﬁ g Ef + Ly uk

Chiral fermions: f, gauge bosons: B,W', W+, = (ZZ) = ( o (h(bi : ¢0)>

e.g.: fermion splitting:

= LT
S N

Tt <1+52) {2751 (3)
872 k% 7 872 k% 2 Ciaftaloni et al.,
e fs/) BWI. f, HY® f,or ¢* f. Hep-ph/0505047.

fin | G Y T Y20
R

Infrared & collinear Collinear singularity,

singularities (P,) Chirality-tlip, Yukawa

15



Splitting 1n a broken gauge theory:

V2 dk‘Q V2

New fermion splitting: Z B ~ s @)

V;i1s of IR, h no IR

w0 Vi ,
167T kA <_) 167T kg; 167r kg;
— Vi £ (V#7) i Vr £
Chirality conserving: Chirality flipping:
Non-zero for massless f ~m;

The DPFs for W, thus don’t run at leading log:
“Bjorken scaling” restored (higher-twist effects)!

16



* EW PDFs at a muon collider: ; SO
7 o0 4o] g

“partons” dynamically generated "¢ T

15 3.0 Vs [TeV] 15 30

102 10" ¢

v, Z,v/Z

V35 =30 TeV

—Q =3TeV
--Q =5TeV

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

TH, Yang Ma, Keping Xie, arXiv:2007.14300
7
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“ SRS . 4
* “Semi-inclusive” processes

Just like in hadronic collisions:
U =2 exclusive particles + remnants

10° D
| prpm — X |

104 3 WHEW- ;
N VBF — H ' VBF
- 7 VBE z

o

ll..
.ll.
ll..
Taay
""""""""
......
-----
.....
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......
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......
------
------
-------
.......
---------
.........
---------

o annihilations
5 10 15 20 o5 30

ol




Underlying sub-processes:
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utpT — tt, \/s=14 TeV
—WrWp

—WrWry,

7, Za ’Y/Z
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—

M Hranni) |

VBF

Partonic contributions

u* p- Collider:

“B t f  J
uy one, get one iree

Annihilation + VBF

26
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Unique kinematic features:

“« : » “ . . I3
Recoil mass” =2 mlssmg mass m?nissing — (o ZpObS
m?nissing = (p:“+ R i p’Y) = 4m m?nlssmg (p,u+ ‘|‘pu qut) > 4m

103F ~ ‘ ‘ ‘ ‘
| /‘/V 103 — total background A
X = <t K — o
© 102k + % ——= uTy = uvr
= M W <107 poy =y (LT€)
S =€ S — s my =1TeV ,
= 10 = 14
=, 0% ]
S 10% N 0% i
= g
N background S 100k
o)
X S -, Z > g
&) (j
= -2 Iu > — © 10
10 \\M -
0.0 2.5 5.0 75 100 125

-2
Mmissing [T(\V} 0.0

Unavailable in hadronic collisions!

e Forward tagging: r N
' -
Y, LS
S 0,100 K > | ; -
S 3 TeV
= 0.010 10
< s 6, ~ Mz/E, 6, ~ 0.02 ~ 1.2° at 10 TeV.
£ 0.001 3 ;
= Tagging 1s costly:
104 ) | |
v 5 0 B W > forward detector ?

0, [°]
TH, Z. Liy, L.T. Wang, X. Wang: arXiv:2009.11287

TH, D. Liu, I. Low, X. Wang, arXiv:2008.12204
20



* Precision Higgs Phys1cs

(WW fusion),

T —)VMVMH

.
e T (Z Z fusion). __ 0
. +
WWH / ZZH couplings . 7,
HHH/  WWHH couphngsz
712 H / - T T Pad
s H
H /
— — /
\
W+ H > <
N\ AN
(a)
/5 (TeV) 3 6 10 LR S
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,

21

X. Wang, arXiv:2008.12204



Achievable accuracies

Leading channel H = bb: =*° ]
3 200
AE/E = 10%. £ 150 o
2 . = 100
10° < 6,4 < 170°. 2 . o ﬁ
) 60 80 100 120 140 160

m ; [GeV]

| 2H H? 2 1
E O (M‘%‘/W:W_M + iM%ZNZM> (RVT —+ KVQF) et % (/{’3[{3 I —K4H4>

Vs (lumi.) SUTRSNA(E abT e 6@ [+ 101(10)= =14

WWH (Arxw) 0.26% 0.12% | 0.073% | 0.05Q88

A/+\/c; (TeV) 4.7 7.0 9.0 16 (68% C.L.)
ZZH (Akz) 1.4% 0.89% | 0.61% 0217 | (=0 E3 00 ]
A/+/c; (TeV) 9.5k 2.6 3% 5.3 (95% C.L.)

