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1. Introduction

ILC timeline (optimistic?):

Pre-preparatory Phase Main Preparatory Phase

2020.8 (2022) About 4 years (2026) About 9 years (2035)

International

= The ILC 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

— show ete™ expectations in comparison to HL-LHC
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Two facts:

I: We have a discovery!

II: The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs’!
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Two facts:

I: We have a discovery!

II: 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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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

The “sum rule”: ¥, g%ivv — gIQ—ISMVV (and we know 9%125‘/‘/ ~ gIQJSMVV)
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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2. h125 measurements

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

SMy = 0.2 GeV = ~ 2.5%

~ 2.2%
= oMy < 0.02 GeV desirable

— only reachable at the ILC (or other ete™ colliders)
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Required precision for Higgs couplings?
MSSM example:

400 Gev>4

mvz1—05%< MA

2
400 GeV
mtznczl—O(lo%)< c ) cotzﬁ
My

2
400 GeV
Iﬁ:b:Iﬁ:T%1+O(1O%)< )
M4
Composite Higgs example: X
1 TeV
Ry ~ 1 — 3% ( f >

1 Tev>2
J

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

= at which collider can this be reached?
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Future expectations for « (kappa-3 framework)
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= ILC shows strong improvement over HL-LHC in
= ...and without theory assumptions

= and this improvement could be decisive!

many cases
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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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= strong improvement with the ILC
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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

Note: also EFT does NO'T cover all models
= investigate in addition ‘“realistic” (UV-complete) models!
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Future expections for Higgs couplings in SMEFT (I
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= clear improvement with the ILC!
= polarization important to disentangle BSM coupling structures

Sven Heinemeyer, ID T-WG3-Phys Open Meeting, 15.07.2021



Future expe
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= clear improvement with the ILC!
= polarization important to disentangle BSM coupling structures
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Most challenging: AB>M measurements

Possibilities for APSM measurements: Ky = ABSM/APM £ 1 possible!

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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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]

Sven Heinemeyer, ID T-WG3-Phys Open Meeting, 15.07.2021
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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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Results for HL-LHC: [xy = —0.5... 4 1.5]
ATLAS and CMS 3000 fb' (14 TeV)
—~ 12
‘_IE i * HL-LHC prospects
< B —— ATLAS
o 10
' i —e— CMS
8_— —eo— Combination
sl
A4 W [ g’ ] 95%
o
I WS 68%
2 \
O | | | | ] | | | | [ | ] | | | | | ]
2 14 0 1 2 3 4 5 6 7 8
K,
= only evaluated for k), =1
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Di-Higgs production at ILC/CLIC:

e'e” —>Zhh

[li)\ = —-0.5...

e'e > vvhh

4 I — 4
I = |LC 500 GeV, P(e e)(+08+03)3{§fb ]
ILC 1 TeV, P(e”,e")=(-08,02), 0.17 fb ]

-====  CLIC 1.4 TeV, unpolarized, 0.09 fb \
S CLIC 3 TeV, unpolarized, 0.03 fb 7 3

L ILC 500GeV (+16.8%)

0
-1.0

= strong and different dependence on k)

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

LCLIC3TeM {£+2Q%) . ..
LILC 1TeV (+37%)

| CLIC 1.4TeV (+44%)

05 00

= not all ky = 1+ dk) range covered (but one can imagine ...)
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Measurement of k) selfcoupling at ILC/HL-LHC: [xy = —0.5... 4 1.5]
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= 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]

Higgs selfcoupling projections

=== HL-LHC (single coupl. analysis)

=me== |LC 500 GeV ZHH (full coupl. analysis)

— ==w = cross-section-level extrapolation

mmpsm |LC 500 GeV + 1 TeV vwHH combined
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Mrue! Msu

rue

= over most of the parameter space ILC is clearly superior to HL-LHC
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Single-Higgs production: [xy = —0.5... 4 1.5]
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EFT analysis performed only for ky =1

= prospects for single production unclear!
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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

10 &

1072}

10_3 -

BR(h-» Exotics)

= strong improvement at the ILC
= sensitivity to BSM physics?!

