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Muon colliders: a physics potential overview
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Mudn collider physics potential

A high-energy muon collider is simply a dream machine: allows to probe
unprecedented energy scales, exploring many different directions at once!

Direct searches High-rate High-energy | Muon physics
measurements probes
Pair production, Single Higgs, Di-boson, di-fermion, Lepton Flavor
Resonances, VBF, self coupling, rare and tri-boson, EFT, Universality, b — spy,

Dark Matter, ... exotic Higgs decays, compositeness, ... muon g-2, ...
top quarks, ...

+ Theory input needed: define energy, luminosity and detector
performance goals — physics potential of a multi-TeV muon collider

+ Qreat interest in the theory community:

1807.04743 2005.10289 2008.12204 2012.11555 2102.11292 2104.05720
1901.06150 2006.16277 2009.11287 2101.10334 2103.01617 210/7.09688
2003.13628 2007.14300 2012.02769 2102.08386 2103.14043 etc ...




Mudn collider physics potential

A high-energy muon collider is simply a dream machine: allows to probe
unprecedented energy scales, exploring many different directions at once!

High-rate
measurements

High-energy Muon physics
probes

Di-boson, di-fermion, Lepton Flavor
tri-boson, EFT, Universality, b — spp,
compositeness, ... muon g-2, ...

Direct searches

Pair production,

Single Higgs,
self coupling, rare and
exotic Higgs decays,
top quarks, ...

Resonances, VBF,
Dark Matter, ...

[ N
P —10ab-! x ( Ecm >2 needed to be able to perform
int —

10 TeV measurements with ~ % precision
- Y

everything else is still unknown:
will be determined by technological feasibility & physics goals @l

Synergy between physics, detector, and accelerator
communities particularly important!




Direct searches

<+

<+

events

The most striking advantage of a muon collider is the ability to collide
elementary particles at very high center-of-mass energies
— directly explore physics at 10+ TeV

Produce pairs of EW particles up to kinematical threshold:
no loss of energy due to parton distribution functions!

10TeV pt ™, Ly = 10ab™?

7 Colored particles: 14 TeV pp ~ 100 TeV pp

EW particles: 14 TeV pyy >>> 100 TeV pp

500 - Energy at which opp = oy
S 200}
2
— Colored physics
\; 100 --->£2--—> , PEER
)] : |
50| : |
. I
|
o . 4 . 1 Delahayeetal 2019
M [TeV] 5 10 15 20 25 30

SUSY @u-collider w see Nathaniel's talk



Example: WIMP Dark Matter-*

Weakly Interacting Massive Particle in the purest sense:
most general EW multiplet with DM candidate that is

(a) stable,

(b) without coupling to y & Z,

(c) calculable (perturbative).

Mass can be large: Muon-collider-energies
crucial to probe some candidates!

QDM]’L2
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Example: WIMP Dark Matter-:

+ Weakly Interacting Massive Particle in the purest sense:
most general EW multiplet with DM candidate that is

(a) stable,
(b) without coupling to y & Z,

(c) calculable (perturbative).

+ Mass can be large: Muon-collider-energies
crucial to probe some candidates!

+ Collider searches: mono-y/W/Z signals

double emission (yy, WW) also important

Han et al. 2009.11287

S. Bottaro, M. Costa, L. Vittorio,
B, Franceschini, Panci, Redigolo 2107.09688
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Cirelli, Fornengo, Strumia
hep-ph/0512090
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: formation |
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Majorana 5-plet _E=30TeV, 2‘=‘9(‘)a‘b“1

freeze-out

VY

- Combined missing mass
Disappearing tracks (single) |




Example: WIMP Dark Matter

+ Weakly Interacting Massive Particle in the purest sense: Minimal DM: |
most general EW multiplet with DM candidate that is ﬁgs_”g;ggﬁ%%%’ Stumia
(a) stable, "IMajorana 5-plet [,
0.25f .
(b) without coupling to y & Z, 0_20;_
(c) calculable (perturbative). EEO-“S; ,.

