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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
Q’: Which model?

Sven Heinemeyer, SUSY 2022 (Ioannina), 30.06.2022



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
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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Model I (without SUSY)

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

u-type d-type Ileptons

type I Py Ps Ps
type II Py OF] P4
type III (lepton-specific) o P P4
type IV (flipped) Po P, b,

= exactly as in 2HDM

Three neutral CP-even Higgses:

(hl\ (,01\

Calcag Sa16a2 Sa2
h == R 3 R — _(Ca13a28a3 + Salca3) Ca;Cas — Sa;SanSas Ca,Sors
2 2
\ h3 ) \ JoXs ) —Co;Sa,Cas + Sa;Sas _(Ca18a3 + 3a13a20a3) Ca,Cars

“Physical” input parameters:
2
1,23 tanﬁ ) v, vs , mh17273 ) ma , MHili ) myo
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Model II (with SUSY): Z3 invariant NMSSM

MSSM Higgs sector: Two Higgs doublets

g (Hll)_( +<¢1+7z><1>/ﬁ>
1 = = o
1

o= () (e
H3 + (¢o +ix2)/V?2
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Model II (with SUSY): Z3 invariant NMSSM

NMSSM Higgs sector: Two Higgs doublets + one Higgs singlet
Hy, = (Hll ) _ (Ul+(¢1+73><1)/\/§)
2

Hi ¢1
= (1) (vt o)
° Hz vo + (2 +ix2)/V2

S

Vo= (W% 4 [g\S|2)H1 Hy + (M3 + |AS|?) HoHo — m35 (e HYHS + h.c.)

12 2
49 +g

K
+ |>‘(€abHiLHg) + H52|2 + m%|S|2 + (AA)\(EabHiLHS)S + gA/iS?) + h.c.)

2
— — g —
(H Ay — HoH5)? + ) |H1H>|?

Free parameters:
>\7 K, Alia MHia tanﬁa Heff — )\US
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Higgs spectrum:

CP—even : hqi, ho, h3
CP—odd : aq,an
charged : H+,H_

Goldstones : GO, G+,G_

Neutralinos:

M — Heff
compared to the MSSM: one singlino more

~0 ~0 ~0 =0 =0
— X1y X2, X3y X45 X5
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2. BSM Higgs bosons at ~ 400 GeV

“So, Edith, you didn’t tell me?...Your
son finished law school?”
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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
)
t - t
g t g t
o MS _wecrente 35.9fo! (13 Tev
> -1 < Cpei < 0.6 i B g 02 i 0.2 < Cpe < 0.2 i 0.2 < Cpet < 0.6 i 0.6 < Cpei < 1
0] i i i i
= 250f 1t Data
';':" I tt
w .
uﬁ 200 [ Bl Single top_
) W, Z, W, tV
" Post-fit unc.
150 |
100 |
50}
0
5|
= [
(Va)
[
g 0
©
O -
5|
500 750 1000 500 750 1000 500 750 1000 500 750 1000 500 750 1000
m [GeV]
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XQ distribution from the excess: local: 3.50, global: <20

CMS 35.9 fb~1 (13 TeV)
- 95% CL exclusion Z
& 2-9[C] Observed 95% expected

B Expected BN 68% expected |

MMM Ca-uz > La [a/ma = 5% '
2.0k = '

400 500 600 700
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X2 distribution from the excess: local: 3.5¢0, global: <2¢

FA/mA = 01%
FA/mA=D5% 2
FA/mAzl.U% _E

16 f — :
— T4 /ma =1.5%

14; w4 /ma=2.0% '
19k — 4 /ma=25% 3

_ m— T4 /ma = 3.0%
=10 —— T4/ma=35% 3
N: — Ty /ma =4.0% |3
w— T4 fma =4.5%

6 E — -

FA/'FRA == 5.0%
FA/mA = 75%

m4 = 400 GeV |3

e b by gaaa gl sy

00 0204 06 08 10 e taTtieTis oo hatoa
CAtf

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

X%ot = X%25 + tht with X%25 taken from HiggsSignals
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Can the excess be accomodated in the N2HDM?

