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/\ This talk is about Physics only.

A | will consider colliders that
+ exist today (LHC, SuperKEKB, SPS)

+ could be built today (FCC-ee, CEPC, CLIC, ILC)

+ could be built tomorrow, after technological R&D

(Muon collider, pp colliders)

/A The physics potential of these machines is obviously very different.

The related ESPP decisions/considerations are also different...



“Why a future collider?-/

Independently of LHC results, a future collider will be necessary to make
advancements in fundamental high-energy physics.

Where should we go??

+ No guaranteed discoveries: exploration of new domains

+ High-energy collider has guaranteed science output: possibility to
perform SM physics measurements in unknown energy domain.

Either validation of SM, or groundbreaking discovery.

+ Expensive — need a big improvement in as many as possible

different directions



“Why a future collider? .

+ What causes EWSB?

i.e. is it the SM up to accessible energy scales?

+ What’s the origin of Flavor (including leptons)?

and what’s the origin of CP violation?

+ What is Dark Matter?

+ Unification
Not clear if the solution
lies at a scale accessible

+ Dark Energy by colliders, and/or
within particle physics...

+ |nflation

+ Quantum gravity



“Why a future collider?-/

a )
+ What causes EWSB?
i.e. is it the SM up to accessible energy scales?
- W,
+ What’s the origin of Flavor (including leptons)?
and what’s the origin of CP violation?
+ What is Dark Matter?
+ Unification
+ Inflat Not clear if the solution
nration lies at a scale accessible
+ Dark Energy by colliders, and/or
within particle physics...
+ Quantum gravity

Clearly points to
few TeV scale



+ Is it the SM up to the few TeV energy scale?

l.e. what causes EWSB?

Loops of (weakly coupled)
new particles:

2
Strong EWSB: 5mfl ~ g—Mép < (gv)°

1672
Myp = g, f <4xf, f2V

rough estimate! there can

m—p  M\p S 4nv = 3TeV easily be some O(1) factor!

goal: explore physics at least up to Myp ~ 10 TeV! :



+ The SM works well at the TeV scale: Myp 2 few TeV directly
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w see talk by R. Franceschini



+ The SM works well at the TeV scale: Myp 2

few TeV directly

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

Status: March 2023
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+ The EW sector is SM-like: Myp 2 few TeV

™
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+ The EW sector is SM-like: Myp 2 few TeV
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+ The CKM picture of flavor physics works well; lepton flavor is conserved,;

no CPV besides CKM phase
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“The flavor puzzle -

+ SM Yukawa couplings have an extremely hierarchical pattern

m“N('°‘) VCKMN(? ; ) me~ (o)
: . ‘

man ()

w \What'’s the origin of this flavor structure? Why are there 3 families?

+ Most likely NP in the Higgs sector couples to SM fermions in similar way...

» Symmetries: e.g. MFV or U(2) models
Barbieri et al. 2011; Isidori et al. 2017; ... q MNP < 3 TGV

» Dynamics: different NP scales

for different families, related to Higgs
Panico, Pomarol 2016; Bordone et al. 2017, etc...

with O(1) couplings



+ With CKM-like suppression (U(2)3 flavor symmetry)

m Flavor (down) ™M Flavor (up) m EW @ Collider
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Allwicher, Cornella, Isidori, Stefanek 2311.00020 C. Cornella @ LaThuile 2024



+ With CKM-like suppression (U(2)3 flavor symmetry)

B Flavor B EW B Collider
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“The next 15 years:Flavor -~

+ Significant improvement in flavor measurements in the next (few) years!
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0.0

> 0O(1079 B mesons

> 0O(10'4) b and ¢ hadrons 7>
» O(10") 7 leptons > O(1019) t's

(upgrade 2) in clean environment
:n ! ! | ! ! ! ! ! ! ! | 'Y' L ! ! | ! ! ! | ! ! ! = OI_I 20:
: | M - @ 5 UTfit
§ sin 2[3 E Amd & Ams LHCb 300/fb — <~ E
. ' = 10F-
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o _E _55_
IVubI/I _E _105_
A B - -
. P BT M T N R RS i B -15
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 N
- Y] ST NS N IS NN S N S R
P 0 02 04 06 08 1 12 14 16 18 2
Precision on CKM matrix elements < 1% Csd
: |
(tree-level and loop) O(15y) timescale!

