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Background and motivation
°0

Why Higgs?

A well understood and well tested model

Sta"df::ix::ﬂm?“:'s'eme"t:x:j::::fi » Model doesn't make sense without Higgs or
| e " (bemor) something like it
@O |® | ® | @ » The Higgs is a scalar particle whose interactions with
up charm || top gluon || higgs other particles are predicted in terms of their masses
'® Fe |Fe | @ » It provides masses to all other elementary particles
down strange bottom photon . . .
— - 75 Higgs physics: A portal to new physics
@ 'O (@ || @ l » LHC has gone from discovery to precision
electron muon tau Z boson
» Atelescope to high scale physics
V. » & Y B . .
A 4 st 9 » Interplay of theory and experiment is important
neutrino neutrino neutrino Wboson @?N
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Measure the Higgs couplings

Physics at high-energy lepton colliders
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The next task is to complete the above plots
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Background and motivation
°

Why Yukawa couplings?
Measuring the Yukawa couplings is important
» Directly test the SM Higgs mechanism that generates the masses.

» The Yukawa couplings for heavy fermions are well measured (to 5o level)
yf = ﬁm?M/v, f=tbrT

» The next target is the second generation fermions!

The physics motivation:
» A naive question: We actually do not know whether the SM mass-generation mechanism
applies just to the heavy particles, or also to the 1st/2nd generations.

» Logical possibility: The fermion mass is not (only) generated by SM Higgs.
= What if the possible BSM physics modifies the .41 H coupling (y,, = /-@MyISLM)? i
= Is there new vertex, i.e. up H™ coupling? o
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Theoretical parameterizations
(1)

EFT parameterizations
> Nonlinear HEFT giVeS K/u = ﬁ%yl [Coleman etal., PR1969, Weinberg, PLB1980, - - - ]
©w

2
1
Lun ZUZ Tr [D UTD“U} Fy(H) + 50, HO"H = V(H)
ij _ J
2\[ [ YI(H)U (1= 73) £, + h.c.}
with Fy7, V, Y expanded as
H n H n oy i H n
H) =1 +ZfU,n <U> 7V(H) = U4va,n <v> 7}/4](H) = Z}/&Zz <U>
n>1 n>2

» Linear SMEFT [Weinberg PRL1979, Abbott & Wise PRD1980, - - - ]
(2n+4)

00 c((pZn-i—4) ; 2 n+2 0o c&p | 2\
LD _Z A2n (QD ¥ - 2) - A2n (SD Y — 2) (ELgoeR—i- h.C.)

n=1 n=1




Theoretical parameterizations
oe

HEFT in the unitary gauge: the extended x framework
Introduce the form factors av,, 5y,

V2m
v Nam fV,n = BpA

Yun =

In the unitary gauge, the HEFT formalism can be simplified to

ml%l 2 — - A n S My rrn -
Lo —=H? —myfip =Y Ba—gH" =) o H"fip
n=3

n=1
The regular “x framework” is extended to include more vertices

I -

=2 nlapmy
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RN INFN
~
w ~NH, e,
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Physics at high-energy lepton colliders
[1e)

Physics at high-energy lepton colliders: electroweak Tevatron
New phenomenology at a multi-TeV lepton collider:
1. Multi-boson production (annihilation)

2. ...and vector boson fusion (VBF) to multi-bosons,
leading to multi-fermion final states with resonance structure.

[Barger, Cheung, Han, Phillips 1995] [Boos, He, Kilian, Pukhov, Yuan, Zerwas 1998]
Task:
Measure all interactions of multiple SM particles exclusively and with
precision, from threshold to up to 2 orders of magnitude above EW scale.

<R
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The full picture: Semi-inclusive processes

Oneexample: "y~ — tt + X
Just like in hadronic collisions:

™ — exclusive particles + remnants

10° : :

ppm =X

102 - ; ; - -
5 10 15 20 25 30
V3 [TeV]
[T. Han, Y. Ma, K.Xie 2007.14300] 10-
10° 10'
my [TeV]
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@00000000

Multi-boson production and the sensitivity to new physics
First glance: oy = 1VSa; =0
» SM: \(Muon — Higgs) ~ yEM = ﬁmiM/v

> Possible BSM physics: m,, = m5M, A(Muon — Higgs) ~ a1y, e.g.aq =0
Two-boson final states Three-boson final states
10° . . 108 7 .
Annihilation _WrWH Annihilation B
10° | 10'—2z22
—ZZH
W [—ZHH
=) 10 @10 1’—HHH
S 101} © 103
10*3] 10°°
1079 : . 1077
102 10° 10* 10?

V5 [Gev)
New physics signal shows up in the high energy region

[T.Han, W.Kilian, N. Kreher, YM, ]. Reuter, and K.Xie, JHEP 12 (2021) 162, 2108.05362 ]
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VBF Vs =10 TeV iﬁt 10 TeV /5 =10 TeV - Myp > 0.8y/5
1w =z ()i > 10°
£ E z w0 (+)AR > 0.4
=) S0 =)
< £ —No cut 5
B : % 1! 3 .- Map > 0.8y/5 =
5 H —No cut ; 3 =
' : : = 10 10
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» Background (VBF) is much larger than signal (annihilation)

» VBF events accumulate around threshold, and mostly forward

P Annihilation in the rest frame (central, and M ~ /s spread by ISR)

P Annihilation also has forward dominance, due to the gauge splitting W — W H

[T.Han, W.Kilian, N. Kreher, YM, J. Reuter, and K.Xie, JHEP 12 (2021) 162, 2108.05362 ]




