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Snowmass contributions

 Muon collider physics summary [arXiv:2203.07256]
* The physics case of a 3 TeV muon collider stage [arXiv:2203.07261]

Higgs Physics and EFT interpretation

e \ector boson fusion at multi-TeV muon colliders [arXiv:2005.10289]

 Two Paths Towards Precision at a Very High Energy Lepton Collider [arXiv:2012.11555]

* Higgs Boson Studies at Future Particle Colliders [arXiv:1905.03764]

* Electroweak couplings of the Higgs boson at a multi-TeV muon collider [arXiv:2008.12204]

Dark Matter

 Wimps at high energy muon collider [arXiv:2009.11287]
* Hunting wino and higgsino dark matter at the muon collider [arXiv:2102.11292]

g-2 and B-anomalies

e Muon g-2 at multi-TeV muon collider [arXiv:i2012.03928]
* Probing the RK anomaly at a muon collider [arXiv:2103.01617]
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SM cross sections Luca Mantani
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EW boson
collider?
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We can have an analytical insight with EWA

f f! m pL
E~axE ~(1—2)FE — 1 — 1
x (1—2x)FE, E<< : 7 <
(1—x)? P
f-l-: 2 219 ’
T (m?(1 —x) +p7)
PR St
33( (1_37)+pL)2,
(1 —x) 2m?p,

fo=

v (m*(l—x)+pl)

[R. Ruiz et al. arXiv:2111.02442] [P. Borel et al. arXiv:1202.1904]
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Weak bosons can be described as partons!
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W luminosities
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Direct search (Bumps)

Indirect (scouting tails)

= New physics Is heavy

E E > Ecollider

Important to assess the potential of a muon collider in indirect searches

New physics effects can lead to unitarity violating behaviours at high energy

High energy tails # Less statistics, more sensitivity
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the Higgs potential

The LHC has found a scalar particle that behaves like the SM Higgs.

It couples to masses.
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1 [A. Abada et al.
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A3 = M\ = m3 /20 = Agu

14



Higgs potential in

Luca Mantani

the SM
1 1 [A. Abada et al.
V(H) = 5m?rj,lﬁﬂ +@f” +‘Z\4H4 Eur. Phys. J. C 79 (2019) no.6, 474 ]
2 2 e
A3 = Ay =mp /20" = Agu HH and radiative corrections to single Higgs
FCC ~ 5%

14



Higgs potential in

Luca Mantani

the SM
1 [A. Abada et al.
V(H) = 57773{]—[2 +@f’ + w 4 Eur. Phys. J. C 79 (2019) no.6, 474
2 2 e
A3 = Ay =mp /20" = Agu HH and radiative corrections to single Higgs
FCC ~ 5%

Challenging even at FCC!

ILC ~ [—10,10
CLIC ~ [-5,5
FCC ~ [—2,4

14



Higgs potential in

Luca Mantani

the SM
[A. Abada et al.
V(H) = %m%{H2 +@f’ + w 4 Eur. Phys. J. C 79 (2019) no.6, 474 ]
2 2 g
A3 =M =my /20" = Agiy HH and radiative corrections to single Higgs
FCC ~ 5%
,LL_ 1
R H Challenging even at FCC!
- _@&--- H |
N ILC ~ [—10, 10
. H I
- CLIC ~ |—5, 5]
8 v FCC ~ [-2,4

14



Higgs potential in | uca Mantani

the SM
1 [A. Abada et al.
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Production in forward region at high energy!

