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Dimension 4 operators

Compatible with SM symmetry
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Bridge theory
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Pheno of HVT at a Muon Collider



The setup

« Can not use Narrow Width Approximation:

I’
_ Can have — > 10 %
My

. Can have my, ~ \/E

« Can have non resonant important channels
- Must simulate signal + background + interference

» MC errors become important

. 30r10 TeV MuC, Ey > 20 GeV,

nxl < 2.5, AR; ;> 0.4

Francesca Acanfora HVT @ MuC UMass Amherst
9



0
|74 v
,u"' Vaz /i+ ,u+
5 g T
[ > y
Model A 7k ,§) 9
4 6%’ Model B °
6| = ]
L g ':‘ :‘: J
5p & : ]
.3 . S 10 TeV ]
=) >y L F ' ]
41 1
2 3 .
: z
1 . - !
0.5 1 5) 10 50 0.5 1 D 10 50
my [TeV] my [TeV]
Francesca Acanfora HVT @ MuC UMass Amherst



Francesca Acanfora

Y Y Y ™TrTTT™

Model A

HVT @ MuC
11

J 10 o0
my [TCV]

UMass Amherst




14
\\ 10
A (-
I Y

S - L A A A R L 8 ' ry//y/y/'///</
_ odel A | Model B |
_ popt = 0y | :%«? popt = 0 |
4__ | 6:_ § i
5F < -

_ g &
4r .
Fv/mv < 10% __ Fv/mv < 10% —:
50 10( 1 5 10 50 10(

my | TeV] my [TeV]
Francesca Acanfora HVT @ MuC UMass Amherst

12



Unitarity

Francesca Acanfora

eSew ¢4 s*t(s+t
IMl%/ — 6W 5 4 ( g 2000N
sy 9y myy (s —mi,)
4
e* ts+t)r _ 4
|M|'2y = SSW]
43%‘, m%v '
0 et ts+t)[ _ 4 o 2ecy desyycp,  Beswee
|M|Z — 484 m4 8SW+48W 1 ON 91\7 ! HN
w My L gvSwew gvew gy ew
4 — —
t t 4
M2 = 64 (31— ) ,_ Aece b0
dsyy my | gy Sw
|M|QZ _ el t(s+1t) -1633‘,—43‘3‘/ I 468%1/6@0]\, 4eswceeN-
4 Ay, my | gvew gvew
1 - ]
t t 8
|M|'2yu _ 64 (s;l: ) 152 - ngsWOC
|M|2 el t(s+1t) '2 462 268W6g9 2ecy 0 Sngswe decy
— - N1 N C
o 48‘%4/ m‘éV ! v gvew gvCew Sw gv gvsw
5
M 2 —_ 4CWSW0C—28W9N + +28WeN
M = 2w mi (s =) | |
5
t t
IM|%y = e c st(s+t) [ZCWHC—4CWS%VHC—9N—2S%V9N+33%V9N]

e’ ¢y

sy 2gv myy, (s — mé))

st(s+t)

|M|12/V = C%'CN

% 29y miy, (s — ms)

HVT @ MuC

13

[ QCWHC‘FHN—S%/VHN] .

UMass Amherst

—

Oc

(3.10)
(3.11)
(3.12)
(3.13)
(3.14)
(3.15)
(3.16)
(3.17)
(3.18)

(3.19)



-
______

.

Model A

popt = wowt |

W-W* — had

T T
N

J

~I\//?TLV < 10

| ] ]

% |
| |

Francesca Acanfora

100

HVT @ MuC
14

UMass Amherst



-
______

T T
N

Model A

.

popt = Wwr
W-W+ - had |

J

~Fv/mv < 10% j

| |

Francesca Acanfora

100

3TV 10 eV
il

Model A
popt = WIW Ty |

Ty /my < 10% |

HVT @ MuC
14

50 10(

UMass Amherst



-
______

T T
N

popt = wowt |

.

