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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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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("95"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) P Ddq Dy

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. 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) ~=*=* ECFA16 S1{300f) ~==° ECFA16 51 (3000 f0 )
I swExpertes 00 e ECFA16S2{300f) ' ECFA16S2 (3000 %)
+ 20 Expected - =~ Stat Oniy (3001} === Stat Only (3000 k)
cé;__ 60 [ T T ' ' v
& | my°* scenario P
501 F
40 .-_'z';f K
30 F
20| ,,,-‘:-'-"":;}M i)
10k d
,L_,u,j‘_g”r - Pl I | 1 Al | | Pl |
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
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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 2HDM (neglecting tt final states)

CMS Preliminary Simulation MSSM ¢—tt
95% CL Expected exclusion: Projections:
[ 1 13 Tev Expectec (HiG-16-008) === ECFA16S1 300R) ~===* ECFA16 S1 (3000 ')
P .wExpectss 0 e ECFA1652{300 ™)  ECFA16S2(3000%")
+ 20 Expected === Stat Ony(300) === Stat Only (3000 k)
[ ¥ | L) I ¥ [ L] 1 T i ! ¥ L] i T I"l’[ i
'.":i'
'
r‘.’ -
o
5 '
r 4 7
r 557
e S
Pa e y
Lf*“::fli-#f-;—‘f'fil L l 1 L l 1N - l T l - J A L J | —— l ¥
200 400 800 1000 1200 1400({1600 1800 2000
1LC1000 m, (GeV)
CLIC1400 CLIC3000

= the larger the mass splitting, the larger the reach
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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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Possible hint for heavy Higgses at the LHC:

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

g t g t
d
-—- t
g t g t
o MS _wecrente 35.9fo! (13 Tev
%, -1 < Chel < -0.6 -0.6 < Chel <-0.2 -0.2 < Che1 < 0.2 0.2 < Che1 < 0.6 06<Cha<1
- { Dat
o 250 ata
-;-:-' I tt
w .
uﬁ 200 [ Bl Single top_
o W, Z, WY, Y
" Post-fit unc.
150 }
100 |
50 F
0
5|
< i
(V)]
I
8 0
©
D -
5|
500 750 1000 500 750 1000 500 750 1000 500 750 1000 500 750 1000
m [GeV]
) ) ) ) M?: 1908.01115
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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]
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h1o5 coupling measurement for the ~ 400 GeV excess? — N2HDM:
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h1o5 coupling measurement for the ~ 400 GeV excess? — N2HDM:

F ——= HL- LHC (10) _ 1.05 F === HL-LHC (10) ST, -
LOSE === HL-LHC + ILC250 (10) s [ === HL-LHC + ILC250 (10) \ :
: v [ 1 ]
3 . 1 3 | ]
1.00 f I : ! :
5 41 Loof | ]
0.95 _Lt L i ]
: g | :
] ] ]
2 0.90 F 1 = ] :
2 . ] = I ]
= b = 1
© i1 © 095} -
0.85 F : :
0.80 F ]
° ‘n L) g -. .-
I S T 1 000} ]
0.70 - : X?t < 4 or X72—+7— <4 - : Xtt < 4 or X7-+7- < 4 ]
SERTEETET] FRTERTRET |FEETERTET] FETEETETEI FETTERTEN] FERETETIT] FENTEETET] ITTTTETTNE FETTETEET] FYETs N FETTTETET] FTT TR [T, ST |FETEETETT] FETTEEEET] INETTET TN FEEEEETET] FTTTTETTTE PN TN T 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 B (¢t): SM limit reached, but many points show large deviation
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h1o5 coupling measurement for the ~ 400 GeV excess? — NMSSM:
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h1o5 coupling measurement for the ~ 400 GeV excess? — NMSSM:

AX%%

9 3 4 5 6 7
N |
0_067_"|':'"""":| """"" Trrrrrrrres Trrrrrrrrs TrrrrrrroT T g
- === current 95% C.L. excl. ]
S HL-LHC 95% C.L. excl.
0.066F p= ¢ ILC250 95% C.L. excl. 7
S e ILC500 95% C.L. excl. 1
T 0.065F HL-LHC (10) :
{ : ILC250 (107) §
2 : ~ K
< - : ]
= 0.063F = 1 3
- [ -
. 1 3
- I :
0.062_— E : : -
[ NMSSM Allgn Limit: :
B — 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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h1o5 coupling measurement for the ~ 400 GeV excess? — NMSSM:

AX%%
2 3 4 5 6 7
1.10 g e T mamsmmsmy :
|08 _ NI\/ISSI\/I Align. L|m|t tanﬁ = 1.7 XSM,125 _ 84.49 _
with ngps = 107 |3
1.06 [ i S
-7 TSsL
= 1.04 F i S A
™ : 7’ N3
— F /7 3
S 1.02F / 3
E | -==~
1.00 B - ,’ ) :
f === HL-LHC (10) S—— E
0.98 E
E === HL-LHC + ILC250 ( o) ;
3 . 7
0 98 --------------------- T PR T EEEE PR TR RN v At
.96 0. 97 0. 98 0. 99 1. OO 1. 01 1.02
ChiosVV

= HL-LHC cannot resolve the hio5 coupling deviations
= ILC can easily test this scenario via cp . vy and ¢p ,opb
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3. 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]

2
9hzZz
gusMzz Indirgt_:t_ LHC
1y . sensitivity from
: measurements of the
Higgs at 125 GeV

Excluded

from  0-100f —— measured, LEP [(mH)

LEP — | — recoil, ILC [p(mH)

searches —— traditional, ILC I',(mH)

&4 —— LHC limit
0.010}
Could ; _
probe [ =N Hig wf actory
the _ . pe sensitivity
“CIVIS/ Higgs factory sensitivity: Recoil method
bump”orom 3 h — bb search E
at 95 20 20 80 80 700 120 740 160 //?
GeV mHIGeV / My, /GeV
f"ff
,/"d‘

> il
= 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 — ¢ — 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?

Sos

1 £p(98 GeV) = [a(e e~ — Zh1) x BR(hy — 55)}

LEP
Vs = 91-209 GeV
SM branching ratios

(a)

— Observed
Expected for background

20 40 60 8 100 120
2

m,, (GeV/c")

exp/SM

= 0.117 £ 0.057
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N2HDM:
Three neutral CP-even Higgses:

(hl\ (Pl\

COélcOCQ Sa16a2 SO&Q
h — R Y R — _(Ca18a28043 + 80616043) Ca;Cas — SaySarSas Ca,Sas
2 2
\ h3 ) \ pS ) —ConSarCas + SanSas _(Ca18a3 + Sa18a20a3) Ca,Cas

Coupling to fermions: (same pattern as in 2HDM)

u-type (cp,t) d-type (cppp) leptons (cprr)

type III (lepton-specific) éf? % &
type IV (flipped) % i ﬁ
S3 cg sg

“Physical” input parameters:
2
a123, tang, v, wg, Mhyoss A Mg+, mi,

Sven Heinemeyer, First ECFA WS on ete™ Higgs/EW/top factories (DESY), 05.10.2022
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Needed to fit the two excesses: my, ~ 96 GeV, my, ~ 125 GeV

— c%lvv strongly reduced for ;i £p

— cp,pp reduced to enhance BR(h1 — v7)

— ¢pq ¢t NOT reduced for rcps

— cp,rr POSSibly reduced to enhance BR(hy — )

Decrease ¢, ,; No decrease c;, ;7 No enhancement ¢, .7

type I (2) =) (72) ~( (f12) :-)
type I (21) ) (732) =) CORES
type I (F2) :) (72) ~( (F1)
type IV (F1) ) (732) =) COR

Type II and IV: ¢y pp and cp 4 INdependent
Type Il vs. IV: ¢, Can be suppressed or enhanced
= only type II and IV can fit CMS and LEP excesses
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Mini excursion: 2HDMS (in comparison to N2HDM) - type II only
[S.H., C. Li, F. Lika, G. Moortgat-Pick, S. Paasch '21]

N2HDM: 2 complex Higgs doublets, 1 real Higgs singlet
Z> and Z,, symmetry

2HDOMS: 2 complex Higgs doublets, 1 complex Higgs singlet

Z> and Zz symmetry
= resembles the NMSSM Higgs sector (but without SUSY)

Constraints: for the S2HDM and N2HDM:
= ScannerS, Evade, HiggsBounds, HiggsSignals, SuSHi, Superlso

Q: Can 2HDMS and/or N2HDM fit both excesses?