> Needed as input of SM predictions in all other observables!

CPV in Bs system. CPV in charm with extreme precision. .



“The next 15 years:Flavor -
+ Significant improvement in flavor measurements in the next (few) years!

» 0O(10'4) b and ¢ hadrons ==y ~ 0(109) B mesons

ch
VHED : el O(107) 7's
» O(101) 7 leptons
(upgrade 2) in clean environment
5 CCETT T . » Semi-leptonic decays b — gfv
c B Belle 1l Projection 7]
045__ :gggearCombination — . .
S S ] > Semi-tauonic decays @ few %
0_4_— - SM prediction: PRD92 054410 (2015), PRD85 094025 (2012) —
0350 E med Myp>STeV Xg,
03F & - (today below 1 TeV)
0.251 - E > Rare leptonic & semi-leptonic B decays
0255503 035 04 045 05 055 06 > Access to b — dll transitions
R(D _
) > LFU below 1% precision
' |
O(15 y) timescale! » Rare tau decays and LFV

For the first time precise measurements of rare processes for different flavors:
b—svsb—d; tvsu,e; £Xvsu,

Ultimate precision on all ‘visible’ B and D decay modes 12



“The next 15 years:-Flavor_

+ Access to FCNC decays with neutrinos and taus for the first time!
crucial to determine up vs. down aligment of NP: can suppress only onel!

+ Belle Il will measure B - K™ to 10%
D

O

Belle II

+ K* > 7w to 10% from NAG2 and below 5% from HIKE MIEZQ

O(10 y) timescale!

P,

2.9% PED(X)

1.8%

ﬂ Xt
270 other

Errors dominated by
CKM (will improve a lot!)

V.
| cbl 999,

+ K; = 7’vw one of the few very clean modes
(like B, — uu, or CP asymmetry in B — yKj).

Observables Belle 1T 50 ab ™!
Br(Bt — KTvp) 11%
Br(B" — K*0ui) 9.6%
Br(BT — K*tvo 9.3%

I Belle @ 90% CL
T .
3k
7] EEEEETERTTRTRRETRR SERTTRRTTRRLTRRY £F
N/

| 1705.10729 BR(B* — K**vi) |

- BR(K" — nfww)
o
00 0.2 04 0.6 0.8




(2
+ A natural example: composite Higgs models. "
o—tou{ EEES
Higgs is a Goldstone boson (like the pion in QCD) =
- (2
composite at ascale M, = g_f —\
Size of the Higgs / Decay constant of the Higgs 5o
K, ~vIf
Composite Higgs MCH5
] T o . . .
| Lvittorig | s -3 Higgs couplings ~ 0.004, i.e. f > 4 TeV

Flavor effects known to be important

P . P

¢ v ¢

projections for
LHCb 300 fb-1 & Belle |

O(10 y) timescale!
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Flavor @ FCC-ee -

B

+ Unique flavor physics program possible at FCC-ee!

2106.01259
Attribute Y(4S) pp ZY ~ LHCb @ B-factory
All hadron species v
High boost v
Enormous production cross-section v

Negligible trigger losses
Low backgrounds
Initial energy constraint

NSNS

+ ~ 1072 b quark pairs (and 1011 tau pairs) in a B-factory like environment
from Z boson decays.

= can measure decay modes with missing energy (esp. 7's and ’’s)
with 100x more statistics than Belle |l!

