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2. BSM Higgs

3. Other BSM physics
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Recommendation of the ESPPU:

(European Strategy for Particle Physics Update)

The next large facility after the (HL-)LHC
for particle physics should be an ete™ collider.

— to study the Higgs at ~ 125 GeV
— top/EW physics
— BSM searches

— This new ete~ collider will come after,
or in the end phase of the HL-LHC

= physics potential of the new ete~ collider must be viewed
in the context of HL-LHC results

— often ete™ expectations are shown in comparison to HL-LHC
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Overview of current at possible future collider experiments:

LHC (Large Hadron Collider): running

pp collisions at 13(14) TeV
HL-LHC final high-luminosity phase: approved
HE-LHC new magnets = 27 TeV (possible?)

ILC (International Linear Collider) decision 2021/22 in Japan
eTe™ collisions at 250 GeV/ (final stage 1000 GeV)

CLIC (Compact LInear Collider)
eTe collisions at 380 GeV/ (final stage 3000 GeV)

FCC-ee (Future Circular Collider ete™)
ete™ collisions up to 350 GeV

CEPC (Chinese e—e™T Collider)
ete™ collisions up to 250 GeV

FCC-hh (Future Circular Collider had-had)
pp collisions at 100 TeV (possible?)
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Fact I: The physics world changed on 04.07.2012:
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Fact I: The physics world changed on 04.07.2012:
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Fact II:

The SM cannot be the ultimate theory!

Some sub-facts:

1. gravity is not included

2. the hierarchy problem

3. no unification of the three forces

4. Dark Matter is not included

5. Baryon Asymmetry of the Universe cannot be explained
6. neutrino masses are not included

7. anomalous magnetic moment of the muon shows a ~ 4 ¢ discrepancy
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Fact 1 & II:

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs’!
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Fact 1 & II:

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs’!

Q: Does the BSM physics have any (relevant) impact on the Higgs?
Q’': Which model?

Sven Heinemeyer, Yeti 2021: The future of Lepton Colliders: Higgs and BSM physics, 07.07.2021

7



Fact I & II:

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs’!

Q: Does the BSM physics have any (relevant) impact on the Higgs?
Q’: Which model?
A1l: check changed properties of the hios

A2: check for additional Higgs bosons
A2’: check for additional Higgs bosons above and below 125 GeV
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The main questions:

e \What are the couplings of this particle to other known elementary parti-
cles? Is its coupling to each particle proportional to that particles mass,
as required by the BEH mechanism?

e \What are the mass, total width, spin and CP properties of this particle?
Are there additional sources of CP violation in the Higgs sector?

e \What is the value of the particles self-coupling? Is this consistent with
the expectation from the symmetry-breaking potential?

e Is this particle a single, fundamental scalar as in the SM, or is it part
of a larger structure? Is it part of a model with additional scalar
singlets/doublets/ldots?

Or, could it be a composite state, bound by new interactions?

e Does this particle couple to new particles with no other couplings to the
SM (“Higgs portal”)? Is the particle mixed with new scalars of exotic
origin, for example, the radion of extra-dimensional models?
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Models with extended Higgs sectors:

1. SM with addional Higgs singlet

2. Two Higgs Doublet Model (THDM): type I, II, III, IV
3. Minimal Supersymmetric Standard Model (MSSM)
4. MSSM with one extra singlet (NMSSM)

5. MSSM with more extra singlets

6. SM/MSSM with Higgs triplets

l. ...

= BSM models without extended Higgs sectors still have
changed Higgs properties (quantum corrections!)

= SM + vector-like fermions, Higgs portal, Higgs-radion mixing, ...
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Extended Higgs sectors

Compatibility with the experimental results requires:
e A SM-like Higgs at ~ 125 GeV

e Properties of the other Higgs bosons (masses, couplings,...) have to
be such that they are in agreement with the present bounds

Prediction for the mass of the SM-like Higgs vs. exp. result:
e Important constraints on parameter space of the model
e Limited by remaining theoretical uncertainties

e Very accurate Higgs-mass predictions needed
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The “sum rule”:
In a large variety of models with extended Higgs sectors the

squared couplings to gauge bosons fulfill a “sum rule”:

Z g %‘I VV = ((f?—ji\ll’ V) 2

1

— *The SM coupling strength is shared” between the Higgses of an
extended Higgs sector, xy = 1
*The more SM-like the couplings of the state at 125 GeV turn out
to be, the more suppressed are the couplings of the other Higgses
to gauge bosons; heavy Higgses usually have a much smaller

width than a SM-like Higgs of the same mass
« Searches for additional Higgs bosons need to test compatibility

with the observed signal at 125 GeV!
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Which model should we focus on?
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Which model should we focus on? = experimental data as guidance!
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Which model should we focus on? = experimental data as guidance!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)
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Which model should we focus on? = experimental data as guidance!

Some ‘“recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)
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Which model should we focus on? = experimental data as guidance!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)

= good motivation to look at SUSY! :-)

But we also look at other models (2HDM, N2HDM, .. .)
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Current status of knowledge: the Standard Model (SM)

= all particles experimentally seen (as of 2011)
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Current status of knowledge: the Standard Model (SM)
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= all particles experimentally seen (as of 2011)

= but it predicts massless gauge bosons . ..
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Problem:
Gauge fields Z, W, W~ are massive

explicite mass terms in the Lagrangian <« breaking of gauge invariance

Solution: Higgs mechanism

scalar field postulated, mass terms from coupling to Higgs field
Higgs sector in the Standard Model: ,
ot b
Scalar SU(2) doublet: & = 0 =
¢ Y .:'
Higgs potential: % 5
, > :,/p >0
V(g) = p?|®fd| +A|oTe|”, A>0 @]/ .
<0
12 < 0: Spontaneous symmetry breaking / S
2 D]
minimum of potential at P | = = —\ S N
P (@)l =\ 55 =3
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b = L 0 (unitary gauge)
v2 \ v+ H

H: elementary scalar field, Higgs boson

LLagrange density:
Lhiggs =  (Du®) T (DMD)
— 94aQrPdr — guQrPcup
— V(P)
with
iD, = iy — godW, — g1Y By,

b . " ury, 0 (Y
¢ = iopd Qr ~ , D~ | De ~
dL v 0

Gauge invariant coupling to gauge fields
= mass terms for gauge bosons and fermions
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1.) VV®D coupling:

X X X XX X
2 J 2
1 1 1 g’U> 1 1 2 2
— — —= + —| = M*=g9g"— = Muwxg
q2 q2 %:qz [(ﬁ qzl M2
2.) fermion mass terms: Yukawa couplings:
X XX
f— o+t +o-
1 gfvl 1 v
_ — _|_ [ ] = — I M =Qgf—= = Mmf X g
i Z /34 f—m; T 7
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3.) mass of the Higgs boson: self coupling

A= M]%/UQ
v H
X N My = vV free parameter
S — last unknown (now measured)
V% o H parameter of the SM

Sven Heinemeyer, Yeti 2021: The future of Lepton Colliders: Higgs and BSM physics, 07.07.2021 17



3.) mass of the Higgs boson: self coupling

A= M3z /v?
v H
X N My = vV free parameter
S — last unknown (now measured)
V% o H parameter of the SM

= establish Higgs mechanism = find the Higgs & measure its couplings
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Higgs production cross sections at eTe~ colliders:

P(ZOS") =(-0.8, 0.3), M =125 GeV Higgs-strahlung:
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Vs ~ 250 GeV, Higgs-strahlung dominated

Sven Heinemeyer, Yeti 2021: The future of Lepton Colliders: Higgs and BSM physics, 07.07.2021



Higgs coupling measurements at eTe™ colliders

Initial measurement: o x BR

recoil method: ete™ — ZH, Z —wete, ptu~

= measurement of the Higgs production cross section

= NO additional theoretical assumptions needed for absolute
determination of partial widths (in contrast to LHC measurements!)

= indirect measurement of total width
= direct extraction of partial widths (couplings)

= search for deviations from the SM
= distinction between different models
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Model independent cross section measurement

Z-recoil method: eTe™ — ZH — /ﬁ'/fX

ﬂ" 50 I I I 1 I I I I 1 I I I 1 I I I 1 I I I ] ] T T

C - a) ]

o | ZH— + X

L B l ’ Signal+Background
100 n Fitted signal+background -

| | —— Signal
Y DN ——— Fitted background

30

o LA R N W
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= crucial for a model independent coupling measurement! 5M§1Xp < 0.05 GeV
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Required precision for Mg~

— My is fundamental parameter
= high precision measurement on its own right

— My is input parameter for Higgs physics:

SBR(H — ZZ%)
BR(H — ZZ*)

BR(H — WW™*)
BR(H — WW*)

~ 2.5%

5MH = 0.2 GeV =

~ 2.2%

= oMy < 0.02 GeV desirable
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Higgs observables: Higgs couplings

LHC always measures o x BR

= Total width I jj +ot Cannot be measured without further
theory assumptions.

LHCHWG recommendation: Higgs coupling strength scale factors: k;

Assumptions for k-framework:

1. Signal corresponds to only one state, no overlapping signal etc.
2. Zero-width approximation

3. Only modification of coupling strength (absolute values of couplings)
but not of tensore structure wrt. to SM

4. Use state-of-the-art predictions in the SM and rescale the predictions
with “leading order inspired’” scale factors k;
(k; = 1 corresponds to the SM case)

— no additional theory assumptions on your model:
= Determination of ratios of scaling factors, e.g. k; ﬁ;j/n;H

— additional theory assumptions (on Iy tot OF Ky z or H — NP)
= Determination of x; (evaluated to NLO QCD accuracy)
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Future expectations for « (kappa-3 framework)
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= very roughly similar results

— FCC-hh/-he/-ee appears better

= FCC-hh uses different theory assumptions, uncertainties < 1%
= also remember different time scales!
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Intrinsic uncertainties for decay widths:

“ILC/CEPC/FCC-ee” = expected precision on g%m (incl. HL-LHC meas.)