0.10F

+ Mass can be large: Muon-collider-energies

0.05F

w/ bound-state

crucial to probe some candidates! == formation
000 0 2 4 6 8 10 12 14
: _ M, [TeV]
+ Collider searches: mono-y/W/Z signals _
%, % production, W
double emission (yy, WW) also important 3 'd 'u' Colisions | B HL-LHC 95% CLlimit |
+ 10°E\s =10 TeV, 10 ab" MUuC3 95% CL limit
Han et al. 2009.11287 b Theon _
S. Bottaro, M. Costa, L. Vittorio, 0 -:::----:-'-'-'-‘;'.'.:'..’.'_’.'”’_'.'.'.:.'.'_':" _____________________ §
B, Franceschini, Panci, Redigolo 2107.09688 B 2
1 $
.................................................. £
Charged components of multiplet are long-lived, g —_—""0 <
can decay inside detector: disappearing tracks - e
_____ e22="""" - SR, 95% CL limit — SR, 50
Capdevilla et al. 2102.11292 0 i, {Lsf*%* AT TIUR AA DO I

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

%) [GeV]




Resonances in VBF \

The p-collider is a “vector boson collider’

enhanced if the
resonance is “light”

\

> E
E2 E2 me <
................ ~ ﬁ log ﬁ Dawson 1985
¢ ¢ B, Redigolo, Sala, Tesi 1807.04743

< Costantini et al. 2005.10289
see also the “Muon Smasher’s guide”

Al Ali, Arkani-Hamed et al. 2103.14043



Resonances in VBF \

The p-collider is a “vector boson collider”
enhanced if the
resonance is “light”

\

> E
E2 E2 me <
................ ~ ﬁ log ﬁ Dawson 1985
¢ ¢ B, Redigolo, Sala, Tesi 1807.04743

< Costantini et al. 2005.10289
see also the “Muon Smasher’s guide”

Al Ali, Arkani-Hamed et al. 2103.14043

» Example: singlet scalar, %, ~ ¢|H|* £YC™ — Qup
¢ IS like a heavy Higgs with narrow width + hh decay ¢ — hh, WW,ZZ
b cross-section grows at high energy

. due to longitudinal W-fusion
sin 7y

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

h
COS7Y - . .
y mixing angle between SM Higgs h and singlet ¢



Example: scalar singlet

Compare direct and indirect reach of different colliders

sin®y & Apn/py" &
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For this class of models, a high-energy py+u- collider has an amazing reach

If compared to single Higgs meas. or direct searches at a 100 TeV pp collider



Example: scalar singlet

Compare direct and indirect reach of different colliders

2 SM S
Sin“y & Apn/pp R Ovvoe/ovyv
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High rate probes: Higgs physics

A High Energy Lepton Collider

>
~ log o IS a “vector boson collider”
S S
« For “soft” SM final state § ~ mgy,
cross-section is enhanced
+ Huge single Higgs VBF rate B, Redigolo, Sala, Tesi 1807.04743
(107-108 Higgs bosons at 10-30 TeV) Costantini et al. 2005.10289

. . . . Al Ali, Arkani-H t al. 2103.14043
> Precision on Higgs couplings driven ) Arkani-Hamed et 2

by systematic errors:

)5 —

probably 1%o like H-factories 107
WW™ — 1t

> Opportunity for Rare Higgs decays! _10°

q:) 105 / _

v o (70~ — tt 1

. e . 7
Higgs 3-linear coupling 0l e b

+ Triple Higgs production accessible 1? — - 1] ]
D 10 15 20 25 30

> Higgs 4-linear coupling (dim. 8)
Chiesa et al. 2003.13628 Eem [TeV] ,



Dou’bIeHiggs production

+ Reach on Higgs trilinear coupling: hh — 4b

B, Franceschini, Wulzer 2012.11555
Costantini et al. 2005.10289

E[TeV] |Z[ab] 56 ~ Noo/2 SK3 Han et al. 2008.12204
3 5 ~7.5% ~10%
10 10 ~ 4% ~ 5%
14 20 1340 ~2.7% ~ 3.5%
30 90 6'300 ~1.2% ~1.5%

[6K3 = 10%] x 12

systematics assumptions

0 30°

60 ° 90°
Jet polar angle O

> Weak dependence on angular acceptance

(signal is in the central region)

>  Some dependence on detector resolution

(to remove backgrounds)

see also CLIC study 1901.05897

+ For comparison, reach of FCC-hh is éxs ~ 3.5% — 8% depending on

Mangano et al. 2004.03505



Dou’bIeHiggs production

+ Reach on Higgs trilinear coupling: hh — 4b

E[TeV] | < [abT] Nrec 66 ~ N 1/2 SK3
3 5 170 ~7.5% ~10%
10 10 620 ~ 4% ~ 3%
14 20 1340 ~2.7% ~ 3.9%
30 90 6'300 ~1.2% ~1.5%

68% CL limit on dk3 [%]

4

10}

10 TeV, 10ab~"

15 B esignal = 26 %

30 TeV, 90 ab”!

Acceptance cut in ;¢; [°]