Example: 103 B — K77 events (vs. 10 @ Belle Il). Few % precision!

mem)p Myp 2 several TeV for NP coupled to 3rd family,
complementary with b — svv 15



| Total ATLAS and CMS

— Statistical HL-LHC Projection

—— Experimental

i Theory Uncertainty [%]
Tot Stat Exp Th
Ky =2 1.8 08 1.0 1.3
Ky = | 1.7 08 0.7 1.3
Ky = 15 0.7 06 1.2
Kg = ] J 25 09 08 2.1
Ki B= | 3.4 09 1.1 3.1
Ky B 3.7 13 13 32
K = 1.9 09 08 15
Kp e L 43 38 1.0 1.7
K7y BV 198 72 1.7 64

0 002 0.04 0.06 008 0.1 0.12 0.14
Expected uncertainty

+ Factor 2-3 improvement in Higgs signal strengths

V2

2
MNP

OK ~

+ Various production modes (ttH @ few %)

and differential cross-sections

Vs = 14 TeV, 3000 fb™' per experiment

[ Total ATLAS and CMS

e ancd) HL-LHC Projection

—— Experimental

—— Theory Uncertainty [%]
Tot Stat Exp Th
0ggH — 1.6 0.7 08 1.2
Oygp —— 3.1 18 13 2.1
0WH o 5.7 33 24 40
Oz T 42 26 13 3.1
OuH —— 43 13 18 3.7

0O 002 004 006 008 01 012 0.14
Expected relative uncertainty

gyz( < 2% A —) Myp 2 g, 2 TeV
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“Higgs factories

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

-> study single Higgs couplings with below percent precision!

Low energy (as a comparison: 1.7 x 107 Z bosons @ LEP)
e+e- factories TeV-scale
(FCC-ee, CEPC, ) LHC: fe 107 _
ILC, cLIc380) e*e- factories WX FCC-hh:
(CLIC, ILC1000) HL-LHC: few x 108 few x 1010
, L
109 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

17



+ 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]

18



k-0 |HL-LHC|LHeC|HE-LHC|  ILC CLIC  [CEPC|FCC-ee
fit S2$2' 250 500 1000 | 380 1500 3000 |240 365
rw [%]] 1.7 | 0.75 [1.4 0.98 1.8 0.29 0.24|0.86 0.16 0.11| 1.3 {| 1.3 0.43|
kz (%] 1.5 | 1.2 {1.3 0.9 [0.290.23 0.22] 0.5 0.26 0.23 0.14(0.200.17
ke (%) | 23 | 36 [1.9 1.2 23 097066[25 1.3 09| 1.5 [1.
Ky [%)] 1.9 | 7.6 1.6 1.2 |6.7 3.4 1.9 [98x 5.0 22| 3.7
kzy %] 10. | — [5.7 3.8 [99% 86x 85x [120« 15 6.9 | 8.2
ke %) - |41 |- — [25 13 09|43 18 14| 22
ke [%)] 33 | - [28 17| - 69 16| - - 27| — [ -
ky [%) | 36 | 21 (32 2.3 [1.8 058 048] 1.9 0.46 0.37| 1.2
ko (%) 46 | — (25 1.7 |15 94 6.2 [320x 13 58| 8.9 [10_
ke [%)| 19 | 33 |15 1.1 (1.9 0.70 057 3.0 1.3 0.88| 1.3
2103.14043

What NP scales will we test with the Higgs?

19
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Direct vs indirect - - |

Compare single Higgs couplings measurements with reach of direct searches

> Example: singlet scalar 2, ~ ¢|H|*

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

one single parameter controls
resonance production, decay,

& Higgs coupling modifications

-
------

.......... can be probed
by single higgs

w see talk by R. Franceschini

sin’7y

T~ Sy =my /mg

~ -~
—
-

-
-
—

95% C.L. exclusions | B, Redigolo, Sala, Tesi 1807.04743
20 25
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“Double Higgs prodtction _

+ Measurement of trilinear coupling: access to the Higgs potential

LHC excluded

» very poorly known today!
» HL-LHC will only reach 50%
precision on SM value
HL-LHC

L uC N. |

16%
16 -
............ crec;its:: (.Jrelligl, P.etll’os.si.anl-B.yrr.1e 14
* CLIC
12
=
. . L. . = 0.
Pre<?|se determlnatlo.n only possible g FCC-Bh
at high-energy machines: T
100 TeV FCC-hh or multi-TeV Muon collider | 3.7% 2 507
. 0
5 1.2% |
Mangano et al. 2004.03505  Han et al. 2008.12204 0 O
B, Franceschini, Wulzer 2012.11555 CLIC 1901.05897 110 pld w30