Q: Are there relevant differences?
(apart from the extra CP-odd Higgs?)
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Comparison of the two models: [S.H., C. Li, F. Lika, G. Moortgat-Pick, S. Paasch '21]

N2HDM 2HDMS

2HDMS (tanf=1-10)

N2HDM (tanf =1 — 10) 0.30
0.30 - _ '
: Las 1.25
—
1.0 1.20 ©
) oN
115 > 115 >
- )
E @
10 & 110 g
B & Q
105 &% I L5 &
o o
= T
1.00 ¢ 1.00 ¢
s e
0.95 :g 0.95 *-%
G b
0.90 0.90
0.85 0.85

= NO Visible differences
= very difficult to distinguish the 2HDMS from the N2HDM!
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The new 7t~ excess

138 fb™' (13 TeV)

—e— (Observed

- CMS Preliminary
S ' '

102 _ -------- Expected
- 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 7t~ excess

138 fb™' (13 TeV)

—e— (Observed

- CMS Preliminary
S ' '

102 _ -------- Expected
- 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? At 95 — 100 GeV?
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Better visible here, focusing on 100 GeV: [CMS '22]
\ 138 b (13 TeV)
o | _
a | CMS m, = 100 GeV
™ 35 Prelimi []68% CL
g_ A o= Best fit
Q
= L
S 2.5_
Q2
© 2:_
1.5:—
L
0.5:—
00-' 2 8 12 '1!4'
6(99¢)-B(0—11) (pb)
= Clear excess of ~ 30 at ~ 100 GeV
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Now we have three excesses at ~ 95 GeV

" =0.117 £0.057, 1,9P=06=+0.2, ;- P=12+05

corresponding to

exp

ex
™~ 20, ’

pas ~ 30, PSP~ 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

I —————

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

1.4 h [ Type Il: 32 < x2y
| |

1 ; + | :

| I ]

1 I ]

1.0 L] 3
‘\ % Best-fit point :

L 0.8 \\ ©  Xias < X125 L
Y :
= \ + Xﬂ%ﬁy—}—'r‘r = 0 3
U 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‘""'2'|""""'I""""'I""""'I'.II
1.4 H Type IV: x SXSM]
L c‘-.
% ":I"
al
1.0 2
- 0.8
£

, -
%  Best-fit point

0.4
o Xips < X%M,IZS
2
0.2 + ., =0 _
— : 2 3
; Lo ellipsefor % 0. :
00 |||||||||||||||| | IR N I N A I Lo L L
0.0 0.2 0.4 0.6 0.8 1.0

= 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

0.6 . Best-fit point '

.

mln(X'y'y+'r'r+bb)’ 3
0.4 AxFos < 5.99 .
o X< XgM,IQS
0.2 + X%’Y-}—TT = 0 _;
== ] ellipse for X§7+TT
|||||||||||||||| | T T TN TN T N N N T N T T N T T W T T T W TN T AN N O T R T AN T A O 1

0 % 0 0.2 0.4 0.6 0.8 1.0

Hyy

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

0.2

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

gg — hgg — rtr—

ete™ — Zhgs — Zbb

1.6 == Observed Wy, 5358 3 — Observed eaeyes B 358 — Observed e > 323
=== expected " ¥§7+77+bb <3.53 ] === expected X~2y~1+1—1—+bb <353 | 100 p==" expected . ‘\_%jLTTerb < 3.53
14F expected +20 in(x2 ) 3 expected +2a in(x? ) ; expected 420 in(x2 )
i min(y ;] min (X2 o v pp)s min(; B
: expected +1o . Xoy+rr+bb expected 1o 5 Xoy+rr+bb expected 1o o Koy
3 AX_125 £ 5.99 AX]_QS < 5.99 AX125 < 5.99
1.2 E * Best-fit point :a it % Best-fit point # Best-fit point
- B 10 7P
T
-
+
i 2
T S O A —— -
c 107! .
1
T 10°}
E o v v e, MR L sy pss ] L Liviianin Livioiaess Laviiiinn Livesiiin Liviaiinn Liciii 10_2'...| ......... Lotoioiaia, Loiaiaaia, Looa i Lovesy n
80 85 90 95 100 105 80 100 120 140 160 180 20 40 60 80 100
m [GeV] me [GeV] mg [GeV]

gray lines: central values of excesses

= type IV can fit the v, 77 and bb excesses very well
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Production of the light Higgs at the ILC:

"k :
T .
= g
1;1{}-‘—’; !
qu.}' . -........-.............--.llllllllllllll‘-!
100 E
o - 3
[ e [ EP observed 95% CL excl.
J" « = o LEP expected 95% CL excl.
077 F w a u ILC250 expected 95% CL excl. 3
: g = 2.30
e ke <230 Type IV: ¥ < &y
lﬂ—i-.l ......... R o o e e | LIy Lottt

) i Al o LEH} 110} 126]

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

s Type ll: x° < %8, Xae < 2.30
o Type IV: 2 < a3y, x5 < 2.30
[ == HL-LHC (1o}

[ === HL-LHC + ILC250 {14
IR EE Rl ATLAS current (1 o)

[ —-= CMS current (1)

. L] -.# ‘llll -
0.9F ".q;-_ 4
-?':r'{‘a\& /
sey 1oy
L
S I e 0T 08 0s o 1.1

= both types show some deviation from SM
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HL-LHC/ILC Higgs coupling measurements

[ T. Biekotter, S.H., G.