Detector studies have shields in the forward region due to beam-induced background

n| <5
Important to have high rapidity coverage p5 > 20GeV

A ~ 60 — 70%
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Nozzles:
Detector must be shielded from beam radiation

5-10 degrees blind spot at 3 TeV
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Nozzles:
Detector must be shielded from beam radiation
° 5-10 degrees blind spot at 3 TeV
At higher energies the angle can be reduced!
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¢ Muon collider is a dream machine

* Both precision and discovery potential are top notch

< A multi-TeV machine would be effectively a EW boson collider

* Projected to be better than every proposed collider to measure the Higgs
self interaction

“* For the quartic coupling, factor ~10 improvement over FCC

“* No background or optimisation on kinematics was performed
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¢ Muon collider is a dream machine

* Both precision and discovery potential are top notch

< A multi-TeV machine would be effectively a EW boson collider

* Projected to be better than every proposed collider to measure the Higgs
self interaction

“* For the quartic coupling, factor ~10 improvement over FCC

“* No background or optimisation on kinematics was performed

Thanks!
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Luminosities are assumed from MAP studies

: : 10 TeV : 3
Typical EW process at muon collider o = -10° ab

Su

10 TeV Y ° -
N =0 -L-years = U 1eV : = yf?rs . 10°
\/S,u ab
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For N ~ 10* # L - years = (10 Tg\/'> .10ab™*
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Crossing point Luca Mantani

o [tb] /s [TeV] o [tb] /s [TeV]

tt 8.4 -10Y 4.5 ttZ27 2.2-1072 8.4
ttZ 5.3-1071 6.9 ttHZ 7.0-1073 11
ttH 7.6-1072 8.2 ttHH 5.9-104 13
ttWWw | 1.2-1071 15 tttt 1.6-1073 22
HZ 4.3 -10Y 1.7 HHWW | 4.3-1073 9.2
HHZ | 2.1-1072 4.2 HZZ 9.4-1072 2.7
HHHZ | 4.7-107° 6.9 HHZZ |59-1074 5.7
HWW |6.6-1071 4.5

WWwW 2.1-107 4.8 WWZ 1.6 - 101 6.2
77 3.9 101 2.4 777 4.8-1071 2.3
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HWW |6.6-1071 4.5

WWwW 2.1-107 4.8 WWZ 1.6 - 101 6.2
77 3.9 101 2.4 777 4.8-1071 2.3

Effectively a EW boson collider!
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Resonance production
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Resonance production My = \/Su

\/ S,u %— X o,(s,) = lo],

i
p
Parton lumi
1 M2
1\ /Sp X Gp(sp) = [ dr } [61]]1)5 (T — S—X>
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Resonance production My = \/Su

\/ S,u %— X o,(s,) = lo],
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p
Parton lumi
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Resonance productlon My = \/Su
_|_
v
\/Su %— 0,(s,) = [6],
.
p

Parton lumi
1/Sp X a(s)— dT ‘5 T——>
Hard XS

P 6,(s,) = 0,(s,)
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Resonance Luca Mantani

s, 2 [6 p FCC comparable!

200
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50

" Still good!
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Unitarity violation Luca Mantani

The most well-known example is longitudinal W-boson scattering

WL WL — WL WL

|44 |44 |44 |44
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The most well-known example is longitudinal W-boson scattering

WL WL — WL WL

W W W W
Y /
0
x B
W W W W
%4 W W W
w
H !
W W W W
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The framework:
SMEFT

Luca Mantani

L=Lsm+3 507 +3 7200 + ..

“ Higher dimensional operators preserve SM symmetries.
< Mappable to a large class of BSM models.

«» Warsaw basis truncated at dim 6.
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The framework:
SMEFT

Luca Mantani

L=Lsm+3 507 +3 7200 + ..

“ Higher dimensional operators preserve SM symmetries.
< Mappable to a large class of BSM models.

«» Warsaw basis truncated at dim 6.

Dim 6 operators introduce energy growing effects

V2 vE B2
A2

M~ Mg (1—|—C7; ' Cj - O —

Not every operator generates energy growing effects!
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Energy growth and

Luca Mantani

contact terms

The maximum energy growth of an amplitude can be guessed from the contact
term generated by higher dimension operators.

