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https://arxiv.org/abs/1401.6114

The power of cleanness

» LEP still is a headache/treasure of
theorists

* 1M Higgs Higgs factory v.s. 0.5B
Higgs HL-LHC
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CLIC 380 + HL-LHC
FCC-ee + HL-LHC
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Dawson et al,
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https://arxiv.org/abs/2209.07510

The power of cleanness (& power of high energy!

NO

CLIC

[ N I

10
Center of Mass Energy [GeV]

Physics @ High E MuC BNL HET Seminar Zhen Liu 12/08/2022



(A) Timeline

Muon forum
report:

Technically limited timeline

Initial design

Facility Conceptual

Bu d‘ngs

Design ‘ parig L

—— Public Acce55 Roads

Technical
Design —

Source and
collider complex

Facility Construction

Demonstrator
design
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work
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Cooling

Demonstrator
Construction

ESPPU decision to proceed
ESPPU decision to proceed

Demonstrator exploitation and upgrades

Design and
modelling

Hardware

Prototypes

Pre-series

Production

Cost and Performance Ready to Ready to Ready to
Estimation Commit Construct Operate
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https://arxiv.org/abs/2209.01318

Outline

* Thorny challenges
 Physics Cases

Technical risk registry

MC-10-14
SWFA-LC

LWFA-LC

RF Systems
e Technical risk registry of High field magnets
accelerator components and Fast booster magnets/PSs
systems for future very high ngh‘ power lasers
energy pp, muon and WFA Illﬁégl‘é,thl} anrd control
. : Positron source
colliders: lighter colors 6D 1-cooline elements
O _ _ p-cooling elements
indicate progressively higher Inj. /extr. kickers
TRLs (less risk), white is for Two-beam acceleration
either not significant or not e™ plasma acceleration
applicable. Emitt. preservation
FF/IP spot size/stability
High energy ERL
Inj. /extr. kickers
High power target
Thomas Roser for the Implementation Task Force

Snowmass Community Summer Study Pl oton Dl 1ver
July 18, 2022 Bea,m screen

—— Collimation system
¥ Brookhaven . ) .
Q' National Laboratory PO‘VGI‘ eff& COIlSUlllpthll
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Outline

* Thorny challenges
 Cooling
* BIB

Proton Driver Front End Cooling Acceleration Collider Ring

Ecom:

Higgs Factory
to
~10 TeV

B
|

Buncher

-
J AN

Combiner

Capture Sol.
Decay Channel

Accelerators:
Linacs, RLA or FFAG, RCS
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Low EMmittance Muon Positron Linac Collider Ring
Accelerator (LEMMA):
10" p pairs/sec from
e*e” interactions. The small
production emittance allows lower e 10s of TeV
overall charge in the collider rings Positron Linac
—hence, lower backgrounds in a
collider detector and a higher i I_Pt }.r_—

potential CoM energy due to Accelerators:
neutrino radiation. Linacs, RLA or FFAG, RCS

Ecom:
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Challenges: Muon Decays!

@ Specification * Achieved (simulations)
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Muon Ionization Cooling (MICE)

1 Bunches of protons are accelerated Pions are 3 The neutrinos, being virtually mass-
into a target of dense material unstable and they less and without charge, pass out of
{such as tungsten or mercury). The quickly decay the experiment. Magnets direct
atoms within the target emit a into a muon and charged muons of the correct energy SLOW  ACCELERATE SLOW  ACCELERATE SLOW  ACCELERATE
particle called a pion. a neutrino. moving in the right direction.

Proton bunches Target
|

______

_________

..into a tight beam ON )
travelling in one direction. \ 4 The muons pass through 5 Magnetic fields guide the

an absorber material particles into radio-frequency

made of liquid hydrogen. cavities. These cavities contain
The muons collide with electromagnetic fields that give
the hydrogen atoms and the muons back their lost energy
knock off electrons, by replacing the momentum lost
losing energy to this in the direction of the beam.
ionization of the atoms. In this way, the muons lose
This causes the muons to energy and momentum in all
slow down. directions and are accelerated

in only one direction.