HL-LHC
CEPC

ILC(H20)
FCC-ee |
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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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Global fit to all SM data:

6 March 2012 m i = 152 GeV
= My = 94'_"225L9 GeV ] Ao, =
S — 0.02750+0.00033
My < 152 GeV, 95% C.L. | W:i 7 B
4 - *= incl. low Q° data
3_
Assumption for the fit: 2~
SM incl. Higgs boson
1_
= no confirmation of |LEP LHC
Higgs mechanism 0 excluded Ny Ao excluded
40 100 200
m, [GeV]
= 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
... SMftwioM, measuement S 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 HL-LHC and ILC

Experimental errors of the precision observables:

today | HL-LHC | ILC/GigaZ
§sin? Oerr(x10°) | 15 <15 1.3
S My [MeV] 12 <12 2-3
omy [GeV] 0.6 <0.5 0.05

My . from direct reconstruction and threshold scan
sin? O.r: 1/2 year GigaZ run (polarization important)
as : Improvement from GigaZ run via R;

= no theory uncertainties included here . ..
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Most precise My test with the ILC:

For GigaZ used:3M, = 6 MeV, &m, =0.1 GeV, a, =47 10%, 8sinf8? )= 1.3x 10%, &Ry, =4x 10°
g

NH20_IHI‘HII|\'IIII‘\II\‘III\|IIII|IIHJ\\I|IHI|HII_ 20
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:““““““"":'l“ﬁ‘_t_‘m‘ “““ \‘ ““““ yi{ ""--_:_-__-_-,-*“‘-"-'-_ ““““““““““ i 10
0 NS EEEEE EEE ER e R, W e s AR AR AR N
o0 60 70 8 9 100 110 120 130 140 130 0
M, [GeV]

= SMNY < 6 GeV

[GFitter '13] [LEPEWWG '13]

50

B Future

m,, [GeV]

= extremely sensitive test of SM (and BSM) possible

75 100 125 150
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Let us assume that we do see a deviation in the hjisg couplings

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: ILC250/500)
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Model discrimination at ILC250: [K. Fujii et al. '17]

N
o

model discrimination in o

SM
ILC 250 GeV, 2 ab™'|B& 15
pMSSM
_ 16
2HDM-I Higgs and cTGCs
SHDM.X EFT interpretation 14
12
2HDM-Y
10
Composite
- 8
LHT-6
6
LHT-7
Radion .
Singlet 42 44

v pMSSMHDMﬂHDMWHDM PD”’JDDSEJS "r.; %G'fon gl
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Model discrimination at ILC500: [K. Fujii et al. '17]
20
SM - o
ILC 250 GeV, 2 ab 18 €
PMSSM + 350 GeV, 0.2 ab” s S
2HDM-I| + 500 GeV, 4ab’ ..%
T Higgs and cTGCs L E
EFT interpretation 12 &
2HDM-Y =
10 O
Composite @p]
8 ©
LHT-6 _
6 O
LHT-7 O
A @)
Radion E
2
Singlet
Shy pMssﬂgﬂngHgM D, Dmp {Hr siz‘f;r 7*‘?.3@,0 NYley
Sven Heinemeyer, ID T-WG3-Phys Open Meeting, 15.07.2021 30



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:

— will improve rate measurements (no theory assumptions!)
— 250fb~1 at ILC250 @ 500fb~1 at ILC500
— polarization: P(e—,eT) = (—=80%, +30%)

Sven Heinemeyer, ID T-WG3-Phys Open Meeting, 15.07.2021

31



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 My
= 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 (ky < 1) .

r' | 1LC250 z
L””:’ I 1LC500 | i
l.[lﬂ—'#'—-f-——#———E——- ———————————

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

[H. Bahl et al. '20]

M}* scenario Mig=1TeV,tan =28
' I i I i i ]
- | HL-LHC (ky < 1) -

| 1LC250
I 1LC500

1.05F

l.[]ﬂr-‘}-—-—r-—— —— o -_____j

0.95 =

K k7 Ky Koay Ry 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]
M}32e10(x) scenario M4 =700 GeV, tan 3 =3

