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1. Introduction

We have discoved an SM-like Higgs!

The SM cannot be the ultimate theory!

Conclusion: The discovered Higgs cannot be “the SM Higgs”!
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1. Introduction

We have discoved an SM-like Higgs!

The SM cannot be the ultimate theory!

Conclusion: The discovered Higgs cannot be “the SM Higgs”!

Q: Does the BSM physics have any (relevant) impact on the Higgs?
— any hints from LHC results (as guideline/toy example)?
Q’: Which model?
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1. Introduction

We have discoved an SM-like Higgs!

The SM cannot be the ultimate theory!

Conclusion: The discovered Higgs cannot be “the SM Higgs”!

Q: Does the BSM physics have any (relevant) impact on the Higgs?
— any hints from LHC results (as guideline/toy example)?
Q’: Which model?

A1l: check changed properties of the hios

A2: check for additional Higgs bosons
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

Iy . i 2 — 2 —_ 2 ~Y 2
The “sum rule”: ¥ g7 vy = 9o\, vV and we Know g vy ~ Gfre, vV

= not much room left for BSM Higgs couplings to gauge bosons

Sum rule “violated” only by triplets or higher representations . ..
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Toy example:
Two Higgs Doublet Model (2HDM):

Fields:

o7 b3

Py = P2 =
F S pr A+ im) T St 2t im)

Potential:
A1 A2
Vo= mi| 01 + mBo| bl - mIy (@] by + he) + E(q)’{q;l)? + 3“’%"32)2

A
FA3(D] 1) (PLdo) + Mg (D] Do) (DLdq) + 35[(@;%)2 + h.c]

Physical states: h, H, (CP-even), A (CP-odd), H* (charged)

“Physical” input parameters:
CR—a » tanﬁ ) v, Mha MH ) MA J ‘]\4[{i ) m%Q

Alignment limit: cg_,, — 0 (for M} ~ 125 GeV)
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Assumption (for now): h ~ hqios

Z> symmetry to avoid FCNC:

CD1—>CD1,CD2—>—CD2

Extension of the Z>, symmetry to fermions determines four types:

u-type d-type Ileptons

type I P P P
type II Ps Pq Pq — MSSM type
type III (lepton-specific) o Py P4
type IV (flipped) Po Py b,

Sum rule (with A SM-like): sin(8 —«a) ~ 1, cos(f —«a) =0

Unitarity/perturbativity and EWPO (so far): = Mg ~ My ~ M+
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Second toy example:

Next-Two Higgs Doublet Model (N2HDM): — (nearly) NMSSM type
Fields:

¢7 b3
by = , P = , Pg=vg+pg

%(vl + p1+in1) \%(vz + p2 +in2)

Potential:
D 2 2 2 2 .1 A1, .t >, A2, ¢ 5
Vo= miy| @1 + mBo|@ol® — mix(®@1Po + he) + P P1)? + () Po)
A
FA3(D] 1) (PLdr) + Mg (D] Do) (DLdq) + 35[(@;%)2 + h.c]

1 A6 A7 Ag
+omEPE + T L+ TS0 dF + T(PLdr)F

Zo symmetry: &1 - P, o =5 —Py, g — Pg
Zh symmetry: &1 — ®;1, Py — Py, g — —Dg (broken by vg = no DM)

Physical states: hi, ho, hs (CP-even), A (CP-odd), H* (charged)
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2. Direct Detection of “heavy” BSM Higgs bosons

Reach in the MSSM (type II 2HDM Higgs sector):

CMS Preliminary Simulation MSSM ¢t
95% CL Expected exclusion: Projections:
[ 13 Tev Expected (HiG-16-008) ~=*=* ECFA16S1 (300 ) === ECFA16 S1 (3000 )
I . o Expected e ECFATBS2{300f0) ' ECFA16 S2 (3000 &)
+ 20 Expected - =~ Stat Oniy (3001} === Stat Only (3000 k)
CE__SO':'! T T N T ! ¥ % L]
& | my°* scenario i |
50 F
sl ey
30 F
20| ,_..-‘:-'-"";‘;}M i)
10k !
L_u,mr - A B | 1 i 1 il
200 400 600 800 1000 1200 1400 1600 1800 2000
. . . . m, (GeV) . .
— strong (HL-)LHC limits - if nothing is found analyzed in detail

= but if there is something in the kinematical ete™ reach, it can be
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Search for neutral Higgs bosons in the 2HDM at ete™ colliders:

ete  — Zh, ZH

ony ~ sin?(B — a)v%g/l

oy & cos2( — oz)afSLg/'

ete— — Ah, AH

e . A
R opa < Cos2(B — a)oP
/N oA xsin?(8 — a)oPM
et ~ h, H na
= only pair production of heavy Higgs bosons! reach: M4 < \/s/2

