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“Why colliders? -

Goal: explore physics at least up to M ~ 10 TeV

+ What is the Higgs made of? What is its size? What causes EWSB?

we don’t know...

V(D) = a(T — T,) ®* + p O

~ Landau-Ginzburg theory for superconductivity

... We still lack the microscopic description (BCS)!
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rough estimate! there can
easily be some O(1) factor
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“Why colliders? -

Goal: explore physics at least upto M ~ 10 TeV

+ What is the Higgs made of? What is its size? What causes EWSB?

we don’t know...

+ What is dark matter? Is it a WIMP?

we have no idea...

+ Electroweak radiation: new phenomena in the SM

Restoration of EW symmetry and radiation of “massless” EW bosons

medPp [~ 10TeV

we have never observed this...



“Where do we stand? -/

+ The SM works well at the TeV scale: == ), > few TeV directly
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+ The SM works well at the TeV scale: wp ), > few TeV dlrectly
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“Whire do we stand?

+ The SM works well at the TeV scale:
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“Where do we stand? -/

+ SMEFT with CKM-like suppression (U(2)3 flavor symmetry):

+ + mild suppression of light gen. interactions floop = 6.2
EQ — 0.16
+ + some flavor alignment ep = 0.40
EH = 0.31
M Flavor m EW m Collider erp =0.15
O
—~ || Effective scale of interaction
=
4 A — MNP/g*
2 scale set by 3rd gen. interactions (enter also in loops)
i Al
S2385E £ 0F £ mSBuBE®R B F S B B ¥ S 3 ¥ OF_Z_ S_S_%Bs
S R R N R RN N N A
UOU U O U U0

Allwicher, Cornella, Isidori, Stefanek 2311.00020 7



Two paths forward-

Events

SM precision

: EFT description
. breaks down here

New particles



“Two paths forward-

: EFT description
SM precision , breaks down here

New particles

-
me
mmm=
------------------------------------

+ High rate:
More events + High energy precision: ~ * Direct searches:
= Better precision New physics effects Look for new

articles/resonances
grow ~ E? P

osn ~ 1/E?



The hext step: H_i,ggs-‘ :

+ Big open questions in the SM involve Higgs:

study it with the precision of Z!

+ All proposed future colliders will be able to produce millions of Higgses

- study single Higgs couplings with below percent precision!

(as a comparison: 1.7 x 107 Z bosons @ LEP)



The next step: Higgs .

+ Big open questions in the SM involve Higgs:

study it with the precision of Z!

+ All proposed future colliders will be able to produce millions of Higgses

- study single Higgs couplings with below percent precision!

(as a comparison: 1.7 x 107 Z bosons @ LEP)

Low energy
e+e- factories TeV—scaIg LHC: few x 107 |
(FCC-ee, CEPC, e*e factories FCC-hh:
ILC, CLIC380) (CLIC, ILC1000) HL-LHC: few x 108 few x 1010
H ' |
1010
\) Muon colliders: 106 — 108 \ # of Higgses
clean environment: large QCD backgrounds:
can measure “large” Higgs only rare modes (BR < 10-9)

BR w/ almost 10-3 precision easily accessible



+ measure the recoil (missing mass) of h against Z

+ direct measurement of gV — other couplings + width

+ A high-energy lepton collider is a “vector boson collider”

/ For “soft” SM final state § ~ mZy,
P>
S S gv cross-section is enhanced
gv @ ~ —log = Q@ [
S S 10%
< i ]
107+ s
\ : WIW™ =t
o 10°
+ potentially huge single H production = | s ]
(1 07-108 at 10-30 TeV) 103 i 0 — hZ
o et i (Y0~ — tth °
* - | | | | | | | | | | | | | | | | | | | | | | | | | | | |
ard neutrinos from usion not seen - 0 " 20 o 20
ZZ fusion (forward lepton tagging) could still measure width B [TeV]

10



{fl,_.-fli"ggs factories

11

r—b High-lumi LHC is already a Higgs factory!

k-0 [HL-LHC|  1LC CLIC  |CEPC|FCC-ce [FCC-ce/| nC
fit 250 500 1000 | 380 1500 3000 240 365| eh/hh |10 TeV
ew [%]|E 10 1] 1.8 0.29 0.24]0.86 0.16 0.11| 1.3 | 0.14
kz (%8 10 10.200.23 0.22] 0.5 0.26 0.23] 0.14 | b 0.12
kg [%) [ 20 2.3 097 066|125 1.3 09| 1.5 [17 10| 049 [0
ey (%) 8 16§67 34 1.9 |98« 5.0 22| 37 |47 39{ 029 | 08 }
Kz (%] 10, |99% 86x 85x [120% 15 6.9 | 82 |81k 75x| 0.69 | 72
ke [%)] - |25 1.3 0943 18 14| 22 |18 1.3| 095
ke (%) | 32 | — 69 16| - — 27
ko (%) | 2.5 | 1.8 058 0.48| 1.9 0.46 0.37
Ky (%] | 44 |15 94 6.2 [320x 13 5.8 —
ke (%] 16 |19 070 057]3.0 1.3 0.88
2103.14043

What NP scales will we test with the Higgs?

V2 0
OK ~ M_Zg* < 0.2%

NP

e Myp 2 g, X 6 TeV

dominant
channels:
~ few %o

rare modes:

high rate
needed!



“Direct vsindirect_~

Compare single Higgs couplings measurements with reach of direct searches

> Example: singlet scalar 2, .~ ¢|H|* ¢ —¢----- h

¢ Is like a heavy Higgs with narrow width + hh decay

one single parameter controls
resonance production, decay,
& Higgs coupling modifications

§ T = ]
S 00l10F-emmeface/eee i icm e e e -
< gs coupllngs @ HL- LHC
[l

> .