Weiglein — PRELIMINARY]

1.1 - 2 a 2 I 'E
| e Type ll: x° < xsmy Xoe < 230 ]
= o TypelV: Y < Xam Xog < 230 | rr""n‘ :

1.0F === HL-LHC (14) ; L : :
- === HL-LHC + ILC250 (14) ot/ 1
ks ATLAS current (1) \ ' J"r;

U9F —.- CMS current (10) - H-’f ]
: : 7

— 5 ~ ]
R IR o L ]
= [ —_ ]

LT E ]

0.6 F -

0.5 F ;

0.5 (1.6 0.7 0.8 0.9 L0 1.1

[Ch ar s !

= bothg types show deviations from SM
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HL-LHC/ILC hio5 coupling measurements
[T. Biekétter, S.H., G. Weiglein — PRELIMINARY]

""""" rfrrrrftrrftftrffrrrrrrgtr oo trre 1ot
e Typell: x° < xGm. xig < 2.30 JK#-E\ )
o] 7 = 1 ‘
1.oF o Type IV:y® < x&yg, xig < 2.30 : i /]
wee HLEHC 7 . ;
LT 1
=== HL-LHC + ILC250 {1a) \ f." :
----- ATLAS current (1 o) \ ,f'
= CMS current (1o L .iir:,!,\ 3 gy /
" i
- S
- L
200t = i
LB F }
.5 .6 0.7 {15 1.9 1.0} 1.1
:rrlll_g._'l-'i

= type II and IV show strong deviations from SM
= N2HDM can always be distinguished from SM at the ILC
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Towards an ILC coupling measurements of ¢g5:
[T. Biekétter, S.H., G. Weiglein — PRELIMINARY]

5 E = ; - .

o Typell: ¥° < ¥vag. Xog < 2.30 : :

) o Type V: x° < ¥5, Xoe < 2.30 ! .

ir 3

6k :

[ ]

it | :
ﬂ L

= 5 ;

— f :

H [ 5

oyl I AR ]

g2 4F 3

e ;

s ]

b :

2k I :

1E I I :

T P T =gg = WW *=Z3

= Clear difference in g, ., as expected
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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

36
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4. The mass of the W boson: theory vs. experiment [CDF '22]
SM
DO | 80478 + 83 o
CDF | 80432 + 79
DELPHI 80336 + 67 ®
L3 80270 + 55
OPAL 80415 + 52 —_—
ALEPH 80440 + 51 ——
DO I 80376 + 23 O
ATLAS 80370 + 19 ==
CDF Il 80433 + 9 e
79900 'éog)o'o' 'éolmlo' 'éolzo'o' 0505 55400" 'éolsolol |
W boson mass (MeV/c?)
= large discrepancy with the SM prediction
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4. The mass of the W boson: theory vs. experiment

S
DO | 80478 + 83 o
CDF | 80432 + 79 O
DELPHI 80336 + 67 ®
L3 80270 + 55 ®
OPAL 80415 = 52 o
ALEPH 80440 + 51 @
DO [l 80376 £ 23 —
ATLAS 80370 + 19 =_F
CDF I 80433 £ 9 oOn
79900 'éog)olol 'éolmlol '2'30'20'0' '5'30!30'0' 'soltolol 'éolsolol |
W boson mass (MeV/c?)
= large discrepancy with the SM prediction

[CDF '22]

= large discrepancy with other measurements: MVF’VDG — 80379+ 12 MeV
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Approximation of My, with S,7T,U: [M. Peskin, T.Takeuchi '90]

— capture the gauge boson self-energies
= good approximation in multi-Higgs models

s
S
Miy = Mgy ( 1+ z 2547 )
w
2 2
Qv 1 c: — 8
/I 2 W w
AT — 3_2 —§S+CwT i 452 U
w w
Main contribution:
_I_ozc\QN 3\2/\, ;T
S (32 82
w =W W
4N ()
—. (@7
cqy — 5%
2
c >7(0) Xw(0)
=! + W 5 Ap odl'= Ap = 2 R
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Implications for BSM models