Costantini et al. 2005.10289
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+ Double Higgs production depends on trilinear coupling 3 but also on

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

large degeneracy In total cross-section:

o2 0——— — o025s————+— — — —
[ < » coefficients not determined
i 1 0.020 .
0.000| | | from hh production alone
i / | 0015[
—-0.002 - i
= ' z '
é » A g 0.0105
-0.004 - i L
: : 0.005} \
~0.006r ] 0.000
0008 — —0.005: AAAAAAAAAAAA
-6 —4 -2 0 2 -6 —4 -2 0 2

0K3 0K3 22



Double Higgs PFQGEUC‘ﬂQ-~

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

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

1
+ Two dim. 6 operators: O = —A|H|° Onp = 5 ((‘MH]Q)Z

3
=1+ v2<C6 _ ECH) Ky = 1 — v2Cpy/2 Ky = 1 — 202C,,

el T === large degeneracy in total cross-section:

0.02] coefficients not determined in general

| B

0.00

CHXV2

-002f |
|

—004k

—0.06F o "9'iiffjii::t:ﬁj;iffff"f{"i:;#x \/? =10TeV A
0.0 0.5 1.0

Ce XV 23




“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

+ Two dim. 6 operators:

Os

, 3

1
Op ==

2 (a,u‘H|2)2

= -\ H|°

Ky = 1 —v2Cy/2 kyw = 1 — 2v2Cy

large degeneracy Iin total cross-section:
coefficients not determined in general

On also affects all single Higgs

couplings universally:

Ky, =1-vCyl2

ChH can be constrained from Higgs
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S NN \ \\\
L b /// f \\\:\ )\
. S U
002} \
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L / 7 \
Y A
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/ : /é/ \ \ ‘ \‘
0.00 / -
(\]> B // /'/
T -/ ,‘"/“ J/
Q ‘ﬁ ‘j’ / "
-0.02F /' /|
[ /
L [ Yy
\“ “ ‘\ “ /;/ /
[ \ ‘\ \ “‘ /;/ ,//,/’/
| i\ /4
i “‘\‘\\ / (£ //é/
—004F //// y
| ‘\ A\ % // g4
\;\\\\ N \\\\ /////{ ,/
\\\\\ W /;/
—-0.06} — s =10TeV
1 1 1 1 1 1 1 1
0.0 0.5 1.0

couplings Ak, ~ Cyv* S few x 1073
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+ Higgs physics doesn’t mean just couplings. There’s much more
information in the energy dependence of the interactions! (form factors)

V

e

<>

V

Oy~ 1/A ~ /w proton
~ 2
Feu(q) @ Fem(q7)

Higgs

+ NP effects are more important at high energies (~ high-pT tails at LHC)

Events

Precision

0

1 2 3 4 B

- EFT description
4 breaks down here

<€

Energy [TeV] <« > >

SM measurements  High energy (indirect) probes direct searches o



“Double Higgs at high-mass~

+ NP contribution from O (equivalently kyy, kyyy) grows as E2:
high mass tail gives a direct measurement of Cy > / .
On = % (au|H|2)2
High-energy WW — hh more sensitive than >
Higgs pole physics at energies = 10 TeV \\

utu~ — hhoo

100F

50}

LAY
I
Events

20+

10}

Ecm [TeV]

0 1 2 3 4 s
Mhh [TeV]

(see also Contino et al. 1309.7038)

1 2 5 10 20 50 100 200
£ [ab!]

S/B low-precision measurement
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+ Higgs & EWSB physics «— Ew precision measurements

2 r . a U aj - D
6, = (H'D'H) Ow= (H'6*D'H) D'W{, | sin” Oy
6y = (H'D'H) 0B,
_ _ r
> —
%80.38} 0
ER
o arl + FCC-ee: 6 x 1012 Z bosons
- ultimate precision at the Z pole,
80.36—
- limited by syst. and th. errors
80.35 - —— FCC-ee (Z pole)
B —— FCC-ee (Direct)
: ---- LHC (Future) A m‘%V
80'345_ EiiéNﬁgszm AS ~ —2 5 few X 10_5
: —— Standard Model M NP
60.33 L N TR R SRR RS
170 172 174 176 1ZTE]3 (GeV)
P m—)  Myp 2 12TeV
Current | HL-LHC ILCy5 CEPC | FCC-ee CLICsg
(& ILCy;) (& CLICy,)
S 0.13 0.053 0.012 0.009 0.0068 | 0.0038 | 0.032 0.011
T 0.08 0.041 0.014 0.013 0.0072 | 0.0022 | 0.023 0.012 26




