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Diverse Tools

FCC-ee + hh

largely inspired by the LEP+LHC “recipe”

“stand-alone” physics case of each energy stage
synergy between energy stages

dedicated high-intensity stages of ¢ "e¢  runs
“final” stage of hadron collisions for “exploration”

“high-lumi” hadron stage can also do some precision,
iIncluding through high-energy precision
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High energy muon collider

A lepton collider, but a completely new breed (not LEP-like)
“stand-alone” physics case of each energy stage

synergy between energy stages

high-intensity and high-pT physics pursued in the same run

high energy leads to interesting “partons” collision (e.g.

WW — h)
naturally inclined toward highest energies (tens of TeV)

high-energy precision can be a more than adequate substitute
for pole precision
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High energy muon collhider

Stages at several TeV: e.g. 3 TeV and 10 TeV

events

possibility to foresee higher energy runs, e.g. 30 TeV
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tens of thousands of new physics states

millions of top quarks and Higgs bosons, billions of vector

bosons, ... ("multiplex” factory)
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High energy muon collhider

Stages at several TeV: e.g. 3 TeV and 10 TeV

possibility to foresee higher energy runs, e.g. 30 TeV
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Diverse Tools

FCC-ee + hh High energy muon collider
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Common problems
and solutions




lopquark couplings



Joint-ventures on the Yukawa of the top quark

SCAKSNAMGION
NLO

1507.08169

H—40 | H—=~y | H—202v | H— bb
2.6-10* | 4.6-10° | 2.0-10° | 1.2-108

Table 6: ttH event rates for various Higgs decay modes, with 20 ab™! at 100 TeV, assuming
tt — fv+jets. Here and for Higgs decays, ¢ can be either an electron or a muon.
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Joint-ventures on the Yukawa of the top quark

FCC-¢ee provides an input to the next machine that can
produce lots of /1 but suffers uncertainty (on absolute rate)

Complementarity by providing precise inputs, whose poor knowledge
would spoil a future measurement
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Jomt-ventures on the Yukawa of the top quark ..........

N
.
N

Same need for inputs on other couplings, thus can benefit from inputs from FCC-¢e¢

or a_global fit at the u collider (if sufficiently precise)

The same muon collider that acts as “top factory” can also test directly the
existence of new states responsible for the deviations in the couplings

same machine can perform
complementary direct and indirect tests of BSM
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Joint-ventures on the Yukawa of the top quark
£

2203.07256%

up 30 TeV

10|

up 14 TeV

MZJ [TGV]

up 10 TeV
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Joint-ventures on the Yukawa of the top quark
t

Complementarity: results from the “next” machines can feed-back in the assumptions on the
precision studies of the “previous” machine. At 1 “next” and “previous” happen synchronously.

Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/



Joint-ventures on the Yukawa of the top quark
t

w FCC 100 TeV
meen FCC 100 TeV bb
FCC 100 TeV 71
V1 LHC 14 TeV tt
=1 LHC 14 TeV bb

= 2]/102.08386, 1605.08744

------- unu30 TeV
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> | ———— 10 TeV
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Complementarity: results from the “next” machines can feed-back in the assumptions on the
precision studies of the “previous” machine. At 1 “next” and “previous” happen synchronously.
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Joint-ventures on the Yukawa of the top quark
t
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Complementarity: results from the “next” machines can feed-back in the assumptions on the
precision studies of the “previous” machine. At 1 “next” and “previous” happen synchronously.
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Joint-ventures on the Yukawa of the top quark
t
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Complementarity: results from the “next” machines can feed-back in the assumptions on the
precision studies of the “previous” machine. At 1 “next” and “previous” happen synchronously.
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Joint-ventures on the Yukawa of the top quark
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Complementarity: results from the “next” machines can feed-back in the assumptions on the

precision studies of the “previous” machine. At 1 “next” and “previous” happen synchronously.
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Joint-ventures on the Yukawa of the top quark

10-2
pp 100 TeV, 30 ab~!
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Complementarity: results from the “next” machines can feed-back in the assumptions on the
precision studies of the “previous” machine. At 1 “next” and “previous” happen synchronously.
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EFT benefits of mulaple probes

ENERGY DEPENDENCE

1807.02121
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* contact interactions give energy-dependent effects
* measurements at different energies test/disentangle EFT
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some effects can also be seen in energy-independent
effects where the high-intensity machine FCC-ee 350 can

provide input earlier than pu reaches O(106) tf at 30 TeV




EFT benefits of high-energy probes
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Higgs EF1(s)
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Hadron collider famous as gluon smashers

s = 14 TeV
- % = 0(10° h

* large number of Higgs bosons!