= maximum ILC reach: ~ 500 GeV, CLIC ~ 1500 GeV

Sven Heinemeyer, Physics in LHC and Beyond (Matsue), 14.05.2022



Possible hint for heavy Higgses at the LHC:

CMS Higgs-boson search in pp — ¢ — tt at mg ~ 400 GeV

g

g t

—

35.9 fb~! (13 TeV

< 300
g 1 < Chei < 0.6
= 250f 1t Data
-;':" I tt
w .
uﬁ 200 [ Bl Single top_
= W, Z, WY, iV
0 Post-fit unc.
150 |
100
50 F
0
&L
= [
n
|
] 0
©
o

-0.6 < Chel <-0.2

-0.2 < Che1 < 0.2

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

0.2 < Che1 < 0.6

06<Cha<1
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500

750 1000

500 750 1000

500 750 1000 500 750 1000

m [GeV]
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X2 distribution from the excess: local: 3.50, global: <20

16 |

14

12

e b s b g

Ca/my =01%
L'y/my =05%
Ca/ma=1.0%
TCa/ma=15%
Fa/ma=2.0%
La/ma=25%
TCa/ma=3.0%
Ta/ma=35%
Ca/ma =4.0%
TCa/ma=45%
I'a/ma =5.0%

" FA/TTLA — 75%

m4 = 400 GeV |3

00 0204 06 08 10 1o tUiTis
CAtf

[https: //cms-results.web.cern.ch]

1.8

20 22 24

= can be explained in the N2HDM/NMSSM for tan8 ~ 1.5 = in ILC reach
[ T. Biekétter, A. Grohsjean, S.H., C. Schwanenberger, G. Weiglein '21]

Sven Heinemeyer, Physics in LHC and Beyond (Matsue), 14.05.2022

10



XQ distribution from the excess: local: 3.50, global: <20

CMS 35.9fb1 (13 TeV)
- 95% CL exclusion :
& 29[ Observed 95% expected’

s Expected BN 68% expected

2.[}'_ MM Ta—ut > La [a/ma = 5% )

400 500 600 700
Ma [GEV]

= can be explained in the N2HDM/NMSSM for tan8 ~ 1.5 = in ILC reach
[ T. Biekétter, A. Grohsjean, S.H., C. Schwanenberger, G. Weiglein '21]
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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. Indirect Detection of “heavy” BSM Higgs bosons

P(zog") =(-0.8, 0.3), M =125 GeV Higgs-strahlung:
LLELELEN DLELELELE BLELELELE BLELELELEN BLELEL L DL —I— — *

[ —sMallffh | ete =27 = ZH
- — Zh

S300F — WW fusion

C ZZ fusion

O

$200

n

2 .

8 weak boson fusion (WBF):
5100 e+e— — vvH

O L. e . . . . . .1 . |
200 250 300 350 400 450 200
\'s (GeV)

et

Vs ~ 250 GeV, Higgs-strahlung dominated
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Required precision for Higgs couplings?
MSSM example:

400 Gev>4

mvz1—05%< MA

2
4 V
mt:ﬁ;czl—(’)(lo%)< 00 Ge ) cot? 3
My

2
400 GeV
/ﬁ:bzliq-%].—FO(lO%)( )
M 4
Composite Higgs example: ,
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)

| | I || .oz
— I I ] .
Kw Kt K Ku - Bripy
| e I  'nm I
|l free I | | I ||
1 A< | | | ]
1 ] I ] I
00 04 08 12 16 2.0 0.0 04 08 1.2 16 2.0 00 08 16 24 32 0 1 2 3 4 5 00 06 12 1.8 24 3.0
| || ] [ | |
— Kz Kp Ke kZ}' Brum‘
. [ - [ D . | N
|l free I N | | K
I fv| <1 ] ] | ] '
] ] I I
00 04 08 1.2 1o 2.0 0.0 06 1.2 18 24 3.0 0 1 2 3 4 0.0 25 50 75 10,0 0 1 2 3 4
— - . B FCC-ce+FCC-ch+FCC-hh B 1LC)000+ILCs00+ILC350+ILCas0
K‘}" Kg pm FCC-eeses+FCC-ee240 ILCs50p+1LC350+ILCasg
I Y —cen .
_ FCC-cea9 ILCas0 Higgs@FC WG
R I CEPC W LHeC v ST ganna 32019
| ] B CLIC;500+CLIC, 50)+CLIC350 B HE-LHC |xy| <1 ’
All future colliders combined with HL-LHC
[ | CL[C]SGO"'CLICHSCI HL-LHC |K‘v| < | Uncertainty values on Ak in %,
00 04 08 1.2 16 20 0.0 06 1.2 1.8 24 3.0 CLIC3g0 Limits on Br (%) at 95% CL.