WWHH (Akw,) 5.3% 1.3% | 0.62% 0.20% 5% [36]

A/+/c; (TeV) 1.1 %l <l 5.5 (68% C.L.)
HHH (Ak3) 25% 10%|--5.6%: | 38 5% [22, 23]
A/y/c; (TeV) 0.49 0.77 1.0

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

variety of muon collider collider energies and luminosities.

22 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

23



1. Mono-photon signal:
A single photon against missing particles
Signal production: Backgrounds:

Yy
7 Nﬁ
X ANV Xyt EPEND <
W'+ + —
Y X M ol
X W
>

p v, p " y

>

(c) (d) (a)
2. Mono-muon signal:
A single muon against missing particles

X+ — x + soft particles
TH, Z. Ly, L.T. Wang, X. Wang: arXiv:2009.11287
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Mono-photon channel:

10%F — 0% syst
= 0.1% syst

1,2,1/2) 1

10%
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R s -~
————— S
—

0 S
TN~ ___ ¢
10—1_~N‘ ——————— k

— oy
—_—
———————___
— oy
— oy
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1072 L

. Mono-photon
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o
w
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)
[N

100_

1,5,¢€)

3 \/5214 Te\/ 1,7,6)

e N

Required luminosity at 95% C.L. [ab™]

1 2 3 4

Mono-muon channel:

10°
10
= 10"
=
100_
—1[
10 —_— (0% syst
L L =90 ab ! === 0.5% syst
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m,y [TeV]

Mono-muon

Vs =14 TeV

— —
o O
[ <o

—_
()
—

10%

1,7,¢€)

Required luminosity at 95% C.L. [ab~!]

(
(
(
(

m,, [TeV]

TH, Z. Lau, L. T. Wang, X. Wang: arXiv:2009.11287



Missing-track signal:
A single photon plus missing tracks

’
’
’
’
’
’

Y o v

%1~ decaying into X1 +m*

Badly mismeasured in p, due to a wrong
combination of space-points

High-p charged hadron
interacting with ID material

Lepton failing to satisfy
identification criteria due to
large bremsstrahlung or scattering

reconstructed track
true particle track

Pixel

SCT TRT

™ = 5 cm with || < 1.5

ex(cos B, v, dr

min)

Single Disappearing Track Efficiency

30, 100 TeV)

0% =
1071

v dmin cc>>‘ :

=exp | —— 3 1072

Bryer g |

PP | — Wino-like
: ', - Higgsino-like
0 e R i
26 my (TeV)



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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* Heavy Higgs Bosons Production

10%¢

annihilation VBF
e~ 110 o A e 10*
[ ] i — me =1TeV
-=== mg =2 TeV
! SS
I' \\\\\\\\\
107! TR N R~ 7 103 T 1103 n
I ST . e Q
. u LT U © “
= : R i = =
: ~~~~~~~~~~ } }
S | e T 5
102} BT 102 &
I i
i — mge =1 TeV ]
i ———— me =2 TeV ]
: ....... me = 5 TeV ]
10—3 A e e Ol 01
5 10 15 20 25 301 01
Vs [TeV]
pwrpm — HTH- :
........................... production | Type-I Type-I1 Type-F Type-L
III\\\\ ~ — mpg= =1 TeV FRkls tb, th
i N :' hR — mp:=2TeV small tan8 <5 | HA/HH/AA SO
| i . H*H/A th, tt
i E\VBF\\ allnl HtH- s tb, tb oy fb, TV,
: Lo TR T HA/HH/AA | ti,tt tt, bb b Fp
i i H*H/A th, tf th, tf; tb, bb th, tf: th, 7T T
1 1 I. +, -
| ! < 3 Tl L e T o
i E e tb, tb th, th(Tv;) tb, tb I D 1
| | large tan 8 > 10 | HA/HH/AA | tt,tt bb, bb(t+77) bb, bb AL e Y
1 1 ¥ - =
! ! Ht*H/A th,tt | th(Tvy),bb(rt77) | tb,bb e
| |
1 1
1 1
2+ o6 s 1w 12 1 TH,S.Li S. Su, W. Su, Y. Wu, arXiv:2102.083836.
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103 —— ————————————— 10!
— ISR spectrum
mmm ot = Hy o
1o T TY? m?
| = s 2 z H
10—%% a 1 +x? S
— ot
G e 0 m?
T s = /d:vlf (o et log —=
Vs [TeV] e/l g m%{ mz
1071 . , v 103
—— ISR spectrum .
=== ptpT — Hy e
'5102
= Depending on the coupling,
110! %

‘5100
TH, S. L1, S. Su, W. Su, Y. Wy, arXiv:2102.08386;
. -10_1 TH, Z.1au et al., arXiv:1408.5912.
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Summary
* 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?, e

- 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:

Physics Reports

Volume 652, 3 October 2016, Pages 1-49

Exciting journey

Physics opportunities of a 100 TeV '
proton—proton collider ahead.

Nima Arkani-Hamed 2, Tao Han ® €, Michelangelo Mangano 9, Lian-Tao Wang
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