B, Franceschini, Wulzer 2012.11555

Costantini et al. 2005.10289
Han et al. 2008.12204

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

>  Some dependence on detector resolution
(to remove backgrounds)

see also CLIC study 1901.05897

For comparison, reach of FCC-hh is éxs ~ 3.5% — 8% depending on
Mangano et al. 2004.03505

systematics assumptions



Dou’bIeHiggs production

+ Reach on Higgs trilinear coupling: hh — 4b B, Franceschini, Wulzer 2012.11555

Costantini et al. 2005.10289

6 8 10 12 14 16 18 20
Mass resolution AM/M [%]

E[Tev] |Z [ab] Nrec 5o ~ N2 5K Han et al. 2008.12204
3 5 170 ~ 7.5% ~10%
10 10 620 ~ 4% ~ 3%
14 20 1340 ~2.1% ~ 3.9%
30 90 6'300 ~1.2% ~1.5%
_ 4Of > Weak dependence on angular acceptance
= 3O'g . ﬁ/\ . . .
© I Reconstruction efficiency ] _ (signal is in the central region)
2 S
i 105\\.\Signa| purity = » Some dependence on detector resolution
S T N (to remove backgrounds)
Of Fom =10TeV, € =70% :

see also CLIC study 1901.05897

+ For comparison, reach of FCC-hh is éxs ~ 3.5% — 8% depending on

systematics assumptions

Mangano et al. 2004.03505



Dou’bIeHiggs production

+ SM Effective Theory: ZLppr= Lgv+ Z Ci@,@ + .-

3
+ Trilinear coupling is affected by two dim. 6 operators: x; =1+ v2<C6 — ECH>

1 2
O¢ = —>\|H‘6 On = ) (8M\H]2)

0.04F | -»;:Ii;:;: - ‘I . \I S . .
- e U large degeneracy in total cross-section:

00l A\ Y coefficients not determined in general

| w
Lo || N
| I
H ,“/J{

0.00

CHXV2

—002} |
|

004}

-0.06} \:;,i::::::j:,,;/.,;, | \/? =10 TeV A
0.0 0.5 1.0




Double Higgs production

+ SM Effective Theory: ZLppr= Lgv+ Z Ci@,@ + .-

3
+ Trilinear coupling is affected by two dim. 6 operators: x; =1+ v2<C6 — ECH)

6
O = —A|H|
0.04F —
0.021 Y 4
L /// 4//  \
0.00 -
(\1> L
X /
T N J
O
—002F
i |
g | /
-004p Y4
%L . \/? =10 TeV
0.0 0.5 1.0
Cg X v2

1

Oy = = (0,/H)?)"

2

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

On also affects all single Higgs
couplings universally:

Ky, =1—vCyl2

Chn can be constrained from Higgs
couplings (but indirect measurement)

Aky ~ Cyv?* < few x 1073



Dou'ble Higgs at high mass

+ SM Effective Theory: Lppr = Loy + ), GO +

+ Trilinear coupling is affected by two operators: x;=1+v < — —CH>
1 2
O¢ = —)\|H‘6 On = ) ((%\H]Q)

a direct measurement of Cn (WWHhh coupling)

> /

+ Ou contribution grows as E2: high mass tail gives
g utu~ — hhoo 29

< \ -

100F

Events

50}

20+

0 1 2 3 4 s
My, [TeV]

(see also Contino et al. 1309.7038)

10}

Ecm [TeV]

S/B low-precision measurement

, High-energy WW — hh more sensitive than
I 2 5 10 20 50 100 200 Higgs pole physics at energies = 10 TeV

10



CHXV2

Dou’bIeHiggs at high mass

Og = —M\H|°

Op = =

| 68 %, 95 % C.L. contours

Inclusive hh

CHXV2

0.02

-001F

—-0.02

+ SM Effective Theory: ZLppr= Lgv+ Z Ci@,@ + .-
+ Trilinear coupling is affected by two operators: k3 =1+ v2<C6
(9lH )’

+ Differential analysis in pt and Mnn to optimize combined sensitivity to Cx and Ce
B, Franceschini, Wulzer 2012.11555

0.01F

0.00

—ZC
2 H

=
=

68% CL contours T




High—energy probes

+ NP effects are more important at high energies

Events

Precision

SM measurements

+ As simple as this:

1 1/
Z = gSM"‘FZCi@i 1 /£

Y 4
ANp ~ OnpETT A,

= e e 1 1

K 1 2 3 4 5
< Energy [TeV] <« >

Ao (E) E?