Partial width QCD electroweak  total ILC/CEPC/FCC-ee
H— WW — 4f | < 0.5% <03% ~05%| <04% | 0.6/1.9/0.8%
H—ZZ — 4f | <0.5% <03% ~05%| <03% /| 0.4/0.4/0.3%
H — gg ~ 3% ~ 1% ~32% | ~1% 1.7/2.2/1.8%
H — ~v < 0.1% < 1% <1% < 1% 2.4/2.4/2.4%
H — Z~ <0.1% ~ 5% ~5% | ~1% 22/13/20%
H — bb ~ 0.2% <03% <04% | ~0.2% 1.2/1.8/1.3%
H — cc ~ 0.2% <03% <04% | ~02% | 2.4/4.0/2.6%
H— T~ - <03% <03%]| <0.1% 1.3/1.9/1.3%
H— ptp~ — <03% <03%| <01% | 7.8/7.8/7.8%
Mot ~ 0.3% 1.1/1.8/1.2%

= non-negligible for H - WW/ZZ — 4f
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parametric uncertainties for decay widths:

decay para. as para. My | ILC/CEPC/FCC-ee
H—WW < 0.4% — - ~0.1% |0.6/1.9/0.8%
H— ZZ < 0.3% — — ~0.1% |0.4/0.4/0.3%
H — gg ~ 1% 0.5% — 1.7/2.2/1.8%
H — ~~ < 1% — — — 2.4/2.4/2.4%
H — Z~ ~ 1% — - ~0.1% |22/13/20%
H — bb ~ 0.2% ~ 0.6% <0.1% — 1.3/1.8/1.3%
H — cc ~ 0.2% ~ 1% < 0.1% — 2.4/4.0/2.6%
H—-71Tr | <01% - = = 1.3/1.0/1.3%
H—uputp | <0.1% = = — 7.8/7.8/7.8%
Mot ~ 0.3% ~ 0.4% <01% <0.1% |1.1/1.8/1.2%

Mot applies “to all” (partial cancelations ...)
= possible impact particular on ZZ, WW
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One word of caution:

The above numbers have all been obtained assuming the SM as
calculational framework.

The SM constitutes the model in which highest theoretical precision for
the predictions of Higgs observables can be obtained.

We know that BSM physics must exist! (DM, gravity, ...)

As soon as BSM physics will be discovered, an evaluation of the Higgs
predictions in any preferred BSM model will be necessary.

The corresponding theory uncertainties, both intrinsic and parametric, can
then be larger (as known for the MSSM).

A dedicated theory effort (beyond the SM) would be needed in this case.
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
assumption: BR(H — NP) = BR(H — inv.)
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= strong improvement with the ILC
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
no theory assumptions, full fit
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= high ILC precision, not possible at the LHC
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
no theory assumptions, full fit
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What if nature is more complicated than k's?

Assumptions for k-framework:

1. Signal corresponds to only one state, no overlapping signal etc.
2. Zero-width approximation

3. Only modification of coupling strength (absolute values of couplings)
but not of tensore structure wrt. to SM

4. Use state-of-the-art predictions in the SM and rescale the predictions
with “leading order inspired’” scale factors k;
(k; = 1 corresponds to the SM case)

Broader class of models covered: EFT

— no light new states

— non-SM-like coupling structures

— UV-complete model: consistent higher-order calculations possible

Note: also EFT does NOT cover all models
= investigate in addition “realistic” models!
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Future expections for Higgs couplings in SMEFT (I
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— clear improvement with eTe™ colliders!
— similar performance (polarization vs. luminosity)
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Future expections for Higgs couplings in SMEFT (II)
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May 2019 SMEFTyp fit B HL+CLIC3000

10

69;lgi[%]
6gatce

10-1

107

10f
1k
10-1

— clear improvement with eTe™ colliders!
— similar performance (polarization vs. luminosity)
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Most challenging: Ay, measurements

Possibilities for Ay, measurements:

1. measurement of di-Higgs production
— (HL-)LHC, FCC-hh, ILC500, CLIC

2. single Higgs production in an EFT
— (HL-)LHC, FCC-hh, ILC, CLIC, FCC-ee, CEPC

3. EWPO measurements in an EFT
— ILC (GigaZ, radiative return), FCC-ee (Teraz), CEPC

= focus on (1), (2)
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Direct A5, at eTe™ colliders:

Higgs-strahlung:
ete™ — Z* — Zhh

weak boson fusion (WBF):
e +e— — vvhh

v € ve
Signal diagram Background diagrams
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Di-Higgs production at ILC/CLIC:

e'e” —>Zhh

e'e > vvhh

4 — — 4

I = |LC 500 GeV, P(e‘ e")=(70.8,+0.3), 31'2 flo ]
ILC 1 TeV, P(e",e%)=(-0.8,0.2), 0.17 fb
CLIC 1.4 TeV, unpolarized, 0.09 fb \

L ILC 500GeV (+16.8%)

0
-1.0

= strong and different dependence on k)

=== I 1ley Plep ) ( 0802) 0.13 b
------ CLIC 1.4 TeV, unpolarized, 0.15 fb
—-—- CLIC 3 TeV, unpolarized, 0.59 fb /

3r - CLIC 3 TeV, unpolarized, 0.03 fb 7 3 \

| CLIC ATeV (+20%) . ..
LILC 1TeV (+37%)

| CLIC 1.4TeV (+44%)

05 00 05 10 15 20

Sven Heinemeyer, Yeti 2021: The future of Lepton Colliders: Higgs and BSM physics, 07.07.2021



Single-Higgs production:

f
/
Oﬁ ,,L”
""" LR .
h .. f
h
I
o W B
Og /,"
_____ _(‘
h ..
h
7

EFT analysis performed only for ky =1
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Comparison of all colliders:

HL-LHC

FCC-ee |—

ILC

CEPC

CLIC

Higgs@FC WG September 2019

50
68% CL bounds on k, [%]

30 40

Analysis/comparison performed only for ky =1

di-Higgs single-Higgs
HL-LHC HL-LHC
- 500" - R 500;“..... [ER—
HELHC | HE-LHC
¥ [10-20)% J50%
. FCC- celelibll FCC selahibly
25%
LE-FGG LE- FOC
15%
FCCeh, . FCC eh,,,
®-17+24%  |l=dDa
.  FCC- Ee;:ﬁ
24°/u
FCC—eem
33%
FCC- 68,,,

FLC]F}Cﬂ

10%
LG, =JILC,;
27% = 38%
ILCF.H(]
B L —
~|cEPC
e 49%
CLIC i o CUCM.“
-To+11% e 49%
CLIC CLIC,
TR0 TR0
36% . 499,
1CLIC,,
1 50%

490’“ imEEsEEEIamE

S

All future colliders combined with HL-LHC
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Exotic Higgs decays:

[Z. Liu, L.-T. Wang, H. Zhang '17]

95% C.L. upper limit on selected Higgs Exotic Decay BR

HL-LHC
61 | | | CEPC
N ILC(H20)
% 10-2| FCC-ee
3
] il
& 107 =
- ¥
10~ | “1 | i ; { ' it
10-5 : L g h[ | | I 'I I I li
Me, rbb)*ME} @*ME;,. “mME, bb,LME?_ “";';"'MET Mg, (6b) ) (CC)(C{)) By bb)(ra ( 7T(zy @jf'yy) ( iy

— strong improvement at ete~ colliders
= sensitivity to BSM physics?!
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Higgs consistency tests via EWPO:

Comparison of observables with theory:

Precision data: T heory:
Myy,sin? Ogtr, ap, My, | <> | SM, MSSM , ...

Y

Test of theory at quantum level: Sensitivity to loop corrections, e.g. X

SM: limits on Mg, BSM: limits on My

Very high accuracy of measurements and theoretical predictions needed
= models “ready” so far: SM, MSSM, “pure multi-Higgs" models (?)
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Precision observables in the SM and BSM
My, sin? Ogsr, My, (g —2)u, b physics, . ..

A) Theoretical prediction for My, in terms
of My, o, Gy, Ar:
5 MI%V T«
M, (1—M—%> = \/§GM(1+A7~)
)

loop corrections

Evaluate Ar from p decay = My,

One-loop result for My, in the SM:
[A. Sirlin '80] , [W. Marciano, A. Sirlin '80]

2

ATy_joop = ANe} - ET://VVAP + Arrem(Mp)
M
~ 6% ~ 3.3% ~ 1%
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Precision observables in the SM and BSM
My, sin?Ogsr, My, (g —2)u, b physics, . ..

A) Theoretical prediction for My, in terms

of My, o, G, Ar:

5 __&ﬁi I e’
i M%) Ve

B) Effective mixing angle:
1 Regf

. D . . V

SN eeff = ) (1 f)
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Comparison of SM prediction of My, with direct measurements:

805 March 201|2 : | | | | |
) [ 1LHC excluded

| —LEP2 and Tevatron
{1 - LEP1 and SLD
68% CL

1192 s2 M
N\r —= — 92 8\2/\/ |Og —H
96 2 ¢ My,

general for EWPO:

M M2
og ([ ) + g5 A

ANQQ

m,, [GeV]
oo
o
5

leading term: log(My)

-
-
-
-------

first term ~ M7 with g5 80.3-

m, [GeV]
[LEPEWWG '12]

= light Higgs boson preferred

Sven Heinemeyer, Yeti 2021: The future of Lepton Colliders: Higgs and BSM physics, 07.07.2021 42



Overview about all EWPO:

M,
M
r

z =

N

M
r
O(I‘)lad
0
Rlep

0.l
AFB

A (LEP)

A(SLD)
lept

L2
SO (Q )
sin“o, et (Tevt.)
AO,c

FB
0b
A

FB

-3 -2 -1 0 1 2 3
(Ofit - Omeas)/ Omeas

0.0

-1.5

0.1
0.3

-0.2
-1.5
-1.0
-0.9

0.1
2.1

-0.7

0.1
0.8
2.4
0.0
0.6
0.0

-0.7

0.5

-0.2

1.3

<
= IZ

_|
_INZE

N

0
c)-had

0

I:zlep

0,

AFB

A (LEP)

A (SLD)

sin 2G)'ept(Q )
2 Alept

sin O ¢ (Tevt)

AC

Ab

0,c
AFB

[GFitter '18]

m Global EW fit
B |ndirect determination

-® Measurement €] fitter ||

’ 0
.