Let’s consider a 2 to N scattering amplitude (mass dim 2-N):

el Mo e BN

£ D AK:'l_4 OK

[F. Maltoni et al. JHEP 10 (2019) 004
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Let’s consider a 2 to N scattering amplitude (mass dim 2-N):

M x AKl—‘l pR—N=2

[F. Maltoni et al. JHEP 10 (2019) 004

27



Energy growth and

Luca Mantani
contact terms

The maximum energy growth of an amplitude can be guessed from the contact
term generated by higher dimension operators.

Let’s consider a 2 to N scattering amplitude (mass dim 2-N):

M x AKl—‘l pR—N=2

My oM pEK—N-2—m+n
M X 1= AT
H = v
- o™ EQ—m—I—n
Dim 6, 2 to 2 M x % M

[F. Maltoni et al. JHEP 10 (2019) 004
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Higgs operators Luca Mantani

Three operators directly affect Higgs self interaction

2 2
O i = (gngo) [ (gaTgo) > 20 (HOH? + HOH) + H*OH?,

f H?
Opp = (QOTD”QO) (<p’f D“cp) 5 §H8“H8“H + = 0,HO"H.

02\ ? 3
O, = (cpTcp — —) > v H3 + Zv?H?,
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O, = (cpTcp — —) > v H3 + Zv?H?,

2 2
O i = (gngo) [ (gaTgo) > 20 (HOH? + HOH) + H*OH?,

Constrained by EWPO

We look at HH and HHH production

’L’L

o . Og
OSM US’M USM

=1 —|—’I"7; —|—’I“f,;,7;.
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Higgs operators Luca Mantani

Three operators directly affect Higgs self interaction

02\ ? 3
O, = (cpTcp — —) > v H3 + Zv?H?,

2 2
O i = (gngo) [ (gaTgo) > 20 (HOH? + HOH) + H*OH?,
4 __ e B B T ~1 1) a ,U L) ~ J A 2 >

Constrained by EWPO

Sensitivity linear

We look at HH and HHH production

oO=0gN + Zczalnt -+ Zcz ]aSq
Sensitivity quadratic

’L’L

o . Og
R(c))=——=1+4¢ I”t—l—cz =1 @
OSM OSM USM

28



Single operator Luca Mantani

L3=6ab" HH production

L4 =20ab ™}
L30 =100ab !

2.0 ,
18E\ | e ] A
L - S— e T R—

N T —_

R A A -

0.8 oo

N3

SRR S
N N510 . . : 3TeV

events events . . : —_—

06p N 06 N g0t 1atev ]

events . ; 5 ; events : : : . .
N3O . ~7-10°  — 30TeV N3O . ~7-10° — 30TeV

events . . . events
- - - 0.4

0.4 1 1 1 1 1 1
-6 -4 =2 0 2 4 6 -20 -15 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

C, [Tev—2] Coa [TEV™]
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L3=6ab" HH production

L4 =20ab ™}
L30 =100ab !

2.0 ! ! ! ' !
o\ L
L\ \ T S T/ S

N T —_

1.0F

0.8}

3 3 s 3 03 ; ; s s
ool Neens ~210 N — 3Tev ool Neens~210 o — 37ey
I Newents ~8-100 N\ . — 14TeV | I Negents ~8-100 - . — 14TeV |

events : . . .
30 5 : 30: ' 5 : 5 5 '
N o~ T ].0 - 530 TeV Nevénts ~ 7 -10 : _ 3Q Tev
0.4 L L 0.4 1

events : : .
-6 -4 =2 0 2 4 6 -20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0
C, [Tev—2] Coa [TEV™]

High energy not helping!
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L3=6ab" HH production

L4 =20ab ™}
L30 =100ab !