X 2
O-SM(E ) ABSM

. EFT description
4 breaks down here

High energy (indirect) probes

>
direct searches

10°%, E ~ 100GeV
1072, E~10TeV

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

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

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

12



High—energy di-bosons

+ 2 — 2 scattering into longitudinal bosons 4 Vi H
at high energy: ¢~ — W W, £t - Z,H
In flavor-universal theories, two dim-6 operators: \\\

Oy = g (H'6“D*H) D'W",, 6, =g (H'D'H) D'B,, 7 "V, H

B, Franceschini, Wulzer 2012.11555

+ Cwp related with Z-pole and other
EW observables:

S =m2(Cy + Cp)

— Muon collider:
10TeV: Cp S (@0TeV)™2, S
30TeV: Cp < (120TeV)™2, S

ultimate precision
at Z pole

I I B |

2. 5. 10. 20. 50. 100.

precision of measurement L [ab™']



High—energy di-bosons

+ Cw and Cg determined from high-energy u+u- — ZH, W+W- cross-sections

ezt ~ 1220 (

1OTeV>2[

m

1+ #E2 Cy + #Eg‘mcgv]

cm

B, Franceschini, Wulzer 2012.11555

differential WW 10 TeV

0.01

~ total ZH

—0.01

—-0.02

-0.03

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

Cg: TeV?

~0.010 -0.005  0.000 0.005
CB-TeV2

w Limits on Cwp scale as E2

14



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, ...

14



High—energy probes: EW & 'Higgs physics

+ High-energy probes at a 10-30 TeV . Pt S VUV S m2im? < 1077
: wimy
muon collider are able to test

new physics scales ~ 100 TeV » VV—oHH: E~v/f*5107

+ Example: new physics with mass m, and
coupling g« — almost order of magnitude improvement w.r.t. FCC / CLIC!

Composite Higgs, 20

Composite Higgs, 20

o —_—r——r——r——r—r J
L /g / f
! @)
! H d
| S
. LT-<
@A

\‘\\X\)‘/

{ , '
European Strategy, f

|
S

100 120 140

15



Non-universal physics: muons vs: electrons

Several experimental hints of New Physics coupled dominantly to muons!

+ “Flavor anomalies” in b — suu decays b H
5.9 o discrepancy combined (2103.13370) 1 _
ﬁ(bL}/ySL)(/ZLyyﬂL)
A~30TeV ~ 6TeV - V172 S "

LHC will not be able to probe entire parameter space with high-pT searches!
Muon collider reach: Huang et al. 2103.01617, Asadi et al. 2104.05720

+ Muon anomalous magnetic moment:  Aa, = a> — a{™ = 251(59) x 107"

i |
5104.03981 4.2 o discrepancy!

N — Theoretical (and systematic) errors need
to be controlled at the level of Aay ~ 10-°

Fermilab
result

= Muon collider can provide a
I — model-independent

Standard Model Experiment

high-energy test of Aa,

175 180 185 190 195 200 205 210 215
9
ap><10 -1165900 16




Muon g-2 @ muon collider

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

directly produce the new particles wm direct searches: model-dependent

Classify New Physics that can enter the loop,
under reasonable assumptions: ‘,

> electroweak charges

> flavor structure

> naturalness 7
R
> number of particles .
+ A 20-30 TeV muon collider o
can test the most motivated, v%

weakly coupled models

Capdevilla et al. 2006.16277, 2101.10334

17



Muon g-2 @ muon collider

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

directly produce the new particles wm direct searches: model-dependent
Capdevilla et al. 2006.16277

If new physics is heavy: EFT!
One dim. 6 operator contributes at tree-level: Lon=

C

e

Azy H(fLaﬂyeR) el'"* +h.c.

— At low energy

4my,v o (140TeV\”
—Ce, ® 3 X 107X Cey

Aaﬂ =

Dipole operator generates both Aay and pyy — hy

— At high energy

|Ce |2 S 2 Aa 2
s L8l ogun( ) (o)

O, +,——hy —
A ORT Y. 30TeV/ \3x 109

\/E 4, Aa, 2
Nh=0-3z< >( ) need E > 10 TeV
10 TeV 3x10-°

18




Muén g-2 @ muon collider '

f Exp. value of Aa, can
s ' be tested at 95% CL
= 1078 5 :
S : at a 30 TeV collider!
é \Aau exp. average/ ‘
a= /] (with reasonable assumptions
(j on detector performance)
109
NS
N . .
This result is completely
10 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
Y Y
A 250 TeV \ o _Cn_ G _Cu o
a, ~ — — — 7 ;
K A? v 5 1000 20 lr lr
Collider —
+ Full set of operators with A = 100 TeV tr .
can be probed at a high-energy
muon collider Cyf

19




Muon g-2 @ muon collider

Exp. value of Aa, can
be tested at 95% CL

1021
: at a 30 TeV collider!