+ 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%
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",::Qhallenges

+ Precision measurements need to be matched with theory predictions
of comparable precision

AS<107° — NNLO EW corrections required

+ Already now, huge rates of b, ¢ hadrons at LHC not always reflected in
improvement of physics reach, due to QCD
(e.g. hadronic channels, Ve puzzle in semi-leptonic decays, K and D mixing, ...)

+ High rate measurements eventually limited by systematics

+ Why 1012 Z bosons?
Lepton asymmetries: N, ... =N, XBR(Z - /") x A, ~3x107*N,
—> N, ~ 10!'? for 104 precision

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

29



EW precision at high-energy .~ <

1
+ NP effects are more important at high energies & = Zq,+ ~ Z C.O.

“‘ EFT description
% breaks down here

Events

Y eiesiadel W PRS1 1 1

0 1 2 3 4 5

Precision —<— Energy [TeV] <€ > >
SM measurements direct searches

High energy (indirect) probes

Ao(E) E? 10°%, E ~ 100GeV
osm(E)  Adgy 1072, E~10TeV

X

+ Effective at LHC, FCC-hh, CLIC: “energy helps accuracy”...

Farina et al. 1609.08157, Franceschini et al. 1712.01310, ...

... taken to the extreme at a p-collider with 10’s of TeV!
30



E., [TeV]

+ Longitudinal 2 — 2 scattering amplitudes at high energy:

100.

VH

T - WWL

¢~ > ZH

Determined by the same two
operators that affect also EWPT
(in flavor-universal theories):

ig ]L01,<_> VX G
Ow =+ (H'o"D'H ) D"Wj,

Op = Zg (HTD“H> 9B

related with Z-pole observables

A

S = mi(Cy + Cp)

LEP: 1073, FCC: few 10~ MuC: 107°

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

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

, 5

X
can be WIMP dark matter if M ~ few TeV

w see talk by R. Franceschini

' 4
100! | 2
i | Voo 10-Tw [ LTV s 2
i FCC-hh 10ab~!1 W 10 X Y n- X l/n
- i e DM
10 ¢ E 2
; z > 1 TeV ) 4
S : Y~ 107" X nl/n
2 1 . Mpm
3 - -~
= :
0.10¢ right of blue line: can be tested indirectly
001} o - > left of blue line: can be tested directly
-Franceschini, Zhao 2212.11900 N

5 10 50 100
Eem [TeV]
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High—energy probes: EW & 'Higgs physics

+ 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

+ Example: new physics with mass m, and coupling gx

Composite Higgs, 20

33

12

m Comp. Top (¢, = &)

mm Universal CH

S/ 10 TeV
;' 95% CL
AN
SR
P T T
20 40 60 80 100
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+ A similar strategy can be used at a high-energy hadron collider

2

0.500

28/

0.100

0.050

[TeV~2]

3.0 . ;
. 1609.08157
+ pp — ¢, v constrains W, Y parameters .l
LHC 13 100 TeV o
luminosity | 0.3ab™* | 3ab~'| 10ab™* |
NC | Wx10* | +1.5 +0.8 | +0.04 315
Yx10* | £2.3 +1.2 | +0.06 |
CC | Wx10* | 0.7 | +0.45 | +0.02 ! %
1609.08157 j r =CC-100: pp-Vo-/"I"]
0.5 l:ccfw.oo:vi/1
+ pp — Vh, VV constrains Cw, Cg ] =0 ey
0.0 ammep=="——T ! L
(related to S parameter) 1712.01310 10 % Minfgv 10
Ny ~ \«S}If q /, VL,H
\\ \\00
S \\\ \{{OO 7/ 4
\\U N \‘l%é’ N \
% Sy~ 28 ' \
Vst <% \
g NV H