2.0 . . . . 2.0
o\
71 NV R 8 - ol
SN\

1.0F 10F

0.8} 0.8F

E 3N\ E E E E
Sl Nevents , ; . — 3Tev oo Nevents ~ 210" | . — 3Tev
' ""Niﬁggg;wS*'lOf* """""""" 0\  — 14TeV | ' '“'Néfg;;g;wa“-'IO“*"; """""" - - — 14 TeV |
| . — 30TeV ~T7-10° : '
0.4 1 0.4 1

N2 ~T-10° N3O
-6 —'4 —'2 6 2 4 6 -2.0 , ; —6.5 ofo of5 1fo 1.5 2.0
C, [Tev—2] Coa [TEV™]

events events
Many events!

N3 ~5.10° N3

High energy not helping!
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Single operator

[:3 = 6ab_1
L4 =20ab ™}
L30 =100ab !

2.0 , ,

ek a
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17 ES |

N3 . ~2.100

06L. . events

N U110

events

N3 ~92.108

eventé’s
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14 TeV
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2 4 6

30

OSM

Luca Mantani
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HHH production

ut

[:3 = 6ab_1
L4 =20ab ™}
L30 =100ab !

Higher sensitivity

\ -
2.0 . .

2.0 ! ! ! ! !

]

ek a

] SRR D N |

] R —

17 ES | 17 S e A

151 AR | EA Y S T

tof e A T ] ..

. b

3 0 . , , |
NevéntsNZ']-O 5 5 : : :

0.6F 4 T4y gy g Prrereeeee e 3 TRV

N ~10r T

events . . .
N3O ~2.10° . — 307Tev
-1.0

ev?nts
-1.5 1.0

Ne?)ventjs ~2- 100 5 .
0.6 'N14 """ 110 """""""" P P -3 TeV.. -
~ LAy : : 14 TeV

events .
N3O ~2.107 . - 30 Tev
-2 0 2 4 6

eventé’s

—4

0.4
-2.0

0.4
-6

-0.5 0.0 0.5 1.5

C,q [TeV2]

2.0

30



Single operator Luca Mantani

HHH production

[:3 = 6ab_1
L4 =20ab ™}
L30 =100ab !
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]
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17 ES |

0.6} ;
events "
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Higher sensitivity
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CLIC vs Muon

Luca Mantani

collider

3 TeV collider 2 _ [£-(0—asm)| _,
7

C,q [TeV2]
o

— Linear
— Quadratic

5 3 -2 -1 o 1 2 3
C, [Tev 2]
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Luca Mantani

collider

3TeV collider 5 _ £ (0—0sm)l _, 14 TeV collider
VB vVL-ospy

C,q [TeV2]
o

— Linear
— Quadratic

5 3 -2 -1 o 1 2 3
C, [Tev 2]
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CLIC vs Muon

] Luca Mantani
collider

3 TeV collider % _|L-(o—0sm)l _, 14 TeV collider

C,q [TeV2]
o
Cgod [TeV‘2]

— Linear — Linear
— Quadratic — Quadratic
33 -3 =3 1 0 1 > 3 33 3 =3 1 0 1 > 3
C, [TeV?] C, [TeV~?]
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CLIC vs Muon

] Luca Mantani
collider

3TeV collider 5 _ £ (0—0sm)l _, 14 TeV collider

de [TeV‘2]

— Linear — Linear
— Quadratic — Quadratic
=33 -3 = =1 0 1 > 3 =33 =3 =3 1 0 1 > 3
C, [TeV?] C, [TeV~?]
3 TeV 14 TeV

Co | [-3.33, 0.65] | [-0.66, 0.23 95% confidence level
Coq | [-1.31, 1.39] | [-0.17, 0.30
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Deviations from
SMEFT

Luca Mantani

~

04 = 04 — 603

T Emw T Eaw
S e L=2Oab_1 77777777777 ] S e LleOab_l 77777777777 ]
|N_NSMEFT§| <1 5 5 |N_NSMEFT§| <1 5

VNSMEFT | VNSMEFT |

—0.4 —0.2 0 0.2 0.4 —0.4 —0.2 0 0.2 0.4
53 53
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Double Higgs production Luca Mantani

[Buttazzo, Franceschini, Wulzer arXiv:2012.11555]
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