Aa, exp. average |

[
N1
o0

[
<
O

This result is completely

3 10_22
: model-independent!

95% CL limit on Aa,,
95% CL limit ond,, [e-cm]

B, Paradisi 2012.02769

10~ 1 10-23
\Muon EDM for free!
Ag = v, Re(Ce) Collider constrains | C,, |’
U A2

=> d, 3 107%*¢ - cm

2V Im(C,,) Aag,
d = =—tang,e 3 0.0.m. stronger than present bound!

# A2 2m,,

20



I
I HL-LHC 95% CL limit

: \s ;(1:(()) lTs:i;jsw ab’ MuC3 95% CL!i.r‘riit TWO CO | I i d e rS a‘t O n Ce

o ;  Ina high-energy muon collider

| R}Sﬁ: t::: --r-*_‘;[&:_. o Energy AND PreCiSion
_|Direct searches| ="~ |

.
1 3
f v/ S .-
) SO ...
. [6Tev V.30 ab~!
\
|

..................

e

”g All Production Channels | <=
= Vs = 14 Tev
S Flavor Scenario 2

....................

High-energy probes

A dream machine \
able to explore a completely
new range of energies...

——-— -

..............

... could become reality
If we manage to overcome
the technological challenges!







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 % ’ o I - 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 ¢, [°] ”



hh & 4b signal - B |

+ Acceptance cuts in polar angle 8 and pr of b-jets.

E.g. for pT > 10 GeV, 6 > 10°;

Oeut (3 TeV) = 0.13 [1 — 0.87(0A) + 0.74(61)?] tb, BR(hh — 4b) = 34%
Teut (10 TeV) = 0.24 [1 — 0.81(6A) + 0.71(6A)?] fb,
Oeut (30 TeV) = 0.27 [1 — 0.79(6X) + 0.78(6))*] fb.

factor 10 loss
In xsec at 30 TeV

+ Neglect backgrounds (for the moment)

+ Assume signal reconstruction efficiency € ~ 25% as CLIC [1901.05897]:
mainly from invariant-mass cuts and b-tag

/s [TeV]|L [ab11| o [fb] | Nrec 86 ~ Nige'” oA
3 5 | 013 | 170 ~75% | ~10%

10 10 0.24 630 ~ 4% ~ 5%

30 90 0.74 | 6'300 ~12% || ~1.5%

24




Sehsitivity to jet pt threshold*

+ Jets come from Higgs decays:

typical momentum ~ mn/2

+ No significant impact if

P Tmin = 40-50 GeV

higher thresholds start to

reduce the sensitivity

68% CL limit on 0k3 [%]

20

0.055-
0.045-
0.035-
0.025-

0.01F

0.00¢L

0 50 100

pr of jets [GeV]

250

[
)
L] I L] L] L] L]

[E—
-
L] I L] L] L]

)
T T T T T

prcut [GeV]



B'actkg rounds

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

>

>

>

0.035}
0.030}
0.025}
0.020}
0.015}
0.010}
0.005
0.000k

Include all VV — VV processes (Zhvv, ZZvv, WWvv, Whv, WZV)

Apply gaussian smearing to jets, assuming 15% energy resolution

Reconstruct bosons by pairing jets with minimal |[m(j1j2) - m(jsja)|

Optimize cuts to reject bkg:

dijet inv. mass, n. of b-tags
Mun > 105 GeV,
np = 3.2

Ssig — 27%

NB: all this should be done properly (and has been done, for CLIC),

with a detector simulation

However, perfect agreement with 1901.05897!

26



B'actkg rounds

One can now repeat the analysis for different jet energy resolutions:

sof

N
o

(V)
-
T
(

Signal efficiency € [%]

o}
o
-

[E—
-
.‘...