Muon Yukawa at the muon collider
00®000000

WW H ata 10 TeV muon collider: Cuts

Cutflow | k,=1 [ w/oISR |k,=0(2)| CVBF | NVBF
o [fb] WWH
No cut 0.24 0.21 0.47 2.3 7.2
Msp > 0.8,/5 0.20 0.21 042 |55-107% | 3.7-1072
10° < 6p < 170° | 0.092 0.096 030 |25-107*|2.7.107*
ARpp > 0.4 0.074 0.077 028 [21-107* 2410
# of events 740 770 2800 2.1 2.4
S/B 2.8

» Integrated luminosity £ = (\/§/10 TeV)2 -10ab~! [1901.06150]
» S =Ny, — Ng,=1, B= Ny, =1+ Nypr.
» VBFand ISR are mostly excluded by invariant mass cut.

» Angular cut also weaken VBF further.

<R
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Processes in consideration

Muon Yukawa at the muon collider
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[E. Celada, T.Han, W.Kilian, N. Kreher, YM,

, F. Maltoni, D. Pagani, ]. Reuter, T. Striegl, and K.Xie, coming out soon ]

Summary and prospects
o
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Background and motivation Theoretical parameterizations

Measure the p H vertex

Physics at high-energy

There are processes that depend ononly ovy: ut = — ZHand pt = — V3

» 7 H production

A
0.001
=
Z5.x10* — 3TeV
T
N — 10 TeV
b
—4|
2.x10 ~_ /
1.x107*
) -1 1 2 3 4

)

» SignofYukawa: vy = 1VSa; = —1

Sirey = 1.23, Sy = 11.8
S19Tev = 2.09, |Aa1\ <0.8

lepton colliders Muon Yukawa at the muon collider Summary and prospects
00000000
3TeV. 10Tev.
jANARAARAAS ShahasamasAnansansss; (YT ASASSARARE N JRSRRARaS:
000y
— Noaw |2 — Noau
< oar {2 000 eu
oand sRlZ and aR]
z
® 0004
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— — sxt0f
— Noeu |
s |2
oand 3N 1107
& sxi0
i i ER— B i ER—

> Measure cvy more precisely

SHWZ =21, |Aa1] <08
SEZZ, =22, |Aay] <0.2.



und and motivation Theoretical parameterizations Physics at high-energy lepton colliders Muon Yukawa at the muon collider Summary and prospects
(o]e] [e]e] 0O0000e000 [e]

Measure the i H™ vertices: Multi-Higgs production processes
Dominant contribution from the contact diagram: pu H™ vertex

ogsm(putp” — H") = aél&op) + on(a2) + O(am, an), m < n,

Approximate in the massless limit

2 n—2 2
nlmys" “a;,

n) = 24n=372n=32n(n)'(n — 1)

107

o(upu—N Higgs) [pb]
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Multi-Higgs production processes: "~ — H"

The cross section is solely dependent on o, = Measure «, directly
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Muon Yukawa at the muon collider
000000000

Other processes: constrain (a1, as) simultaneously
Example WWH,ZZH,ZHH

G(WWH) [pb]

F(WWH) [pb]

Summary and prospects
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Constrainson (aq, ao)

Combine Combine
1.0 T 3 1.0 T
1 0.5F g
15 00
1 -0.5¢- B
o L | — 1 8 L L L
0.0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
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n.collide ncollide Summary and prospects
°

Summary and prospects
Higgs is special and important

» The Higgs sector is the portal to new physics beyond SM.

» Testing the SM mass generation mechanism indirectly helps BSM physics searches.
» Measuring the vertices that do not exitin SM directly aim at BSM physics
» The Yukawa couplings of the 3rd generation fermions are precisely measured

= The 2nd generation is the next target.

Multi-TeV muon collider is cool

A dream machine with many physics opportunities

Two mechanisms with different kinematic features: lepton collision and VBF

The main background is from VBF: Introduce kinematic cuts Mz > 80%+/s

The sign of juuH can be determined via ™y~ — ZH

The pupH™ couplings can be determined via multi-boson production processes directly

e WY v Yy

The pupH and 1 H? can be constrained simultaneously in the (a1, az) contourplots €™

18/18



Muon collider implementations

Muon Accelerator Program

: S map.fnal.gov [1901.06150,1907.08562]
Proton Driver Front End Cooling Acceleration Collider Ring
~ .
C O » Protons — pions — muons
e o HiggsFmo
o s 5 5 |B5EE 8|S ) w @ to . .
£ 02 flisegssay s £ “10Tev » 6D coolingis needed
5 B 5 E [a:02c383gEd 3 oz
H S [C&8 g |2 a S ® w
3 58 5 28 @85 8 B |Acelntors .
b 298 2| S | reraeRE— Low EMittance Muon Accelerator
Low EMmittance Muon Positron Linac |Positron [ Acceleration Collider Ring web.infn.it/LEMMA [1901.06150]
Accelerator (LEMMA): Ring
10" pairs/sec from + +
e'e”interactions. The small - > .
production emittance allows lower > e e /J’ M *
overall charge in the collider rings | positron Linac }) + _
- hence, lower backgrounds ina - 45GCGeV e toreste
collider detector and a higher 5; g §= -
potential CoM energy due to 85 E | Acelerntors: HH . .
S § | tinaes, Rk or PG, s » Coolingis nota problem

» High luminosity is challenging

<R
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