L T
b BerLmI LIRS
I _.--Hrggs couplings @ FCC- -€€ |
o

(@]

g -

2% CL. excmsms B, Redigolo, Sala, Tesi 1807.04743
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“Direct vsindirect_~

Compare single Higgs couplings measurements with reach of direct searches

> Example: singlet scalar 2, .~ ¢|H|* ¢ —¢----- h

¢ Is like a heavy Higgs with narrow width + hh decay

one single parameter controls
resonance production, decay,
& Higgs coupling modifications

iggs coupling’s @ HL- LHC

£ ooosf JHCYTyV o SEETETEE T
- L Y AN
B Y 2 L A OPT L FCC-hh

I

- ings @ FCC-ee |
g T~ ]
S ]

I

o
@\

g

9% CL.exclusionsy g g yigolo, Sala, Tesi 1807.04743

12 14
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_Higgs self-coupling

Uncertainty scenario

K 68% CI

K 95% CI

No syst. unc.

0.7, 1.4]

[0.3,1.9]

Baseline 0.0, 2.5]

Theoretical unc. halved

Run 2 syst. unc.

03,2.2)

0.1,2.4]

[-0.3,5.5]
[~0.6,5.6]

LHC excluded

+ Measurement of trilinear coupling: access to the Higgs potential

» very poorly known today!

» HL-LHC will only reach 50%
precision on SM value

13



_Higgs self-coupling

+ Indirect sensitivity to ok, from single H production at low-energy e+e-

one loop effect

+ Degeneracy between trilinear and Z coupling:

need measurements at at different energies '

Di Vita et al. 1711.03978

0.04 |-

0.02

5CZ
-

—0.02

—0.04 |-

5/ab at 240 GeV

global limits projected in 2D

P(e—,e™) =(0,0)

—6

-4 -2 0 2 4 6

5/<3>\

et 4

YA N
et Z
e~ 5CZ\\ h

> Individual limit: ox; ~ 15 %

- Global fit: 5k, ~ 50 —100 %

14



{_’Dé‘uble Higgs prodtictioh

+ Precise determination of 0k, requires double Higgs production

+ Only possible at high-energy machines: need high rate!

100 TeV FCC-hh or multi-TeV lepton collider

+ A high-energy lepton collider is a

events

“vector boson collider”

100

10
10° -

- (70 = {ih |

107
10°
10°

WHW~= — h
WW~ —

- i

(> hz

5 10 15 20 25 30
Eom [TeV]

[0r| [72)

18+
16 ¢
14 -
12 -
10 ¢

CLIC 1901.05897

B, Franceschini, Wulzer 2012.11555
Costantini et al. 2005.10289
Han et al. 2008.12204

Mangano et al. 2004.03505

S N B~ O 0o

16%

3.7%

w10 pld w30 15



D@Uble Higgs PFQG!’F'C‘_“O“-J .

+ Double Higgs production depends on trilinear coupling 3 but also on

W-boson couplings ky,, Ky, that enter the production cross-section

004F — T T ] : :
- large degeneracy In total cross-section
002: ‘Zﬁ?;ﬂ”

\ + Two dim. 6 operators:

0.00

Os = -AHS  Op =< (9,|HP)

002} | .- 2

B L\ 7/
. Yy J4
VA Y S
—004F Y /
. W\ Py //’/
- \ ey v

CHXV2

—0.06
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“Dotble Higgs prodtction -

+ Double Higgs production depends on trilinear coupling 3 but also on

W-boson couplings ky,, Ky, that enter the production cross-section

004F — T~ — ~ " T . _
: : = N large degeneracy in total cross-section
- y B\
0.02} y /4
o A | + Two dim. 6 operators:
0.00 / J \ ’, 1
v _ 6 _ 22
: W Os = —A|H] On = 5 (OulHI")
Y 2
o /
l | [ /;; |
B\ N > 4 CH can be constrained from Higgs
0.0 [N S 10Ty couplings (but indirect measurement)
0.0 0.5 1.0

16



“Double Higgs production -~

+ Double Higgs production depends on trilinear coupling 3 but also on

W-boson couplings ky,, Ky, that enter the production cross-section

ﬁHiggs physics doesn’t mean just couplings. There’s much more \
information in the energy dependence of the interactions! (form factors)

!

/Y‘ﬂ'&)’i o H e 1 A t n
' "‘@“‘;&'“‘o\

Higgs

\_ /

16

Ce XV



“Double Higgs at high-mass~

+ NP contribution from O (equivalently «y, kyy) grows as E2:

high mass tail gives a direct measurement of Cy

> /
High-energy WW — hh more sensitive than O, — 1 9. | HI2)?
. . . H — 2 ( ,U| ’ ) Teel
>
Higgs pole physics at energies = 10 TeV . \
- B Fra}ncleslc:rlwipi,lyyulzer 201211555 ] utu — hhvo
sof
| = ChVZ
20F £
= e
B o}
g L
= I
5k
[ -0 1 2 3 4 Il é
5 My, [TeV]
I \ (see also Contino et al. 1309.7038)
1E,

S/B low-precision measurement
17



+ Higgs & EWSB physics «— EW precision measurements

80.36

80.35

80.34

80.33

6, = (H'D'H)’

T T T T T TTTT

1 I |

| I 1 1 1

—— FCC-ee (Z pole)

—— FCC-ee (Direct)

---- LHC (Future)
LHC (Now)

Z pole (now) + ml,

—— Standard Model

I | 1 1

|

170

172

174

176

178

Mgp (GeV)

- 2
0
Ow = (H'6*D'H) D*W{,

L@B = (H'D*H) ¢"B,,

_J

+ FCC-ee: 6 x 1012 Z bosons
ultimate precision at the Z pole,
limited by syst. and th. errors

. mi
AS ~ < few X 107>
Mzp

P Mp 2> 12 TeV

No other machine can reach this precision in Z, W physics

18



+ In general, several more operators enter the EW fit

4-fermion interactions affect EW observables through one loop RGE

2311.00020, 1704.04504

......... (1,3)
> [CHZ

]aa

rates and asymmetries
inZ — £¢

b — cfv decays,
LH current

( )
Why 1012 Z bosons?

