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Ultimate Accelerator.

Drawn by Fermi in the '50
to reach 3 TeV.

The manifesto of HEP!
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HEP before the LHC HEP before the F.C.

~___SUSY, etc.

Particle physics is not validation anymore, rather it
Is exploration of unknown territories *

* Not necessarily a bad thing. Columbus left for his trip just
because he had no idea of where he was going !!
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|deology

No single experiment can explore all directions at once.
None can guarantee discoveries.

The next big FC will exist only if capable to explore many
directions, and be conclusive on some of those




Naturalness

“Ism gUnnatural?” — “Ism gUnpredictable?”

> UV Contribution
Asm 00
[ o [T
0 Asm

. . om2 126 GeV\° [/ Asmy  \°
. > H
Fine Tuning: A > — < ) (500(}6\/)

mp

Measures how much Unpredictable m g is.
Unnaturalness is a challenge to Reductionism

Dramatic paradigm shift. E.g. Anthropic or Dynamical
[more in backup]
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— om3 M 500 GeV
LHC may push conventional Natural models to

Still Naturalness might be there in the form of:
Partial Unnaturalness Neutral Naturalness

A ~ 100 A ~ few A ~ 5 TeV

Agv ~ 5 TeV A< 1 TeV

Need 5 TeV reach on ordinary Top Partners



Naturalness

Ao OmE_ (126GeV 7/ Asm \°
— om3 M 500 GeV
LHC may push conventional Natural models to

Still Naturalness might be there in the form of:
Partial Unnaturalness Neutral Naturalness

A ~ 100 A ~ few A ~ 5 TeV

Agv ~ 5 TeV A< 1 TeV

Need 5 TeV reach on ordinary Top Partners
Still, the higher the reach, the better
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Dark Matter

[For recent lectures, see e.g. arXiv:1603.03797]

Thermal Freeze-Out is the simplest explanation of DM.

All you need is:

A nearly stable BSM particle (t>tu~1010yrs)
- Charge and color neutral

- With annihilation cross-section o(DM DM — all)~1 pb
Basic idea: DM gets too rare to annihilate, so it remains at T below its mass

WIMP* is the simplest Thermal Freeze-Out scenario.
No new force required, annihilation through Weak Force;

9_22L1b650(}e\/2
™~ \an) w2 P M

Range barely probed by LHC, naively excluded by Direct Detection
[even if there are caveats, e.g. Higgsino DM @ 1TeV still OK]

“Here | mean thermal relics with annihilation due to SM Weak Force



Minimal Dark Matter

[arXiv:hep-ph/0512090, arXiv:1512.05353]

However, WIMP can have tens of TeV mass:
g2\ 1 o (630 GeV :
" \an ) 2 TP M

Large n-plet of SU(2) *

gy (3—4n? +n*) +16 Y9y + 8¢5g-Y?(n* — 1)
64m M? gy

if X is a scalar

(oAV) ~

> (2n* +17n? — 19) +4Y? g5 (41 + 8Y?) + 169397 Y?*(n* — 1
(TAV) ga (21" + 17n )+ 98 S\JQJF ) + 16g39yY"(n” — 1) if X' is a fermion.
m 9x

Larger charge requires larger mass to keep o right.
Subtle effects like Sommerfeld further raise M



Minimal Dark Matter

[arXiv:hep-ph/0512090, arXiv:1512.05353]

Minimal DM is a very appealing possibility:
- Large multiplets make DM Accidentally Stable (no decay at ren. level)
 Large multiplets preserve SM Accidental Symmetries (e.g., stable prot.)
- Easily evades DD because of inelastic scattering (automatic if Q=Y=0)

X M)((DM) [TGV] T | | R A AR |
(17 3, G)CS 1.5 0.15:-

(1,3,6)[)1: 2.0 ) ; 3 0.1188 + 20 5
(1,3,0)1\/@% 3.0 :5010— Il é; é
(17 57 6)CS,DF 0.6 | i‘ ;; ] g
(]-7 57 O)MF%@K 96 0.05 g'% g ?;— g
(17 77 6)CS,DF 16 — gg z? é ?;3

opo 28— &8 = ..., Q]
0 5 10 15

DM mass in TeV

EW-produced @colliders. Seen in mono-V or stub-tracks



EW Baryogenesis

[see e.qg., arXiv:hep-ph/9901312]

Why there are more baryons than anti-baryons?