= ILC shows strong improvement over HL-LHC in
= ...and without theory assumptions

= and this improvement could be decisive!

many cases
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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)
. " S HL-LHC - 3 HLLHC
- W HL-LHC+ILC250 [ WE HL-LHC+ILC250
g B HL-LHC+ILC250+1LC500 4.0k B HL-LHC+ILC250+ILC500

20F Yr MSSM realization i Yr MSSM realization

15 R i = - 1
: 1 T 3.0F -

10F :
- & 2.5 - 7
! i E ME ) scenario-

ettt g 1 i+t 4 4 L 4+ g 4 4 Lt 4 3 a1 1 1 1 2 [ TN NN TN INNY TN (NN NN NN [N NN NN SN N NN | :
EOO 1000 1500 2000 2500 3000 gOO 1000 1500 2000 2500 3000
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 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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What about the ‘“real hints”

at ~ 400 GeV?~?

— N2HDM: (NMSSM similar)
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What about the “real hints” at ~ 400 GeV? — N2HDM: (NMSSM similar)

2 4 10 10
E ——= HL-LHC (10) ] 1.05F === HL-LHC (10) ST
LOSE wme HLLHC + 1LC250 (10) N [ === HL-LHC + ILC250 (10) \ :
: v [ 1 ]
3 . 1 3 | ]
1.00 f I : ! :
5 : A1 1ol : ]
0.95F Ll A 1 i ]
§ | Pl i | ]
o ] [] :
2 0.90 F 1 = [ -
8 T ] = I ]
= o b = 1
S : 1 Soosf .
0.85 F : :
0.80 F ]
5 e a i oo} ]
0.75 F o L. . ; . _
C °® o o #
: ; : | ]
0.70 f ’ x§f§4orx$+rs4-§ : xtts4or><+f<4
....................................................................................................... [T SYTETI FERETTETT] FETTRETET] INETTET TN FETEEETET] FTTTTETTTE PN TRNT] AT
0.81 086 088 000 0.2 001 096 008 100 1.0 0.81 086 085 000 002 004 006 098 100 1.0
ChiasVV ChiasVV

low tan 8 (tt): SM limit reached, but many points show large deviation
high tan 8 (T+7): ILC can always distinguish the SM from the N2HDM
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4. Direct detection of “light” BSM Higgs bosons

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 0100}
LEP — |

—— measured, LEP I(mH)
—— recoil, ILC 'y (mH)

—— traditional, ILC IN'y(mH)
—— LHC limit

searches
&

0.010

Could

probe J Higgs factory

the / . e \xtf‘falh\ﬁit\g":

“CMS Higgs factory sensitivity: Recoil method
, 3001 h — bb search

bump

at 95 20 20 80 700 16
GeV mHIGeV \ My, /GeV

= Higgs factory at 250 GeV will explore a Iarge 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 — ¢ — i excess at my ~ 95 GeV

3-5 I I | |
— CMS obs. limit
3.0 === CMS exp. limit ||
—— ATLAS obs. limit
"y - == ATLAS exp. limit
\ —$— CMS excess
_ 2.0
é";_'
T
© 15
1.0
0.5
0.0L——— ' — '
6o 70 (D &0 85 90 095 100 105 110
M, [GeV]

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

g | T | T T T T T
v p)
o = 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 — bb)}exp/SM = 0.117 + 0.057
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The new 7t~ excess

138 fb™' (13 TeV)

—e— (Observed

- CMS Preliminary
S ' '

102 _ -------- Expected
K I 68% expected

95% expected

95% CL limit on c(gge)BR(d—11) (pb)

10°F
10°° =
- Low-mass High-mass
_4 | 1 1 | 1 1 1 1 1 1 1 1 | 1
10 70 100 200 300 1000 2000
m, (GeV)

Can you spot the excess?
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The new 777~ excess
- CMS Preliminary
E T T T | T T

138 fb™' (13 TeV)

—e— (Observed

102 _ -------- Expected —

- 68% expected ]
95% expected E

95% CL limit on c(gge)BR(d—11) (pb)

10°F
10°° =
- Low-mass High-mass
_4 | 1 1 | 1 1 1 1 1 1 1 1 | 1
10 70 100 200 300 1000 2000

m, (GeV)
Can you spot the excess? At 95 — 100 GeV?
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Better visible here, focusing on 100 GeV: [CMS '22]
\ 138 fb' (13 TeV)
fo) - _
a | CMS m, = 100 GeV
™ 35 Prelimi []68% CL
;’_ A o= Best fit
Q
_-Ce)- 2.5:—
Q i
© 2:_
1.5:—
L
0.5:—
00-' 2 8 12 '1!4'
6(9g9)-B(d—11) (pb)
= Clear excess of ~ 30 at ~ 100 GeV
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Now we have three excesses at ~ 95 GeV