For now: N2HDM type II

Parameter scan:

ma M+ tan 3

C

20,1000]  125.09  [20,1000] 400  [550,1000] [0.5,12.5]

C%vav Cibtf sign(p3) Ras3 mi2 Us
0.6,1.0] [0.6,1.2] —1,1 [—1,1] [0, 1000] [10, 1500]
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= Parameter scan = ScannerS

Constraints:

e Tree-level perturbativity = ScannerS

e Minimum of potential is global minimum = ScannerS
... or sufficiently long-lived = Evade

e Higgs searches at LEP, Tevatron, LHC = HiggsBounds

e SM-like Higgs properties = HiggsSignals (N2HDECAY, SusHi)
= X755 (With XgM,m_, — 84.4)

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

e Electroweak precision data (7" and S) = ScannerS

Sven Heinemeyer, SUSY 2022 (Ioannina), 30.06.2022

12



Can the excess be accomodated in the N2HDM?

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

Ta/ma %]
0.5 1.0 1.5 2.0 2.5 3.0

I

L min(x2: + x%55) = 85.16

os BRI e minge®) = 0025 (2, = 108.0)

___________ =s= Best fit cyy7 for Ca/ma = 3.5%

0.7 W =sut Best fit cp47 for [a/ma = 3.0%

=s=1 Best fit cyq7 for Ca/ma = 2.5%

0O6F " @™ " """ =s=1 Best fit cyy7 for Ca/ma = 2.0%

'i.:,‘ 05E.... 8 ...... =s=1 Best fit cyy7 for Ca/ma = 1.5%

=s= Best fit cyyz for Ca/ma = 1.0%

0.4 Best fit c 447 for Ta/ma = 0.5%
0.3
0.2

1 2 3 4 5 6 7 8 9 10 11 12
tan 3

0.1 g Type Il X2 < x%M
T I,

—- excess can be accomodated for low tan g

Sven Heinemeyer, SUSY 2022 (Ioannina), 30.06.2022



Can the excess be accomodated in the N2HDM?

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

TA/mA [%]
2.2 2.4 2.6 2.8

N2HDM 1I: 2.0 < T 4/ma < 3.0, 1.16 < tan 3 < 1.60, |
m 4 = 400 GeV 3

\

0.9

0.8E

0.7E

CaAtr

0.6

0.5

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

400 410 420 430 440 450 460 470 480 490 500
m A [GeV]

—- excess can be accomodated for low tan g
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h1o5 coupling measurements at the HL-LHC and the ILC:

E ——= HL- LHC (10) ]  1.05F === HL-LHC (10) ST
LOSE e HL-LHC + ILC250 (10) N [ === HL-LHC + ILC250 (10) ol :
: v\ [ 1 ]
- . 1 | ]
1.005' ) ) i 1 ]
5 : /A1 1o : ]
0.95 F MEGUEE | LI O : :
i ' P i g | :
o ] [] :
2 0.90 F i = [ .
R 1 = ] :
= o k < E
© : 1 = 095F .
0.85F . ]
0.80 F ]
; .o.é [ :
0.75 F ?o'.:'l- L o ; 0.90 - .
F ® ° " Te .
; : : ]
0.70 ’ xtt<40r x$+7 §4-f : ng<40r Xoi,- <4
.................................................................................... ] TN FRTTTITTT PR [T FTTTTTITT FETTITITT IRTTTITTT FITTTTINT PRI T P
0.81 0.86 0.88 000 0.02 091 096 008 100 102 0.81 086 088 000 092 001 006 008 100 1.02
CthSVV Ch125VV

= SM limit reached, but many points show large deviations
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Can the excess be accomodated in the NMSSM?

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

Parameter scan: alignment limit

Mg My M Ms A;; M 4 tan3  A(tan/3) [ K(w,tan 5, M4) A,

1200 140 180 2000 O [410,430] 1.7  0.6617 [182,201] [0.047,0.101] [—498, 116
+ 4 -
+ =
+ - -
. + + - =
+ : _
R AR g
+ —

Sven Heinemeyer, SUSY 2022 (Ioannina), 30.06.2022 16




Can the excess be accomodated in the NMSSM?

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

FA/mA [%]
2.0 2.2 2.4 2.6 2.8 3.0

1.0

0.9

0.8 B [N2HDM 11: 2.0 < T4 /m4 < 3.0, 1.16 < tan 3 < 1.39,
ma = 400 GeV, my,, = 96 GeV

0.7
=
QO
0.6
0.5

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

0'3400 410 420 430 440 450 460 470 480 490 500

ma [GeV]

= excess can be accomodated for slightly smaller c 44
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Can the excess be accomodated in the NMSSM?

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

FA/mA [%]
2.45 2.50 2.55 2.60 2.65 2.70 2.75

o ,// 4

5.2
/ NMSSM Align. Limit: tan3 = 1.7
50 ....... La oo s a a1 I T B T
405 410 415 420 425
m [GeV]

= slightly smaller cqy. Note: x2 ¢\, ~ 14
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Can the excess be accomodated in the NMSSM?