EFT
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MSSM Waischeleine IV: etTe™ vs. M 2> T (%) (M4 = 1000 GeV, tan s = 3)

[H. Bahl et al. '20]
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= 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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3. A) 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)
m“ 60. T T | ZNE T NG . TR LN R T |';.
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A 'l“.f
b L ‘.;..r'
'
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"
- '\:’ E
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S _.";i '_'f“
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e ,:'.J
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= strong (HL-)LHC limits
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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 s 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 ECFAI652{300 /) ' ECFA16S2(3000%")
+ 20 Expected - == Stat Oniy (30016} === Stat Only (3000 k)
[ ¥ | 1 I ] [ L] 1 T i T L] L] ’ T I".’[ i
".":i'
.'..r"
r‘,’ -
e
57 1
& o
P 557 ]
g r .
,‘.’ .’ =
o -_;:;" I
._,-‘g:-"".;’ ji
Lf*-::fli-“f-;—‘f'f{-’ AL l L AL l A8 | l Ll 1 J L L L J AL L J Ll 1 l il 1 1 &
200 400 800 1000 1200 14001600 1800 2000
ILC1000 m, (GeV)
CLIC1400 CLIC3000

= opportunities clearly /s dependent . ..
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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. Liebler et al. ’15]

vV
V& ghvy = sin(f —a) gf{& guvv = cos(ff —a) g%ti\ V=Ww=%7Z2
7
103_ L B O s B 103_u.|...|_.._._|...,..T._
< C ete” = vvuudd, /s =1TeV ] <, i ete” = vvuudd, /s =1TeV ]
e Pol(e*,e7) = (0.3, —0.8) e Pol(e*,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 £ [Ldt = 500 fb~1- 102 E JLdt = 500 b~ Y4
10t ¢ = 10' =
200 400 600 800 1000 200 400 600 800 1000
() M [GeV Y Mg [GeV]
= ILC: Potential sensitivity beyond the kinematic reach of Higgs pair
production
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3. B) BSM Higgs Bosons below 125 GeV

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

[P. Drechsel et al. '17]

Ghzz 4
JHsM 77 Indirect LHC
i " 2 - - - . - sensitivity from
i measurements of the
[ Higgs at 125 GeV

Excluded

from  0-100f —— measured, LEP [(mH)
LEP — | — recoil, ILC [p(mH)
searches —— traditional, ILC ['n(mH)
&4 —— LHC limit
0.010}
Could ; _
probe \J Higgs factory
L i, F O L
the _—T . e sensitivity:
“CMS Higgs factory sensitivity: Recoil method
0.001}

h — bb search

bump” E ) _ ) _ - _ _
at 95 20 40 60 80 100 120 140 160
GeV mH/GeV A/ GeV

7

fﬂ

= 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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Case study: Search for pp — ¢ — vy with m, < 125 GeV

3.5 . . . .
— CMS obs. limit
3.0 === CMS exp. limit |
— ATLAS obs. limit
9K - == ATLAS exp. limit
\ —4— CMS excess

0.0

65 70 75 80 8 90 95 100 105
My, [GeV]

= if there is something, it would look exactly like this!

110
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Remember the LEP excess?

g | T | T T T T T
v p
: = LEP
-~ (a
I Vs = 91-209 GeV
I SM branching ratios ]
—— Observed -
T Expected for background
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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Fitting the excesses in the N2HDM:
type I: NO

type II: BEST

_II |IIIlIIIIIIIIIIIIIIIIIIIiII|||||||'||||||||||'||||||||||||||||||||||IIIIIIIIIIIIIIIIIIlI|||IIIIIrIIIIIIIIIrIIIIIIIII_
- %  Best-fit point 5
0.30 F 2 2 .
: *  Xizs = XsMas ]
B 2 p
8 xoz=0 :
0.25 F w1 7 ellipse for \3 ]
(.20 . ]
g ]
L‘ ® .--
J 2"
= 0.15 2 EA -
a*a "
"H’ 'il = )
0.10 T ]
5 aw 1
A ":Zf :
0.05 f‘;- . :
L - ]
_ = o[ Type : x* < )
0.00 e : e : :
l]}.'[} 01 0.2 03 04 05 06 o8 O% 1.0 1.1 1.2

HOonds

type III: NO

06

Al

a4

[T. Biekotter, S.H., G. Weiglein — PRELIMINARY']

type IV: OK

= SUSY?