-3 -2 -1 O 1 2 3
© ~0)/ o

indirect tot
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Results for My from other EWPO:

light Higgs preferred by:
My, Al 5 (SLD)

heavier Higgs preferred by:

Als (LEP)
= keeps SM alive

= light Higgs boson preferred

Tevatron sin’(8,,)

Tevatron M,,
ATLAS M,
LEP M,

LEP A
LEP A
SLDA
SMitwio M,
LHC average

T
B | 66,
""""""""""""""""" N A
....................................... I
-------------------------------------------- LT _+82§5
........................... .
""""""""""""""""""""""" N
okt s
610 20 102400 10°

M, [GeV]
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Global fit to all SM data:

6 March 2012 m i = 152 GeV
= My = 947357 GeV ] Aa®, =
S — 0.02750+0.00033
My < 152 GeV, 95% C.L. | @i .
4 - *= incl. low Q° data
N>< 1
3 3
Assumption for the fit: 27
SM incl. Higgs boson |
1_
= no confirmation of |LEP LHC
Higgs mechanism 0 excluded w excluded
40 100 200

= Prediction before discovery: in the SM: My < 160 GeV
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Latest global fit to all SM data:

N>< 5 :I T | T T | T T T T T T T T1 |ﬂll .I | T Ig__
= My = 90121 Gev s Dsu ftter il
g SMftwioM, measuement {0 96
“agreement” at 1.8¢ 15 - - LHC combination [PRL 114, 191803 (2015)] E
25
Assumption for the fit: 20 =
SM incl. Higgs boson 15 E
= no confirmation of PE N 10
Higgs mechanism 05 = E
EI 1 1 1 | | | I .| | LA | | | | | | I | | 1 191 1 | 1 11 IE
60 /0 8 90 100 110 120 130 140

M, [GeV]

= slightly rising *“tension” over the last years ...
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Improvements with the ILC/FCC-ee:

Experimental errors of the precision observables:

today | Tev./LHC | ILC/GigaZ | FCC-ee/TeraZ
§sin? 0r(x10°) || 15 15 1.3 0.6
S My, [MeV] 12 <12 2-3 0.5
smy [GeV] 0.6 <0.5 0.05 0.05

My o from direct reconstruction and threshold scan

sin? Our: 1/2 year TeraZ/GigaZ run (GigaZ: polarization important)

as . Improvement from GigaZ/TeraZ run

= Nno theory uncertainties included = lecture by A. Freitas
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Most precise My test with the ILC:

For GigaZ used EMW =6 MeV, Sm‘ =0.1GeV 6Ao:m =
o 20_IHI‘HII|\'IIII‘\II\‘III\|

47x10° 8sin@ )= 13x10° 8R® =4x10°
eff lep

= 1 . 7]
< " Z_ SM fit pre irftion using current uncertainties (Smer;;= fit) f|tter SME__
I ié‘tion using estimated GigaZ uncenajn' S (6mea=Rﬁt) _
B ] i _
16 . 8Mfit prediction using estimated GigaZ uncertainfies (St;;;':'Géﬂé's)"" _
14— —
2 '-. =
10 - ‘: =
8 '. . =
6 | ; -

4 __ ...................... \,/ .............................. __

2 __ ;-.2,:_:‘:.--‘- \\“ 'J —_
T . 72 """" e - _

0 NS EEEEE EEE ER e R, W e s AR AR AR N

IIII|IIHI}\ \I|IHI|HII

—4o

30

20

1o

o 60 70 80 9 100 110 120 130 140 130

= SMNY < 6 GeV

M, [GeV]

[GFitter '13] [LEPEWWG '13]

20

151

50

B Future

m,, [GeV]

= extremely sensitive test of SM (and BSM) possible

75 100 125 150
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BSM Higgs sectors at future eTe~ colliders

Remember (I):

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs’!

Q: Does the BSM physics have any (relevant) impact on the Higgs?
Q’: Which model?
A1l: check changed properties of the hiss

A2: check for additional Higgs bosons
A2’: check for additional Higgs bosons above and below 125 GeV
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Remember (II):

Models with extended Higgs sectors:

1.

2.

6.

SM with addional Higgs singlet

Two Higgs Doublet Model (THDM): type I, II, III, IV

. Minimal Supersymmetric Standard Model (MSSM)
. MSSM with one extra singlet (NMSSM)

. MSSM with more extra singlets

SM/MSSM with Higgs triplets

7. ...

= BSM models without extended Higgs sectors still have

= SM + vector-like fermions, Higgs portal, Higgs-radion mixing, ...

changed Higgs properties (quantum corrections!)
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Remember (III):
Which model should we focus on? = experimental data as guidance!

Some ‘“recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)

= good motivation to look at SUSY! :-)

But we also look at other models (2HDM, N2HDM, .. .)
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The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles

Standard particles SUSY particles

h

e

" o
y
';‘-." ._-.a- - ..

o Quarks o Leplons . Force parlicies Squarks q__,'fl' Sleptons J SUSY force
particies

Problem in the MSSM: more than 100 free parameters

Nobody(?) believes that a model describing nature
has so many free parameters! = GUT based models?!
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The MSSM Higgs sector:
Comparison with SM case:

Lsym = myQr®dr + muQrdeup
d-quark mass u-quark mass

U . “ o) v
Qr = , DPe=100P", P — , D —
d I v 0

In SUSY: term Q;®* not allowed

Superpotential is holomorphic function of chiral superfields, i.e. depends
only on ¢;, not on 7

No soft SUSY-breaking terms allowed for chiral fermions

= H, (= H1) and Hy(= H») needed to give masses
to down- and up-type fermions

Furthermore: two doublets also needed for cancellation of anomalies,
quadratic divergences
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The MSSM Higgs sector:
Enlarged Higgs sector: Two Higgs doublets

H, — (Hll):(vl+(¢1+i><1)/\/§>
H3 1
= (12) = (ot ont )
° Hz vo 4 (2 +ix2)/V2

V = miH1Hy +m3HoHy — mip(eq HYH3 +h.c.)
12 2 2
g +g - x g .
(Hyfy — HoH2)? + 7 |HiHo[?
N\ ~ g \/
gauge couplings, in contrast to SM

_|_

physical states: h9 HO A0 H=* Goldstone bosons: GY, G+
Input parameters: (to be determined experimentally)
tang =U—2, Mi:—m%Q(tanﬁ + cot3)
v1
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Tree-level result for my, my:

2
M h
1
2

M3 + M3 £+ \/(M3 + M2)2 — 4aM2M3 cos? 28

= mp < My at tree level
= Light Higgs boson h required in SUSY

Measurement of my, Higgs couplings

= test of the theory (more directly than in SM)
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Scalar top (¥) sector of the MSSM

Stop mass matrices

2 2 2
Mtg _ M{L + mjy + DT}, 2 mtft ﬁ) mg O2
My X¢ M{R + my + DTtQ 0 mfz
with

Xy = A —p/tanp

= mixing important in stop sector!

Simplifying abbreviation:

Msysy = Mg = My, = My
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Problem of the MSSM:

mp < My at tree level
= Quantum corrections come to rescuel

1-Loop: Feynman diagrams:

Dominant 1-loop corrections: AMh ~ Gymy log —12
t

size of the corrections: O(50 GeV)

= Mj ~ 125 GeV reached for my 2> 1.5 TeV
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Upper bound on Mj in the MSSM:

“Unconstrained MSSM" :

M 4, tan B, 5 parameters in t—b sector, pu, mg, Mo

for my =173.2+0.9GeV and my <2 TeV

(including theoretical uncertainties from unknown higher orders)
= in agreement with all LHC Higgs measurements and stop searches

Obtained with:

FeynHiggs

www.feynhiggs.de

[H. Bahl, T. Hahn, S.H., W. Hollik, S. Passehr, H. Rzehak, G. Weiglein '98 — '21]

— all Higgs masses, couplings, BRs, XSs (easy to link, easy to use :-)
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Upper bound on Mj in the MSSM:

“Unconstrained MSSM" :

M 4, tan B, 5 parameters in t—b sector, pu, mg, Mo

M, < 135 GeV | Note: 125 < 135!

for my =173.2+0.9GeV and my <2 TeV

(including theoretical uncertainties from unknown higher orders)
= in agreement with all LHC Higgs measurements and stop searches

Obtained with:

FeynHiggs

www.feynhiggs.de

[H. Bahl, T. Hahn, S.H., W. Hollik, S. Passehr, H. Rzehak, G. Weiglein '98 — '21]

— all Higgs masses, couplings, BRs, XSs (easy to link, easy to use :-)
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2 Higgs Doublet Model without SUSY restrictions:

The 2HDM

Two Higgs Doublet Model CP conserving

_ A N
The potential: V =miy (]01) + m3y(@1ds) — miy (] Dy + dTd) + 71(‘1)1‘1’1)2 + 72((1’3(1’2)2

A
, , +A3(R1D1) (DI Do) + Ay (BT Do) (@I D1) + 75[(‘1’1‘1’2)2 + (1d1)?]
Considerations:

* CP conserving —— all parameters are real

* Z, symmetry to avoid FCNC —  softly broken by m/,  Very important!

* Four types of Yukawa structure (we will focus on type I and II)

CP
odd

7 free parameters + 5 physical states: h, H, A, H" and H~

CP even

Extension of Z> symmetry to fermions = 4 types
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Possible choice for free parameters:

Free parameters of the 2HDM

* Physical masses: my,, my, m, and ny-.

*x We set m;, = 125 GeV

*  The rest Higgs bosons are assumed to be heavier
* tan(ﬁ):= VZ/ V;: Ratio of the Higgs doublets vevs
* COS(ﬁ — O!)I a diagonalizes the neutral CP even states h and H

* If cos(f — @) — 0 the SM Higgs couplings to gauge bosons are recovered = Alignment limit

* Alignment limit # SM, we can have hHTH~, ZHA or Hud interactions even if cos(f —a) =0

* Soft Z, breaking parameter mf2

* It only enters in the scalar sector

Alignment limit: cos(8 —«a) — 0
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Higgs-boson couplings in the 2HDM

==Y “Le[Fn+ef FrH +ic) FrsfA]

J=u,d,l
W 1 7
+ 2 lngghi W W#h; +- EQMZﬁhiZuZ'uhi] :
hi=h,H,A
I | IT | III/Y /Flipped | IV /X/Lepton-Specific
u-quarks | @, | ®y b, by
d-quarks | &5 | Py 2 by
leptons | &y | Oy b, D,

Table 1: Couplings to fermions for the four 2HDM types.

I I II1/Y /Flipped IV /X /Lepton-Specific

Er | 8 T gttt P | 85T neol B | 85 q+ cgneot 85 q + B o €6E5
5;5 88—a +Ca_acCOt B | 85_q —Cg_ntanfB | sg_o —cg_ntanf Sg_p+ G5, COLG

fl 9p—a T Co ot | 8i—u —tpaltanf | 85 4+ 0p seobd 954 — Cp—g tE0L P

5 | G —85—a®l B | Chn —~85 w0t B | che— S5acolB CB—& — BB—a COLA
£% Ch— — SOl B | cg_a+Sp_ntanf | eg_ o+ 35 otanp Ch—o — Sg—qa COLf
5}1 By — B @Bt B | Ep_t dg N800 | By — Sp o 8000 Cg i I Sp o LEHL D

% —cot f3 —cot 3 —cot f3 —cot 3
fffl cot 8 —tan 3 —tan 3 gt 5

fq cot (3 —tan cot 3 —tan f3

Table 2: Couplings to fermions for the four 2HDM types.
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Required precision for Higgs couplings?
MSSM example:

400 GeVv\*
M »

mvz1—05%<

2
400 GeV
mt:ﬁ;czl—O(lO%)< Me ) cot? 3

A
2
400 GeV
Iﬁ:b:Iﬁ:T%]_—FO(lO%)( )
M4
Composite Higgs example: X
1 TeV
Ry ~ 1 — 3% ( >
J
1 Tev)?