+ Lepton asymmetries are small: N, ... =N,XBR(Z = £T¢7)x A, ~3x 107*N,

vents

= N, ~ 10> for 10- precision.
_ _J

19
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+ U(2)3 flavor symmetry + suppression of light gen. + some flavor alignment
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“The needfor a high-e_ne\ry@gn‘fa‘eﬁ :

Eventually we'll need to measure physics at higher energy to improve!

+ High-rate measurements eventually limited by systematics

+ Precision measurements need to be matched with SM theory

predictions of comparable precision

If a deviation is seen indirectly
(in Higgs, EW, flavor...),

it will be crucial to be able

to study the related

new physics directly!

21
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DreCt searches -~

+ Main motivation for a high energy 500 Energy at which Gpp = O

lepton collider: produce pairs of

=
EW particles up to kinematical =

\i 100F———=rf-—-==
threshold (no loss of energy due _ f

to parton distribution functions)

Colored physics

Delahaye et al. 2019

p ] ) S T S S N S
5 10 15 20 25 30
10TeV p ™, Ling = 10ab™
107 : Su [TeV]
10° |
; I NP
107
E ?
5 100
: H NP
10°
102 | w Directly explore physics at 10+ TeV!

22




. /',, = . _ ; _,(-'_(-\‘..."
“EW precision at high-energy - 22 XS

+ NP effects are more important at high energies: energy helps accuracy

1 : EFT description
L =Lyy+— Y CO, :
SM A Z 11

' breaks down here

Events

High-energy precision Direct searches

High-rate precision

)

)
--.-
¢

-
-
me
mmm®
------------------------------------

Energy

Aoc(E) E? 10—6, E ~ 100 GeV Farina et al. 1609.08157

X > ~ ) Franceschini et al. 1712.01310
osm(E)  Agom 107, E~ 10TeV B, Franceschini, Wulzer 2012.11555

23




E., [TeV]

+ Longitudinal 2 — 2 scattering amplitudes at high energy:

100.

4

. \/,H Determined by the same two
’ — — operators that affect also EWPT
£YC > WHW; perarors )
(in flavor-universal theories):
£ — ZLH

(" )
Ow = (H'6*D'H) D*W{,

- 0.001
L1 !erxr 2012|115|5% L 11

6y = (H'D'H) 0"B,,
- J

related with Z-pole observables

A

S = mi(Cy + Cp)

LEP: 1073, FCC: few 10~ MuC: 107°

10.  20. 50. 100.
L [ab™']

precision of measurement o



0.0075 | B, Franceschini, Wulzer 2012.11555 Chen, Glioti, Rattazzi, Ricci, Wulzer 2202.10509
0.0050 differential WW - 95%CL 30 TeV
o
~ —0.0025-
= ©
O —~0.0050{ °° = .
— total ZH X i 1
~0.00757 %" 9
—0.0100{ -
_00125- - _'I U Teve I' | I10 TeV I ILL+’U,_ . €+€_
~0.010 -0.005  0.000 0.005 —05- Lo v .
: 2 k ¥
CB Tev — With radiation
Gauge boson radiation important: 1 —05 0 0.5 1

soft W emission allows to access

charged processes £v - W*Z, W*H | o |
+ contains new physical information!

2
+ need to properly define inclusive

— independent observables, resummation of logs,
measurement of Cw

25



+ All EW multiplets contribute to high-energy 2 — 2 fermion scattering:

effects that grow with energy, can be tested at p collider

i

100 - 5

5 FCC-hh 10ab~"

10 E

1 :

3 : —

= :
0.10

0.01 - |

- Franceschini, Zhao 2212.11900 hE

5 10 50 100
Eem [TeV]

can be WIMP dark matter if M ~ few TeV

right of blue line: can be tested indirectly

_» left of blue line: can be tested directly

26



- O NG ot
“High-energy probes: EW & Higgs ph M

+ Ultimate precision at the Z pole + Higgs couplings: the quickest way
to probe new physics coupled to Higgs/EW at scales of ~ 10 TeV

+ High-energy processes at a 10-30 TeV lepton collider are able to
reach scales of ~ 100 TeV. |

_ _ _ /% Higgs
Example: new physics with mass m, and coupling g ;\. F. (g%

*
y*, W*,
Composite Higgs, 20
n—— J 12 p Y ———————————————————
S | 10 .'
5 :
é . 4 m Comp. Top (¢, =€) -
S /: |
! mm Universal CH
8 '.
' 6 YA
5/ \
S/ \ 10 TeV
4 :
1 & \\
°~ OQ' \\\
9 . @OO o
. P‘G ~~~~~~~




+ One of the priorities for our field in the next decades will be to explore the

10+ TeV scale. Precision measurements might be the quickest way...

+ Two complementary paths forward:

High rate High energy

2 377
Energy [TeV]

+ Low-energy ete- collider: Higgs physics at 10-3, EW physics at 10-5, flavor.

The easiest way to reach 10 TeV (indirectly)

+ High-energy p+u- collider: collide elementary particles at the energy frontier.
VBF: Higgs physics at 10-3, Higgs self-coupling.

