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Summary of the talk

Multi-Higgs boson signals at muon collider

- Precise measurement of the magnitude of Muon Yukawa coupling

- Obtain information about the complex phase of Muon Yukawa coupling
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Deviation in muon Yukawa coupling
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Deviation in muon Yukawa coupling

%> =ylugH+h.c. L =Weu)" H= (G v+ h+iGON2)T
—m i — L hLSM = 0 h+h — nsm _ T
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Deviation in muon Yukawa coupling

%> =ylugH+h.c. L =Weu)" H= (G v+ h+iGON2)T

| m
. h,SM - _
D —my, g — u Hppgh+h.c. m,=y,v /%}SM __H

V2 : v

Using the general Kappa Framework, we can express deviation in Yukawa coupling

ah — _E For SM, k, = 1.
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Deviation in muon Yukawa coupling
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Deviation in muon Yukawa coupling

On the experimental side...

HL-LHC : Expected to measure about 5% precision i — p* ™
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Deviation in muon Yukawa coupling

On the experimental side...

HL-LHC : Expected to measure about 5% precision i — p* ™

35.9-137 fb™' (13 TeV)
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Deviation in muon Yukawa coupling

On the experimental side...

HL-LHC : Expected to measure about 5% precision i — p* ™

35.9-137 fb™' (13 TeV)

LI RARS RS AR RERS AR RARS T ]

£ [ CMs ]

2 2L J

o ‘2: m,, = 125.38 GeV ]
L x,= 107707 at 68% CL

1 Limits : Can’t measure complex phase
TR N T T R TR

Coupling strength x,, For CompIeX KP" AKM < 2.50
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Standard Model Effective Field Theory (SMEFT)

If SM is considered as low energy effective theory, the effect of UV theory at some high scale
shows up as a form of higher dimensional operator.

The complete set of dimension 6 operators are given in Warsaw basis.
(59 independent operators)

There is only one dimension 6 SMEFT operator responsible for deviation Yukawa coupling

L>—-CuylipgH (H'H)+h.c. 7, _ H
. . - —Hf

Dimension 6 mass operator ~
MR ~SH
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Dimension 6 mass operator

oo H=(G*,v+h/\/2+iG°/2)T
m,=y,v + uH VY

oM :
/1W= ; +2CMHV
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Dimension 6 mass operator

oo H=(G*,v+h/\/2+iG°/2)T
m,=y,v + uH VY

po_ >
/1W = _v + 2 CMH %

Ak =2C .3 o M Ak =k — 1
Kk, =2C,yv°Im, ﬂﬂﬂzTKﬂ K, =K,

Thus we can parametrize the processes from dim 6 mass operator in terms of AKM.
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Dimension 6 mass operator

I Di-Higgs, tri-Higgs : arXiv:2108.10950
in terms of Ak, in units of o+, np
Optp——hh % (%)Z |Ak,|? 1
Ou+p——hZz, ﬁ (%)2 Akl é
Optn——=2ZL2Z 5567 (%)z Ak, 3
Ot - —Wiwy ﬁ (%)z |Aky|? é

Assuming muon and Higgs mass zero

in terms of Aky in units of o+~ Lhnn
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Dimension 6 mass operator

- Are there other dimension 6 operators that can produce same final state?
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Dimension 6 mass operator
- Are there other dimension 6 operators that can produce same final state?

QY | (#'iD, ) (Im,)
DI o) (1 71 1,)

QY (cp*zD ) (L

Qpe | (p1iD.0)(E e,)
Derivative operators
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Dimension 6 mass operator
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Dimension 6 mass operator
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Dimension 6 mass operator
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Dimension 6 mass operator
I utu= — hh, hhh, hZZ survives
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Dimension 6 mass operator
I utu= — hh, hhh, hZZ survives

- Is the Standard Model background small?

9

m INDIANA UNIVERSITY BLOOMINGTON



Dimension 6 mass operator
I utu= — hh, hhh, hZZ survives

- Is the Standard Model background small?

Large SM background comes from gauge boson interaction.

9

m INDIANA UNIVERSITY BLOOMINGTON



Dimension 6 mass operator
I utu= — hh, hhh, hZZ survives

- Is the Standard Model background small?

Large SM background comes from gauge boson interaction.
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Dimension 6 mass operator
I utu= — hh, hhh, hZZ survives

- Is the Standard Model background small?

Large SM background comes from gauge boson interaction.