FURTHER OPPORTUNITIES
* ultra-rare Higgs decays
» differential distribution

* off-shell Higgs bosons
* rare production modes
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0 o

s = 100 TeV
< = 010" h

large numlber of Higgs bosons!

FURTHER OPPORTUNITIES

* ultra-rare Higgs decays
» differential distribution

* off-shell Higgs bosons
* rare production modes
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0 o

s = 100 TeV
< = 010" h

large numlber of Higgs bosons!

FURTHER OPPORTUNITIES

* ultra-rare Higgs decays
» differential distribution

* off-shell Higgs bosons
* rare production modes




pp > h+ X

. FUTURE
100 TeV: 100 X Higgs compared to HL-LHC O COLLIDER




106 HIGGS BOSONS MEGA-HIGGS FACTORY
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At 3 TeV the weak bosons are sufficiently light
that can be radiated very efficiently

c-F = 0(10°h

large numlber of Higgs bosons!

\/§=3T6V

FURTHER OPPORTUNITIES

ultra-rare Higgs decays

differential distribution

off-s
rare

nell Higgs bosons

oroduction modes
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At 30 TeV the weak bosons are sufficiently light
that can be radiated very efficiently

c- % = 0(10° h

large numlber of Higgs bosons!

/s =30TeV

FURTHER OPPORTUNITIES

ultra-rare Higgs decays

differential distribution

off-s
rare

nell Higgs bosons

oroduction modes
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*  Higgs factory at 3 TeV

")
- 10 X Higgs factory at 10 TeV N\

UON Collider

International
- 100 X Higgs factory at 30 TeV /c‘c\nmboration




2209.07510

Summary: Higes@F'C (by couplings)

precision reach on effective Higgs couplings from SMEFT global fit

1 BHL-LHC S2 + LEP/SLD Bl CEPC Z,00/WWg/240GeV g Bl CLIC 380GeV;, > 3Te 1
(combined in all lepton collider scenarios) |l CEPC +360GeV ] ILC/C3 +350GeV; »+500GeV, M CLIC +1.5TeV 5 B MuC 10TeV 4q |
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0.1% coupling precision, sensitivity to new physics at 10 TeV ~ 100 - m,, :
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A concrete case

SM+HEAVY SINGLET

SM SM
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K 0
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A concrete case

SM+HEAVY SINGLET
h125=h0’K+S’ \/ 1 —K2
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T'he size of the Higgs

boson



Eflects of the si1ze of the Higgs boson

STRONGLY INTERACTING HIGGS (AND TOP)
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Eflects of the si1ze of the Higgs boson

STRONGLY INTERACTING HIGGS (AND TOP)
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Eflects of the si1ze of the Higgs boson

STRONGLY INTERACTING HIGGS (AND TOP)
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Eflects of the si1ze of the Higgs boson

STRONGLY INTERACTING HIGGS (AND TOP)
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Eflects of the size of the Higgs boson

STRONGLY INTERACTING HIGGS (AND TOP)

point-like beams

“partons”,radiative processes

contact interactions
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Higgs compositeness

Composite Higgs, 20 Composite Higgs, 20
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H ! . t
UNIQUE AVENUE TO EXPLORE WEAK INTERACTIONS
FAR OFFSHORE FROM THE WEAK SCALE

Composite Higgs, 20 2203.07256
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Higgs BSM decays
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EW PHASE TRANSITION

DRIVEN BY A LIGHT SCALAR

Relation between a, and phase transition

https://indico.cern.ch/event/1149554/

Condition for two degenerate vacua
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EW PHASE TRANSITION

DRIVEN BY A LIGHT SCALAR
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EW PHASE TRANSITION DRIVEN BY A LIGHT SCALAR

» opportunities both for FCC-hh and uu to

contribute new lines on this plot

potential to be sensitive to the entire
region of first order phase transition (only)
by a combination of results from multiple
machines
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Neutrimo mass
models

a wide landscape of possibilities that benefits from muluple approaches
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(LH)(LH) from “the” seesaw

KEY INGREDIENT LEPTON NUMBER BREAKING MAJORANA MASS TERM

- light neutrino masses governed by mixing with
heavy neutrinos and mass of the heavier neutrino
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(LH)(LH) from “the” seesaw

KEY INGREDIENT LEPTON NUMBER BREAKING MAJORANA MASS TERM
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LEPTON NUMBER BREAKING MAJORANA MASS TERM
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(LH)(LH) from one of ““the other™ seesaws
LEPTON NUMBER BREAKING MAJORANA MASS TERM

neutrino masses governed by scalar potential term of
the heavy triplet scalar and mass of the heavy scalar
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(LH)(LH) from one of ““the other” seesaws
LEPTON NUMBER BREAKING MAJORANA MASS TERM
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(LH)(LH) from one of ““the other” seesaws
LEPTON NUMBER BREAKING MAJORANA MASS TERM
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Neutrimo mass mechamsms

NUMBER BREAKING
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lxutrmo MAass mechanlsms

* A wide-open problem that benefits from multiple
angles of attack




Dark matter
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TheChasels Wide Open

The chessboard of DM Is very large!