EXP —
15 P =0.117 4 0.057,

corresponding to

Mfyfyexp — 06 :l: 02,

MTTexp = 1.2+0.5

/,ngp ~ 20, ,u?;p ~30, P ~240
Three (effectively) independent channels
— NO LEE (as theorist I am allowed to add naively)
= ~430
(lutheo 0‘117)2 (Mtheo 0.6)2 (Mtheo 1.2)2
X35 = (0.057)2 (0.2)2 (0.5)2

Can we fit all excesses together?
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N2HDM type II vs. type IV

X5 (Mois = 109, Kiypaes =85.77)
86 88 90 92 94 96

I —————

sl % N " LI DL LN D EEL N L N WL LN L OO L ML E

1.4 h | Type 11 x? < Xy

| |

1 | + | :

| I ;

1 I ]

1.0 L] 3
‘\ % Best-fit point :

L 0.8 \\ ©  Xias < X125 L
Y :
= \ + Xﬂ%ﬁy—}—'r‘r & 0 3
q 1o ellipse for X5,y ~ §

Color coding: x%,5 from HiggsSignals

[ T. Biekotter, S.H., G. Weiglein '22]

X225 (Miobs = 109, XZnr 105 = 85.77)

87.5 90.0 92.5 95.0 97.5 100.0

"""""" 2' LI S '2' | R L. T . PR T 0. P . R A P T 7 - P " LI 7IE 70 | '.' ! ‘E'

L4 | Type IV: x* < XSM] E

. o‘ '] - g

514 :

1.2 > ;

A é

o 5

1.0 7 :

. 0.8

< z

0.6

L~

0.4 Best-fit point e

o Xiss < X%M,IZS

2 3

0.2 + X’Y’Y+TT =0 =

- - 2 3

; Lo ellipsefor % 0. §

00 |||||||||||||||| Lo | T T T A ST N R N | I T T N T B L
0.0 0.2 0.4 0.6 0.8 1.0

iy

= only type IV can fit the vy and 77 excesses
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N2HDM type IV: fitting all three excesses: [T. Biekotter, S.H., G. Weiglein '22]

X%QE’, (nobs — 1091 XgM,125 — 8577)

87.5 90.0 92.5 95.0 97.5 100.0 1025

"""""""""""""" | ERASEASERS EAL VAGERD SRR EE:

1.4 e ]

]

1.2 : :

1.0

0.8 -
3

% _ Best-fit point '

min(X3'y+TT+bb) ' 3
Ax2,s < 5.99 E

2 2
*  Xizs < X8M,125 ]
2 ]
+ Xfyfy-}—'r'r =0 E

== ] ellipse for X§7+TT

0.6

0.4

Color coding: x%,5 from

HiggsSignals

Koos (Mibe =108, 3Byp0n =85/77)

87.5 90.0 92.5 95.0 97.5 100.0 102.5

""" | A SR TR B R I T | I TR N ST I MR
1.4 ': % Bést-fit point 3

/ I- . ’ mihg(x%—y-i-rr—t»bb)’ ]
12 % y o + . AX125<599

- ; . X%25<X§M,125

2 s E
X':_"rv-}-bb =0 -

10 ellipse for x2. L

0.8

,LL‘TT

0.2

0'8.00 0.05 0.10 0.15 .20 0.25

= type IV can fit the ~~v, 77 and bb excesses
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N2HDM type IV: fitting all three excesses:

pp — hgs — vy

1.6 -— Observed
=== expected
14F expected +20

expected +1o

L2k "

A —
2 P
Xoyy+r7+bb > 3.53
2 c
Xyytrriop < 353

oD
n]ln(\i-y'y+'r'r+bb)*
A2 580

Best-fit point

m [GeV]

gray lines: central values

= type IV can fit the ~~, 77 and bb excesses very

80 85 90 95

100 105

gg — hgg — rtr—

o(gg = ¢ —71r77) [ph]

[y
o
—

10° |

e Observed
= == expected

expected +2a e
D’J_l]l( X'y'y—)—'r'r—)—bb ) 2

expected +1o 9
AX].QS < 5.99

% Best-fit point

[rrTTTTTTY LRARRRLRLE TrTTTTTTTT | RARRRERLE LRARRARARL LERARRRRAR TTrTTTrTT a
2 « 1
Xyy+rr+bb = 3.53

2 9 ga |
* Xyyprriby < 353

80 100 12 140 160 180
mg [GeV]

of excesses

ete™ — Zhgs — Zbb

10° |

Jbb

1072

wel

= (Observed
=== expected

expected 420
expected +1o

# Best-fit point

2 c
XA~y +rr+bb > 3.53

2 .
vy S 353

.
lnln(-)('y-y+'r'r+bb)‘
Ax3y5 < 5.99
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ILC production of the light scalar in the N2HDM type II:

10

10~*

10~—=

-BR(h; — )

i1 1

2
Chivv

19

[ EP observed 95% CL excl.