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

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

=
[ep)

D139 expected £ 1o

CAtf

o(pp — tbH*) x BR(H* — tb) [pb]
(e}
(B ]

CMS 95% CL excl. (I'a/ma = 2.5%)
observed 05% expected i
—— expected I 68% expected NMSSM Allgn Limit: tanﬂ = 17]
0. ............................. | 4 4
0-300"410 420 430 440 450 460 470 480 490 500 %80 390 400 410
ma [GeV] my= [GeV]

= challenge: searches for charged Higgs bosons
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h1o5 coupling measurements at the HL-LHC and the ILC:

AX?%
2 3 4 5 6 7
1.10 prrrrr e L, T ]
|08 _ NI\/ISSI\/I Align. L|m|t tanB = 1.7 XSM,125 — 8449 _
with n,ps = 107 |3
1.06 e =
E /’—‘ .....'\\ ;
2 1.04 F i GO
5 E ’ N
— E /7 3
S 102 F / 3
: ] -==~
1.00 E - « 5 3
f === HL-LHC (10) S—— E
0.98 F
E === HL-LHC + ILC250 ( o) ;
: . 73
0.98 """"""""""" e S
.96 0. 97 0. 98 0. 99 1. O() 1. ()1 1.02

Chia5VV

= HL-LHC cannot resolve the hjiog coupling deviations
= ILC can easily test this scenario via cp . vy and cp ,opb
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3. BSM Higgs bosons at ~ 95 GeV

ligem M sm,"
UG ODMAN

ATTORNEY AT LAW
(505) 503-4455

Sven
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LHC search for pp — ¢ — i excess at my ~ 95 GeV

3.5 . . . .
—— CMS obs. limit
30 === CMS exp. limit ||
— ATLAS obs. limit
"y - - - ATLAS exp. limit
\ —_&— CMS excess
_ 2.0
E
]

1.0

0.5

0.0

Mj, |GeV]

65 70 75 80 85 90

05 100 105 110

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

g | T T 1 T 1
N
1+ = LEP
- (a
I Vs = 91-209 GeV
I SM branching ratios ]
—— Observed i
T Expected for background
10 -
-2
10 T R N S O AN N O S - (O W T
20 40 60 80 100 120
2
m,, (GeV/c")
1 gp(98 GeV) = [J(e e~ — Zhy) x BR(hy — bb)}exp/SM ~ 0.12 + 0.06
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Needed to fit the two excesses: my, ~ 95 GeV, my, ~ 125 GeV

— ¢y Strongly reduced for y1,

— ¢p,pp reduced to enhance BR(h1 — v7)
— ¢pq ¢t NOT reduced for i

— ¢p,r+ reduced/enhanced?

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

type I (F2) =) (72) ~( (f12) :-)
type I (1) ) (F2) =) CORES
type I (F2) :) (72) ~( (Fu)
type IV () ) (72) =) (faz) )

Type II and IV: ¢y pp and cp 4 INdependent
Type IV ¢, - can be enhanced (together with ¢y, )

= only type II and IV can fit the two excesses, distinguished by ¢y, -,
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Fitting the excesses in the N2HDM: [T. Biekétter, S.H., G. Weiglein — PRELIMINARY]

type I:. NO type II: OK  type III: NO

LR RN RN RN L LI LT I N L R RN AR

%  Best-fit point

{150 2 2
*  Xizs = XsMas ]
B 2 p
8 xoz=0 :
0.25 F w1 7 ellipse for \3 ]

0.20

&

=

= 0.15

0.10

0.05

0.00 B A : ;
bo 01 02 03 04 05 06 07 08 0.9 L0 L1 12

MCMS

06

Al

a4

type IV: OK = SUSY?

= excesses well fitted,
with good x%,s

red points have

2 2
X125 < XSM,125
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Now comes the challenge:
can the excesses at 400 GeV and 95 GeV be explained simultaneously?
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Now comes the challenge:
can the excesses at 400 GeV and 95 GeV be explained simultaneously?