Model A

W-W* — had

J

~;F\//ﬂ?,\/ < 10

| ] ]

% |
| |

Francesca Acanfora

100

3TV 10 eV
il

Model A

popt = WIW |

Ty /my < 10% |

HVT @ MuC
14

50

Fv/mv <10% |

UMass Amherst

50

100



gv

T T
N

Model A |
[ popt = Wwr
e WW' — had ||

. J -

100
8¢ —
- Model B
i ! e — ] ]
7: : o= wowt
; : T Tad
6 : /]
51 : ]
4 -
3 _
2 _]
1 it " <R Ty /my < 10% -
1 D 10 50 100

my [TeV]
Francesca Acanfora

3TV 10 eV
il

Model A
popt = WIW Ty |

Ty /my < 10% |

HVT @ MuC
14

Fv/mv <10% |

50 100 1 510

UMass Amherst

50

100



N | ! O r ) - \
Model A ] _ v Model A Model A
-, -wt | i > -t Wt~ |7
[ P W - 3TeV 103V [# A WL HH - WWZ
4 W-W* — had |- 4 i WL =S had, |- _
L \_ ] - X — ad. J Wi,Z — had.

Ty /my < 10% |

Fv/mv<10% __
50 10 1 5 10 50 100

" L '//'/1I
/1

L NN

g p— ] = =
: = w W+ 7: ] o = WW Ty
- i W — had 3 ] W= had
6f : - JE 6f ' L — had. |-
o | ] 5 ': ]
5 ? s | :
4 : . 4| ! h
3 . 3 \ .
2 s 9 ]
1 e Ly /my < 10% 7 1 Ly Jmy < 10% -
1 5 10 50 100 1 5 10 50 10(
my [TeV] my [TeV]
Francesca Acanfora HVT @ MuC UMass Amherst



gv

gv

Model A

W-W* — had

.

T T
N

popt = wowt |

J

Fv/mv < 10% j

Francesca Acanfora

1 5 10 50
TeV]
8 i | |
- Model B
i ! e — ] ]
7: : wopT — Wowt
- : =WT = had
O : /]
5l : ]
4f -
3 _
2 _]
1 it " <R Fv/'mV < 10% ;
1 5 10 50 100
my [TeV]

gv

3 TeV

10 JeV
il

Model A
ot = Wowt

Ty /my < 10% |

‘-_-‘-‘----.—'—

50 10(
T T
V]

Model B ?

/]

Pv/mv < 10%

o0

10(

Fv/mv <10% |

50 100

LA /’/

yy —>W+WZ :

Model B %

W=*,Z — had.

— 10ab!
---1lab™! -

Ty/my < 10% A

my [TeV]
UMass Amherst

50 100



Impact of interference
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Comparison with future colliders
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Conclusions

HVT can be found already with 2 — 2 scatterings

Must include interference

~ all (my,, g) plane excluded

Overcomes all LHC stages, competitive with FCC
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Thank you!
Questions?
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Backup slides
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Muon Collider
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MuC performance

Requirement Baseline Aspirational
Vs =3TeV Vs =10 TeV
Angular acceptance In| < 2.5 In| < 2.5 In| < 4
Minimum tracking distance [cm] ~ 3 ~ 3 <3
Forward muons (7 > 5) — tag op/p ~ 10%
Track o, /p% [GeV 1] 4x107° 4x107° 1 x107°
Photon energy resolution 0.2/VE 0.2/VE 0.1/VE
Neutral hadron energy resolution 0.5/vVE 0.4/VE 0.2/vVE
Timing resolution (tracker) [ps] ~ 30 — 60 ~ 30 — 60 ~ 10 — 30
Timing resolution (calorimeters) [ps] 100 100 10
Timing resolution (muon system) [ps] ~ 50 for || > 2.5 ~ 50 for [n| > 2.5 < 50 for |n| > 2.5
Flavour tagging bvsc bvsc b vs ¢, s-tagging
Boosted hadronic resonance ID hvs W/Z hvs W/Z WvsZ

From Interim report for the International Muon Collider Collaboration 2025
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« We need to study the Higgs:

: : 1 m?
» couplings to itself: Z = 5(%}1)2 - Thhz — ah’ = Jyh*

» couplings to BSV
e IS It cOmposite?