— couplings to bosons in the per mille range
= couplings to fermions in the per cent range

= theory/experimental match?
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Let us assume that we do see a deviation

What do we learn from that?
How do we learn something from that?

= We have to compare the observed deviation with
predicted deviations

= Preferrably with the predicted deviations in a concrete models
(A comparison with an EFT result subsequently requires the mapping
to concrete models anyway ...)

= Needed: sufficiently precise predictions in BSM model
close to ready: MSSM, NMSSM
(I am not aware of uncertainty estimates in other models)

= in the following:
model prediction (w/o TH unc.) < ete~ precision

= “Wascheleinen-Plots” (concrete: ILC500 — FCC-ee similar!)
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Waischeleine I: eTe™ precision vs. 2HDM type II prediction:

N
o

|
»
1

ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab': 2HDM-II example —

N
o
I

ILC precisions from full EFT fit

model predictions
| | | ] ] |

bb  CC g9 ww T /7 VY U

Coupling deviations from SM [%)]
o
:
:

|
N
o

= Clear pattern, distinctive for 2HDM type II7!
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Waéischeleine II: ete™ precision vs. 2HDM type X prediction:

N
o

)
o, [ ]
0p - =
c 10 |- |
- —— ———
O i ]
- B -
7p
- B -
O O BN ™y Sy S S S Sy s R |
-— - -
T . i
> i -
)
© - -
o) —10 = 1LC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: 2HDM-X example —
- - -
%. " ILC precisions from full EFT fit i
8 : . model predictions :
O _20 | | | | ] ] ]

bb  CC g9 wWw 1T 7z VY HU

= Clear pattern, distinctive for 2HDM type X7!
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Wéischeleine III: eTe™ precision vs. 2HDM type Y prediction:

N
o

|

ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: 2HDM-Y example —_

N
o
I

ILC precisions from full EFT fit -

. model predictions
| | ] ] ]

bb  CC g9 ww T 7z VY U

Coupling deviations from SM [%]
o
:

|
N
o

= Clear pattern, distinctive for 2HDM type Y7?!
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Waischeleine IV: ete™ precision vs. Composite Higgs prediction:

N
o

. ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': Composite example -

ILC precisions from full EFT fit

—h
)
I
|

model predictions

= ——— > > -

LN
o
I
I

Coupling deviations from SM [%]
o

|
N
o

bb ¢ 99 ww T zz YV HU

= clear pattern, distinctive for Composite Higgs?!
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Waischeleine V: eTe™ precision vs. HxSM prediction:

N
o

—h
o
I
I

ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: Singlet example _—

LN
o
|

ILC precisions from full EFT fit

model predictions
| | | ] ] |

bb  CC 99 wWwW U /7 YV HU

Coupling deviations from SM [%]
o
:
i

|
N
o

= Clear pattern, distinctive for HxSM?7!
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Waischeleine VI: eTe™ precision vs. Higgs-Radion prediction:

N
o

O
o~ - 7
el . .
N - -
c 10 —_— —
o _ -
L = —
o

n

C p— —
O OH----------------------------------------—-
— — e ® = - = -~ ——
(qv)

> p— —
)
© B -
o) —10 |~ 1Lc250Gev, 2ab™ + 500 GeV, 4 ab™: Radion example —
C - -
%- B ILC precisions from full EFT fit _
8 B model predictions 7
O -20 | | | | | | |

bb ¢ g9 ww T 7z Y7 HU

= clear pattern, distinctive for Higgs Radion?!
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2HDM example (I): [S. Kanemura et al. '18]

ey cos(p-a)<0 80— cos(pa)0
60 _ ; 60 “\ Type X fypel(Tree) |
I _‘ Type Y (Tree) i tang = 1,3 |
40 B | tang = 3 ’ 40 Typei( (Tree) /" Tvpe | -
— I : : & Typell (Tree) — ; ta,B ! YP ]
-E’l- 20 gTYpeY(Tree) N, il . -B;- 20 + 1
S étanﬁ =] ; 1 E ; ;
-5|:\) 0 ' " : ;cr;r?;jgree} — -? 0 I Typée)((Tree. : ” i
= _ | HSM ¢ s i — tamig=3 HSM ~ Type Y (Tree)
E-QO i Type I (Tree) 7 10006Ge EQO i | : tnﬂ:?
g tang=3 J g:;fgﬂee) | < | Typell (Tree) ! )
-40 - Type |  700GeV el -40 | ta"‘ef L e Type Y
o 500GeV B ang=3 | _ _
60 Type X -60 | Type Il , ]
I # Type | (Tree) T
) i Lo 1 U PR B | MrS006Y N gol ... .. ... . VIECSWO,
80 -60 -40 -20 0O 20 40 60 80 80 60 -40 -20 0 20 40 60 80
Aﬂ(h—>’t’E) [o/o] AR(h—>’L"E) [°/o]

= L C precision has a great potential to discriminate the models!
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2HDM example (II):

Y

_ Type«éI,Y (Tree) g
[ tang=1 2

1000GeV

500GeV

my=3 OOGeV

Tyﬁ)e I, Y (Tree) HSM
tar?ﬁ =3

Type I, X (Tree) |
tang =1

2855 60 40 20 0 20
AR(h—VE‘L‘) [cyo]

40 80 80

1
o

AR(h—ZZ*) [%]
=

-20

-25

[S. Kanemura et al. '18]

| 00,5(5"1_)?9

Type 1Y _
1000GeV I]
. 700GeV '
Type .Y (Tree)

Type 1I,X

[Type Il, X (Tree)
tanB = 3_e——
| o g Wi 8

v 2 S 1
/ Typeé Il, X (Tree) l \
tang = 1 : . . i

| HSM Typel, Y.(Tree)

tang =3

: mH=BOOGEV |

80 60 40 20 0 20 40 60 80
AR(h—YﬂT) [cyo]

= L C precision has a great potential to discriminate the models!

Sven Heinemeyer, Yeti 2021: The future of Lepton Colliders: Higgs and BSM physics, 07.07.2021

71



2HDM example (III): [S. Kanemura et al. '18]

- cos(p-a)>0
0f !
X 5 Type Y ]
=
"!F--'IO - :
< |
G5
20 HSM . 20 B H b ;
Type LY A S L
-25 [ ol I R GO L e oo L L] -25 AL L S i | . i . ": il ]
-80 -60 -40 -20 0O 20 40 60 80 -80 -60 -40 -20 O 20 40 60 80
AR(h—tt) [%] AR(h—t) [%)]

= L C precision has a great potential to discriminate the models!
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Model discrimination at ILC250: [K. Fujii et al. '17]

20

SM
ILC 250 GeV, 2 ab”' (W8l 15 =
pMSSM =
- 16 o
2HDM-II Higgs and cTGCs S
2HDM-X EFT interpretation 14 E
12
2HDM-Y g
10 O
Composite O
s 8 T
LHT-6 O
6 QD
LHT-7 D
S 4 '®)
Radion E
w 7
Singlet
0

v pMSSMHDMﬂHDMWHDM PD”’JDDSEJS "r.; %G'fon gl
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Model discrimination at ILC500: [K. Fujii et al. '17]
20
SM 1 O
ILC 250 GeV, 2 ab 18 €
PMSSM + 350 GeV, 0.2 ab™ s S
) @)
2HDM-II + 500 GeV, 4 ab’ =
: 14 @©
TS Higgs and cTGCs =
EFT interpretation 12 &
2HDM-Y =
10 O
Composite @p]
8 ©
LHT-6 —
6 QO
LHT-7 '8
4
Radion E
2
Singlet
Sh VS SN oM S 10M O mpoctlT-6 1T Racion, ey
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Compare future colliders:

— focus on Higgs searches and measurements

HL-LHC:

— will improve direct search limits

— will improve rate measurements (production x decay)
systematic/theory uncertainties: S2 scenario

ILC: (similar for FCC-ee/CEPC/CLIC)

— will improve rate measurements (no theory assumptions!)
— 250fb~! at ILC250 @ 500fb~! at ILC500
— polarization: P(e—,eT) = (—=80%, +30%)
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Relevance of ILC measurements:. [H. Bahl et al., '20]

— Assume a realization of an MSSM point: M4 =1 TeV, tang=7/3
— What limits can be set from rate/coupling measurements?

% = E M} scenario FC sensitivity (27) 4. L b T RG sensitivity (20)
[ ] " 2 HL-LHC - 2 HLLHC
I WWWE HL-LHC+ILC250 [ WWE HL-LHC+ILC250
- WK HL-LHC+ILC250+ILC500 4.0F WK HL-LHC+ILC250+ILC500
20F Yr MSSM realization - Yr MSSM realization
1o5F i = - 1
: 1 T 3.0F -
10F ] f
L - = 2.5 B 7
! i E ME ) scenario-
N NS I N N SO MY NN N TR TN TN NN IS TR SO TR N A N SR | 2 /I N NN NN S N N (N T [ TR S Y N Y| ;
EOO 1000 1500 2000 2500 2000 gOO 1000 1500 2000 2500 2000
M [GeV] My [GeV]

= only ILC measurements give upper limit on M4
= limits on tan g8 only for small(er) tang
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MSSM Wascheleine I: ete™ precision vs. M12° (M4 = 700 GeV, tan 3 = 8)

[H. Bahl et al. '20]

M}* scenario M4 =700 GeV, tan 3 = 8
I | I | I I I
- || HL-LHC (sy <1) 5

r' | 1LC250 i
LOSF 1 1Lesoo _ i

l.[JU—-L -

0.95 =
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MSSM Wiéscheleine II: ete™ precision vs. M12° (M4 = 1000 GeV, tan g = 8)

[H. Bahl et al. '20]

2 FLES "
M}* scenario

My=1TeV. . tan =8

1 1 I
- | HL-LHC (ky < 1)

| 1LC250

gl
1.05 I 1LC500

0.95F

l.['][]r-'#-—-—r-—— .