High-energy: EWPT at 10-7, i.e. scales > 100 TeV; EW particles at 10+ TeV.

28






“Lepton colliders—

-

+ Lepton colliders are ideal probes of short-distance physics

+ Muons are elementary and heavy (207 x electrons)

> negligible energy loss in synchrotron radiation

» negligible beamstrahlung

But they decay...

+ Luminosity increases with
the square of beam energy

Integrated luminosity per energy (ab™' TWh™)

» muon lifetime increases

» transverse emittance decreases

10.00

1.00

0.10j

0.01

0.001

0.1

\\ ZLIP~y~E
{ @ Fll-ee Muon
] -35 i
\g ~P_ E Colllder.
/
8 ~ &
ILC 2 ~ PR g &
.x(o/ ./ %
@ / FCC-hh
® LHC
-4 LHC
-4 HE-LHC
-4 FCC-hh
- ILC
CLIC
@~ FCC-ee
@~ MC

1.0 10.0
Collider centre-of-mass energy (TeV)

100.0
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“Muon colliders!

+ A muon collider is not science-fiction!

+ Several technical challenges that require major R&D effort

Fast-ramping magnets
Larger aperture 7 se

MDI, detector design

lonization cooling: i
106 emittance reduction /

Few-MW target (demonstrator)
High-field solenoid

i ] \

1l Muon collider ' Accelerator ring
>10 TeV centre-of-mass energy H

~10 km circumference I

IP2
4 GeV Target, x decay w cooling Low-energy ' X S
proton and u bunching channel M acceleration
source channel

Accelerator design,
mitigation systems

Proton-driven scheme

High energy lepton collider (10 TeV or more) is a dream for particle physics...

... dedicated R&D program crucial to establish feasibility in the next years! .



—

—

o 2 ] -.f\‘ 73 “ '
nggs Coup“ngs at”muon CO]lIder R

-—
~ )“'\-‘

+ A full-fledged Higgs-physics program is possible at a pC

Precision of Higgs coupling measurement ("model-independent” fit)

+ Single Higgs 1f | « MUC@3 TeV wolwi HL-LHC P. Li, Z. Liu, K. Lyu 2401.08756
COU pl | ngS m MuC@10 TeV wo/wi HL-LHC i
10- 1 | ~ e'e” @240+360 GeV wo/wi HL-LHC __ i |
Can more ; - MuC@10 TeV+e*e +HL-LHC ' :
. 5 :
easily be E i
. o - :
studied at = = =
© = | 'k
ete- factory! ° i :
(most likely BB
before a uCl)

Ke Kg Kw K Kz K, K, BRR® BRR® k¢

32



Physics backgrounds
(including the Higgs itself!)

Beam-induced background

L Sestlnl et aI

o T —T1 r 1 3
N(;) 3500 Muon Collider -3 pseudo -data _f
Simulation — fit tota_l .
2 3000 (=3 TeV —H-=bb —E
=~ 2500 background _;
é 2000 p,(j) > 40 GeV/c L=1 ab =
3 MG < 2.5 .
M 1500 =
1000 =
500 =
0 1 1 1 L 1 1 1 1 1 1 1 1 :

0 50 100 150 200

dijet invariant mass [GeV/c?]

Detector performance

+ “soft” and forward particles

Forslund, Meade
2203.09425

Ao /o (%)

Signal Only

Production Decay
3TeV | 10TeV 10 TeV
bb 0.80 0.22 0.17
cc 12 3.6 1.7
qgg 2.8 0.79 0.19
T~ 3.8 1.1 0.54
WW=*(jjbv) 1.6 0.42 0.30
W+ fusion WW*(475) 5.4 1.2 0.49
Z7Z*(40) 48 13 12
ZZ*(5500) 12 3.4 2.3
ZZ*(47) 65 15 1.4
04 6.4 1.7 1.3
Z(37) 45 12 2.0
ut 28 5.7 3.9
bb 2.6 0.77 0.49
cc 72 17 -
g9 14 3.3 -
Z Z fusion T 2! s i
WW*(j5bv) 8.4 2.0 -
WW*(475) 17 4.4 1.3
ZZ*(5500) 34 11 -
04 23 4.8 -
ttH bb 61 53 12




“Single

Higgs at-high-mass (Qﬁ"(gﬁ‘é“) A

+ Off-shell single Higgs production: independent of width

0.03

0.02 1

0.01 ~

0.00 -

\

>

—__

U

{ I 10 TeV ptp Off-shell
{ I + 10 TeV pu"p~ BRyy,
| WM 110 TeV utpu- ZZF BRin, 6F — 10%

vvvvvvvvvvvvv

1.000 1.005 1.010

- /
E2
‘ Y
I

Forslund, Meade 2308.02633

precision limited (~ 3%) due to
backgrounds: not possible to
determine Ky, precisely

through WW scattering
-> correlation width vs. coupling
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“Single

Higgs at-high-mass (Qﬁ"(gﬁ‘é“) A

+ Off-shell single Higgs production: independent of width

0.03

0.02 1

0.01 ~

0.00 -

\

>

—__
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I
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precision limited (~ 3%) due to
backgrounds: not possible to
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through WW scattering
-> correlation width vs. coupling
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+ (Caveat: single Higgs at uC can access only

SwX&
pr =0, X BR; - ~ = (similar to LHC)
h

s = (p, + py)*

Higgsstrahlung Inclusive measurement, o), ~ g2

Hard neutrinos not seen,

WW — h —- WW depends

WW fusion
ongwand

&

cannot disentangle deviations in the couplings from modifications of total width



+ Try to do an inclusive single Higgs measurement with ZZ — h

L

=

+ Untagged: % sensitivity

if muons detected atn = 6
P. Li, Z. Liu, K. Lyu 2401.08756

+ Invisible: 10-3 sensitivity

if muons detected at n 2 3

Ruhdorfer, Salvioni, Wulzer 2303.14202
Forslund, Meade 2308.02633

+ cross-section ~ 10x lower than WW

+ needs forward muon detection!