= Yes, in the N2HDM, only partially in the NMSSM

thf
0.4 0.6 0.8 1.0 1.2
“ — T —————————e
ARARRLARE LALLLELER | RRRLARLAL | RRRARLALEN RARLLLLEL | AR T | RRRARELLL | RRRLALLAL LAY ] 025 - + 2 0 -
; * min(x?) = 97.93 (x&y = 121.61) ] ; X96 = 1| Fors
0.95 .o --== 10 ellipse for y2: _ """"" Lo ellipse for g
+ X3 =0 I T I il
® ] F
: . oo i FINMSSM Align. Limit: tan f = 1.7 !
0.20 F o T . g 194 GeV <mp, <O GeV : 96.5 S
° o /,/’ o . ‘\\\\ g 0 0].5 - 7 Y . 8
= | o %o o N < 96.0 =
R Y O B ' :
e o0 o v 010f 1 B %5
“ [ 4 :? ° ® -F : E [
® ;]
010 . ¢ .:. \‘f:iO.Q e o ,’I 0.05 M
g o / ] A F ]
: Shpen’e oo 2% ; . /7 ] e |
0.05 F "‘;};.0. o e s E 94.5
[ ° \..__’0 o. _____ R . 0 -
F| Type 11: x2 < ¢ e 1 0,00 fuwteasiwui uastuius Buuu s St
i A T . TR, W TR T R R A T
01 02 03 04 05 06 07 08 09 HCNS
HCMS

[ T. Biekotter, A. Grohsjean, S.H., C. Schwanenberger, G. Weiglein '21]
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4. The third excess at the same mass

35 T T ‘ g T L (AU B G B T (R T 1
— CMSobs. limi I - [P :
30 === CMS exp. limit |, - (a)
—— ATLAS obs. limt — Vs =91-209 GeV
r - == ATLAS exp. limit SM branching ratios
\ —4— CMS excess
—— Observed
J Expected for background
10 =
-2
10 SN NN S O N N A N T 0 NV A (O O O
o | — 20 40 60 80 100 120
6 70 7 8 8 90 9 100 105 110 2
My [GeV l’nHl((}e‘[/c )
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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 b (13 TeV)
2 [ CMS m, = 100 GeV
E 25E profimi [ 68% CL
?1:_ A o= Best fit
Q
= L0
S 2.5_
Q2
© 2:_
1.5:—
L
0.5:—
00_
= 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?

Sven Heinemeyer, SUSY 2022 (Ioannina), 30.06.2022
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N2HDM type II vs. type IV

X5 (Mois = 109, Kiypaes =85.77)

38 90 92 94 96

36

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 90.0 925 950 975  100.0
|
"""""" 2‘""'2"""""'I'""""I""""'I'.'"E'

1.4 f Type IV: x SXSM] E

'c‘-. g

1 o ]

1.8 : E

& é

4 :

1.0 2 3

L 0.8
&

-

0.4 * E’;est—fit point _

o Xiss < X%M,IZS

0.2 + X’QY’H—TT =0 —

. = 10 ellipse for X?yfy+77

o 02 I 06 08 T
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 97.5 100.0 102.5

L —

(Type V- n? <bB] S T t

1.4

1.2
1.0 :
. 0.8 :
S
0.6 . Best-fit point '
min(X3'y+TT+bb)’ 3
0.4 Axias < 5.99 :
o X< XgM,IQS ]
0.2 + X%’Y-}—TT — 0 B
== ] ¢ 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

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

1.4 h Best-fit point 3
¥ ] I- _ & ’ mihg(X%fy-!—rT—t»bb)’

12 % y + . AX;]_ZS < 599
- ; . er25 < X%M,ms

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

10 ellipse for x2. L

0.8

,LL‘TT

0.6

0.4

0.2

0'8.00 0.05 0.10 0.15 .20 0.25

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

= 2HDMS analysis: talk by Cheng Li,

Friday, parallel session
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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° |
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2 c
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MGPF vs. sin? 0 in the N2HDM

Sil’l2 Qeff

0.232

0.231

[| == Avrg. today
+ === App (LEP) SM
0.230 === Arr (SLD) .

2 2
" ‘1 XHiggs < XSM,Higgs
2
| : Xoyy4774bb < 3.53
1 2 <4
‘ ,' Xﬂ/jngF*DEW -~

CDF-2022 +10

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

[ T. Biekotter, S.H., G. Weiglein '22]
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ILC production of the light scalar in the N2HDM type IV:

"k :
107 E 1
= E
T; wn2E !
Eﬂ: : lll-llllllllllllllllll-llllllllllll....-..!
100 E
- :
[ e [ EP observed 95% CL excl.
) [ = s« LEP expected 95% CL excl.
077 F w a u ILC250 expected 95% CL excl. 3
: i = 2.30
| i . Yog < 2.30 |TII"F"E IV: x* < yay
lﬂ—:l ......... | I W R T T N T 1 | Y N W W TR T T SR T N TN T SR SR SUET S N N1 | YV W R T T N TR 1 | [ N N W T T T T 1
i) 70 R} a0 1(H) 111) 120