« » » LEP expected 95% CL excl.
= = » JLC250 expected 95% CL excl.

i = 2.30

Yog < 2.30

() B mem——

= 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]

""""" 5, I T I I e A . T NS [P, S S b T i PR 50 T A T8 S i B L=l = ST T
[ o Type ll: x° < yEm. xig <230 ;’H“\ )
" - - = | [
Lok o Type IV: y? < ady . i, < 2.30 Eeowli i
" === HL-LHC (1¢) i
i s 1
| === HL-LHC + ILC250 {14a) \
| wmans ATLAS current (1 o) \ ,f'
| —-= CMS current (1o e " .iif::!.\ ri,';.' /
Fy
= . oy, (0
e : i -~
£ (1.9 ¢ = g
.8 F 7
0.5 0.G 0.7 1.8 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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ILC ¢g5 coupling measurements at the ILC

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

green circles: ¢gs coupling precision at the ILC250

0.5

ek, vy |

(3

= model distinction possible via coupling measurements at the ILC

o Typell: ¥ < yguqo Yig <230 === ILC250: 2ab™ (1) ]

Type IV: x° < vanm, Yo < 2.30
(.G

0.1 :
Chy 77
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5. Conclusinos

e T he discovered Higgs boson cannot be the SM Higgs boson
— check changed properties of hiog
— search for additional Higgs bosons above and below 125 GeV

e Experimental hints (as motivation/toy examples)
— tf (CMS) (and 7T7— (ATLAS)) at ~ 400 GeV

— vy (CMS) and bb (LEP) and 777~ (CMS) at ~ 95 GeV (= 4.307)

e ILC physics opportunities:
— IL.C direct detection (at least) up to /s/2 (400 < 500 :-)
— [LC250: light Higgs bosons up to ~ 160 GeV detectable
— [LC250/500: hyos coupling meas. are likely to see a deviation
= ILC can set upper limits on NP scales
— [L.C250: precision study of light Higgs bosons possible
= to disentangle the underlying model

e No time for BSM triple Higgs couplings ...
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Example: my+ = 1000 GeV, cos(8 —a) =0 [C. Lu, L. Wu, Y. Wu, B. Zhu '22]

PDG 2021 MGPF
400

cos(B-a)=0, mip-=1TeV |

4005 o (5-0)=0, my=1Tev 1
' CDF 2022

PDG 2021

200} 200;

Am[GeV]
=
Am[GeV]

o

-200] S|

~400L . i L |
-400 -200 0 200 400
Am H[GeV]

-400 -200 0 200 400
AmH[GeV]
= nearly no overlap of the 20 regions

= new CDF value requires relatively large BSM Higgs mass splitting
= but no upper limit on heavy Higgs-boson mass scale
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MGPF vs. sin? 0 in the 2HDM

2HDM type-I (o = 5 — 7/2)

L e e L e [ B N B I1 T T T

0.2320

0.2315

a2 plep
sin” 0

B

0.2310

MW [GeV]

Remember: Ap goes up = My goes up, sin? f. goes down
= agreement only with SLD value of sin?
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MIS‘:/DF VS. Sinzeeﬂ—‘ in the N2HDM [T. Biekotter, S.H., G. Weiglein '22]

= N2HDM favored by 3 independent excesses in Higgs searches at ~ 95 GeV

0.14 0.16 0.18 0.20 0.22

I F 2N2HDI\/I ;I'ype IV
i " ‘| XHziggs S XSM,HiggS -
: I : XSy rribp < 303 ]
i 2 i
0.232 F VT Xaygproney S4 1
[ \ ]
b4
Iy
i { |
s ot
= I \ ]
) L | I i
0.231 F | ]
I L ]
v !
N/
| == Avrg. today CDF-2022 *+10
=== App (LEP) SM
0.230 F === Arg (SLD) ]
80.2 80.3 80.4 80.5 80.6

My
Remember: Ap goes up = My, goes up, sin? Ocfr JOES down
= agreement only with SLD value of sin? fg¢f
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Possible hint for heavy Higgses in the N2HDM: [taken from T. Biekétter '21]

A 400 GeV pseudoscalar in the type Il N2HDM
X° = Xios + Xor + Xoi .~ ,we demand: x* < X&)