? utu™ — hh, hhh survived.

We identify 4" u~ — hh, hhh as a golden channel for
measuring deviation in muon Yukawa coupling
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Dimension 6 mass operator

+ - + -
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Dimension 6 mass operator

+,,— + 4,
Lot puru~ - hh Lot p*u~ —»hhh
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o(utu™ - hh)g, = 1.6 X 107*abando(upu~ — hhh)g, = 2.9 X 1073 ab at\/g =3 TeV.
and falling as 1/sand 1/s at larger energies.
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DimenSion 6 mass Operator Opposite sign Yukawa ;,81 fri{.';iiggz

I @ 3 TeV
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Complex Ak, (C,,) plane

m
h _ _H
2 Outp=->hhy Outu~ -hhhs and |AKH| Auu - v (1 + AKy)
. 2
Excluded by h->u*pu~ Oup—hh,hhh & | AK/,( |
1_ |AKIJ| aﬂ+ﬂ_ - hh [ab] Gy+p_—>hhh [(%)2 ab]
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Extension to 2HDM type I

Z D - y,ul_L/’lRHd - C,uH Z_L//LRHd <Hde>

—C Ty uH, (H{H,) = C) T - H (Hy - H,) = C) Ty - HT<H H>+h.c.

u u
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Extension to 2HDM type I

- C,uH lLﬂR 1<H Hd)

_CILEJ'—; Z_L/’lRHd <HL:HL[> - C’L(lz) ZL/’[R (Hd ) C(%) lL/’lR I‘IJr <H ;) +h.c.

1. Comes from new leptons with same quantum number as SM leptons
2. Leads to largest tan f enhancement to the processes.

12

m INDIANA UNIVERSITY BLOOMINGTON



Extension to 2HDM type I

— 3 —
Ak, =2C,y v;/m, v, =V Cosp

For each heavy Higgs in the process leads to tanzﬂ enhancement to the cross section

H7 = cos fG™ — sin pH*
Hd:(H—i_’H(([))T 1 ) l )
HC? = v cosf +7(h cosfp+ Hsinf) +——(G cos f — Asin f3)

2 2
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Extension to 2HDM type I

I in terms of Ak, in terms of Ak,

Tyt —>hh g ()7 | Ay |2 Oyt - —hhh s (%) |Ak,l?
Tutp=—AA sz (54)” | Ak, [? tan’ 8 Out = —AAA 5555 ()% | Ak |2 tan® 8
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Ot u-—hH Vir (%ﬁ)2 |Ak,|?tan? 8 Oty —hhH sies (S8 ?|Ak,)? tan? B
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Extension to 2HDM type I
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Summary

» Future muon collider is expected to probe deviation to muon Yukawa coupling up
to 7% (0.8 %) at 10 TeV (30 TeV) from u*u~ — hhh

« Expected to measure opposite sign Yukawa even at low energy muon collider.

« 2HDM type Il can be tested and if there are 2HDM type |l present, we can probe
deviation to muon Yukawa coupling up to the ~ 107° (10™®) level at 10 TeV
(30 TeV) from u*tu~ - HHH
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Summary

» Future muon collider is expected to probe deviation to muon Yukawa coupling up
to 7% (0.8 %) at 10 TeV (30 TeV) from u*u~ — hhh

« Expected to measure opposite sign Yukawa even at low energy muon collider.

« 2HDM type Il can be tested and if there are 2HDM type |l present, we can probe
deviation to muon Yukawa coupling up to the ~ 107° (10™®) level at 10 TeV
(30 TeV) from u*tu~ - HHH

Thanks for listening
IIJ INDIANA UNIVERSITY BLOOMINGTON
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| Extension to 2HDM type I
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Extension to 2HDM type I

- Are there other dimension 6 operators that can produce same final state?

- Is the 2ZHDM background small?
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Extension to 2HDM type I

- Are there other dimension 6 operators that can produce same final state?

- Is the 2ZHDM background small?

utu~ — hh, AA, hH, HH
utu — hhh, HHH, hhH, hAA, hHH, HAA

utu= — hAZ HZZ
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Extension to 2HDM type I

- Are there other dimension 6 operators that can produce same final state?

- Is the 2ZHDM background small?
utu~ — hh, AA, hH, HH
utu~ — hhh, HHH, hhH, hAA, hHH, HAA

utu= — hAZ HZZ

Thus, u*u~ — HH and u*u~ — HHH could be a golden channel for large tan /3
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