= excesses well fitted,
with good x%,e

red points have

2 2
X125 < XSM,125
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ILC production of the light scalar in the N2HDM type II:

0" E .
107 E 1
= E
T; 02k !
Eq: : ....................-..lllllllllll.lll!
BeR Ui :
[ mm | EP observed 95% CL excl.
; [ = =« LEP expected 95% CL excl.
077 F w a u ILC250 expected 95% CL excl. 3
g xog > 2.30 .
e Xae < 230 Type ll: y~ < Lam}
lﬂ—ﬂ ......... [ I T LV | LR L
Gl il il ] LK} L10) 121

= new state easily in the reach of the ILC = coupling measurements
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HL-LHC/ILC his5 coupling measurements
[T. Biekétter, S.H., G. Weiglein — PRELIMINARY]

""""" O R I e T I N S, T O [ S M b s P Py [ s s T AT AT ok T Lttt T )
[ s Typell: 7 < xEm. xig <230 il )
] # " = ‘ ‘
Lof o TypelV:y® < ady, x3, <230 % Eeowli i
i : . ]
[| === HL-LHC (1) 1 . _
| === HL-LHC + ILC250 (15) \ N
| =mens ATLAS current (1 o) /
| —-= CMS current (1o i s
p
= vl
ol o
E"_' 0.9k il =
‘I.--
0.5k .
(.5 (.6 0.7 = (1.9 1.0

= type II and IV show strong deviations from SM
= N2HDM can always be distinguished from SM at the ILC
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HL-LHC/ILC ¢gg coupling measurements at the ILC
[T. Biekotter, S.H., G. Weiglein — PRELIMINARY ]

green circles: c;596 coupllng preC|S|on at the ILC250
{}.ﬁ- : |
£ 04p ]
U3 r . Typell: f Yanrs Xop <280 === ILC250: 2ab~* (1a) ]
«  Type IV: x° < xaum, xas < 2.30 ]
IIIII {]‘1{;3{}!‘.{}.4{]'?{}’{1
Chy 77

= model distinction possible via coupling measurements at the ILC
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4. Conclusions [sorry for mis-using the cartoon!]

artwork by F. Simon

= clear Higgs physics potential for the ILC after HL-LHC
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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

Sven Heinemeyer, ID T-WG3-Phys Open Meeting, 15.07.2021
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Example I. 2HDM type I:. results

2HDM type |, scenario C

K .
5” T 1000 my =my, = my. = 1000 GeV (scenario C)
200
= m?, = mf; cos® a/tan B
! 1.40
-t 1.30
10 120
- 1.10 . - p :
N [ os * Min k; ~ — 0.4 in the “tip” with tanf ~ 7 and ¢4_, ~ 0.2
ﬁ =t 1.00
3 0.95
e 0.90
080
= g:;g * MaX lhhH ~ 1.2 fOI‘ Cﬁ—a ~ 0.1
0.50
0.25
1 AL _ . v v
_5.00
03 02 01 00 01 02 03 o border
Ca—o
AhhH AhHH AnH+H-= 2Apaa (@ ®0
50 Wl 50 : 50 .
2.0
15.0
— 10,0
= 5.0
— 60
10 10 4 10 sl
o3t Q] L=t F L0
: o
L 05
=t 1.0
2 - 20
——] =t
. f 60
1 1 14 —8.0
| ~10.0
/ [ I -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 :ig:g
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

800000

700000

500000

m2, [GeV?|

300000

—0.15

600000

2HDM type I, scenario C

=gl
—0.05 0.00

d
—0.10
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400000 4~

2000004

100000

= large deviations for k)
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= large values for BSM \’s
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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 20

30 40 50
68% CL bounds on k, [%]

Analysis/comparison performed only for ky =1

= prospects unclear for single Higgs production!