Contribution from 2HDM Higgs sector to Ap:

2 .2 2

o mAmH 1 A m5
16725 ]\/[2 A m%{ m%{
2 2 2
- mAmHi In ULy,
m2 — m? m2
A H=T H=
2 9 2
mHmHi 1 mH 2
- —5 y— N —— + Mg+
m m m
H H=E H*

= large Ap needed to accomodate MGPF

CDF.
Before MW :

= small mass splittings between my+-mpyg and my+-my

After MGPF:

= increased mass splittings to accomodate MV(‘:/DF
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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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Can we fit three 95 GeV excesses and M‘%/DF?
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Can we fit three 95 GeV excesses and MFPF? = N2HDM type IV
[ T. Biekotter, S.H., G. Weiglein '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 !
I 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? O
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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 7T7— (CMS) at ~ 95 GeV (= 4.307)

e ILC physics opportunities:
— IL.C direct detection (at least) up to /s/2 (400 < 500 :-)
— CLIC direct detection: substantial gain w.r.t. HL-LHC
— [LC250: light Higgs bosons up to ~ 160 GeV detectable
— [LC250/500: hyos coupling meas. are likely to see a deviation
— [L.C250: precision study of light Higgs bosons possible
= to disentangle the underlying model

o MVCVD':: can be accomodated in the N2HDM (fitting ¢os5)
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Global fit to all SM data (w/o MSPF):

[T T T | T T | T T T 11 T T ||||||||| [ | 1T 1T T ]

> - : 5l

= My = 9072} Gev < ysE Dow e il
gE..| SWftwloM, measwement Nl 1 Epe

“agreement” at 1.8¢ 355_ ~®- LHC combination [PRL 114, 191803 (2015)] E

25

Assumption for the fit: 2— —

SM incl. Higgs boson 15E =
= no confirmation of /1 SRR NSRRI SO 10

Higgs mechanism 055_ E

E| 1 1 1 | | | I .| | LA | | | | | | I | | 1 191 1 | 1 11 |E

60 /0 8 90 100 110 120 130 140

M, [GeV]

= no new dglobal fit available = individual contributions?
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Results for Mgy from individual EWPO:

Tevatron sin’(0, )

Tevatron M,,

light Higgs preferred by: ATLAS MW
My, Al r (SLD) LEP M,
0b

heavier Higgs preferred by: LEP AFB
Alo (LEP) LEPA
= keeps SM alive LD A
|

SM fit wio M,

= Which My value is preferred by M§PF

ey R0
____________________________________ (e
........................................... B
. B2t
...................................................................... —— 463+253390
............................................................ —
................................... i
| ":
——— W
610 20 102100 10°
M, [GeV]
?
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Results for Mgy from individual EWPO:

Tevatron sin’(0, )

Tevatron M,,

light Higgs preferred by: ATLAS MW
My, Al r (SLD) LEP M,
0b

heavier Higgs preferred by: LEP AFB
Alo (LEP) LEPA
= keeps SM alive LD A
|

SM fit wio M,

CDF M,,

= M§PF prefers a too light Higgs mass!

iel} —st— 07
____________________________________ —Bl |
........................................... L% P
. g
B "
............................................................ — |1
___________________________________ —| %
B 90’
| ..... + _____ I |T1251+02 _______ "
610 20 10%210°  10°
M, [GeV]
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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 £ 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, - 3
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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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 =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

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. Biekotter, S.H., C. Mufioz '19]

0.22 T T T T T T T T .
F < 101
: l'. :
0.20 F o .
: ot : 100
' ]
0.18 E 99
0.16 F : 98
q : / ] -
5 i : ] =
S : & ] S
0.14 F //‘ . 97
0.12F f/ 96
: ' § 95
0.10 F P4 3
[ '_,a' ]
F ] 94
008 -||. |||||||| | PR R RN | PR Lo o310 | FE SN EEE | FEE RN | PN SRR | PN -
022 024 026 028 0.3 032 034 0.36
HoMms

= SUSY enforces strong correlation!
= note: ATLAS limits and CMS “observation”
will likely result in a lower p| yc!
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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
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. 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
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LLCMS 0(99 — A= T+7—_) [fb]

[ T. Biekotter, A. Grohsjean, S.H., C. Schwanenberger, G. Weiglein '21]
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