Coupling with the SM

Large

Q Direct detection

freeze-out
g Q Gravitational-wave physics WIMP
2 new forces

thermal non-thermal

MeV GeV Mass
SIDM ,mDM... (eV)

freeze-in Q

misalignment PBHs

9 9

non-thermal

10—10

only scalars

warm

keV

10—22

N

Tiny

Gravity

High energy colliders are excellent and
very robust probes of WIMPs!

Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/



Diverse Tools

HilL U

|
HL-LHC PR

until late 2040s
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FCC-ee + hh High energy muon collider
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Sc1: no hints of WIMPs at Xenon, might be Higgsino

Sc?: hints of WIMPs at Xenon! little hints on its mass
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Sc1: no hints of WIMPs at Xenon, might be Higgsino

Diverse Tools

Sc2: hints of WIMPs at Xenon! little hints on its mass
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Search for EW matter at

« Xe signal of heavy WIMP opens the chase from 1 TeV to fraction of PeV mass

most solutions to open issues of the SM require new EW particles

Large y mass needs CoM energy!

Weak radiation yield the most
constraining channel “mono-W”
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Searchfor EW matterat

« Xe signal of heavy WIMP opens the chase from 1 TeV to fraction of PeV mass

most solutions to open issues of the SM require new EW particles
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Weak radiation yield the most

|“

constraining channe

Roberto Franceschini - FCC phenomenology workshop -

mono-W”

- 2205.04486 2107.09688 2009.11287

mono —yy

mono —W

1DT| q,

2DT¢

mono —yy

mono —W

1DT| q,

2DTy

mono —yy H

mono -W| =

1DT| q,

2DT¢

mono —yy H

mono —-W| H

1 DT|q,4,

2DT¢

mono —yr |

mono —-Wr H

1 DT
2DT¢

mono —yf i

mono -W| &=

1 DT 1,3,

2DT¢

mono —y HHE

mono —W H H |

1DT| ,

2DT¢

mono —y
mono —W ¢
1 DT+
2DTr¢

[ thermal mass

3TeV [16Tev M 10TeV

M 14TeV MW 30TeV

0 2 4 6

M, @95% [TeV]
July 2023 - https://indico.cern.ch/event/1278845/

8 10 12 14

4.8 TeV Dire

§/ 0 X

O,y (DﬂW”” )?

w

14 TeV Majorana 5-plet excluded at yu 14 TeV

50 -

V

l" 0
c. Mgle

\ : & i
stexcludediau . 4 ! |

\V Dl 3-p
x &
(%]

&
§

- 2212.11900-°_ ,"\
N ’ o\o

Y s 0

: ©) ,,/ /O\@Q

t excluded at uu 6 TeV

~
~
-
~
~
~
-~
-~
-
~

2212.11900
2202.10509

v
~
~
~
~
~
~ ~
~




Searchfor EW matterat

. Potential to probe directly all WIMPs up to \/E 9 f S )
N . /4

* Potential to probe indirectly all WIMPs up to RSO
thermal limit O(100) TeV /‘\UON Collider

7 Collaboration

14 TeV Majorana 5-plet excluded at yu 14 TeV



N
N

—

o(WW) (pb)
o

?

FCCee W-pair threshold

////////////////

\\\\\\\\
////////
\\\\\\\\\\\\\
zzzzzzzzzzzzz

////////////
\\\\\\\

— m,,=80.385 GeV T,=2.085 GeV
[¢2]) m,,=79.385-81.835 GeV, I',,=2.085 GeV
[(©]lm,=80.385 GeV, T,,=1 085 3.085 GeV./

\\\\\

g7
449’
4
\

\\\\\\\\
//////

cross section [pb]

160

oMy S

\(L\\
CCCCC
\\\\(
CCCCCCA
¢CCCCCC
CCCCCC (
(CCCCCCA LCCCCC
CCCCCCH CCCCCCCH
CCCCCCCL ZCCCCCCC
CCCCCCCy (CCC
{CCCCCCCCA 44qqq¢ (Y
4444444y’ 444qqqqqe
(CCCCC CCCCCC
(CCCCC CCCCCCC
CCCCCLAACCCCCCCCC
CCC/CCCCCCCCCC
CCCCCCCCCCC
CCCCCCCCCC
CCCCCCCCC
CCCCCCCCy
CCCCCCCH
q44q
qqq¢
L CCCY
| | |
165