-
——

14y
)

Mass resolution AM/M [%]

... and different energies:

0.105-
0.085—
0.063-
o.04f-
o.ozf—

0.00EF

5

4

(OY)

\®)

Noke /Nin

(U

EVE)[%]

90( j

©)/Mean

RMS,,(EV/E

AN

2

no real gain using

only central events...
'CL'IC]de _

L VLC7 Jets -
— —=50 GeV i
[ =50 GeV, 380 GeV BG i
i 00 GeV o
00 GeV, 380 GeV BG =
90 GeV ol
90 GeV, 380 GeV BG ST

T I T T T I T T T I T T T I

]
1
1
1

L

,,,,,,,,,,,,,,,
,,,,,,

,,,,,,,,,,,,,,,,,

.......

' CLICdp-Note-2018-004
0 0.2 04 0.6 0.8 1
|coso|

> Optimize cuts to reject bkg:

Mpn > 105 GeV,

np=2.8
Esig — 32%

result very similar
to 3 TeV
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. High—energy di-bosons

+ Longitudinal 2 — 2 scattering amplitudes at high energy:

Process

BSM Amplitude

vivy — WO—FWO_

S (GgL + GlL) sin 0,

Determined by 3 fermion/scalar
current-current interactions:

(oo — wiwy)
vy — Zoh

S (GgL — GlL) sin 9*

@W— — W+W0—, ZO@

s G1rsin 6,

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

__________________________

+ In flavor-universal theories, they are
generated by SILH operators (via e.0.m.):

1
G, =—G,, =
1L 2 IR

§
Gy = —
3L 4

V2 sGsp sin 0,

g/2

(Cw + Cyw)

_ <

Osr, = (Lpy*o®Ly) (iHTo%D,H) ,
_ . <~

O = (LLVNLL) (ZHTDMH) ;

— —
Oir = (Igy*lg) (iH'D,H).

T(CB + CHB)

“high-energy primary effects”

Zg TCL(_) 1% a
Ow == ( Ho"D'H ) D'W},

Op = Zg (HTD“H> 9B

Ogw = ig(D’uH)TUa(DVH)Wa

v

Onp = ig (D*H)'(D"H)B,,
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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?



A simple example: scalar-singlet

L =Lsm+ - (a $)? — Zm ) 222 = HPS? — vV (S)
controls Higgs-singlet ortal couplin triple couplings:
mixing ~ sin v P PIng BR(¢ — hh), gm

: Agsv
SI 7y ~ m2 mass eigenstates: h = cosy H" +sin~y S

> ¢ can be singly produced:

¢ = —siny H + cosv S

> Higgs signal strengths:
S1n 7y

O¢p = OSM m¢ ><Sln Y %COS’}/<
> ¢ decays to SM:

BRg¢—vv s = BRSM(m¢) [1 — BR¢_>hh] Hh = HSM X cos” Y

¢ is like a heavy SM Higgs with narrow width + hh channel



Scalar singlets at a HELC

> ¢ is like a heavy SM Higgs with narrow width: Dominant decay modes are

into (longitudinal) bosons. o |
08|
Goldstone boson equivalence theorem:
BR = BR = 1BR ! 04 1
o—hh = Bhonzz = 5bhesww = 7 s
O'Zf R A
Mg > My, /\¢—>tt |
00 o0 1500 2000
Mgy [GGV]

» (Golden channels:

¢ — Z2Z(41,212)): very clean, :_

some EW background,; ;

most sensitive channel at LHC. 6f o

¢ — hh(4b): also clean and very = 04f s — ]j
sensitive at I+I- collider; : -

more challenging at LHC | g = 0.05 Eem |
due to QCD background 00—

o~ (do/d cos 6)

o
)




. hh(4b) decay channel

Cut & count experiment around the resonance peak:

105 |

104 n SM background

Events / 300 GeV

[ [Em— [E—
) S )
L L L

95% limit on o, ¢ [fb]

[E—.
<
N

mg =20 TeV,s; = 1077

¢ — hh
6 TeV
10 TeV
30 TeV
'IB, Redigolo, Sala, Tesi 1807.04743 | |
0 5 10 15 20 25 30

N, sig
\ Wiz + Noig) + a2 N3y,

significance =

asys = 2% (but it has no impact)

+ Small background at high invariant-mass:
> error is dominated by statistics

> limits depend weakly on ¢ mass
and collider energy

olete™ — ¢vir) x BR(¢p — f) ~ 3/L,

+ For BR(d — hh) ~ 0.25, most sensitive

channel is @ — hh(4b)

> ¢ — VV less sensitive, but
complementary if BR(p — hh) small
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hh(4b) decay channel