This process is repeated until the muon beam is almost
Infographic: STFC, Ben Gilliland laser-like, ready for injection into the main accelerator.
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LEMMA new scheme in brief
arXiv:1905.05747v2 [physics.acc-ph]

e* for first fill produced by Main e* source (MPS) and accelerated to 5 GeV for damping in a 5 GeV Damping Ring (DR)

Acceleration to 45 GeV in a SC Linac or ERL and storage of 1000 e* bunches in a Positron Ring (PR)

Extraction of e* bunches to one or more muon production lines, while produced muons are accumulated in two AR and a
muon bunch is “built” by several passages through the targets, to be then delivered to the fast acceleration chain
Re-injection and damping in the PR @45 GeV of the spent e* beam to save on the number of needed e*, the MPS and a
possible y-embedded source will provide the refilling of lost e*. Other option: send e* back to DR (through decelerating

ERL) for damping and top-up

_ . To fast acceleration
5 to 45 GeV [

+ w
| S SC Linac or ERL* \ . u* Accumulator ring
Main e+ U

source R
13— | 56eVe+ '|}l| ,ll
DR L) i A
N pmductmn targets
Embedded *ERL needed if u~ Accumulator ring
source spent e+ are
from “spent” de-cerelated and ~ -
= To fast acceleration

e+ beam sent back to DR for
OR ¥ from damping and top-up

Targets

“spent” e+ beam

Compressor Linac (if needed)
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The beam-induced background simulation
See F. Collamati talk at ICHEP2020

| machine lattice l

Input data
Output data

X,cm
800-

400

-400
Z,
-800- : ' - | - - cm
6.50x103 0 6.50x10°
X  — I —
t.: 10" 10” 10’ 10° 10° 10! 10! 103 1073

Muon flux (cmA-2 sA-1) at|Y]<5cm
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Beam-induced background Studies at /s =1.5 TeV

E 10 |— S = photons ;
E. ? r.r‘_r_ r._r.-L'r—-hl- |_r. R = neutrons .
[ B 10" F
% 10 .E — electrons _' photons
% ; F —¢h. had in® ?]
= 10°E E _ .
> o B (P,) = 1.7 MeV
= o 10% Ll"-.L
10°? Z' - -L.'L'xu.H
= 10 = '-=l."..-|
2l - TMnn
- | ; 107 L |
: .‘ | 1 J'l_,l"_rl_."r..i”.f!
mF ‘ ‘ ‘ 0 002 004 006 008 01 012 014 018 .E"'i%ue::f;
Y B ek e S 'zdlqﬁl'“" ‘3000 g F . photons
Distance from decay point to IP [cm] B 407, neutrons
-3 g okl
Contributions form p decays |z| >25m i
. w g
become negligible for all background 3w S S —
species but Bethe-Heitler muons

electrons

(P.) = 6.0 MeV

0 002 004 006 008 01 012 014 016 018 0.2
P, [GeVic]

Secondary and tertiary
particles have low
momentum and
different arrival time in
the IP.
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Outline
Physics Driver

* Physics Cases

Dark Matter

Baryogenesis

Naturalness

125 GeV  MuC
Higgs
factory

Physics @ High E MuC BNL HET Seminar Zhen Liu 12/08/2022 14



10+ TeV Muon Collider: basics

TeV

COM Beam Energy
Collider Ring Circumference
Interaction Regions
Est. Integ. Luminosity ab™1/year

Peak Luminosity 103* cm~2 g1
Repetition rate Hz
Time between collisions
Bunch length, rms
IP beam size o*, rms

km

20

)
LS : 33
mm X ! 1.5
wm : ‘ 0.9
Emittance (trans), rms mm-mrad : 2 25
[ function at IP cm 0.15
RF Frequency MHz 325/1300
Bunches per beam