1 MeV

s (GeV)

Threshold Scan Mass Measurement

anomalies in the electroweak fit, hints of electroweak new physics at LHC

O
©

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/

November 2017
T

tt threshold - QQbar_Threshold NNNLO

ISR + FCCee Luminosity Spectrum

— default - m; > 171.5 GeV, T, 1.37 GeV
m, variations + 0.2 GeV

— I, variations + 0.15 GeV

- FCC-ee (Z pole)
- FCC-ee (Direct)

LHC (Future)

LHC (Now)

Z pole (now)EPS + m,
—— Standard Model

.
)|
[

e
N

fitted T'[GeV]
[6)]

-
»

1T 11 ] LI ] || l LI ] Tt I I

o . - . .

1713 1714 1715 1716 1717

Miop (GeV)

s [GeV]

om, S 10 MeV



TheoryChallenges In Both Paths!

Z pole N*LO = learning how to think albout scattering at such high precision

Non perturbative power corrections to QCD jets

fragmentation functions ( e.g for b » B and ¢ » D) high precision measurement, needs matching theory development
(parton showers, universality, ...)

ultra-rare phenomena(l) backgrounds to exotic NP

Threshold computations for W W™ and #7 to exploit total/fiducial rate measurements and further differential
measurements

Weak corrections essential to every process from \/gj =} /SW > 10 TeV

Non-abelian charge exclusive scattering initial state |i) = | T 1) su(2),, N nearly unbroken phase

Weak partons and u PDF's
Electroweak jets at , /s, 2> few TeV
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Theory 1™

STANDARD MODEL “FACTORY”

tth production at the LHC (Fully hadronic) tth production at the muC 100 TeV (F. Maltoni) HH—4b production at a multi-TeV muC
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tth production at the LHC (Fully hadronic)
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M .......... v'and Z,y, W as partons
..... 1 /e

T / 2

Z;sr — hadrons

Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/

weak corrections become
“ordinary”

weak “partons”

large EW logarithms



Conclusions

. dedicated ete™ factory stages prove to be the “easiest” factories to operate (and to interpret) when it
comes to precision measurements (0myy, om,, Om,, . . . )

* high-energy machines (pp or pu) can often probe the microscopic phenomena that motivate the
precision measurements and often surpass it by far (see f, compositeness example, EWPT in SMEFT)

* in many instances the puu collider can play the role of the Ak in finishing the job started by ee with the
bonus of potentially operating in the same years while also contributing as a “multiplex”-factory)

* well motivated scenarios require_inputs from all projects to reach a conclusion
(h — ¢ for ¢ driving EWpt, mechanisms for neutrino mass, ... )

* Interactions between timelines of the projects is highly non-trivial 7'h't

Z Zh it il !
low low low ¢ v lm&
» during the long time from now to the next collider results from outside highest-energy colliders might
give a strong hint of where BSM might lie (e.g. for WIMPs, flavor, GWs, EDMs)

Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/



Thank You!



Flavor

always offers more possiplilities

phenomenology workshop - Ju



G. Isidori — Flavor Physics (@, FCC-ee FCC pheno Workshop — CERN, 5-7 July 2023

Fli4™) University of
ity Zurich™

Flavor Physics FCCee

Brief intro to Flavor Physics (@ FCC-ee

Gino Isidorni

. . = — - _ University of Ziirich
Particle production (10) BY/BY BT/B~ B?/Bg Ap/ Ay cC ThT e : o |
E.g.: (I) LFU tests in tau decays
Belle II 277.5 277.5 n/a n/a 65 45 A. Pich'13
FCC-ee 1000 1000 250 250 550 170 Trowflroe Teow/laoe Tiow/Tioe Tiom/Trore Twon/Twoe
|9u/9e| ~ £.1.0018 (14)3  1.0021 (16)  0.9978 (20) 1.0010 (25) 0.996 (10)
FT_—_)?_{-I:‘F,—)G Fr—nr/rn—m FT—)K/FK—m FW—)T/FW—m
: : /0 L0011 (15)F  0.9062 (27)  0.9858 (70) 1.034 (13)
progress by production of more and more flavored particles § 0 e
— - . F‘r—m rp—)e Tw sy J-j}/}’r—)e
|9/ ge| :;:'i'.oogo (.1.5:)::- 1.031 (135
T A
I_FV h Z 0 N f + f — T R \ W M/ “Model-independent”
: R R 3 :
’ J k ¢ NP expectation from Ipotivated N3P /v " v\ (1)1&2 d 15(&1; egg) !
up to current bounds (i.e. ~ 2x10-7) anomalies
¢ SM theory precision ~ 10 | . N
L — Feruglio, Paradisi, Pattori '16
fl fk (CLFV) ¢ Belle-II can (at most) reach an error ~ 0.3 x 10-3

¢ FCC-ee could go below 104! . .
Unique opportunity !