Main backgrounds: hh, Zh, ZZ. We simulate the full process ete- = 4b + 2v

—1807.04743 3 TeV CLIC — Aosignal_ ;
+ Detector simulation with CLICdp Delphes card 0500 CLIC Stage ML, mg = 1TV |
L Madgraph 5 + Pythia 8 + Delphes 3
- VLC exclusive jet reconstruction, N =4, R =0.7 L 0.100) 4b-tags. myy € [92.131] GeV
+ 4 b-tags (loose tagging algorithm) = 0050
b I
* h reconstruction: select the b pairs that give %ﬁ 010 S
the best fit to two 125 GeV Higgs bosons, 0,005 PR TRN
90 GeV < mpp < 130 GeV *
¢ q) reCOHStruction: 075 m(p < Myp < 105 mcp O'OO%OOI - I7(I)0I - I8(I)OI - I900I - 1()'00 I lll()() - I1200
- Other cuts: pr > 20 GeV, |cos 6h| < 0.9 myphp [GeV]
Signal efficiency &sig ~ 25 - 30% 0.102-
0.08}
Background reduced by &pkg ~ 10-3 — 10-4 -
Checked (at parton level) that 0.042.
results still hold at 10 TeV: &sig ~ 30% 0.02
assuming similar detector performance 0.00k

(see also my talk of last month)



Goldstone bosons (Twin Higgs)

. . 107
> Higgs mass is protected from

radiative corrections without
new light colored states

no EWSB

siny=0.01

= 107
» Two copies of the SM, with =
approximate Z> symmetry, -
coupled through Higgs portal =
> Higgs is a pseudo-Goldstone
E;ilj;z ’7’ ™~ 2):2//ef?23 0022 —————

> Model-independent tests:

001

V' Higgs couplings

0.00

| If @ heavy, no resonance
| search but EFT applies

v Search for the singlet

-0.01F

-0.02

| py — hh still useful

B, Franceschini,
Wulzer, 2012 .xxXXXX




A‘pp'lications: SUSY (the NMSSM)

Three Higgs fields: Hu, Ha doublets + S singlet W = Wwmssm + ASH Hg + f(5)

o Extra tree-level contribution to the Higgs mass The singlet can be
the lightest new state
& Alleviates fine-tuning in v for A 2 1 and moderate tan (3 of the Higgs sector

Recast the previous bounds: NMSSM A = 1, A, = 80 GeV -

2 2 @ 4 2zzZLHCI3 A
.o My, —my, - .
SN 7Y = 5 5 sy = Dy [usm

Mﬁh — m%cgﬁ + )\21)2335 + A?

/

loop correction
to Higgs mass
from top-stop

Weakly coupled & low mass: my [TeV]

direct searches very powerful!
P =P sece Andrea’s talk for sparticle productign!



Pair production: results

* Final states with 4 Higgs or vector bosons (e.g. ete- = 8b + Emiss):
very small backgrounds, few events are needed to test the model at CLIC

* Even more stringent bounds in the case of displaced decays (smaller mixing):
virtually all the ¢ can be identified, no background

12+
10 [
: Ans also induces
8 __.--= modifications of the
Z - triple-Higgs coupling
~ 6 | = see talk by G. Panico
4 N
: : regions where 1st
2 — order EW phase
0. transition can happen

800

CLIC can fully test the region where singlet gives 1st order phase transition!



New ohysics in the muort.g-2-

C

+ The g-2 is generated by the dipole operator A—”e(/ZLaﬂyﬂR)F””
m2 "
Aa ~ a'EW) ~ o~ 2% 1079 tiny effect: not directly testable

oK 16722 at colliders until now

> N\~ TeV, weak coupling
(favored by naturalness arguments, but challenged by LEP, LHC...)

> N < TeV, NP is light and feebly coupled to the SM

(e.g. axion-like particles, dark sectors, light scalars, ...)

> A\ >>TeV, heavy NP with O(1) couplings to the SM 7

In the SM EFT one dim. 6 operator C,

Ly =—r H(Z/ZLGMDQR) e'" + h.c.

contributes at tree-level: §72 7 A2

4m,v o {140TeV )’
Aa, = C, ~3%x1077 X C
A2 A 7
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Muon g-2 @ muon collider

+ SMirreducible background is small: 20

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

~ 10~%ab

( 30TeV )2

\)

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

(large due to transverse Z polarizations)

dO_,u,u—)h’y . |Cébfy(A)’2 S

_ 1 —cos?®6
d cos 0 A4 647 ( cos™6)
Ao p—s 7~ _ ma? 1+ cos? 01— 4s%, + 8st
d cos 0 45  sinZ? 6 $%,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)

20

—_— —_
() 9}
—————7—

=)
9,1

! pH > hy 1
0_0- \
-1.0 . 0.5 1.0

CLICdp L=4 ab™ e pol -80%
9140_'\{_---|'--'|'--'|'--'_
c - Vs>2500 GeV i
2120 F —H jet, corr 1911'0252-5
L - - H jet, orig .