- What would the best machine be? To have h on shell you need

. Ane*te™ collider of \/_ ~ 240 GeV . Lepton precision

. A pp collider of \/E ~ 100 TeV can study 3h vertices.

Francesca Acanfora HVT @ MuC UMass Amherst
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- Higgs was found at pp collider:

 Dirty: richer but unpredictable initial state. Do not control soft gluon emission

« A MuC can:

« have lepton precision

» go to high energy

- emit EW radiation controllably

Francesca Acanfora HVT @ MuC UMass Amherst
24



Muon Collider

\/E ~3orl0TeV - v, ~ (1 - 10719

Lumi:1or 10 ab~! because we are interested in 1 ab cross section

A MuC of 10 Km has the same effective CoM energy of a pp collider with 100 km ring.

T, ~2.2- 1075 (but goes up to 0.2 s at 10 TeV)
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The strength of a Muon Collider
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The strength of a Muon Collider

4
a (£
_ Syncrotron radiation: energy loss per turn around the circle  AE ~ E (—)

better than e™ , worse than p: m, = 0.1 GeV ~ 200 m, ~ 0.1 m,

Good coupling to h

Synergy with neutrino physics because a i beam will also make a v beam

A Higgs factory can probe BSM only in loops. A MuC can probe both Higgs and
BSM
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HAVI
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Mixing
. Covariant derivatives give VW terms:
. Dy, ;’] = Dﬂij — DUWZ
DﬂWﬁ = %‘7;’ + g €“bCW/Ij‘7fj

« HVT mixes with SM. Let's disentangle
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From gauge to mass base
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From gauge to mass base
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3 To reproduce SM mW’Z < 1
. Massless photon: Aﬂ = CWBﬂ + SWWﬂ . ity
. tan 0y, = g . Custodial symmetry: if my, = m,then 0, — 0

2 M2 — el 2112
.« my,M; = cos” Oym;M;

e.Mz = M:(1+ O(%))

Francesca Acanfora HVT @ MuC UMass Amherst
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A small correction to SM masse

A € )
Mz =T
2 s1n Oy, cos Oy, m%:n%%(l—cf](jz) (1+@(m%/ ))
e My, = COS Oy,
w = €0s Oy iy = iy (1= i) (14 0 (W3 ) )
.n/>lV=\/m7+gVCVVHHV2 5
EvV
o C =< 1
.V— sz

Vi
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Model A (weakly coupled)

« Extend the SM with another SU(2):
SU2), X SU2), X U(l)y

» You get two copies of Ws, one

going to SM W and one making the
HVT

» You break the symmetry down to
SM thanks to the real bidoublet

O = (2,2), with /0
= (2,2)y with vev (O f)

Francesca Acanfora HVT @ MuC UMass Amherst
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Francesca Acanfora

Model B (strongly coupled)

» |n general:

- the Higgs boson is the pNGb of some
broken symmetry of a strong new force

- Feature heavy vector resonances with EW
quantum numbers.

« Example: Minimal Composite Higgs Model
(MCHM). SO(5) spontaneously broken to SO(4)

HVT @ MuC UMass Amherst
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ElectroWeak Precision Tests (EWPT)

- We introduced a new heavy particle
- At low energies, can integrate away

 Effectively, W and B interactions are modified. Can express with form factors

% =~ Lwart, () we = L1 () B = Wi () B — WL, () Wi

. T, are very well measured around p* ~ 0 : need to reconstruct well known values
||ke MW,Z’ FW,Z’ aEM

Francesca Acanfora HVT @ MuC UMass Amherst
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Cross sections
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