s = (Py+ Pt + P’

HLnin [rad]
0.099 0.013 0.0018

1
§ Sags=0.1% + Ogs = 10%
O.lOOg Solid: 6> 10°, p,:> 20 GeV }
S [ Dashed: 6> 5°, p>20GeV ]
n 2z I 0 ]
m .S Dotted: 6> 10°, p ;: > 50 GeV |
25 0.010 :
an

0.001 oty

o -1

g4 2= 10 eV, Db
3 4 5 6 7
max

" 36



e e : | TR - AT
“Invisible Higgs @ muon.collider >

+ Invisible BSM Higgs Branching Ratio can be one of the contributions

to

total width I

+ (Can also be studied in ZZ-fusion:

do/d MIM [pb/GeV]

10-3 sensitivity if muons detected atn 2 5

Ruhdorfer, Salvioni, Wulzer 2303.14202
Forslund, Meade 2308.02633

lllllllllllllllllllllllllllll

! BAS -
1 e

0“ 100 200 300 400 500 600

MIM [GeV]

L4
wo > Z
X
pt —— 4
\’\ ut
Hff‘i“ [rad]

0.099 0.013 0.0018

Sags=0.1% + Grgs = 10%

Solid: 6> 10°, p: > 20 GeV
Dashed: 8> 5°, p; >20GeV ]

Dotted: 6> 10°, p > 50 GeV |
2E;, =10 TeV, 10 ab™!
3 4 5 6 7
max
37



+ In general, several more operators enter the EW fit

60 60
N [m 5 EW fit (Today)
fit B FCC-ee (Z-pole only)
FCC-ee (WW only)
P FCC-ee

BI0 e 50

effective scales ~ 30 TeV

T i 40

3

o

30_ .................................................................................................................................

MEY = Axg, ~ 12Tev(‘§*>
2

200—4% Bt RN g 20

......... W

@) @) o 0® om 0w 0(3) 0(1) o(z) 0)
W %D o1 o1 Pe Bq u

AMlei |y, [TEV]
T T

10— -

Several 4-fermion interactions enter through one loop RGE
2311.00020, 1704.04504

......... > [CIEIIZ’?))]aa M;j;) Z 10TeV X 8%

38



+ Weakly Interacting Massive Particle: most general EW multiplet
with DM candidate that is

similar to Minimal DM:
Cirelli, Fornengo, Strumia hep-ph/0512090

(a) stable,
(b) without couplingto y & Z, )
(c) calculable (perturbative).
_ Bottaro, DB, Costa, Franceschini, Panci,
+ Mass fixed by freeze-out DM abundance Redigolo, Vittorio 2107.09688, 2205.04486
or X | , EW n-plet | Mass [TeV]
s 21/2 1.08
1 30 2.86
S 4 4.8
¥ ol X *5M v |
: : 90 13.6
~201 i e E— 51 9.9
61/2 31.8
e taIcI;SPbyIRaki Energies of several TeV crucial /0 48.8
N aHE TERR to probe these WIMP candidates! Sk 113




”e

“Example: WIMP Dark Matter *

+ Mono-y/W/Z signals:  up — yy+X
DM pair production + EW radiation

Han et al. 2009.11287
Bottaro et al. 2107.09688, 2205.04486

+ Disappearing tracks: charged components
. + 0_+
of y can be long-lived ¥ — X %
Capdevilla et al. 2102.11292

\E =14 TeV, £ =20ab}, Majorana3-plet |
2107.09688 |

mono—y

mono-W (incl.)

mono-W (lep.)

uC can probe all
relevant WIMP candidates!

mono-Z7
di—y
di-W (SS)

MIM (comb.)

More difficult at hadron colliders,
due to PDF suppression

1DT

2DT

FCC physics study

40
M, reach[TeV] Cirelli, Sala, Taoso 1407.7058



High-energy probes: EW & Higs pt

+ High-energy processes at a 10-30 TeV lepton collider are able to
probe EW new physics scales of 100 TeV or more.

> 10x higher than ultimate precision at Z pole . Higgs

W ;f. F.(g%

Y

+ Example: heavy resonance with mass mz and coupling gz to fermions

rrrrrrrrrrrrr
||||||||||||

95% CL

m 3TeV
m 10 TeV

41



b Four-fermion interactions: muon current
coupled to flavor-violating bilinear

Cps 7 _
/4 A_;(bL,R}/p SL,R)(ﬂL,RVpﬂL,R)

+ Contributes to (semi-)leptonic rare B decays b — suu: branching ratios

& angular observables of various hadronic processes

B,—uu, B—KOuu, B gup, A, — Aup

+ Theory uncertainties: cannot improve = 10| e el T
. . . é - . b — suu onl :
indefinitely with rare decays Pl py only

m;t[/ E2 g iy ____"'E?"\,f\\l\\w—--———-_EQC_—llh__
BR(B —- K c — Z 10l CKM-like
( ) ~ = oG = J)) ~ = £
L R iHC
. . | LHC excluded |
Azatov, (_agrosu Greljo, Marzocca, R T ST
Salko, Trifinopoulos 2205.13552 Energy [TeV] 42



Muén g-2 @ muon collider '

+ SMiirreducible bakground is small: 20

tree-level is suppressed by muon mass; loop contribution dominant ——

~ 10~%ab

S —

( 30TeV )2

\)

+ Main background from uy — Zy (where Z is mistaken for H)

(large due to transverse Z polarizations)

CE MNP s

A0 up—hy 2
— 1 — 0
d cos 0 A4 647 ( cos™6)
Ao p—s 7~ _ ma? 1+ cos? 01— 4s%, + 8st
d cos 0 4s  sin26 $%,Co

Search in h — bb channel:
€,~80% |cosb,,| <06 BR, ,;=58%

At 30 TeV, 90 ab™', for Aa, =3 x 107
Ny=22, Ny=886Xp,.,

Aa, can be tested at 95% CL at a 30 TeV
collider if Z-h mistag probability < 10-15%

do/d(cos 6)

2-0 T

(U - Zy) x 1072

0.06}
0.04}

0.02}

0.00k!