This could have happened at the EW phase transition if:

 The transition was strong first order (unlike in SM)
« There is more CP violation that in SM

v
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broken phase
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becomes our world
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[see e.qg., arXiv:hep-ph/9901312]

Why there are more baryons than anti-baryons?

This could have happened at the EW phase transition if:

 The transition was strong first order (unlike in SM)
« There is more CP violation that in SM

Our knowledge of the Higgs sector is so limited that
we cannot tell if this happened!

We say phase transition is strong if: <h>‘;_TC > 1

C

V(h, T>>mw)
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time, or 1/Temperature
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SM quartic A=0.13 more than 2 times larger.



EW Baryogenesis

[see e.qg., arXiv:hep-ph/9901312]

Why there are more baryons than anti-baryons?

This could have happened at the EW phase transition if:

 The transition was strong first order (unlike in SM)
« There is more CP violation that in SM

Our knowledge of the Higgs sector is so limited that
we cannot tell if this happened!

We say phase transition is strong if: <h>‘;_TC > 1

<h>‘T:TC B 810_3
T. A

A very rough estimate [SM thermal eff. only]:

SM quartic A=0.13 more than 2 times larger.

Needs BSM states coupled to Higgs. Since Higgs
potential modified, connection with trilinear Higgs.



EW Baryogenesis

A benchmark scenario is the scalar singlet: [arxiv:1606.09408 + ref.s)

2
_ 2 (gt f 1 (it
V(H,S) = —pu (H H) +)\(H H) + 5 (H H)S
b bigs, ba
2 3 4
Also benchmark for other BSM [see arXiv:1807.04743 + ref.s]

+%(HTH)SQ+ 24 3g3 4 Mgt



EW Baryogenesis

A benchmark scenario is the scalar singlet: [arxiv:1606.09408 + ref.s)

2
oot f (gt
V(H,S) = —p* (H'H) + A (H'H) + . (H'H) S
b biga , b
2 3 4
Also benchmark for other BSM [see arXiv:1807.04743 + ref.g]

+%(HTH)S2+ 24 3g3 4 Mgt

Signatures are WW>SS (or S) and modified couplings.

> Modified H 3-linear (FCC reach)
> SS production (FCC reach)

Nonperturbative Ag required to avoid |
negative runaways (tree—level)

200 400 600 800 1000
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* Guaranteed outcome
e Indirect BSM (reach above collider threshold)
e Characterise discoveries



Measurements

The FC must allow for extensive measurements program:
* Guaranteed outcome

e Indirect BSM (reach above collider threshold)
e Characterise discoveries

Higgs couplings are central
lepton collider Higgs XS

Q10
bt Hv_v,
= 10° v Hee T VV-fusion single and double Higgs
107 — channels are huge!
1 TN —> |
. ) - | Due to Effective W emission.
Refs:

S. Dawson Nucl.Phys. B249 (1985) 42-60
refs in arXiv:1807.04743 [application to p-coll.]

| l

PR | S S S P S T
0 10000 20000 30000
(s [GeV]



Measurements

The FC must allow for extensive measurements program:

e Guaranteed outcome
e Indirect BSM (reach above collider threshold)
e Characterise discoveries

Higgs couplings are central, but there is more

EFT Low-Energy: AO/O ~ mz /A

ﬁd:G * require accuracy: large lumi, low syst. and th. err

High-Energy: AO/O ~ E?/A?

* benefit from high energy and high accuracy
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e Guaranteed outcome
e Indirect BSM (reach above collider threshold)
e Characterise discoveries

Higgs couplings are central, but there is more

EFT Low-Energy: AO/O ~ miyw /A°

ﬁd:G * require accuracy: large lumi, low syst. and th. err

High-Energy: AO/O ~ E?/A?

* benefit from high energy and high accuracy

¥

If high-energy, we can learn already from 1% measur.



Measurements

The FC must allow for extensive measurements program:
* Guaranteed outcome

e Char The Energy and Accuracy Frontier

Energy Frontier:

nggs new particle prod.