K k7 Ky

ki K K+

= only ete™ measurements allows to set upper limit on My
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MSSM Wascheleine IIL: ete~ vs. M, >>5" 1 (%) (M4 = 700 GeV, tan g = 3)

[H. Bahl et al. '20]
iu!}?liﬁl?'l‘(ﬁ scenario Ma="T00 GeV, tan 3 = 3

1.10 i T i ] | | I
- | HL-LHC (ky <1) 1
- | ILC250

105 ~ 1 ILC500

1.00—--#-—--?-—- ——————- e m e m o

0.95= =
1 I 1 I ] : ]

0.90=— W Kz Ky K Ks Ky K,
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MSSM Waischeleine IV: etTe™ vs. M 2> T (%) (M4 = 1000 GeV, tan s = 3)

[H. Bahl et al. '20]

M} Rpr(X) scenario Ms=1TeV,tan5 =3
1.110) i T | i | | |

: l HL-LHC (sy < 1) :

| 1LC250

105 ~ 1 ILC500 y
1.no—--#-—---l=--- ——————— I--k ———————
0.95F -

L I i | ; ; ]
0.90 = W Ky Ky Ky Ky Ki, K

= only ete™ measurements allows to set upper limit on My
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MSSM Wascheleine V: ete™ vs. M12?° (M4 = 1000 GeV, tan 8 = 8)
[H. Bahl et al. '20]

M;* for different Mys=1TeV.tan 8 =8
I | | |
|| HL-LHC (ky < 1) 2
L | ILC250 o
Losk 1 ILC500 A
E : ................ . THDM-IL :
].DU_ __________ éIﬁb—I ——————

I 1 | |
p=1TeV p=—1TeV u=-—27TeV p=—31ITeV
= MSSM vs. 2HDM: very challenging!
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Measurement of ABSM at eTe™ colliders: APSM = A2M possible!

Higgs-strahlung:
ete™ — Z* — Zhh

weak boson fusion (WBF):
e+ e— — vvhh

Signal and background interference:
®)
e

v € vE
Signal diagram Background diagrams
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Desired precision in \7

= highly model dependent

Examples: [R. Gupta, H. Rzehak, J. Wells '13]

e Higgs singlet extension: (AM/A)M ~ —18%

e Composite Higgs models: (AX/\)M ~ +20%
e MSSM: (AXN/ AT < —15%

o NMSSM: (AN/ N < —259%

e 2HDM: NEW: detailed analysis [F. Arco, S.H., M. Herrero '20]
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For any BSM (Higgs) analysis: the constraints:

— applied to every point analyzed/scanned/. ..

e [ree-level perturbativity

e Stability: potential is bounded from below

e Higgs searches at LEP, Tevatron, LHC = HiggsBounds (2HDMCQC)
e SM-like Higgs properties = HiggsSignals (2HDMC)

e Flavor physics (mainly BR(Bs — Xsv), AMp_ ) = Superlso

e Electroweak precision data (S, T and U) = 2HDMC
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Example I. 2HDM type I:. results

2HDM type |, scenario C

ﬁ .
5” T 1000 my =my, = my. = 1000 GeV (scenario C)
200
= m?, = mf; cos® a/tan B
! 1.40
-t 1.30
10 L 120
-1.10 . - P .
o 105 * Min k; ~ — 0.4 in the “tip” with tanf ~ 7 and ¢4_, ~ 0.2
F=] =t 1.00
3 0.95
- 0.90
080
R * Max lhhH ~ 1.2 for Cﬁ—a ~ 0.1
0.50
0.25
0.00 : : :
1 o« Max A yy ~ 12 and A, gy = 24,44 ~ 24 in the unitarity
—5.00
03 02 01 00 01 02 03 o border
Ca—o
)\hhH )\hHH AhH-i-H—: 2)\}11414 Zg.g
0 I \ 0 \ o 300
2.0
15.0
— 10,0
= 5.0
— 60
10 10 4 10 40
= = 4 «Q L 10
= = g 0.5
E = 2 L 0.0
L 05
=t 1.0
~ =t —20
= L 40
] f 60
1 1 14 —8.0
| ~10.0
£ [ It -15.0
e T T T T | — T T T T — —20.0
—-03-0.2-0.1 00 0.1 02 03 —03-02-0.1 00 01 02 03 —03-02-01 00 01 02 03 :igg
Ch—n [&7; Cl—q —50.0

= large deviations for k), = large values for BSM \'s
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Example II: 2HDM type II: results

—0.15

800000
700000
600000

500000

m2, [GeV?|

300000

2HDM type I, scenario C

=gl
—0.05 0.00

d
—0.10

LN o
0.05 0.10

Ca—a
AbhI
[ \

400000 4~

2000004

100000

= large deviations for k)

CR—n

T
—0.15-0.10—-0.05 0.00 0.05 0.10 0.15

20.00
10.00
5.00
2.00
1.75
1.50
1.40
1.30
1.20

-]
[ A
SBSEECSHE8S
8%5@@

0.15

800000

700000 4——

AL H

__ 600000 1 - /\ -
2 500000 -
0

L& 400000 -

300000

200000

—0.15-0.10-0.05 0.00 0.05 0.10 0.15

Ca—a

m?, [GeV?]

my = my = my. = 1100 GeV (scenario C)

tanf =0.9

R * Min x; ~ — 1.0 for max By 5™ 0.13
0:80 * AHOWed AhhH = [—1, 1.4]

* M&X /’{‘hHH s 12 and AhH"‘H‘ = 22’hAA o~ 24 fOI‘ IIliIl
m?, ~ 2 x 10° GeV”

40.0
30.0
20.0
15.0
= L 10.0
e — - — - 8.0
T 60
N 4.0
\ 2.0
500000 1 \ 1o
. Wb T L 0.5
400000 \ -
—1.0
r—2.0
—4.0
—6.0
—8.0
—10.0
—15.0
100000 200

—0.15-0.10—0.05 0.00 0.05 0.10 0.15 @& ~%7

CB—a —50.0

ALHAH-= 2)\hAA 50.0
800000

700000

300000

200000

= large values for BSM \’s
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Result overview:

Final allowed ranges

Type | Type |l
Far from the alignment limit
Kﬂ, < [_0.5, 1.5] Kﬂ, < [0.0, 1.0] -_— and playmg with mifzz
/lhhH = [—1.4, 1.5] A‘hhH c [—16, 1.8] ——p  For Cﬁ—a ~ *+0.05

Large masses and nearly

/lhAA € [0, 16] /lhAA e [0, 16] independent of Cp_q and
scenario A or B

L~ € [0, 32] Agep- € [0, 32]

Interesting points are shown in our paper [arXiv:2005.10576]
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Di-Higgs production at ILC/CLIC:

e'e” —>Zhh

[li)\ = —-0.5...

e'e > vvhh

4 — — 4
I = |LC 500 GeV, P(e e)(rosma)g{gfb ]
ILC 1 TeV, P(e",e%)=(-0.8,0.2), 0.17 fb ]

- CLIC 1.4 TeV, unpolarized, 0.09 fb \

L ILC 500GeV (+16.8%)

0
-1.0

= strong and different dependence on k)

—-—= |LC 1 TeV, P(e” e) (- 0802) 0.13 b
------ CLIC 1.4 TeV, unpolarized, 0.15 fb
—-—- CLIC 3 TeV, unpolarized, 0.59 fb /

3r CLIC 3 TeV, unpolarized, 0.03 fb 7 3 \

| CLIC ATeV (+20%) . ..
LILC 1TeV (+37%)

| CLIC 1.4TeV (+44%)

05 00 05 10 15 20

= not all ky = 1+ dk) range covered (but one can imagine ...)
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Results for HL-LHC:

-2AIN(L)

12

10

0

-2

ATLAS and CMS

[K}A = —-0.5... —|— 1.5]

3000 fb™' (14 TeV)

= only evaluated for kK, = 1

i * HL-LHC prospects
B —— ATLAS
i —— CMS
- —e— (Combination
EE | | SR A atrg” [ | 95%
[ '\.\ ______________________________ 68%
_IIII|IIII|II II|IIII|IIII|IIII|IIII|IIII|IIII

-1 0 1 2 3 4 5 6 7 8

kk
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Measurement of k) selfcoupling at ILC/HL-LHC: [xy = —0.5... 4 1.5]

D 2 . 5 T 1 11 1 1 T ] Higgs selfcoupling projections T [ 1
g u : : == HL-LHC (single coupl. analysis) :
c< B ==% = cross-section-level extrapolation
=~ B : : :
% 2 .......... CSVUTURTURITUTY [SNNURRL- TR USSR =e=— |LC 500 GeV ZHH (full coupl. analysis) |..........5......
CIEJ ' ' s |L.C 500 GeV + 1 TeV vwHH combined

.W.‘..‘..‘..‘..‘..‘. "
--ﬁ: ammmmE
“*jf'..'..'..'..'..'.....

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

EEEEEEEE.
EEEEEEEEEEEER

i
—0.5 0 0.5 1 1.5 2
Aue/ M

true

= over most of the parameter space ILC is clearly superior to HL-LHC
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Measurement of k) selfcoupling at ILC/HL-LHC: [xy = —0.5... 4 1.5]

E T 1 I 1 | | | I | | | 1 I 1 1 1 1 I 1 1 1 1 I | | 1 | I | 1]
CD = jaa i i i ; : :; -
< 3 - Mg selfcouplIng Proletons -
\o') B === HL-LHC (single coupl. analysis) : E i
(] - = =W = cross-section-level extrapolation ' : : -

H '
GEJ B ==s== |LC 500 GeV ZHH (full coupl. analysis) E . m
- . om ] u -
< O | .| =#=1LC 500 GeV + 1 TeV wvHH combined : LTS TR S
— . Ty n =

: . 'H
- : - [ H —

: * . n
- : n u :: -

: u . '
— . u . —
g [ IS SV SR S - A SO S

: : : H

= n u "

u 5 ' I i

- |

-05 0 05 1 15 2
Mrue! Msu

rue

= over most of the parameter space ILC is clearly superior to HL-LHC

Sven Heinemeyer, Yeti 2021: The future of Lepton Colliders: Higgs and BSM physics, 07.07.2021 90



Measurement of k) at the FCC-hh:
[Mangano, Ortona, Selvaggi '20]

15 FCC-hh S:mulat:on (Delphes)

| ﬂ L L B T L
< :‘ ======= Combined (stat only5
<] ! m— COmbined
C}l 10 :_— bbyy

'._ bbt, 1, +bbrt, T,

S DD ZZ(4])

4 = L e

= result only for kK, =1
= pile-up neglected
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Measurement of k) at the FCC-hh: [y = —0.5... 4+ 1.5]

FCC-hh Simulation (Delphes)

' 80 T [ T T T T [T T T T [ T T T T [ T T T T [ T T T T [ I T T T ]
=, - ]
X gol— Vs=100TeV ]
< — -1 -
- L=30ab -
© 40 — —]
2017 0% ‘
o—stb—vii— | I I I I
0% 0 B LR IR IRIIBIIEIIE ‘
-20 — ‘
-40 :— 68% C.l.onk,
B scenario | 11 1 ‘
_60|— statesyst
— statonly I B B
~80 [ ]
[N T N ST TN T NN TN T T N TN A [N N N N N N N NN B

0.0 04 0.7 1.0 1.3 15 1.7 20 22 24 26 28 3.&
= better (worse) than ILC for k) < (>)1.5 '

= no results for k) <0
= pile-up neglected . ..
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Single-Higgs production: [y = —0.5... 4+ 1.5]

f
/
Oﬁ ,,L”
_____ ."
h \\\\\ ,f
h
I
o %% B
Og //'
_____ _(‘
h ..
/
W N

EFT analysis performed only for ky =1

= CEPC/FCC-ee prospects unclear!
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Comparison of al

| colliders:

HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

ILC

CEPC| T T“TT™"YF"

CLIC

[H})\ = —-0.5...