(3)
aq

0.010

0.005

— 14 TeV 3/al
— 27 TeV 10/ab
— 100 TeV 20/ab

0.5 1

M [TeV]

10

+ Strong PDF suppression at
high pT: lower reach
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~Challenges/opportunities

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,

w- \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

wm- Could one define EW jets? Neutrino “jet tagging”?
35



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 to precision measurements:

High rate High energy

2 30T 4
Energy [TeV]

“Near” future: flavor physics, Higgs physics at %, high-pT LHC.
Scales of few TeV, EW particles below few 100 GeV
e+e- factory: Higgs physics at 10-3, EW physics at 10-5, flavor.
Scales > 10 TeV, EW particles at few TeV
Ultimate goal: collide elementary particles at the 10+ TeV energy frontier.
WW factory: Higgs physics at 10-3, Higgs self-coupling.
High-energy: EWPT at 10-7, i.e. scales > 100 TeV. EW particles at 10+ TeV
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. /e TR 4
“The importance of-precision measttrements

- -

| CEPC

__ — FCG-hh
| | .
2020 2030 2040 205C oo ogticOlICErTord

The next 25+ years of particle physics will (mostly) be precision physics!

Several examples of great indirect discoveries in the past: .

+ K. — pp branching ratio, K-K oscillations: prediction of charm mass

Glashow, lliopoulos, Maiani 1970 Lee, Gaillard 1974

W Kobayashi, Maskawa 1973
+ e+e- scattering below the EW scale: prediction of W, Z masses
early 1980’s
D + Frequency of B-B oscillations: prediction of large top mass
H late 1980’s
+ ElectroWeak Precision Tests: prediction of Higgs mass

+ CPVin K system: existence of 3rd generation

37 late 1990’s






Oharm physics @ LH Cb \' :

B

Huge sample of charmed mesons, will allow first precise measurement of

CPV in D system.

Needs big advancement in theory understanding to extract NP [imit

(situation similar to K — zx)

0.0003 -
—  LHCb Ay (KK)
LHCD LHCb Arp(7n)
0.0002 |
0.0001 |
S0,
=5 0.0000 |
<
R,
<
~0.0001 3
0
Q
I
~0.0002 | —
|
o |
—0.0003 ' -
—0.0002 —0.0001 0.0000 0.0001

nd

acp

0.0002



H‘igh—energy di-bosons

+ Cw and Cg determined from high-energy u+u- — ZH, W+W- cross-sections
10 TeV )2[

Cuzn ~ 122 ab ( 1 +#E2 Cy + #Eg‘mCVZV] w Limits on Cwp scale as E2

cm

B, Franceschini, Wulzer 2012.11555
0.00757 differential WW 10TevV| + Fully differential WW cross-section

In scattering and decay angles:
can exploit the interference with

transverse polarization amplitude

~ total ZH

—0.01007 -0

—-0.04
-0.04 -0.03 -0.02 -0.01 0.00 0.01

~0.0125- e 7o

~0.010 -0.005  0.000 0.005
CB-TeV2
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High—energy di-bosons

+ Cw and Cg determined from high-energy u+u- — ZH, W+W- cross-sections
10 TeV )2[

Cpumszr 122 ab ( 1 +#E2 Cy + #Ejmch] w Limits on Cwp scale as E2

cm

B, Franceschini, Wulzer 2012.11555

0.00751 differential WW 10TevV | *+ Gauge boson radiation important
000501 at high energies: soft W emission
o WWh llows t the charged
~ _0.0025 processes ¢ v — W*Z, W*H
=
G ~0.0050
) total ZH
~0.00751 u
~0.0100] o
_0.0125_ _0-0_40.04 -0.03 _OIOZCB._?—f\}Z 0.00 0.01 V k independent
~0.010 -0.005 0.000  0.005 measurement of GaL
Cg ' TeV?
50 ¢ H W
need to properly include higher-order effects “effective neutrino approximation”

inclusive observables, resummation, ...
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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




“Degeneracy: invisible Higgs’search=;