Ld: . and th. err
ﬁ
Accuracy Frontier:
indirect BSM tests curacy

If high-energy, we can learn already from 1% measur.
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Higgs This is why LHC can beat LEP EWPT:  [arXiv:1609.08157]
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The FC must allow for extensive measurements program:
* Guaranteed outcome

Higgs This is why LHC can beat LEP EWPT:  [arXiv:1609.08157]

. and th. err

curacy

If high-energy, we can learn already from 1% measur.
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Much better direct reach than hadron colliders !
Lepton coll. operating at energy 4/sL. Hadron coll. operating at energy ./sh.

Cross section for reaction at E~,/s. Cross section for reaction at E.
(e.g., production of BSM with M~,/s) Parton Luminosity suppression
1 . 1 LV drdlL
or(sL) = 5 501 on(E,su) = 5t D7 dr 50

H1 and ZEUS HERA 1+11 PDF Fit
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Muon Colliders

Much better direct reach than hadron colliders !

Lepton coll. operating at energy 4/sL. Hadron coll. operating at energy ./sh.
Cross section for reaction at E~,/s. Cross section for reaction at E.
(e.g., production of BSM with M~/s|) Parton Luminosity suppression
1 . 1 LV drdlL
or(sp) = P 501 on(E,sm) = Sir L%H?E 50

Find equivalent /su for Had. Coll. have same cross-section as Lep. Coll.
for reactions at E~/s.. Use that |37] is nearly constant in T.

QCD-coloured BSM can easily
have much larger partonic XS.

Comparison even more favourable
for QCD-neutral BSM

500 |

VSH [TeV]
3
S |
|
]
1

-+ 14 TeV p-collider nearly as good
as the FCC at 100 TeV?

20




Muon Colliders

Plenty of examples can be made to refine the claim
Fermionic top partners in Composite Higgs:

S 10 - | | | | | | T '_:
% E LHC, {s=13 TeV —— pcoll, (s=18TeV =
N —— ncoll, 's=12TeV _
1 LHC, {s=30 TeV ucoll, (s=6TeV __|
= —— FCC-hh, {s=100TeV  —— pcoll, \s =2.4*M, =
107 £ E
107 & E
ol 1 Estimated reach
| ofthe FCC-hh
10_4 — ] llllllllll \ I 1 | - 1 I 1 | - | 1 | - 1 I 1 | 1 l 1 1 i — T
1 2 3 4 S 6 7 8 9F :
M, [TeV]

Analogous results for SUSY Stops/Squarks.
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Plenty of examples can be made to refine the claim
Fermionic top partners in Composite Higgs:

S 10 & I I I I I I B
% E LHC, {s=13 TeV —— ucoll, Vs =18 TeV E
N —— ncoll, 's=12TeV _
s L — LHC, {s=30 TeV wcol, (s=6TeV __
= —— FCC-hh, {s=100TeV  —— pcoll, \s =2.4*M, =
107" 2 =
= 10 TeV e
- Opereeosats Ot -
1072 = \/g =
ol 1 Estimated reach
| of the FCC-hh
10_4 — ] llllllllll \ I 1 | - 1 1 | - | 1 | - 1 1 1 1 1 l 1 1 i — T

1 2 3 4 5 6 7 8 OF
M, [TeV]

Analogous results for SUSY Stops/Squarks.
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The muon collider must:

0) Reach interesting energies:
10 TeV >> LHC; 14 TeV ~ FCC-hh; 30 TeV = amazing

1) Run for a reasonable time: 103%4cm-2s-1 = 500fb-1/(5yrs)
“reasonable” for FC means 5yrs. Much less than other projects!

2) Pair produce more than 100 EW particles:

sufficient to probe “easy” decay modes (e.g., for top partners/stops)

10 TeV Vs o\’
N =400 * L 10%*em s
5 ( NE ) 1034cm—2s—1 71 4yrs (1OTeV) o

3) Measure SM cross-sections: 1% needs N=10000
simple estimate for 2 - 2, but what about WW scattering, HH prod?

2
3 V'S 35 —2 —1
L >2— 10
yrs <1OTeV> o

4) Probe DM in mono-y/W/Z, EW singlets, L>?