Plug power MW

Dream Machine: no rivals

Physics @ High E MuC BNL HET Seminar Zhen Liu 12/08/2022 15



MuC 1s also a Vector Boson Machine

[Han, Ma, Xie, 2007.14300]

105 [Han, Ma, Xie, 2007.14300]
104;_ prum — X vy — W*W~ (EPA) \ prum —tt
E : Total f
Y2,/ Z
WerWr —
--------- ﬁf;ﬁf; =TT 4
WrWyp
p
5 10 15 20 25 30
Vs [TeV]
VBF dominates well above threshold [ ongitudinal polarizations play a key role,
due to logarithmic growth with Ecwm making an extraordinary laboratory for EWSB

Physics @ High E MuC BNL HET Seminar Zhen Liu 12/08/2022 17



WIMP Dark Matter

Compelling, simple,
predictive explanation for
thermal, cold dark matter

Physics @ High E MuC BNL HET Seminar
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Han, ZL, Wang, Wang, )

Our Approach: work on the “nightmare” scenario

Consider the following

“Minimal Dark Matter”*:

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
Physics @ High E MuC BNL HET Seminar

“Nightmare”:

« High thermal targets
« 23 TeV for 7-plet Majarona

» Minimal signatures
* Only missing energy

Additional considerations:

* Doublet > “Higgsino”

* Triplet > “Wino”

» Use “epsilon” notation to indicate Dirac case

» Even-plet requires non-zero Y (and additional
splitting to suppress direct detection)

» Perturbative Unitarity

« Summonfeld and bound-state effect

gy n* +16Y*gt + 8g5g%Y?*n?

< 0,5 V>~
xXx—-Vv 2
64 My g,

Zhen Liu 12/08/2022 10


https://arxiv.org/abs/2009.11287
https://arxiv.org/abs/2203.07351

Basic Pheno Considerations

“non-trivial” to consider muon collider reaches
e Minimal signature
« Mass splitting O(few hundred MeV)
« Decay products soft
« Transition between states fast (<mm for most of the
cases)
« Missing ET (at LHC)=>»Missing Mass (at MuC)
« The interplay between different channels: ‘
« DY-type dominance but large background
« VBF-type log-growth but limited available energy
« Photon initial state process important
« Needs to use photon PDF or Weizsacker-Williams
approximation
« Hacked Madgraph to implement
« Additional divergences often-appear
« Beam induced background (BIB)
 Affects detector coverage
 Affects photon, muon threshold
« Affects disappearing track considerations

Physics @ High E MuC BNL HET Seminar Zhen Liu

Missing Mass signature:

« Simple and inclusive (hence also
most conservative)

* Mono-photon

* VBF-dimuon

 Mono-muon

Disappearing track signature:
» Exclusive but challenging

» Most useful for Wino and Higgsinos
» Great potential

Vs=3, 6, 10, 14, 30 and 100 TeV
L£=1, 4, 10, 20, 90, and 1000 ab™!

12/08/2022
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All combinations of components of the EW multiplet are included,

MonO_Ph Ot on so-long as they respect the underlying gauge symmetries

10° < 60, < 170°

Ef],r > 50 GeV, m2 (p‘qu 4+ Py — pT)Q > An 108t

missing —

Rate grows with n-plets as roughly n?~3 (DY) and n*~°
Doublet and Triplet very hard to probe

Physics @ High E MuC BNL HET Seminar Zhen Liu

— /

— (1,39 e )

N, Y,
— (LB === wyy-Sa TSR
— (1,Tye) sweas 'Yﬂi_>'YVXX \§:\:'.
m— SM — T uT — yrrxyx N
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m, [TeV]
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Signal-background ratio 10"-3
At lepton colliders systematics controlled to this level should

be achievable but requires theory & experimental work

Mono-photon

1/o - do/dmpyiss |1/0.4 Te V]