= 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]

""""" e P A e ol oo N . T [ R P TR P ST e PR [ o T T i S R Rt e G T
[ o Type ll: x° < yEm. xig <230 s )
" - - = | [
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 gy ‘-_ ‘.'iﬁ\';' /
- /
= 5 el
- : i -~
£ (1.9 ¢ = 7
.8} 7
0.5 0.6 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

Sven Heinemeyer, SUSY 2022 (Ioannina), 30.06.2022

36



ILC ¢g5 coupling measurements at the ILC
[T. Biekotter, S.H., G. Weiglein — PRELIMINARY]

green circles: ¢gs coupling precision at the ILC250

05 g
£ 04p
L p
U3 e Typell: x? < \3yp, Xig <230 === ILC250: 2ab~" (1a) ]
e Type IV: v° < xaum, voe < 2.30 i
0.1 0.2 0.3 0.4 0.5 0.6
Chy 77

= model distinction possible via coupling measurements at the ILC
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5. Conclusinos

e T he discovered Higgs boson cannot be the SM Higgs boson
— search for additional Higgs bosons above and below 125 GeV
— focus on N2HDM and NMSSM

e EXperimental excesses:
— tt (CMS) at ~ 400 GeV (= 3.50 (local))
— vy (CMS) and bb (LEP) and 7t7— (CMS) at ~ 95 GeV (= 4.30)

e Fitting the excesses:
— tf at 400 GeV: N2HDM (II/IV) and NMSSM
— ~~ and bb at 95 GeV: N2HDM (1I/I1V) and NMSSM
— {t at 400 GeV and ~~ at 95 GeV: N2HDM (II/IV) and NMSSM
— {f at 400 GeV and ~~.bb at 95 GeV: N2HDM (11/1V)
— 7, bb, 7T at 95 GeV: N2HDM type IV only
= model discrimination?!

e Remember: not all anomalies have to survive. One is enough! :-)

Sven Heinemeyer, SUSY 2022 (Ioannina), 30.06.2022 38



Contact: Sven.Heinemeyer@cern.ch
Local: Alicia.Calderon@cern.ch
Gervasio.Gomez@cern.ch
http://hdays.csic.es

Sven Heinemeyer, SUSY 2022 (Ioannina), 30.06.2022




Sven Heinemeyer, SUSY 2022 (Ioannina), 30.06.2022




Direct detection of “light” BSM Higgs bosons

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

2 [P Drechsel et al. ’17]
( 9hzz )
gHsM ZZ
S

Indirect LHC
1¢ l sensitivity from
—— measured, LEP I'(mH)
—— recoil, ILC 'y (mH)

measurements of the
Higgs at 125 GeV

—— traditional, ILC IMy{mH)

—— LHC limit

Excluded

from 0100}
LEP — |

searches
w

73

0.010
Could ; |
probe ] Higgs factory
i \«/-\z- (:«-'4_-:- ::'r"
the / : N ?:;r“:l‘?-gi-zﬁ"fit} &
“CMS Higgs factory sensitivity: Recoil method
0.001F

h — bb search

bump” i ) _ ) _ : _ _
at 95 20 40 60 80 100 120 140 160
GeV mH/GeV /M:,/ GeV

d

gf

= 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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Example: my+ = 1000 GeV, cos(8 —a) =0 [C. Lu, L. Wu, Y. Wu, B. Zhu '22]

PDG 2021 MGPF
400

4005 o (5-2)=0, mi=1TeV

cos(B-a)=0, my:=1TeV ' |
PDG 2021 ‘

CDF 2022

200} 200;

e - --------=ple e TN

Am[GeV]
o
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

Sven Heinemeyer, SUSY 2022 (Ioannina), 30.06.2022 43



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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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 tan 3 = 8):

[taken from T. Biekétter '21]

A pseudoscalar at ~ 400 GeV in the NMSSM

T+T_ €XCeSS — moderate tan 5 = 8
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[ T. Biekotter, A. Grohsjean, S.H., C. Schwanenberger, G. Weiglein '21]
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SUSY realizations

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

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 .
: . 101
: l'. :
0.20 F o’ ]
: ot : 100
o ]
0.18 E 99
0.16 F . 98
q, : / ]
ﬂ i . 1
0.14 F //‘ . 97
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

Sven Heinemeyer, SUSY 2022 (Ioannina), 30.06.2022