+ (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

P. Li, Z. Liu, K. Lyu 2401.08756

+ cross-section ~ 10x lower than WW

+ needs forward muon detection!

s =Py + P +P)’

Delphes

do/dn(p)[pb]

> A
+ \‘Z\
n<4 n<6
+0.64 +0.10
Brin (%)
0 0
N +27 +2.0
Br.llll)lt(} ( %)
0 0
+34 +2.1
ki (V0)
—0.45 —0.41

-10 -8 -




,/". . “ , .(&(\‘ )
“Invisible-Higgs @ muon.collider = >

+ Invisible BSM Higgs Branching Ratio can be one of the

contributions to total width I'. 0
po g Z

+ (Can also be studied in ZZ-fusion: X

10-3 sensitivity if we can detect muons pt —— \Z\

_|_
7
>
at M= S Ruhdorfer, Salvioni, Wulzer 2303.14202
Forslund, Meade 2308.02633 O™ [rad]
0 0.099 0.013 0.0018

-l T """ T """ "I~ " [T+ 1 - ' ' ]
~ 10 = 2E, =10 TeV : Sees=01% + 6re = 10%
D) N, [ 1
o 10 2§ _ o 0.100¢ Solid: 65 10°, p15 20 GeV
8 ,f “f’h | S : Dashed: 8> 5°, p; >20 GeV
— 10 _j“—'—w:HT pruff iy Ww %50010 Dotted;9>10°,pL>SOGeV_;
% 1074, i o
=) 10_5; | - 0.001} oyttt
3 _I_ E r BAS — _4[2E;=10TeV, 10 ab™'

o 10"
0O 100 200 300 400 500 600 3 4 5 6 7

MIM [G CV] I]Elax 44
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p 6 T _ 'A‘ 73
"Higgs couplings-atmuaoh cellider>-<;

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

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

+ Slngle Higgs Ui | = MuC@3 TeV wolwi HL-LHC :
COUpllngS m MuC@10 TeV wo/wi HL-LHC i
10- 1 | ~ e'e” @240+360 GeV wo/wi HL-LHC i |
Ccan more ; = MuC@10 TeV+e*e +HL-LHC :
: S B . |
easily be E | | :
. D el = | 2 !
studied at = R B f i - =5
[c] ; | = . :
ete- factory! ° | 1 B l
(most likely B EER R i |
before a uC!)

Ke Ky Kw K¢ Kz KY Rﬁ?v/ BRﬁﬁt/ K|.-.
P Li, Z. Liu, K. Lyu 2401.08756
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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 ;¢ [°] 46



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 47
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. ~ “ - ¥ 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



“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

49



“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,
| W 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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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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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 NP ____"'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] 51



If new physics is light enough (i.e. weakly coupled), a Muon Collider can

directly produce the new particles

If new physics is heavy: EFT!

One dim. 6 operator contributes at tree-level: ¢

3_2=

C

ey =
S H

w direct searches: model-dependent

Capdevilla et al. 2006.16277

o,ep) eF" +h.c.

— At low energy

4mv

Aaﬂ

B (140Tev>2
Cp ®3X1077 X C
A 7

Dipole operator generates both Aay and pyy — hy

— At high energy
-l s 0r(5hs) (s
O, +,——hy — ~ U./a
AT Y. 30TeV/ \3x 10-9
\/E 4, Aa, 2
Nhy=0-3z<1OTV> (3><109> need E > 10 TeV
- —

52




95% CL limit on Aa,,

53

Exp. value of Aa, can

' be tested at 95% CL
) / at a 30 TeV collider!
a, exp. average /

(with reasonable assumptions

on detector performance)

This result is completely
model-independent!

10-8
\\ // ]
\
10—9 ]
utu~ - Zh
10—10 1 L L L 1 L L L L 1 L L L L L L L
0 10 20 30 40
Vs [TeV]

Other operators enter g-2 at 1 loop:

a, ~

U

250 TeV \’ o _Cn_ G _Cu
A2 75 1000 20

Full set of operators with A 2 100 TeV

can be probed at a high-energy
muon collider

)

B, Paradisi 2012.02769

Collider —
q

lq
C%




"“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!
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