Muon Colliders Requirements Specification

The first “New p-coll.” reach projection:
[arXiv:1807.04743]

P
O NE a5 o 4

> 92 10

- <1OTeV> coy s

4) Probe DM in mono-y/W/Z, EW singlets, L>?




Muon Colliders Requirements Specification

35.00

30.00

FCCee

25.00

Total (100%)
Luminosity

LepJ:QnLQIJidﬂS—'&.uumml)

/
s

uon Collider

/

20.00

103
em2st

15.00

10.00

5.00

s || e CLIC s PWFA sy Muon Collider (MAP) s FCC e

uon Collider

(LEMMA]

4.00 6.00 8.00
C.M. colliding beam energy (TeV)

w=Muon Collider (LEMMA)

10.00 12.00 14.00

+==Muon Collider (in LHC tunnel)

Both MAP and LEMMA
claim they can make it

Low
Emittance
Muon
Muon
Accelerator



Muon Colliders Requirements Specification

But also:
5) Comply with radiation limit from neutrino flux

lower emittance = less v = less radiation
not quite enough. Rolandi’s pipe? [CERN-TIS-RP-IR-98-34]

6) Produce low enough background level
again pointing towards low emittance
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Conclusions

Muon colliders are interesting because of their potentially
extraordinary direct exploration reach.

Higgs pole (see backup) could be a demonstrator, but:

1. Decent physics case only if no other lepton collider is built before

2. Poses significant extra challenges
3. Impossible with LEMMA. On the other hand, LEMMA requires
~45GeV=mz/2 high intensity positron beam ...

Can we dream of it? If we can, long ToDo list:
* Reach on pair-produced EW particles with “easy” decay mode
e EW particles with “invisible” (or long-lived) products: Minimal DM
« WW>whatever (eg., SS)
* Higgs couplings (beam background assessment crucial)
e Energy and Accuracy in SM measurements (ff, VV, VBS)
* ... new ideas!



Conclusions

Muon collider: Dream or Reality??



Backup

Result of the coupling (a.k.a. k) fit

a2 Comparison™ with other lepton colliders at the EW scale (up to 380 GeV)

13 u Coll ILC,, CLIC, LEP3,,, | CEPC,, | FCC-ee, [ FCC-ee,
Years 6 15 5 6 7 3 +4
Lumi (ab™) 0.005 2 0.5 3 5 5 +1.5
dmy, (MeV) 0.1 t.b.a. 110 10 5 7 6
oIy, /T (%) 6.1 3.8 6.3 3.7 2.6 2.8 1.6
89, / Gy (%0) 3.8 1.8 2.8 1.8 1.3 1.4 0.70
89w/ Guw (%) 3.9 1.7 1.3 1.7 1.2 1.3 0.47
39,/ 9y (%) 6.2 1.9 4.2 1.9 1.4 1.4 0.82
89y, / 9y, (%) n.a. 6.4 n.a. 6.1 4.7 4.7 4.2
894, [ Gy (%) 3.6 13 n.a. 12 6.2 9.6 8.6
89,47/ 944, (%0) n.a. 0.35 0.80 0.32 0.25 0.25 0.22
89,/ 9y (%) n.a. 2.3 6.8 2.3 1.8 1.8 1.2
BgHg/gHg(%) n.a. 2.2 3.8 2.1 1.4 « 1y 1.0
Brinvis (%0)gc00cL SM <0.3 <0.6 <0.5 <0.15 <0.3 <0.25
BRexo (%0)gc00cL - <1.8 <3.0 <1.6 <1.2 <1.2 <1.1

Patrick Janot

18 Nov 2015

Alain Blondel Experiments at muon colliders CERN 2015-11-18

Higgs properties @ Circular Lepton Colliders

1 June 2018

Green = best
Red = worst

12
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Backup

u-coll s-channel Higgs: arXiv:hep-ph/9504330

70
60
50
40
30
20
10
0

N

S. Jadach, R.A. Kycia
arXiV:1509.02406

,/_

A @)

Born

(1): with ISR

(2): OE/E = 3x10°5
(3): OE/E = 6x10°5

R

SN,

L ——]

Vs (GeV)

— 1 0 o oawlw y y y
125.69 125.695 125.7 125.705 125.71



Backup

e+ beam target Beam with e*and urw

I

Ideally muons will copy the positron beam

Low emittance p from e+ on target
[Antonelli, Boscolo, di Nardo, Raimondi, 2016]

® avoids cooling
e few circulating p == little radiological hazard and machine bckg.