-------------------




Muén g-2 @ muon collider '

95% CL limit on Aa,,

44

10_7 C I T 10_20
f = Exp. value of Aa, can
Q
(0-8 '10_2 N be tested at 95% CL
5 < at a 30 TeV collider!
Aa, exp. average / =
o — / o . .
' - (with reasonable assumptions
5 i g on detector performance)
10_ E 10_ A
; O
. This result is completely
10-10 1023 model-independent!
0 10 20 30 40 B, Paradisi 2012.02769
Vs [TeV]
KL €L ;I-U
Other operators enter g-2 at 1 loop: ¥ Cez
gl gl
A 250 TeV \’ o _Cn_ G _Cu Ct,
a, ~ — — — 7 ;
g A2 7 5 1000 20 lr Ir
Collider —
Full set of operators with A 2 100 TeV b q
can be probed at a high-energy
muon collider Crf




"“s,hoo“‘"‘h..-'~' , L.-"
\-’ ﬁ

X"'"
c.u- - ~ -y

Lepton g-2 .from rare Higgs decays - .

+ Tau magnetic dipole moment: enhanced due to the larger mass

4vm, m> Present bound: Aa_ < 1072
Aa, = C;, ~ 107° P
A2 m/% fromLEP e e — e"e 11

hep-ex/0406010

if C/, scales as y, |
Can be improved to few 10-3

at HL-LHC 1908.05180
+ Contribution to h — rry decays:

BROM &~ 5% 104  (with cut on soft collinear photon) ===

h—ttt~y

could be measured at few % level by Higgs factory

201

BRMNY ~0.2x Aa,

h—ttt~y

[S—
)
T T T

v

10° x dI'/dx [GeV]
=

o
n

L Interference

o
=)
——

X =2Py-py/m;



Further possibilities to measure Aa, precisely from high-energy probes

+ Hrtr associated production

/-

Cp x (A/TeV)?

-0.10 -0.05

Cw x (A/TeV)?

work in progress with Levati,
Paradisi, Maltoni, Wang

Main background from py — Zy

(where Z is mistaken for H)

Could probe Aa, ~ 105 @ 10 TeV

p—
S
W

95% C.L. limit on Aa,
)
A

p—
<
9]

p—
2
(@)

also a bound on tau EDM!



Further possibilities to measure Aa, precisely from high-energy probes

+ Hrtr associated production

/-

Cp x (A/TeV)?

-0.10 -0.05

Cw x (A/TeV)?

work in progress with Levati,
Paradisi, Maltoni, Wang

Main background from py — Zy
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S
W
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<
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Dou'ble Higgs production

+ Reach on Higgs trilinear coupling: hh — 4b

E [TeV] < [ab ] Nrec OK3
3 5 170 ~10%
10 10 620 ~ 4%
14 20 1340 ~2.5%
30 90 6'300 ~1.2%

B, Franceschini, Wulzer 2012.11555,
Han et al. 2008.12204, Costantini et al. 2005.10289

Events [a.u.]

[0k3 = 10%] x 12

90° 120°

Jet polar angle O

150° 180°

>

[0kA] [ 70]

18-
16 -
14 -
12+
10 -

S N B~ O 0o

16%

43

CLIC
FCC-hh
3.7%
2.5%
1.2%
\ I
10 pld  p30

Weak dependence on angular acceptance
(signal is in the central region)

Some dependence on detector resolution
(to remove backgrounds)

B, Franceschini, Wulzer 2012.11555

see also CLIC study 1901.05897
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Dou'ble Higgs production

+ Reach on Higgs trilinear coupling: hh - 4b 18- 150
16 -
E [T Z [ab- N 14
TeV] [ab] rec OK3 Bl CLIC
3 5 170 ~10% S |
10 10 620 ~4% | £ ¢ FCC-hh
14 20 1340 ~2.5% 6 5 707
I ~ 4 i . 25%
30 90 6'300 1.2% N 19% |
B, Franceschini, Wulzer 2012.11555, 0 \ onE .
Han et al. 2008.12204, Costantini et al. 2005.10289 w3 pl0 pld  p30

" €signal = 26 %

[S—
W

> Weak dependence on angular acceptance
(signal is in the central region)

mM >  Some dependence on detector resolution

30 Tev, 90 ab”! (to remove backgrounds)

[E—
@)
T T T T T

9]
— T

68% CL limit on 0«3 [%]

ok s 10 15 20 5 B, Franceschini, Wulzer 2012.11555

Acceptance cut in e [°] see also CLIC study 1901.05897
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Dou'ble Higgs production

+ Reach on Higgs trilinear coupling: hh — 4b

E [TeV] < [ab ] Nrec OK3
3 5 170 ~10%
10 10 620 ~ 4%
14 20 1340 ~2.5%
30 90 6'300 ~1.2%

B, Franceschini, Wulzer 2012.11555,
Han et al. 2008.12204, Costantini et al. 2005.10289