20 GeV < Mho < 1000 GeV , Mhy, = 125.09 GeV , my = 400 GeV |
¥

550 GeV < m 4 < 1000 GeV , 10GeV < vs < 1500 GeV , 0.5 < tan 8 < 12.5

Ta/ma [%] tan 3
0.5 1.0 15 2.0 2.5 3.0 2 4 6 8 10
SRR R L L LR LR LU LR LR LR LRI LR LR AR AL AR RN LS | g T T T T T T T T ™3
E 3 90 F E
Rl S min(x2; + x3a5) = 85.16 — 10 ellipse for x2 - ]
Usg:: R I min(x?) = 94.25 (x3 = 108.4) : S0E 24 ellipse for x2, - :
E * Best fit cpur for Ty fmy = 3.5% 3 % min(y?) = 94.25 (x&y = 1084) 3
0.7 f ________________ * Bestfit ¢y for [a/ma = 3.0% 7 = 0 min(x2i,- +x%s) =85.16 1§
E * Best fit cqef for Tafma = 2.5% 3 iy 60 E
(X EREE - SREEEEEEEEEEEET Best fit car for s fma = 2.0% W o E
E = Best fit eqy7 for 'y /my = 1.5% E t_. 50 %
‘§ LRI SRITEL YELPITRTTCRELED Best fit ¢,z for T fma = L0% 3 T
E * Best fit cqyf for T'a/ma = 0.5% 3 T 40E
4 E 3 T
= 30E
03¢ 3 T B
E 20
02¢
g b T ] 10¢ 3
E H E| E L2 EIRE
0.1 E[ Type I % < XgM 3 E | | ‘ . _Typé Il: x* < ¥y E
e I BT e TR 10 20 30 40 50 60 70 80 90
tan 3 o(gg — A— T+T7) [fb]

(Also the “A — Zh" excess can be realized)

- — . . Later
Both the tf and the 777~ excesses can be realized, but not simultaneously o

tan 3 < 2.5 for tt excess
tan3 > 5.5 for 777 excess

[ T. Biekotter, A. Grohsjean, S.H., C. Schwanenberger, G. Weiglein '21]
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Possible hint for heavy Higgses in the NMSSM (with tang8 = 1.7):

I‘A/mA [%]
245 250 255 260 265 270 275

NMSSM Align. Limit: tan3 = 1.7

— 139fh™" observed 95% CL upper limit
=== 139fh " expected 95% CL upper limit
— 35fh™" observed 95% CL upper limit
139" expected £ 20
D139 expected £ 1o

CAtf

CMS 95% CL excl. (I'a/ma = 2.5%)
observed 05% expected
— == expected | 68% expected

o(pp — tbH*) x BR(H* — tb) [pb]

0'%‘00 410 420 430 440 450 460 470 480 490 500
m A [GeV]

— tt excess can be explained in the NMSSM (with tang ~ 1.7)
[ T. Biekétter, A. Grohsjean, S.H., C. Schwanenberger, G. Weiglein '21]
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Possible hint for heavy Higgses in the NMSSM (with tan 3 = 8):

[taken from T. Biekétter '21]

A pseudoscalar at ~ 400 GeV in the NMSSM

T+T_ €XCeSS — moderate tan 5 = 8

1 [GeV]

110 120 130 140 150 160 170

].UU E T T T T T T T T T
—— 10 ellipse for 2.
90 f _ i E
3 20 ellipse for x;-
sk #*  min(x?) = 97.60 (x2y = 108.38) ]
2 7ok ;
S
& Gof ]
I
& 50 3
s0f ]
T 7
Wk
v W §
20 |
10F NMSSM: tan 8 = 8.0, x* < x2y
v 360 GeV < my, < 440 GeV
0 1 i . 1 1 1 il 1 1

0 10 20 30 40 50 60 70 80 90 100
olgg — Y ¢ — 77) [fb]
Interference effects not important:
Mhy — Mpy > rh2 + rh3
A, — map > Ta T4,

o [fb]

o [fb]

o [fb]

o [fb]

139t~ exp. £ 20 ® 139fb~': obs. 95% CL
139t~ exp. = 1o ® 6ab~': proj. 95% CL
=== 139fb~!: exp. 95% CL % min(x?) = 97.60 (x&y = 108.38)
1032 """‘“I““""'I"""‘"I"‘""“I""‘""I““"“E
o o X%, <23 PRy ¢ x5 <23
2 L 5 b 2 d
HEE B X2 >23 . Do x> 23 3
e, Sen L s E
wk g e o
., _S==c e. s
I .'-._,_. - b "@-..., ® 9
10° b e 2 R0 T 1
= Ay, bb prod. f |<p‘= A1, g9 prod.i
103 g'""'”:””””':'””””:' T T = FHHH T T ‘;
Sao . X2, <23 3R . X7 <23
2 z
10 3 2 x2->23 3, S xi >23 |3
b -," '..' "a-._.-.-i f
1L : “e. = s J
i %..ﬂ T~
F o e, e 4 U e ®-.... Y
500 E_ ®:--... !E
é = Ay, bb prod. | |¢;=A2, qq prod.i
L e i it L T B s i gt
% - x-<23 B8 . x2- <23
10% E \(72_11}23 E
[ .-"."-'.-u..
5 -2
10 E .... T
---- ®ng.....d
---.!E
(¢ =Tz, g9 prod
103 ""HHl?ww--mu--mu--um-mg
. X%, <23 ]

lgb = has, bb prod. F

¢ = h3, gg Prod-i

200 300 400

1 INEEEE INNNSERRT] FRREE]
500 600 7TOO 200 300 400 500 600 70O

Mg [G EV]