E.g.: (III) Rare B decays

B and D fragmentation functions measurement

$ matCh | ng theory development (partOn The kinematical configuration with boosted b's and tau's (from Z decays) +

Showe IS ) “clean” environment, gives to the FCC-ee b-physics program a special advantage
e (compared to B-factories & LHC-b) to a series of very interesting rare B decays

[II.a  All decays into tau leptons:

B— K*(K)t'1: BRgy, ~ 107
[Golden modes related to present anomalies — potential huge NP effects]

» BR,, (B — K1t71): < 2x10-3 [Babar]

. o > Belle-II (B — K*t™t): ~ 1 event @ SM rate (with small S/B)
Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/



Flavor Physics At ,u ,u

‘.a-!& 0

Buttazzo - II\/ICC armual meetmg June 2023

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

w direct searches: model-dependent
Capdevilla et al. 2006.16277

directly produce the new particles

+ If new physics is heavy: EFT!

C, _
One dim. 6 operator contributes at tree-level: &, , = Azy H (¢ 0,.ep) eF*™ +h.C.
— At low energy 7
4m,y o [ 140TeV\’ x
Aa, = C,, ~3x1077 X C !
A2 ey A ey 057
(R

Dipole operator generates both Aa, and py — hy

— At high energy

s 16,17 0.7 b( v )2< = >2
O-+—_> — ~ U./a
HH=hr = a8 A4 30TeV/ \3x 109
\/E 4 Aa, 2
Nhy:(y.g%(lOTV) <3><109> need E > 10 TeV
N ~

Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/

95% CL limit on Aa,

<+

<+

[
<
o0

Aa, exp. average /]

Exp. value of Aay can
be tested at 95% CL
at a 30 TeV collider!

T~/ (with reasonable assumptions
00 — on detector performance)
P > cc This result is completely
. ! urum - Zh model—independent!
0 10 20 30 40 B, Paradisi 2012.02769
Vs [TeV]
KL EL Rk
Other operators enter g-2 at 1 loop: x Cer
Y Y
A 250 TeV \’ o _Cn_ Cn Cu o
a,~ | ——— — — — ; ;
# A? v 5 1000 20 lr Cr
Collider
Full set of operators with A = 100 TeV f !
can be probed at a high-energy
muon collider Cr
7n q
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+ Tau magnetic dipole moment: enhanced due to the larger mass
NP 0 BROW  ~ 5 107 BR™ 02X Aa
—TTT7y h—ttt—y T
4v m m? Present bound: Aa, < 1072
Aa_ = 4 ~ 107° L o + MuC: 107 Higgs bosons @ 10 TeV = 5k H — 17y events, 2% precision on SM,
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+ LHC: large number of Higgs bosons, but large backgrounds
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Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/
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Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/
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Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/
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Electroweak phase transition

Modifications of the Higgs potential = Out of Equilibrium transition from one vacuum to a new energetically favorable one
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Roberto Franceschini - Complementarity at FCC and muon collider - https://indico.cern.ch/event/1176398/

Singlet loop makes
V(O,v) deeper



Electroweak phase transition

*  We need to study all possible new states that induce a change
in the Higgs boson potential.

For these new state to have sizable effects in the early Universe
they must be light, around 1 TeV at most.

All searches tor new Higgs bosons (or general electroweak
particles) probe such fundamental 1ssue of the origin of matter
in the early Universe!
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» High-Energy lepton collider has ¢ V(H) ¢ V(H) t V(H) :
large flux of “partonic” W bosons

Singlet tree and loop makes V(0,v) deeper

Roberto Franceschini - Complementarity at FCC and muon collider - https://indico.cern.ch/event/1176398/
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Roberto Franceschini - Complementarity at FCC and muon collider - https://indico.cern.ch/event/1176398/

b
252+

iIndependent parameters
{Mh27 67 Vg, b37 b4}

3

N L

b4

EW phase transition

2 (<I>T<I>> A (CIDTCD) n 5 (qffcb) S
b3

S4

1807.04743, 1910.04170, 2101.10469

strong First Order EW phase transition on all points
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