/_- e+ injector

Chal Ienges: Positron ring
* e+ source (embedded?) recelerating
e target breakdown | complex

e top up Mmuons?

u+ accumulator
u- accumulator

W 60 misochronous rings



Backup

Radiological Hazard

106 ;' | I I I I I T T T T ! ' .E
5 | Qo e
10 ; (o)
i o "
Vv > : .%\(\xs"'c p on target
n ' S‘('&\ pe t 1
o+ | 4 a oz
T.‘.": 0 o ¢ y 1
L F -
0 o «,
3 103 | el 1lmS/y<
g o v 3
_}é / i
S ° # e* on target
TJ 10 : " S .; c x 10) j
< 1ot L i o
B 2 6 B8 10

Collider energy (TeV)

Mg. 1. Dose equivalent due to neutrino radiation at
3€ km distance (collider at 100 m depth)

Helicoidal Orbits??
Rolandi’s pipe??
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What if Un-Natural?

(Un-)Naturalness discovery has profound implications

Crucial to make our best with LHC phenomenology and model building.
Any loophole? [Twin Higgs, Folded SUSY, compressed spectra ...]

If Un-Natural,m has no microscopic origin (e.g9. # G 5).

It could:
* be a fundamental input par. of the Final Theory
* have environmental anthropic origin
- have dynamical (set by time evolution) origin
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What if Un-Natural?

Environmental is a parameter whose value is
dictated by external conditions

Example is gravity of Earth g = 9.81m/s. Fundamental
input parameter of the theory of Ballistics.

Set by Earth mass and radius. Different on other planets.

Higgs mass depends on the vacuum
where we live.

Not quite like g. Vacua are causally
disconnected. Cannot go there and
check.

Landscape of vacua
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What if Un-Natural?

Environmental is a parameter whose value is
dictated by external conditions

Environment in itself not a solution: why my < Ag\?

Becomes solution only with anthropic selection:
E.g., why 15°C is the average temperature of earth?

We live where we can. There might be
upper bound on my for us to exist.

Landscape distribution peaks at Aswm, but
has a tail. Likely to live close to the upper

bound.

Landscape of vacua



What if Un-Natural?

Environmental is a parameter whose value is
dictated by external conditions

Environment in itself not a solution: why my < Ag\?

Becomes solution only with anthropic selection:
E.g., why 15°C is the average temperature of earth?

Successful Weinberg prediction of the
Cosmological Constant:

For galaxies to form, it must be:
Ace. < (few - 107%eV)* ~ 10712 M5

Observed value:
Ace >~ (2- 10_36V)4

Landscape of vacua
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[Graham, Kaplan, Rajendran, 2015]

Dynamical is a parameter whose value is set by
time evolution.

Recent proposal: Relaxion

Field-dependent Higgs mass Proportional to Higgs VEV
(—M? + go)|h|* + (gM?¢p + g°¢° + -+ ) + A cos(¢/ f)

V()
@ Field rolls during Inflation.

N

Stops right after m?; < 0.
s Because of the cos term.

iy
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[Graham, Kaplan, Rajendran, 2015]

Dynamical is a parameter whose value is set by
time evolution.

Recent proposal: Relaxion

Field-dependent Higgs mass Proportional to Higgs VEV
(—M? + go)|h|* + (9M?¢ + g*¢” + -+ ) 4+ A% cos(¢/ )
V(9)
@ Field rolls during Inflation.

N

Stops right after m?; < 0.
s Because of the cos term.

Viability of large field excursion
requires ad hoc mechanism like

Clockwork [Kaplan, Rattazzi
& Choi, Kim, Yun]

iy



What if Un-Natural?

One can like/believe these radical speculations or not.

One can argue that they involve too much complexity to
produce a concrete BSM scenario.

One can hope in UV physics “obeying different rules”,
nullifying Naturalness problem, but concretely what?

All this shows the dramatic impact Un-Naturalness
discovery is having on our field.