[ T. Biekotter, A. Grohsjean, S.H., C. Schwanenberger, G. Weiglein '21]
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What about the “real hints” at ~ 400 GeV?~ — NMSSM:
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What about the “real hints” at ~ 400 GeV? — NMSSM:

AX%%

9 3 4 5 6 7
N |
0.067 T Raaasaass e ARARRELES g
- === current 95% C.L. excl. ]
S HL-LHC 95% C.L. excl. 3
0.066F 4= ¢+ ... ILC250 95% C.L. excl. 3
= s e ILC500 95% C.L. excl. 3
T 0.065F HL-LHC (10) :
+ E ILC250 (10) :
T 0.064F : ILC500 (o) E
2 : ~ K
< - : ]
= 0.063F = 1 3
= [
. 1 3
- I :
0.062_— E : : -
EINMSSM Allgn Limit: :
[ — 1 ]
0.061 :—tla_nﬁ _7 S

0.00 0.02 0. 04 0. 06 0. 08 0.10
BR(h125 — X1X1)

= HL-LHC can test hio5 — 52(1)55(1) (small part of allowed parameter space)
= ILC can test all points via h1o5 — 777~ (and via hios — X9%%)
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What about the “real hints” at ~ 400 GeV? — NMSSM:

AX%%
2 3 4 5 6 7
1.10 g e T e ]
|08 _ NI\/ISSI\/I Align. L|m|t tanﬁ = 1.7 XSM,125 _ 84.49 _
with ng,s = 107 |
1.06 [ i S
-7 TSsL
= 1.04 F i S A
™ : 7’ N3
— F /7 3
S 1.02F / 3
E | -==~
1.00 E " e ) E
f === HL-LHC (10) S—— E
0.98 E
e === HL-LHC 4 ILC250 ( o) ;
3 v 7
0 98 --------------------- T PR T EEEE PR TR RN v At
.96 0. 97 0. 98 0. 99 1. OO 1. ()1 1.02
ChiasVV

= HL-LHC cannot resolve the hio5 coupling deviations
= ILC can easily test this scenario via cp . vy and ¢p ,opb
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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! ;-)

Sven Heinemeyer, Physics in LHC and Beyond (Matsue), 14.05.2022

45



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

Sven Heinemeyer, Physics in LHC and Beyond (Matsue), 14.05.2022

45



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 =06, kK = 0.035, tan B8 = 2, perr = (397 + 15z) GeV, My: = 1 TeV,
Ax = —325 GeV, MSUSY =1 TeV, At = Ab =0

¢ = ['[h; — ZZ]-BR[h; — bb] olete — Z(hy — bb)]
= — -
[Hsm(My, ) — ZZ] - BR[Hsm(Mp, ) — bbbl olete” — Z(Hsm(My, ) — bb)]
: [Thy — gg] - BRI — yy] . Olge >l oyl
77 T[Hsm(Mp,) — ggl - BRIHsm(Mp,) = vyl olgg — Hsm(Mp,) — vyl
| S A I S I S R S N TR L T T T T | | I T TR S T TR O
0.500¢ ] 0.5001
0.100¢ ﬂ,lﬂﬂ[
e 0.050 1 0.050
0.010¢ 0.010f
0.005¢ 0.005F
9—1 Qlﬁ HIS 1(:}[1 9.4 gf) qS 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
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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. Biekotter, S.H., C. Mufioz '19]

0.22 T T T T T T T T .

: l'. :

L .’ .

0.20 F - :

f".

0.18
0.16 F ;
Q, : / ]
ﬂ i . 1
0.14F p V ;
0.12F f/

: e ]

0.10 F Vs :

[ '_,a' ]

0.08 B e, s, s, e, e, . 2

0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36
HoMms

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

101

100
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M py
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T he final challenge:
can the excesses at 400 GeV and 96 GeV be explained simultaneously?
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The final challenge:
can the excesses at 400 GeV and 96 GeV be explained simultaneously?

= Yes, in the N2HDM

2
Xf{ Xo6
0.4 0.6 0.8 1.0 1.9 9 4 6 8 10 12
1 1

B | B |
""""" LA R RRR AL R LSRN LA AR LLLRE) ALY LALALRRRL) RARLLLLE Q0 B T T T T T e T T

_ Y min(y?) = 97.93 (x3,; = 121.61) —— 10 ellipse for 2, __
0.95 ---= 10 ellipse for ng, _ 80 - 2 o ellipse for X3+r £
' + x5 =0 : K min(x2) = 105.6 (y2y = 121.61) 1
E . SM E
[ .. ] E
0.20 F o - ]
. F ."11 . [ ] ® \\\\ E
= [ .[ o \ k E
§ 015 i o e P : \“ ] E
> R J ¢ \ ] '
e ¢ 'F ,: E
0.10 F ¢ 'ﬂ . [ 3
[ ® ° 7 E
K I / f
; .\::‘o.* :‘ o /,, f -
0.05 F "‘3&‘-’. o, 7 :
E 5 5 ¢ ss.:'-Q-:_....—"”’ ¢ E F [T e ll- 2 & 42 ;
E[Type II X S XSM ! ! [ a E é ......... [T 1 T L, TR Lisassiaas L .y.l:.).-...-..?é...:.?é.é.l\./l. .é
01 02 03 04 05 06 07 08 09 12 3 40 50 60 70 80 90