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
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FCC- 68,,,
- 490’“ ITmEmrEEEIIEE
gic " |Lcmn
10% b ETT
LG, oy [[Ee®
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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

+ 1.5]
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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:

'@' 20 | | | | I I I

S u -
= - i
0p - =
c 10 |- |
% o

7p

- B -
-9 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

—
o
I

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

LN
o
|

ILC precisions from full EFT fit

model predictions
| | | ] ]

|
N
o

Coupling deviations from SM [%]
o
:
i

bb ¢ 99 ww T 77

= Clear pattern, distinctive for HxSM?7!

1Y
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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 _
- B model icti 7

predictions

@) - -
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]

cos(p-a)<0 cos(p-a)>0
80 T (ﬁ' T ') j f 80 i T ! o T T LN ¥ | (f'; T ') T -"
60 : .. 60 i\ Type X fype I (Tree) |
: .. . k: Type Y (Tree) _ . tang = 1,3 |
40 [Type Y "N 7 S 40 b 7 Type | -
= I Type Il (Tree) "\_Q| . ]
:6‘_\' 20 _ éf'ype y (Tree) \ tang =1 ,3 A |°_| 20 . i
*'5 I Etamii‘ =] 8 L | *'5 | .
_5|:\) al : t;,?;fé ree) _ _? 0 I Igr?;i(éﬁee. - : i
= _ | HSM # R = - HSM ~ Type Y (Tree)
E-QO i Typel (Tree) f 1000Ge EQO i é ; tnﬂ:?
< tang=3 J°  TypeX(Tree) . < I Typeéll (Tree)
I ; =1 ’ I : \
-40 0 Type | o L 700GeV -40 i tanB§= 13 Type Y (Tree)}: Type 0 4
S 500GeV r tang=3 &
60 2 Type X -60 | Type Il i
I # Type | (Tree) ;
) L DR A B . miro0es) W g0l ... ... ... . CASEESVO,
80 -60 -40 -20 0 20 40 60 80 80 -60 -40 -20 0O 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]

»

tang = 1

[Type Il, X (Tree)
tanB = 3_e——
| o . % "

/ Type ll, X (Tree)

Type 1I,X

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

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

e, .'.'_’ v \ _
I g \

HSM Y
Typel, Y (Tree) = ]

80 -60 -40 20 0 20 40 60 80

AR(h—YﬂT) [cyo]

= L C precision has a great potential to discriminate the models!
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2HDM example (III): [S. Kanemura et al. '18]

- cos(p-a)>0
0f - Type ll,X ]
< 5] — Typa by~
=
"!F--'IO - - R
< |
G -15 -
20 HSM S 20 | : ‘
Type LY | e
-25 [ ol P P O o S e c L] -25 AL L S A A e, R ]
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 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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Investigation in BSM Higgs models: N2HDM

Fields:
+ +
¢1 ¢2

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

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) P P Ddq
type IV (flipped) P b4 Dy

= exactly as in 2HDM

, Pg =vg+ pg
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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??

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

= models with an additional singlet??

— NMSSM
— 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)!

Sven Heinemeyer, ID T-WG3-Phys Open Meeting, 15.07.2021 68



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

neows N R

0.27 0.29 0.31 0.23 0.35 0.37 0.12 0.14 0.16 0.18 0.20
a0 _300
3014 -301
_302 302
3034 -303
3044 -304
-305 1 -305
-306 _306
3074 307
30= _308
= -3 fg _309
~310 -310
-311 311
-312 1 -312
313 313
314 314
315 315
_316 316
317 217
-318 318
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. Mufoz '19]
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: ot : 100
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ﬂ i . 1
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0.12F f/ 96
; Vi ] 95
0.10F P4 .
[ '_,a' ]
F . ] 94
008 -||. |||||||| | IR NN Lo a0 Lisa a0 Lasa a3 Lot g a3 Laog a0 | N -
022 024 026 028 0.3 0.32 034  0.36
HcmMms

= SUSY enforces strong correlation!
= note: ATLAS limits and CMS “observation”
will likely result in a lower p| yc!

M py
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