Signal efficiency € [%]

NN
)

(O8]
)
T T T

—_
e}

[\
e}
—

- Reconstruction efficiency

E\\\Signal purity

S

\.\

[ E., = 10 TeV, €, = 70%

Mass resolution AM/M [%]

(\]
Nin/Nokg

>

v

[0kA] [ 70]

18-
16 -
14 -
12+
10 -

S N B~ O 0o

16%

(3

CLIC

3.7%

2.5%

FCC-hh

1.2%

mm

10 pld  p30

Weak dependence on angular acceptance
(signal is in the central region)

Some dependence on detector resolution
(to remove backgrounds)

B, Franceschini, Wulzer 2012.11555

see also CLIC study 1901.05897
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Dou’bIeHiggs production

Number of events ~ slog(s/m?) ~ 10° at 14 TeV

Naive estimate of the reach: o~ (NXe) *~ 1% ., > \065~3%
reconstruction eff. ~ 30 % " 109 / 4 sm
BR(hh — 4b) = 34 % ’ e I N S—
A
+ Acceptance cuts in polar angle 8 and prof jets: [T Gistomey e

> hh signal is strongly peaked in forward region

B, Franceschini, Wulzer 2012.11555

\\\\\\\\\\\\\\\\\\\\\\\

" €signal = 26 %

SA3 = 10%

p—
)

60° 90° 120° 150° 180°
Polar angle of jets

1 ’ : . " :
10 TeV, 1M > Contribution from trilinear coupling

30 TeV. 90 ab™ is more central: loss due to
angular cut is less important

[E—
@)
L] I L] L] L]

)|
T T T T T

68% CL limit on dk3 [%]

Acceptance cut in ;¢ [°] 48



Dou'ble Higgs production

+ Backgrounds are important and cannot be neglected
(see also CLIC study 1901.05897)

0.10} -

> Mainly VBF di-boson production: | x

0.08f

Zh & ZZ, but also WW, Wh, WZ... 006}

> Precise invariant mass reconstruction oo}
Is crucial to isolate signal 0.00k

()

O
™

()|

Signal efficiency € [%]
— B
o S
||||;||||[\I)||||I||||I||||I
Nokg /N

N
@)

——r——
N

NB: (Very!) simplified background
analysis (at parton level!)

(O8]

@)
R P

(O8]

All this should be done properly with
a detector simulation

S
)

A ] However, perfect agreement with
1901.05897! (3 TeV CLIC)

Mass resolution AM/M [%]

B, Franceschini, Wulzer 2012.11555 49



%

. ~ “ - ¥ P ‘ ‘ y _'(\
“Double Higgs at ,!Z‘llh-_masisé,.‘

< - -

.

140 CLICdp _ e IL=I4<I':1b'I1,eI' pol -80%
+ Fully differential analysis in pt and Munto §1 20 f_fﬁﬁiﬁ’f’gﬁv 1911.02523 -
- . o F - Hjet, orig :
optimize combined sensitivity to Cy and Ce 100 |- —Z e, corr .

- - £ )et, orig
80 .
+ Very boosted Higgs bosons: treat them as a 60 ;
40t -

single h-jet, without reconstructing the 4 b’s.

We assumed a boosted-H tagging efficiency ~ 50% 0 b B, ) e
0 50 100 150 200
m,, [GeV]
B, Franceschini, Wulzer 2012.11555 0.02 —————————— / —T
0.02 ————————————— :
| 68 %, 95 % C.L. contours CLIC 3 TeV
i ().01-_ 6 TeV _
001F Inclusive hh
: 10 TeV
N I § 000- /’—5 )
X 0.00 < U / g._y
T @) i
U -
\/30TeV
~001} ~-0.01F _
I 68% CL contours
-0.02 -002t—
~0.2 . . : : ~0.2 0.0 0.1 0.2,

C6 ><V2



High—energy di-bosons

+ Longitudinal 2 — 2 scattering amplitudes at high energy:

Process BSM Amplitude

vivy — WO—FWO_

S (GgL -+ GlL) sin 6,

Determined by 3 fermion/scalar
current-current interactions (Warsaw):

(oo — wiwy)

s (Gsp, — G1p) sin 04
vy — Zoh

(il = W Wy, Zoh) s G sin 04

-------------------------

‘ol — Wy Zo | Wy by
ol — Wi Zo /Wi h

14

V2 s Gy sin 0,

-------------------------

)
T

_ <

Osr, = (Lpy*o®Ly) (iHTo%D,H) ,
_ . <~

O = (LLVNLL) (ZHTD/LH) ;

— —
Oir = (Igy*lg) (iH'D,H).

“high-energy primary effects”

51




. High—energy di-bosons

+ Longitudinal 2 — 2 scattering amplitudes at high energy:

Process BSM Amplitude Determined by 3 fermiqn/scalar
TSN current-current interactions (Warsaw):
_( +O )_ S (GgL + G11,) sin 0, _ >
vivr = Wy Wy Osr, = (Lpy*oLy) (iH'0*D,H),
+ ) 11—
CKL_KL — WO WO) S (GgL — GlL) sin 9* _ S
vy — Zob 01 = (Lpy"Ly) GH'D,H).,
(il = W Wy, Zoh) s Gy sin 6, o
Vil oWy o Wo k| Oir = (Iry"Ir) (iHD,H).
SR N v v + *
‘\.”.Lf ...... = Wy Zo/ Wy b “high-energy primary effects”
+ In flavor-universal theories, they are O = Y9 ([ mtoapir ) pripe
: _ W = 2 o v
generated by SILH operators (via e.0.m.):
. Op = Zg (HT D“H) 0" B
G =7Gp = T(CB )
o2

G, =°(C., |
3L 4(W )

51



High—energy di-bosons

+ Cw and Cg determined from high-energy Limits on Cw, scale as E?