100  —Z jet, corr -

EmZmeQ E

80 B
60 | E
40 F .
20 | -
0 50 100 150 200
M, [GeV] 38



Lepfon g-2 from rare Higgs decays

+ Dipole operator contributes also to h — £y decays! lr g
3 2 5
—— _ amfRe(Ce},)mh NP _ a Cey| m;
h—{C+¢—y 1672y h—{+0~y 19072
(R h
FEZS_{\?V_}, — Fﬁfei“) + Fg(l)\g) (tree-level is suppressed by lepton mass)

+ Very large single Higgs VBF rate @ p-collider (107-108 Higgs bosons)

> Muon: > Tau:
BR M) ~ 1074 1704.00790 BR®M) ~ 1073
h—u*u—y h—ttt—y
Aaﬂ
BRNW & 5x 10—10< ) BR™  ~02x Aa.
SHTHTY 3x10-° h—tr7y
too small :(

= Aa, S fewx 107

3 0.0.m. improvement!
39



Lepfong—2 at high energy.

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

+ Pair production work in progress with P. Paradisi

Ao
Og\M ™ 3

£ 12,,2
4’ | Ce ™V na’Aa;
ONp = ~
NP
3 A4 6m’

Could probe Aa, ~ few 10-°

10}

9,
—

95% CL Aa, x 107

0.5}

1 5 0 50 100

1
Vs [Tev] S /
+ Vector boson fusion: ¢~ - ¢t t", vt~ 1
< \\

charged and neutral channel can constrain Ceg and Cew
40



More resonances:Z’

Most typical example of direct search:

heavy s-channel resonance produced in Drell-Yan

If Z’ produced on-shell, very large cross-section

Problem: how do we look for resonances of unknown mass at fixed ,/s?

o 07— prp ot
|. “Radiative return”: produce 06g_pre|iminary a
resonance on-shell with ISR —
2 04f
d ¥
< 03
=02 P > Ty
0% 5
: 0.1F ,
require hard photon : Vs =14TeV, L =20ab" ']
M? =mj3, = s — 2v/sE, "0T2000 4000 6000 8000 10000 12000 14000
my [GeV]
Il. Off-shell Z’ exchange kinematical cuts: pr > 20GeV, |0 > 5°
— ff cross-section 2
b = 11 ) QED corrections ~ “— log % < 10% 4
s m

Y



Dire'ct searches: Z

“Standard” Future Colliders
Y —Universal Z , 20

L

L

[ V)
European Strategy, -

Muon Collider

Universal 7', 20
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Coloured resonances: 3rd generation leptoquarks

+ Different signature compared to more “standard” BSM

+ Interesting: NP coupled to 3rd generation fermions
(B physics anomalies!)

+ (Can be either scalar or vector

+ Difficult searches at LHC: High Lumi reach ~ 1.5 TeV

= ./s > 3 TeV interesting range for lepton colliders

3rd generation LQ production at a lepton collider: ¢ b

Pair production: large cross-section when allowed,
does not depend on coupling to fermions

Single production: radiation from bb or Tt pair

= bbTtT final state, with mpr ~ MLq

B, Greljo, Marzocca, Nardecchia 2018 ‘i’ﬂ




Coloured resonances: Leptoquarks

“ (0~ — bbrT

[ CLIC,Vs =3 TeV gp, =1 1

dopp,./dmy, [1073£b/70 GeV]
(@)
O

r Background mro =2.5TeV

500 1000 1500 2000 2500
mp, [GeV]

3000

+ Search is almost background-free:
We set a bound simply by
requiring 10 signal events

+ The main limitation for CLIC
Is the c.0.m. energy: room for
huge improvement at a p-collider

=)
o

3.5F
3.0F
2.5¢
2.0F
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1.0}
0.5}

0.0E,

my [GCV]
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Direct searches

Yr=FCCreach |~

Stop

o [fb]

0.100

————— pp, Vs =14TeV — u* 17, Vs =6 TeV

T T T u T u T T T

p* p,\s =10 TeV |
pt u,\'s =14 TeV
— u*p, Vs =20TeV |
— p* i, Vs =30 TeV

pp, Vs =27 TeV

" PP, V's =100 Tev

14 TeV p-collider ~ FCC@100 TeV
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