Higgs@FC WG September 2019

0 10

50
68% CL bounds on k, [%]

30 40

Analysis/comparison performed only for ky =1
= CEPC/FCC-ee prospects unclear!

di-Higgs single-Higgs
HL-LHC HL-LHC
- 500 R 500”“..... [ER—
HELHC | HE-LHC
¥ [10-20)% = L .
. FCC- celelibll FCC sefahhh
25"K
LE-FGG ., LE- FOC
=
FCC-eh,, . FCC eh.,
®-17+24%  |l=dDa
. i FCC- ee;:)'b
24°/u
FCC—eem
33%
FCC- 68,,,
- 490’“ ITmEmrEEEIIEE
gic " |Lcmn
10% b ETT
LG, oy [[Ee®
27% = 35
ILCF.H(]
L 49%
| CEPC
—49% ...
jClic, =_ciic,
7o%+11% ot 490,
cLc TICLIG ..
TR0 TR0
36% " 4994

JCLIC,,
L 50%

All future colliders combined with HL-LHC
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Remeber again:

Conclusion: It cannot be “the SM Higgs’!

Q: Does the BSM physics have any (relevant) impact on the Higgs?
Q’: Which model?

A1l: check changed properties of the hqo5

A2: check for additional Higgs bosons
A2’: check for additional Higgs bosons above and below 125 GeV

Searches above 125 GeV: depend stongly on available /s
= only ILC/CLIC can go to high(er) energies

Searches below 125 GeV: possible at all proposed colliders

First stage: ILC/FCC-ee/CEPC: /s ~ 250 GeV
CLIC: /s ~ 380 GeV
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BSM Higgs Bosons above 125 GeV

CMS Preliminary Simulation MSSM ¢—tt
95% CL Expected exclusion: Projections:
] 13 Tev Expected (HiG-16-008) ====* ECFA1BS1 300k ) **==* ECFAY6 S1 (3000 %)
B :woExpecteds 0 e ECFAI652{300 /) ' ECFA16S2(3000%")
+ 20 Expected - == Stat Oniy (30016} === Stat Only (3000 k)
[ ¥ | 1 I ] [ L] 1 T i T L] L] ’ T L) "[ i
Ry
Pl |
# ‘J
r o,
& h
"r’ —
4
)
".’l E
"
l’l’ y
oF o
-‘-' -
R "
'Y !_J
o . A
o Tt
o o E
o' S
o o C
,‘.’ *!.“ =
g 7 !
o ot
joo? o
- o "";.I
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._;,ﬁ'"
e S
# ey s’
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200 400 600 800 1000 1200 1400 1600 1800 2000

= strong (HL-)LHC limits

m, (GeV)
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Sum rule in the MSSM with A SM-like: sin(8 —«a) ~ 1, cos(f —«a) ~ 0

Search for neutral SUSY Higgs bosons:

ete~ — Zh,ZH

oz ~ SiN?(B — aerr)ory

oHz ~ COS2(B — aefr)op !

ete” — Ah, AH

e A
opa < COS%(B — aefr)or
Z oA < SINZ(B — aesr)ory
et ~ h, H ha
= only pair production of heavy Higgs bosons! reach: M4 < \/s/2
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CLIC reach: [L. Linssen et al. '12]

CLIC SUSY Higgs Mass Reach

95

= CLIC 3ab”’

|:| Tevatron 95% C.L.
L JLHC-795%C.L.

| HC-14

50
45

40
CLIC /s =3 TeV
ete” — HA

35

- 30

tan /3

25

20

15
10

200 600 B00 1000 1200 1400 1600
CP — odd Higgs mass Ma [GeV]|

200

= close to kinematic limit
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“Simple” LC reach in the MSSM (neglecting ¢t final states)

CMS Preliminary Simulation MSSM ¢—tt
95% CL Expected exclusion: Projections:
] 13 Tev Expected (HiG-16-008) ====* ECFA1BS1 300k ) **==* ECFAY6 S1 (3000 %)
P ioExpectes 00 e ECFAI6S2(300/k) ' ECFA16S2(3000%")
+ 20 Expected - == Stat Oniy (30016} === Stat Only (3000 k)
[ ¥ | 1 I ] [ L] 1 T i T L] L] i T I"l’[ i
".":i'
.'..r"
r‘.’ -
e
57 1
r 4 7
.','-"7 POl
v 55 ]
Pa e y
Lf*"::fli-#f-;—‘f'fil L l L AL l A8 | l Ll 1 l L L L J AL L J Ll 1 l il 1 L &
200 400 800 1000 1200 14001600 1800 2000
ILC1000 m, (GeV)
CLIC1400 CLIC3000

= unique opportunities!
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Single heavy Higgs production beyond kinematic reach:

Sensitivity to the small signal of an additional heavy

Higgs boson in a Two-Higgs-Doublet model (2HDM)
S . [S. Liebler et al. *15]

V&)

grvy = sin(f —a) gf{& guvy = cos(ff — a) g%ti\ V=Ww=%7Z2

v

N 103_ — T T T T T T T T_J T T T [ T T T ] - 103_"|"'|"'_|"'|"'_
< - ete” = vvuudd, /s =1TeV ] < - ete” = vvuudd, /s =1TeV ]
e Pol(e*,e7) = (0.3, —0.8) e Pol(et,e™) = (0.3, —0.8)
< 2HDM, $3_o = 0.95 . S 9HDM, sg_, = 0.95 ]
= my, = 125 GeV, my = 400 GeV | = my, = 125 GeV, my = 600 GeV
102 b [Ldt = 500 fb~1- 102 b JLdt = 500 b~ Y4
101 - 7 101 E E
200 400 600 800 1000 200 400 600 800 1000
(a) Myadd [GeV] b Myadd |GeV]
= ILC: Potential sensitivity beyond the kinematic reach of Higgs pair
production
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BSM Higgs Bosons below 125 GeV

Example for discovery potential for new light states:
Sensitivity at 250 GeV with 500 fb-1 to a new light Higgs

iz N2 [P Drechsel et al. ’17]
(QHSMZZ ) Indirect LHC
1¢ - T . ' E sensitivity from
; measurements of the
Higgs at 125 GeV
Excluded
from  0.100f —— measured, LEP [(mH)
LEP — | — recoil, ILC [(mH)
searches —— traditional, ILC Fp(mH)
3 —— LHC limit
0.010}
Could ; _
probe _ R\l—ézgg&s factory
the _ . e sensitivity
“CIVIS/ Higgs factory sensitivity: Recoil method
bump”o'omg h — bb search E
at 95 20 20 80 80 700 120 740 760 /ﬁ

= Higgs factory at 250 GeV will explore a large untested region!
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Search for invisibly decaying light Higgses via recoil method: [Y. Wang et al. 18]

@250 GeV ILC with 2000 fb' luminosities
>3000d_' ' LD p.relilmin.ary; I

Ge

200
M. (GeV/c?)
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Search for pp — ¢ — vy with myg < 125 GeV

— CMS obs. limit
3.0 - == CMS exp. limit
— ATLAS obs. limit
! - == ATLAS exp. limit
1} —4— CMS excess

2.0

a/Tsm

1.0

0.5

0.0 R ' S
6o 70 79 80 85 90 95 100 105 110
M, [GeV]

= if there is something, it would look exactly like this!
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Remember the LEP excess?

Sos
ok

LEP
Vs = 91-209 GeV
SM branching ratios

(a)

— Observed
Expected for background

-1
10 -
2
10 AN (N N SN O NN N S (N S NN S N 7 N - (O I I
20 40 60 80 100 120
2
m,, (GeV/c")
1 gp(98 GeV) = [a(e e~ — Zhy) x BR(hy — bE)}exp/SM = 0.117 + 0.057
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Investigation in BSM Higgs models: N2HDM

Fields:
67 63

b = , o =
' \%(Ul + p1+in1) ‘ \%(vz + p2 +in2)

, Pg =vg+ pg

Physical states: hi, ho, hs (CP-even), A (CP-odd), H* (charged)

u-type d-type leptons

type I P Py P
type II s b4 Py
type III (lepton-specific) o P P4
type IV (flipped) P b4 Dy

= exactly as in 2HDM
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Fitting the excesses: [T. Biekétter, S.H., G. Weiglein — PRELIMINARY]

type I: NO type II: BEST type III: NO type IV: OK = SUSY?