. 10 TeV \2
pHu- — ZH, W+W-total cross-sections o, ~ 122 ab( - ) [1 +H#E2 Cy +#ES C2
cm
0.00751 \W\W 10 TeV
0.0050- S/B —_
0.0025] 100. 0a
% O.OOOO-ZH 50.
= _0.0025
5 —0.0050 20
~
~0.0075 { = 10.;
~0.0100 = s
~0.0125 <
~0.010 -0.005 0.000  0.005 SR
Cg- TeV? '
1. \\-;'\‘-.._ .
+ In universal theories, Cwg related with 055 e, G
=~ 1.x1074 el
Z-pole and other EW observables i o
S — mVZV(CW+ Cy) 1. 2. 5 10. 20. 50. 100.
— Muon collider: L [ab™']
10TeV: CyS@0TeV)2, S<107 LEP: S§<1073 _— B
A~ ~ ultimate precision
30TeV: Cy $(120TeV)™?, S<51077 FCC: 85107 +—atZpole .




H‘igh—energy WW:-angular analysis

+ Owg contribute to longitudinal scattering amplitudes: ~ #" = s(G,, — G;,) sin6,
2

__&
+ In the SM, large contribution to p+u- — W+W- d_, =——sinb,
1zati 2 20 o0k
from transverse polarizations. o, =g cos - ot —

Interference between ++ and 00 helicity amplitudes cancels in the total
cross-section = signal suppressed! see also Panico et al. 1708.07823, 2007.10356

doing X MoogMy_ cos(or — p—)sinf (1 + cosf;)sinf_(1 —cosh_)
i +FMoogM_4 cos(pr —@_)sinfy (1 —cosfy)sinf_(1+ cosh_)
(0., ¢, polar and azimuthal angle of W* decay products)

0.00751 \\/\W/ 10 TeV
7 0.0050+
0.0025
% 0.0000+ ZH
. . " —0.0025
+ Can exploit the SM/BSM interference by 3 __ ..,
looking at fully differential WW cross- =0.00751%°
L . ~0.0100 o N NP | _ 5 y(SM)
section in scattering and decay angles! C001os | 00

—~0.010 -0.005  0.000 0.005

B, Franceschini, Wulzer 2012.11555 Cs- TeV?



High—energy WW:-angular analysis

+ Owg contribute to longitudinal scattering amplitudes: ~ #" = s(G,, — G;,) sin6,
2
A_ = — S sin 0,

+ In the SM, large contribution to y+u- — W+W-

i> i N I
from transverse polarizations. A, = g-cos > cot >

Interference between ++ and 00 helicity amplitudes cancels in the total
cross-section = signal suppressed! see also Panico et al. 1708.07823, 2007.10356

doing X MoogMy_ cos(or — p—)sinf (1 + cosf;)sinf_(1 —cosh_)
i +FMoogM_4 cos(pr —@_)sinfy (1 —cosfy)sinf_(1+ cosh_)
7 (0., ¢, polar and azimuthal angle of W*decay products)

0.0050
0.00251

5 aooon) ZH
. . " —0.0025/
+ Can exploit the SM/BSM interference by  5_, ,c,] =

looking at fully differential WW cross- ~0.0075 {7

P2

X 0.00751 W/ 10 TeV

section in scattering and decay angles!

—~0.010 -0.005  0.000 0.005

B, Franceschini, Wulzer 2012.115355 Co- TeV?



“EW radiation

becomes important at multi-TeV energies!
Especially relevant for muon collider, but also FCC-hh...

+ mwz << E: y, W, Zare all similar!

+ Multiple gauge boson emission is not suppressed

E2
Sudakov factor =z logz(—) X Casimir ~ 1 for E ~ 10 TeV
dr mg,

wm \Which cross-section? Exclusive, (semi-)inclusive, depending on

amount of radiation included see Chen, Glioti, Rattazzi, Ricci, Wulzer 2202.10509
N s N

w |nitial state is EW-charged:

(Precise) resummation of double logs needed. Goal: % or %o precision

w Could one define EW jets? Neutrino “jet tagging”?
54



“EW radiation

+ Resummation of large logarithms: lepton PDF

Soft + collinear
radiation: VBF

Elementary leptons:
00 Garosi, Marzocca,[Trifinopoulos 2303.16964 hard 2 — 2 scattering

10

fixQ)

0.100.

0.010-

!

0 .O(())l

0.005 0.010 0.050 0.100 1
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3 * 1 l
- tt threshold - ar_Thresho -
0.9 hreshold - QQbar_Threshold NNNLO
** I ISR + FCCee Luminosity Spectrum o
— default - 1.5GeV, I, 1. e
0.8 default - m_® 171.5 GeV, I', 1.37 GeV
= m, variations = 0.2 GeV -
0.7 [ — r, variations = 0.15 GeV c
06| -
05
04+
0.3 _ ,
= simulated data points
20 fo’' / point =
0.2 preliminary :
0.1 based on EPJ C73, 2530 (2013) _7

Ll

N | A

350

\'s [GeV]

threshold scan @ FCC

tth @ muon collider

Vs =10TeV
T
4
: I Rif
31 —— R{E+RY
~N — Rtih
> 1
< ] —— Rifh+R£Eh
2 —— R+ RN
: = = Combined
1
12212.11067
0"'|"'|"'|" — 1 r . 1 1 T
-0.100 -0.075 -0.050 —-0.025 0.000 0.025 0.050 0.075 0.100

Otth

(a) ptpu~ — ttvv with /s = 10 TeV
and L = 10ab~ ',
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