Missing mass: SR RS
s . 10°F —— 0% syst — (1,2,1/2)
 Sharp kinematic features 0.1% syst 1.3,¢) :
 Signal-background separation 102l N (1,5 |
 Signal parameter determination \\ —r ]
10%} | | | | : 1 = T '
(13 7, 6) F - 1 ;\\\ hhh_h"'"‘-._
107} = K"""-.._____ “‘"\
100: —— TNQ :
Lol my =3 TeV I;\\\\__ ‘\
m :1 Tev F NS - ]
TR \N\?
. background /s = 14 TeV B
1071 _._.--""'J 10~2, L =20 ab™!
Ll 1 2 3 4 5 §
H0 m, [TeV]
0.0 25 50 7.5 100 125
M missing [TE\/]
Physics @ High E MuC BNL HET Seminar Zhen Liu 12/08/2022




Unique Mono-Muon Channel

(14 e e 2
Apparent Charge Violation” channel Signature: Energetic mono muon

(very different from the LHC)
102;' ' ' ' '

[ \/g = 14 TeV
101E |

10°k

\'

~ 107!
= 2
o 10 Muon pairs = muon + missing mass
1073 L.

. One charge is missed due to the soft (non-
104 reconstructable) decays of the charged states
10=°p — SM {  Unique and powerful channel for low-rate

: i 5 5 i - channels.
m,, [TeV]

Physics @ High E MuC BNL HET Seminar Zhen Liu 12/08/2022 29



Disappearing Tracks: next to minimal signatures

ATLAS Simulation
——(1,2Q+1,0)
..... (1,2,1/2)
..... (1,4,3/2)
..... (1,6,5/2)
3
* Only useful for searches using charge 1 states 0 L 2 3 4 5

- Still, all higher charged states will cascade back
to charge 1 states promptly

« Use all the production rates of charged states

« Mono-photon+disappearing tracks

e Beam Induced Background

Physics @ High E MuC BNL HET Seminar Zhen Liu



Minimal transverse displacement

* Only use the central tracks, |eta|<1.5

« Current design have first layer of pixel
detector at 3cm (new discussion
about 2cm)

* We assume at least two-hits can be
measured at 5cm

« Show both pair reconstruction or
single reconstruction results

« Requiring 50 signal events for
discovery

ttgPin

5 cm with |n,| < 1.5

. dmin

T
Bryer

6x (03 6, , &) = exp (

Physics @ High E MuC BNL HET Seminar

1.0

© ©
o)) o

o
™

efficiency

o
N

Benchmarkidy> 5 cm
|n|<1.5

Wino-like 6.5 TeV
Wino-like 3 TeV
Higgsino-like 1 TeV

s
~\
~

—— 3Single Disappearing Track :

Disappearing Track Pair

0.0

Zhen Liu

5 10
Minimal Transverse Displacement d7'"(cm)
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(1,7,€)
(1,7,0)
(1,5,€)
(1,5,0)
(1,3,€)

(1,3,0)
(1,2,7)

WIMP discovery Machine

Muon Collider 5o Reach (J_ 3, 6, 10, 14, 30, 100 TeV)

Thermal Target
0.5 1 5 10 ]0)
my(TeV)

High Energy Muon Collider will cover all of them

with different run energies.
Physics @ High E MuC BNL HET Seminar Zhen Liu
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Another EW BSM example:
Heavy Neutral Leptons

FASER2 \) P.R. Li, ZL, K.F. Lyu, in
MATHUSLA progress

Physics @ High E MuC BNL HET Seminar Zhen Liu 12/08/2022



Dasics: s-channel Higgs
/PP ' Q,JQ' }f‘)" }A“L ’/f

| e | ] s
_h W y> -
6 | ¢ . Y - \, $ . \/
(A 14 TeV | 0'e” WovikoaeV 7)* s Ge | (}x po e
50 pb | loo‘fb )y fbj(ék’/ ~ 1¢b
S . ) fonof? |0
I} m‘.llim@f'%s " 1m}||ionM"§)s sl R 11;%3
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Lots of open questions

How would the width, mass, signal strength fit

scale in various scenarios?