AR R AR Fh AU R E L Eioit Pl T By R T et A 4o Tl T P Sl LR LD R 3 ER L A I R P LR Falndld e T e TR o0, ol Mol Al Lo
3 %  Best-fit point ] : #*  Bestfit point
0.30 F 2 2 9 . 0.30 F 2 2 1 .
! * Xizs S XaMazm 9 : *  Xizs <XaMaz (] a6
o 2 ] [ b 2 ]
8 xi=0 1 F B =10 1
095k w10 ellipse for v, 3 04— 025k w10 ellipse for y5, 3 s
25} 95 3 04 — 256 F 95 3 a4 =
ol o5
If B I
0.20 1 2 Z 0.20 ¢ . 9 2
™ b ¥ B
’o gl . %
ol " \\ = 5 F-'-':
0.15 Ay PR LR =015 3 o0 7
™ . | ] 2 z
- -. E HH i :__‘;
.10 - e E -.5 .10 3 BH n.ﬁ
A oee Zf T T
L] '. 1
s : 86 :
.05 f' . 4 .05 4 B
84 >
(L0 Lt il v e E L e 0.0 = il B o ] 54
1}]'.'[} 01 2 03 04 05 06 07 08 09 10 11 1.2 1]]'.'[} 01 &2 03 04 05 06 07 08 09 10 1.1 1.2
HCMS HOMS

= excesses well fitted, with good x%5¢

red points have X%25 < X%M 125
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ILC production of the light scalar in the N2HDM type II:

0" E .
107 E 1
= E
T; =g |
Eﬂ: : -----|--|--|--n---.----l-lnnllll""'.!
we W0 E 3
[ e [ EP observed 95% CL excl.
) [ = =« LEP expected 95% CL excl.
077 F w a u ILC250 expected 95% CL excl. 3
: Yo = 230
e Xae < 230 Type ll: y~ < Lam}
lﬂ—ﬂ ......... | T T RN TR R N | TP L P [P
B0 70 R0 i) L0 110 120

= new state easily in the reach of the ILC = coupling measurements
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ILC production of the light scalar in the N2HDM type IV:

"k :
107 E 1
= E
T; wn2E |
Eﬂ: : I.lllllllllllllllllll-llllllllllll.......!
100 E
[ mm [ EP observed 95% CL excl.
; [ = =« LEP expected 95% CL excl.
077 F w a u ILC250 expected 95% CL excl. 3
: g = 2.30
e Xae < 230 |T1-fpe 350 G Lam}
lﬂ—i-l ......... | T o i b [P
G0 70 R0 90 10K} 110 120

= new state easily in the reach of the ILC = coupling measurements
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What can we learn from future measurements?

— LHC hAqo5 coupling measurements
— HL-LHC hAj95 coupling measurements < focus

— ILC hio5 coupling measurements < focus

— direct production of ¢gg at the LHC
— direct production of ¢gg at the HL-LHC
— direct production of ¢gg at the ILC < focus

— ILC ¢ge coupling measurements <« focus

— production of other BSM Higgs bosons at the LHC/HL-LHC/ILC/. ..

ILC = ILC (or other eTe™ collider)
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Future measurements: = HL-LHC/ILC Higgs coupling measurements

[ T. Biekotter, S.H., G. Weiglein — PRELIMINARY]

""""" . 5, R T I It i S T A P, S e s i i PN [0 s M AR T o T L= s o= HT ST K R
[ Type ll: x7 < yEn. Yig < 2.30 ; 3
o] 7 = 1 ‘
LofF o« Type Vi x* < Gy v < 2.30 [ ] /]
" === HL-LHC (1¢) . s '
- ..___,il -
| === HL-LHC + ILC250 (1) \ S
F{ = mees ATLAS current (1 o) \ /
| —-= CMS current (1o i s
,
= ol
| s
209t - .
‘I.--
0.8 .
0.5 0.6 0.7 0.8 (0.9 1.0 1,1

= type II and IV show strong deviations from SM
= N2HDM can always be distinguished from SM!
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N2HDM: 77 vs. WW/Z Z:

[ T. Biekotter, S.H., G. Weiglein — PRELIMINARY]

LR .
"-' - 1
T_'r *1"'”. A
= n' !
04 F , + 47 -
2k, i "'J'"' |
-:?; i#
RIS W
<" . ﬁ
EA: ol lr:
» g * a® . b
':.' -;"
r‘-f;",.-' ¥
; L
U3 o Typell: \? < viys Xbg <230 === ILC250: 2ab™! (1o) ]
e Type IV: v° < var, Yae < 2.30
.1 0.2 0.3 .4 0.5 (.G
ChyT7

= model distinction possible via coupling measurements
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BSM Particle searches at ete— colliders

Indirect evidence (deviations from SM expectations) is nice . ..
But we want to see new particles! :-)

pp colliders:

— higher energy

— high reach for colored particles

— problems in “difficult” regions (e.g. compressed spectra)

eTe™ colliders:

— lower energy

— Yeasier” reach for uncolored particles

— “difficult” regions better covered (e.g. compressed spectra)

Problem: we do not have a mass scale prediction

Or do we?
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How relevant are compressed spectra?

Natural SUSY: low u Global pMSSM11 fit
* pMSSMI11 w/ (g —2), : best fit, 1o, 20, 30
= 00¢ 1200F e | | | | P -
® F Higgsino-like LSP (u < M,M,) M2STERcse) W ot e
O, 500 = MM, *[0.05.2] TeV R '
ch""‘r [ tang : [1,70] 1000
400
C __800f
- %
300 |- &)
- _. 600F
C T
[ g
200
- 4001
100 ¢
200
0 ra g sl v v s g by v v e v s by v v v by vy sy
100 200 300 400 500 600 700 0 ' ) ' ' ' ) )
0 250 500 750 1000 1250 1500 1750 2000
m,. [GeV] s [GeV]
= two well motivated and independent scenarios
= both favor independently compressed spectra = DM connection
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Future reach for compressed spectra

Higgsino-like EWK processes

;' L L L L L L L T I B A
L HL-LHC 3/ab, 14 TeV (soft-lepton A) = HLLHC . —
8 s HL-LHC 3/ab, 14 TeV (soft-lepton B) - R
| wmmwmsss HE-LHC 15/ab, 27 TeV (soft-lepton B) ﬁ L HeC monojet-like (pmi)
| mimimimi FCC-hh (HE-LHC approx. rescaling) ¥l |
= = ILC_ ., 0.5/ab HE-LHC monojet
o 500 ==
ILC, .. 1/ab . - =
wn BT CUE;GOG' / FCC-ee. [\ % FCC-eh monojet-ike
| 1 02 380 380 European Strategy, ' —
. e ontbi bl gt{gﬂm’ E}S?b g FCC-hh monojet -
BEINIEINI] al e —
(Al C 30007 n
CD = E T R e - g T R S e S e =, T P " - 1
el 3 &) ' ), 2 .
Z a 2 - & . i
= % DBy, 2 . %
‘. e ] m
E : '.:. ‘; Ly hd : ; _
< 7% P 2l
N - .o
A 4 u -
10 = caaaiedd s ; =
= f/:_ SR A Pl : -
A | u A —
a | = .
7 : ; ]
{ : : * CLIC: extrapolated below 5 GeV - =
[ I

e

“.-_;—--.j___-:;__,-- .=

[_JP [-1 } 1"4“1 L— L—~i =

Mono;et reach in A m[NLSP LSF’) not dlsp}ayed

—— -::I

200 400 600 800 1000

= clear complementarity between pp and ete

— eTe™ much more “robust’”!

1200 1400
m(NLSP)
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Prediction for a BSM mass scale?

The anomalous magnetic moment of the muon: a;, = (g — 2),/2

Overview about the current experimental and SM (theory) result:

BNLg-2 = & — (370
FNAL g-2 4 — + 330

A A
< 420 )

h | |4
@ +—8——+ 420

Standard Model Experiment
Average

175 180 185 190 195 200 205 210 215
9
apx10 -1165900

a&P — gt"eo=M (251 £5.9) x 10710 : 424
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SUSY can easily explain the deviation in ay:

Feynman diagrams for MSSM 1L corrections:

— Diagrams with chargino/sneutrino exchange
— Diagrams with neutralino/smuon exchange

. 2
Enhancement factor as compared to SM: SM. EW 1L % ]\77;_5
~0 ~ . MSSM, 1L: & £ % tan
p—X9 —fa : ~my tanp ™ M2 b
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The general idea:

— scan the relevant EW SUSY parameter space

— impose all relevant experimental constraints:
— (g9 — 2)#
— Dark Matter relic density
— Dark Matter direct detection
— LHC searches for EW particles

— Dark Matter relic density requires a mechanism to reduce the density
in the early universe
— bino/wino DM with chargino co-annihilation
— bino/wino DM with slepton co-annihilation
— higgsino DM
— wino DM

— obtain lower and upper limits on the various EVW particle masses

— evaluate the prospects for future searches
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(g — 2), constraint: GM2Calc

old: Aaf? = (28.0£7.4) x 10~ 10
new: Aa)® = (25.1+£5.9) x 10~ *°

= some results for Aal® (= Aa,),  some results only available for Aag

LHC searches: for EW particles: CheckMate (recasting)

Dark Matter relic density: MicrOmegas

Qcpmh? = 0.120 £+ 0.001
or Qcpwmh? < 0.122

(as taken from [Planck '18] )

Dark Matter direct detection: MicrOmegas
limit on spin independent scattering cross section (XenonlT)
[Xenon collab. '18]
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Possible scenarios:

A) bino/wino DM with chargino co-annihilation
relic DM density 100% fulfilled
= M(N)LSP S 600(650) GeV for new (and old) (g —2),

B/C) bino DM with slepton co-annihilation
relic DM density 100% fulfilled
= m\yLsp S 550(600) GeV for new (and old) (g —2),

D) higgsino DM: MO~ Mg ~ Mok ~ 1
1 2 1
relic DM density as upper limit (otherwise Mo ~ 1 TeV)
1

— m(N)LSp SJ 500 GeV

E) wino DM: m-g ~ m-+ ~ M>
X1 X1

relic DM density as upper limit (otherwise Mg ~ 3 TeV)
1
— m(N)LSP 5 600 GeV

= predictions for future (ete™) colliders?!
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Compressed spectra at current and future colliders
Higgsino, wino and bino/wino DM:

- — HL-LHC 3/ab 14 TeV (Soft Lepton A) - - CLIC3000 1
— HL-LHC 3/ab 14 TeV (Soft Lepton B) FCC-hh monojet |
S HE-LHC 15/ab 27 TeV (Soft Lepton B) . _ .
S FCC-hh (HE-LHC approx. rescaling) * Bino—Wino
— ILCsm0 #* Higgsino
ILC :
100-.--.-.  CLICe% JFCC = et * ‘Wing e
[ rmememen CLIC 1500 . " £
() )
@) | i
~ ; i
— 1 1
[a - !
3 10 i | ssssdsassanenssd : B
e, i ] i
w2 : E
% |
a 1% i :
0 = 1 i i| 1 i 1 1 1. i 1 ; i i 1 i i 1 1 i i 1 1 i i i 1 i
200 400 600 800 1000 1200 1400
m(NLSP)

— current searches relevant
— HL-LHC searches can cover some part of the parameter space
— ILC/CLIC needed to cover these scenario
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Direct production at ete~ colliders (ILC/CLIC)

H H H H . n ]
wino/bino DM with chargino co-ann. (open/full: "old” (g —2)u)
10_1 | T T 1 [ I T [ 11 | T 1 | LI | 1T LI ] I I I I I ' ' ' | ' ' | ' '
B N S 7] #* coannihilation
: 7 coannihilation : 100 — § |L1C350 —
ILC500 B . i
B ™ ILC 1000 T L o ILC500 _
L *  CLIC380 i - ¥ *  ILC1000 .
L0 L _ (=] - —
= * . s CLIC3000 R . g *  CLIC1500
— T = *  CLIC3000
= . =2
=5 2 *
7 . B A *
L 5 i 1 W wfb, @ |
'© B * 0 — +¢' 10 - » % %Eﬂ o -
+q} B ‘n% 7] o B s tu‘ oF w v m
el — _ — ﬂ " -
%) [ . R ] © I ﬂ-;f‘!:&w;@ ‘o i
o - e, : gt i
i i °® g
* - it .. - - L4 -1
* o * 0 o . * - {f ‘:‘gﬂ
L i TP o . - Oy, VWG gt P .
% T . * oy M"? X P % o o”
g o 8
_“]-3 ol v v Lo b b b b by g 10;{][} —— 4',.']':' —— EJJD —— Bl:l:lﬁ —— 1ﬂ|ﬁﬂl —
200 400 600 800 1000 1200 1400 1600 1800 2000 om [GEV]
2m£-Ll [GeV] 7

— ILC has good prospects (particularly for 2%;2315)
= CLIC can cover evertything
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Direct production at ete™

colliders (ILC/CLIC)

bino DM with slepton co-ann.