LLCMS 0(99 — A= T+7—_) [fb]

[ T. Biekotter, A. Grohsjean, S.H., C. Schwanenberger, G. Weiglein '21]
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Future expections for Higgs couplings in SMEFT (I

4F

&g,ig[%]
= N

6gi/gil %)
e Yo e
hobowon

Sgdgil%]
et Yot e
moumownob

1
gite Ghibo
R S S R SRS e & Future colliders combined with HL-LHC
5} SMEFTxp fi
np fit
£ 44 | CEGET R
B3t = s Higgs couplings
8 HL4ILC S0 s HL4+CLIC 150
2 — 10600 = 3000
1H iy 7 Higestd F'U W
g HL+FCC ==-385 |=|§] : HIRSTS. PG, ALY
- e e fih fit Seplember 2019

= clear improvement with the ILC!
= polarization important to disentangle BSM coupling structures
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Future expections for Higgs couplings in SMEFT (II)

102:,,

10

S

=

g 1
10-1

= B HL-LHC M HL+LHeC M HL+HELHC HL+ILCas0 HL+CLIC35 M HL+CEPC
- Higes@FC WG . HL+|LC5QU HL+CL|C15UD
1 May2010 SMEFTyp fit B HL+CLIC3000

R R | R R T R T T T ST 10-2

I 10-3

22:10-4

10%F
10f
1

ff ff f ff ff ff
ghww hyy hzy Ghgg OGhtt FHee Gbb THrr THpy 91z OKy

=] Improvement wrt. HL-LHC ==

10"

= clear impr

691z OK,

ovement with the ILC!

= polarization important to disentangle BSM coupling structures

6gatce
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Waischeleine I: eTe™ precision vs. 2HDM type II prediction:

N
o

|
»
l

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

N
@
I

ILC precisions from full EFT fit

model predictions
| | | ] ] |

bb ¢ 993 WW T /7 VYV HU

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:

o 20 | | | | I I I
0\‘ - -
= - i
0p) B =
= 10 |~ |
p— —— ———i
O i |
[
7p)
- B -
O 0 [ o - mm - m e mw=m=mE=E== 0 msasmsmssm s akEps= =]
-— _ -
T . i
> i -
D
© B -
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 1 1 1 1 I I I

bb ¢ 99 ww T zz Y¥Y HU

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

— 20 | | | | [ [ [

0\0 _ -
S _ -
CD = -
c 10 = —
= _ -
> _ -
| S

” _ -
e - -
9 O S AN ESEFENSSENSESESE. _ __ _ENEVFES" _ _ _ _ _ o 0  FENE"
el - -
© . |
>

O _ -
-O - -
o) —10 = ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: 2HDM-Y example —
C - -
%_ n ILC precisions from full EFT fit -
8 : model predictions :
O _20 | | | | ] ] ]

bb ¢ 99 WW T /7

= Clear pattern, distinctive for 2HDM type Y7?!

YY uu
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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

—
@
I
I

- model predictions

- —— S S -

L
o
I
I

Coupling deviations from SM [%]
o

|
N
o

bb  CC g9 ww T ZZ VY HU

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

N
o

—
o
I
I

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

N
o
|

ILC precisions from full EFT fit

model predictions
| | | ] ] |

bb  CC 9 wWw U ZZ YV HU

Coupling deviations from SM [%]
o
:
i

|
N
o

= Clear pattern, distinctive for HxSM7!
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Waischeleine VI: eTe™ precision vs. Higgs-Radion prediction:

N
o

O
o~ - 7
n - -
c 10F —— —
S - -
L o —
-
(7p)
C p— —
O 0_----------------------------------------—-
— = = - . . ° - — ———
Q)
> p— —
)
© B -
) —10 = 1Lc250Gev, 2ab™ + 500 GeV, 4 ab™': Radion example —
C - -
%- n ILC precisions from full EFT fit -
- B model predictions 7
'® - -
O —20 | | | | | | |

bb ¢ g9 ww T ZZ YV 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 . | *'5 | .
_5|:\) al : ta)-rrﬁ??:é ree) _ _? 0 I Igr?;i(éﬁee. - : i
= _ | HSM # R = - HSM ~ Type Y (Tree)
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2HDM example (II):
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[S. Kanemura et al. '18]
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2HDM example (III): [S. Kanemura et al. '18]
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