« Change of Luminosity (expecting some non-
linearities from the beam energy spread);

» Lineshape scanning steps

« Lineshape scanning range

 Inclusion of more channels

The convolution of various effects are highly
non-trivial. So new studies will help understand
better:

« 125 MuC Higgs physics

» Robustness of the width fit

 Allowing future studies on systematics

Physics @ High E MuC BNL HET Seminar

Zhen Liu

pp—h
mp=125 GeV

[p=4.07 MeV

iy |

S
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—
]
—_—
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—
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—
rT.
]
]
e
et
=
-
=
k-
d

E-myg (MeV)

We made attempt to address these in our
recent study,
J. de Blas, Jiayin Gu, ZL, 2203.04324

We initially worked on Higgs width
alone T. Han, ZL, 1210.7803

12/08/2022 20


https://arxiv.org/abs/2203.04324
https://arxiv.org/abs/1210.7803

Scanning Range & Steps

Solid Lines—WW

"Spikes" are physical Dashed Lines—bb

from missing/hitting ] -
L=20 fb!

the exact Higgs pole
in lineshap scan — 4+ MeV

(for low H of steps only) +8 MeV

+12.5 MeV

20

H of steps in scan

Physics @ High E MuC BNL HET Seminar Zhen Liu

25.96 12598 126.00 126.02 126.04 126.06

Vs (GeV)

New insights:

« Optimal scanning range around
+-10 MeV

* Need at least 6 points to
stabilize, 10 points scan should
be sufficient

12/08/2022
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Individual Channel Precision
Let’s check precision with ~1/4 on-shell statistics (with different bkg)

Channel Rate Signal Background Precision [%)]
ptpm —h—X [pb] Events Events Cut & Count Binned

Results for 5/20 fb~!
13 19000/77000 45000/180000 1.0/0.51
0.63  2300/9200 43000/170000 24/12
1.8 5400/22000 260000/105  11/5.5
0.58 1400/5600 19000/76000 10/5.1
0.63 1500/6100  18000/71000 9.1/4.5

+ -
Thad Thad

+ —
Thad 7—lept

Yy 0.05
202q ({ =e,u) 0.05 130/530 1200/4800  28/14
2027 0.16  450/1800 320/1300  6.1/3.1
2e2v 0.005  8/33 0/1 35/18
2,20 0.005 9/35 0/1 34/17

ev iy 0.11  320/1300 9/35
(vThaav (£ =e,p) 0.14  330/1300 8/32
lvjj (E=-e,p) 1.4 3800/15000 88/350
ThadV]] 0.45 1000/4000 20/79
2¢201 0.06  160/660 86/340
20201 0.06  160/650 76/310
2Thaa 21T 0.023  46/180 24/97 18/9.1

45(5 # b) 2.3 3400/14000 51000/210000 6.8/3.4

Physics @ High E MuC



Now the Model-Independent MuC Width matters!

This MuC width is a precision reach on Higgs couplings from «-fit
parametrically new

measurement; the columns: free I
correlations with = o eiglic decy |
other parameters are Bl MuC 125GeV + e'e’
distinctive.
Complementary to
other lepton collider
Higgs factories
Sub-percent muon
Yukawa

Good lumi scaling
with couplings
Excellent
improvement when
combined with e+e-
Higgs factories

=
o
n
0
et
a
(=)
£
a
S
0
O
]
()]
=2
L
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Higgs at High-Energy MuC

High Energy Muon Collider provides a vibrant and growing
Higgs physics program:

» Baseline Precision couplings

» Higgs Self-coupling

* Top Yukawa through interference

* + many more

Physics @ High E MuC BNL HET Seminar Zhen Liu 12/08/2022
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. [ ] [ ]
pYs 0X0
(P
: Acg /o (%)
Production Decay
3 TeV 10 TeV
bb (.54 0.24
e 14 4.4
qq 4.2 1.2
TrrT 4.5 1.3
WW?*(j5fv) 1.8 0.50
o WW*(45) 5.7 1.4
W W -fusion
ZZ*(40) 48 13
ZZ*(j33¢E) 12 3.5
£Z2%(47) 67 16
Yy 7.7 2.1
2(ji 73 20
ptp~ 43 11
bb 7.9 2.2
| bb, (N, > 2) 2.6 0.77
Z Z-fusion
WW*(45) 49 12
—_—
WW*(45), (N, = 2) 17 4.3
tth bb 61 03
0 0 B s

1000

o [fb]

0.100}
0.010}

0.001

u*u~ Single Higgs Production

100¢

10}

T T T T T T T

WW-H
ZZ—H
VV-W*H
VW->ZH
ZH

VV-ttH


https://arxiv.org/abs/2103.14043
https://arxiv.org/abs/2007.14300
https://arxiv.org/abs/2005.10289
https://arxiv.org/abs/2203.09425

Higgs Precision

Physics @ High E MuC

prpT

3 TeV 10 TeV

BNL HET Seminar

Fit Result |%]

-~ HL-LHC

10 TeV

Zhen Liu

- 250 GeV eTe™

10 TeV

12/08/2022



Multi- nggs & nggs Self-couphngs

Allow %-level trilinear
Higgs measurements,
and a consistent

measurement between
(TeV., gauge boson-Higgs

T. Han, D. Liu, I. Low, X. Wang,
Physics @ High E MuC BNL HET Seminar Zhen Liu 12/08/2022 7


https://arxiv.org/abs/2008.12204

Multi-Higgs & Higgs Self-couplings

VR, ol @l O(1) quartic determination

————————— S L=20ab~h o/ possible.

IN-Nowl _ 1 ARl Chiesa, Maltoni, Mantani, Mele,
VNsm } | B Piccinini,

ay 4 — ¥l Correlated measurements of

| | | Bl trilinear and quartic couplings
reveals deep information
about EFT and EWPT.

BV
I .. Huang, Joglekar, Wagner,

O Munn<l TeV] , Falkowski, Gonzalez-
Alonso, Grejio, Marzocca, M. Son,
, Chang, Luty,
,+Abu-Ajamieh, M. Chen,
; DiHiggs review
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https://arxiv.org/abs/2003.13628
https://arxiv.org/abs/1512.00068
https://arxiv.org/abs/1609.06312
https://arxiv.org/abs/1902.05556
https://arxiv.org/abs/2009.11293
https://arxiv.org/abs/1910.00012

Top Yukawa (in an interesting way)

Fit Result |%]

utp -~ HL-LHC - L 250CeV ete
3TeV  10TeV | 3TeV  10TeV | 10 TeV
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Measuring Top Yukawa

ECM = 10TeV
Unpolarized Beams |

Zy+yy(6y =
—— WW(6y = 0)
22(6, = 0)
WW(6,; = 0.12) K.F. Lyu, ZL, 1.
22(6, = 0.12) Mahbub, in
progress

Mt = WiWE) = "5 dmsa/s

0.5 %'
0.0(12})..,.‘.1...1
02 -0.01 0.00

Oyt
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. Physics Driver
The Dream Machine 4

Dark Matter

Baryogenesis

Naturalness

125 GeV  MuC
Higgs
factory

International muon collider collaboration:
https://simbag.web.cern.ch/simbag/SelfSubscription.aspx?groupName=MUONCOLLI

DERDETECTOR-PHYSICS Th ank you !

Muon Collider Forum: SNOWMASS-MUON-COLLIDER-FORUM@FNAL.GOV at
https://snowmass21.org/energy/start#communications.
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