(open/full: "old” (g —2)u)

10 - I I I I I I ' | ' I . 10'1 - L I T T T T [ T T T T [ T T T1 ]
: * coann. case-L : E T coann. case-L E
ILC350 i ILC500 -
ILC500 - ILC1000 ]
i *  ILC1000 . e h; ﬂﬂ.d N CLIC1500
. *+  CLIC380 Py 43
ﬁ B - *  CLIC1500 : g 102 ° ’ 2"2:?0* 5** *  CliG3o0 -
— +  CLIC3000 — - BoWmo T ey i
g » g@ Lo . d o "5&%‘“‘2&{&” iu' % .
=1 - | I * ﬂﬂ P, ﬁﬂl .g * - )
)T. 10 [ _ L & . * . » _
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+<D : ﬂ%m : ' - o - . -
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© | %, 1 T 100k e, ° . E
ﬂ. ~ §3 i 7
i * % | : ° N N
semd oo : . " * » * ]
» - 7
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i L o * .
*
*
-3 1 | | | | | | | | | 1 ! [ v i *, |.T..|ﬂ| P R T T ST N % S N S R R T N
10 104 &
200 400 600 800 1000 500 1000 1500 2000 2500 3000
2mﬁ1 [GEV] miﬂ+mig [GEV]
= ILC can nearly covers full smuon channel (but not ¥9%3)
= CLIC can cover evertything
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PMSSM11: prospects for ILC and CLIC [2017]

4000

3000f

Particle Masses [GeV]
=
=

1000}

My, My MaMp= T Mg T Mg Mg M Mgy My Moy Mg Mg, My M, Mg, M, Mg, Mgy T, M, M, M,y

ILC: /s =500 GeV = some particles might be in reach
ILC: /s = 1000 GeV = precision analysis of EW particle and DM easy!

CLIC: /s = 3000 GeV = precision analysis of EW particles and DM easy!
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Further opportunities at a LC facility

1. Beam dump experimenta

2. Fixed target experiments

3. Detectors far from the interaction points

= new, recent ideas
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Use of ILC Beam for Fixed Target Experiment e
Hu

There are many possible experiments using the ILC beam other than the colliding experiment itmatona sevlgnen o
» Experiments using the main dump
v Observe particles created in the main beam dump Lounp L e

Muon shield Decay volume Detector

v" Dark photon, dark lepton, ALP (axion-like particle),
Higgs-portal particles, ......

Beam dump
v' Positron main dump

* Positron annihilation with atomic electrons
v' Parasitic with the main collision experiment

» Experiments using Extracted beam

v" Extract the strong ILC beam somewhere for e.g., strong QED experiment
* This is perhaps difficult (the beam is too strong to ontercept)
v" Or, create and extract a weak beam

et

» Low bunch intensity but many (>> 1312) bunches By Kaoru Yokoya on Tuesday 10PM (Europe)
* Ideally, CW “N1: Dark Sector, Fixed-Target and Beam Dump Experiments”
* Missing energy experiment to search for dark photons

Lots of accelerator issues such as beam creation, to avoid damping in DR, control of very weak beam, etc.

» Far detector
v" Long-lived particles may be produced at the IP
v They may be detected by a detector behind 50-200m shield (natural rocks)
v Need to construct a cavern (near the main beamline, or along the access tunnel)

I We would be happy to discuss the further possibilities of the ILC accelerator. I

LCWS2021 (Mar.15,2021) 18

[S. Michizono '21]
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ILC beam-dump setup

high pressure

Veto Detector
water vessel — =

Shield
Beam Dump ] S‘\h -

= S d R .___________|9[|. Jlived. |
pea™ LC  dark Ll

Sm
. e beam particle -
Kanemura, Moroi, - A
Tanabe, 1507.02809 Ldump L sh L dec
11m 50m/70m 50m

muon shielding

3k Much larger energy: 125 GeV, 250 GeV, 500 GeV, 1.5 TeV electron beams
compared to past/present e- beam dump experiments:

- E137 @ SLAC: ~20 GeV electron beam (past)

- HPS @ JLAB: ~ (1-6) GeV electron beam (present)

3k Very high luminosities: ~4*1021 electrons on target (EOT)/year
compared to

- E137 @ SLAC: ~2*1020 EOT

- HPS @ JLAB: ~1018 EOT
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Complementarity with other experiments

LG beam dump
Additional opportunities for the ILC here!

ete- > A’y = vy I* I- (prompt dark photon)

10-+ BN
10-5
v 1078 E

Future (proposed and approved) experiments

w 102 =
‘ (ESA f

-
—_
-
-
= -
-
——

\[ mm! TTTTTTH

102 0.1 107 ﬁ { AR
(GeV) e
— e — 10~ B '. Helle ottt \
Kanemura et al.,1507.02809 ,,,ec (dashed)  FCC-ee, 90 GeV
Few references. 10_ NA64(E] W \ FEE e:”::hdi)sth(l) 300 fb™! (dotted)
- SeaQuest: — ‘ A‘ O glectron
-6 |
Berlin, SG, Schuster, Toro, 1804.00661 0 beam-dump
= FCQ:. Karllngr et al., 1503.07209 0 |_ . | experiment
- SHIP: Alekhin et al., 1504.04855 (present)

- FASER: Feng et al., 1708.09389 108 T I

+ Proposal for the Belle Il experiment: 107 1072 10 1 10 10° VlO3
Gazelle (Evans et al.) Fabbrichesi et al, 2005.01515 my, [GeV]

[S. Gori '20]
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Conclusion: Let’s build “it"”! :-)

artwork by F. Simon
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SUSY realizations

What about SUSY??
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SUSY realizations

What about SUSY??

= type II fits best, type II is needed for SUSY = no surprize! ;-)
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SUSY realizations

What about SUSY??

= type II fits best, type II is needed for SUSY = no surprize! ;-)

= models with an additional singlet??
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SUSY realizations

What about SUSY??
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— puvSSM
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SUSY realizations

What about SUSY??

= type II fits best, type II is needed for SUSY = no surprize! ;-)

= models with an additional singlet??

— NMSSM
— puvSSM

Q: Can the models fit the excesses despite the additional SUSY
constraints on the Higgs sector 777
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What about the NMSSM?

Parameters:

A= 0.6, k = 0.035, tan 8 = 2, perr = (397 + 15z) GeV, My = 1 TeV,
Ax = —325 GeV, MSUSY =1 TeV, At = Ab =0

g, = ['[h; — ZZ] - BR[h| — bb] olete” — Z(h; — bb)]
b = — it p—
[Hsm(Mp, ) — ZZ] - BR[Hsp(My, ) — bb]  olete” — Z(Hsm(My, ) — bb)]
: [Th — gg] - BR[A — yy] _ Olgg Ay yyl
7 T Hsm(Mp,) — ggl - BR[Hsm(My,) = vyl olgg = Hsm(Mp,) — yy]
0.500¢ ] 0.5001
0.100¢ [],100[
e 0.050 1 0.050
0.010¢ 0.010F
0.005¢ 0.005F
9—1 Qlﬁ !JIS 1(.}{1 9.4 9& ‘JB 1('}{1
M, (GeV) M, (GeV)

= both excesses can be fitted simultaneously (at 1 — 1.50)!
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What about the urSSM?

pvSSM: [D. Lopez-Fogliani, C. Mufioz '06]

urSSM: NMSSM + well motivated RPV (in simple terms)
= EW scale seesaw to reproduce the neutrino data
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What about the urSSM?

pvSSM: [D. Lopez-Fogliani, C. Mufioz '06]

urSSM: NMSSM + well motivated RPV (in simple terms)
= EW scale seesaw to reproduce the neutrino data

Can the urSSM explain the two excesses?
[T. Biekotter, S.H., C. Mufioz '17]

VL b AY tan [ A A K AF M,

V2-105 1077 —1000 2  [413:418] 0.6 956.035 0.035 [—300;—318] 100

u u,d € €
200 1500  800% 8002 8002 0 0 8002 0 0

Sven Heinemeyer, Yeti 2021: The future of Lepton Colliders: Higgs and BSM physics, 07.07.2021 132



Can the urSSM explain the two excesses?
[T. Biekétter, S.H., C. Mufoz '17]

neows N R

027 0.29 0.31 0.33 0.35 0.37 0.12 0.14 0.16 0.18 0.20

a0 _300
3014 -301
3024 302
3034 -303
3044 -304
3054 -305
3064 _306
3074 307
30= _308
= -3 fg _309
~310 -310
3114 311
312§ -312
3134 313
3144 314
3154 315
3164 316
3174 217
3134 318
413 4135 414 4145 415 4155 418 4165 417 4175 413 4135 414 4145 415 4155 416 4165 417 4175
1 1

= YES, WE CAN! :-)
at the 1 — 1.50 level
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Why can SUSY explain the excesses only at 1 —1.5¢07

[T. Biekétter, S.H., C. Mufioz '19]

0.22 T T T T T T T T .

020 F

0.18

a8
2
= 0a4f /’f
//
0.12F /
: rd
: 7
0.10F __J"
[ '_,a'
ook ..o L L ST :

0.16 F /

0.22 0.24 0.26 0.28 0.3
HcmMms

= SUSY enforces strong correlation!

= note: ATLAS limits and CMS “observation”

will likely result in a lower p| yc!

101

100

99

98

97

96

95

94

M py

Sven Heinemeyer, Yeti 2021: The future of Lepton Colliders: Higgs and BSM physics, 07.07.2021

134



