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1. Introduction: Why it is not the SM Higgs

Fact I:
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1. Introduction: Why it is not the SM Higgs

Fact I:

We have an SM-like discovery!
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Fact II:

The SM cannot be the ultimate theory!

Some facts:

1. gravity is not included
2. the hierarchy problem
3. Dark Matter is not included

4. neutrino masses are not included

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

We have a discovery!

The SM cannot be the ultimate theory!

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

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs’!

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

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs’!

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

A2: check for additional Higgs bosons
A2’: check for additional Higgs bosons above and below 125 GeV
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Fact I & II:

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs’!

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

A2: check for additional Higgs bosons = BSM Higgs searches
A2’: check for additional Higgs bosons above and below 125 GeV
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Models with extended Higgs sectors:

1. SM with addional Higgs singlet

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

5. MSSM with more extra singlets

6. SM/MSSM with Higgs triplets

7. ...

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

= SM + vector-like fermions, Higgs portal, Higgs-radion mixing, ...
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The MSSM Higgs sector:
Enlarged Higgs sector: Two Higgs doublets

H, — (H%):(Ul-l-(%-l-i)(l)/\/i)
H3 1
e (B
° H3 vo 4+ (P2 +ix2)/V?2

gauge couplings, in contrast to SM

physical states: h9 HO A0 H=* Goldstone bosons: GY, G+
Input parameters: (to be determined experimentally)
tang :U—Q, M?% = —m3,(tan 8 4+ cot3)
U1
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2. SM Higgs-Boson measurements
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Latest combination for Higgs mass measurement in vy and ZZ*:

= newer measuements confirm
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Latest mass measurement in vy and ZZ*:
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= newer measurements confirm first combination
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Comparison to SM prediction:
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= Observed Higgs well compatible with SM prediction (at 1.80¢)
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We have a SM-like Higgs at 125 GeV:
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= newer measurements confirm full compatibility with the SM
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We have a SM-like Higgs at 125 GeV:

> T ! L ' L
E> 15 ATLAS and CMS
< - LHC Run 1
S
E“'|> 10°'F =
L
A
10_25— -
ATLAS+CMS
ks & 00T SM Higgs boson |
: —— M, g] fit “
[ 168%CL
95% CL
107 ¢ o o &
107" 1 10 10°

Particle mass [GeV]

= newer measurements confirm full compatibility with the SM
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Extended Higgs sectors

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

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

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

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

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

Z g %‘I VV = ((f?—ji\ll’ V) 2

1

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

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

with the observed signal at 125 GeV!
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Required precision for Higgs couplings?
MSSM example:

400 Gev>4
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— couplings to bosons in the per mille range
= couplings to fermions in the per cent range

= the more precise the better

= LHC measurements not good enough (yet?)!
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2HDM example (I): [S. Kanemura et al. '18]
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= LHC measurements not good enough (yet?)!
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2HDM example (II):
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= LHC measurements not good enough (yet?)!
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2HDM example (III): [S. Kanemura et al. '18]
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= LHC measurements not good enough (yet?)!
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We have a ~ 125 GeV SM-like Higgs boson

= What are the options in the MSSM (or 2HDM)?

1. Decoupling limit:
Mg > Mz = the light Higgs becomes SM-like

2. Alignment without decoupling:
— a CP-even Higgs becomes SM-like due to an *“accidental”

cancellation

3. Heavy Higgs SM-like: (in the "“alignment w/o decoupling” scen.)
= is the case with the heavy CP-even Higgs being SM-like
(still) a viable solution?
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Obtaining a light Higgs with SM-like couplings

[J. Gunion, H. Haber, hep-ph/0207010]
— CP conserving 2HDM in the Higgs basis ({(H1) = v/v/2, (Hy) = 0)
V= . +321(H{H)?+. . .+ [325(H]H2)? + Zs(H]H1)(H{Hp) + h.c.|+...

= CP-even mass matrix;:

Zev? M2+ Zsv?

with mixing angle cos(8 — a) = cg_,,

Decoupling limit: M2 > Z;v?
= m2 ~ 7102, |cg_o < 1|, h is SM-like

Alignment limit: Zg = 0 and Zy < Zs + M2 /v?
= h is identical to the SM Higgs, Cg—q = 0
Ze =0 and Zy > Zs + M3 /v?
= H is identical to the SM Higgs, Ch—q =1
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Alignment limit: see e.q.

In the MSSM Zg = 0 can be obtained through an “accidental’’ cancellation
between tree-level and loop contribution, roughly at:

3m2pu? A? 3m?2 pA; [ A?
tan B ~ | M2 + M2 + t t__ 1 t t__ 1
B h Z 47r2v2M§ (22\4% / Ar2q2 M% 6M§

30

95% C.L. Scaled Exclusion

CO mpare: m;LnOd + an d m%lt . ===== r(ggh) xBR(h-VV)/SM

25¢
Ay/Mg = 2.45, Ay = Ay,
Mg = mfz 1 TeV, mz=1.5 TeV,
M, = 2 M7 = 200 GeV, pu adjustable

(low M4 and tang: tune Mg > 1 TeV
to obtain M; > 122 GeV)

tan

= SM-like Higgs for all M4
= still realistic with all data?

Sven Heinemeyer — Charged Higgs 2018 (Uppsala), 27.09.2018 22



Alignment limit: see e.q.

In the MSSM Zg = 0 can be obtained through an "“accidental” cancellation
between tree-level and loop contribution, roughly at:

2,2 2 2 2
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alt H H Feyni-lligqs—2.10.2;

my, 2 HiggsSignals . ingesignals=1.3.0

Ai/Ms = 2.45, A, = Ay, g [MEten A0 |

Mg = mfvz 1 TeV, mz=1.5 TeV,
M, = 2 M7 = 200 GeV, p adjustable

(low M4 and tang: tune Mg > 1 TeV
to obtain M; > 122 GeV)

10

= SM-like Higgs for all M4 5

= still realistic with all data~ 200 250 300 350 400 450 500
M, [GeV]

0
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3. BSM Higgs-Boson searches
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Latest results for neutral heavy Higgs bosons:

[ATLAS '18]

MSSM Higgs exclusion contours in M —tan 3 plane: bb,gg — h, H, A — rtr—
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Latest results for neutral heavy Higgs bosons: [CMS '18]

MSSM Higgs exclusion contours in M —tan 3 plane: bb,gg — h, H, A — rtr
35.9fb" (13 TeV)
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Nearly latest results for charged Higgs bosons: [CMS '17]

MSSM Higgs exclusion contours in M 4—tan 3 plane: pp — H* = 1u;

M+ < my Mg+ > my
CMS pPreliminary 12907 (13 TeV) CMS preliminary 129" (13 TeV)
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Choice of MSSM parameters?
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Latest results for charged Higgs bosons: [ATLAS 18]

2HDM type II results: pp — HET — 1v;

Mg+ < my Mg+ > my
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= gap finally closed!
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Implications for the MSSM Higgs bosons:

= most comprehensive MSSM Higgs analysis so far!

— investigate benchmark scenarios:

— Vary only M4 and tang
— Keep all other SUSY parameters fixed

[H. Bahl, E. Fuchs, T. Hahn, S.H., S. Liebler, S. Patel, P. Slavich, T. Stefaniak, C. Wagner, G. Weiglein '18]

1. M5 scenario: 2HDM-like model

2. M}°(7) scenario: light staus: h — vy, H/A — 77

3. M}25(%) scenario: light EW-inos: H/A — )’Z?i?,fgkiif
4. M}2> (alignment) scenario: h SM-like for very low M4
5. M12° scenario: My ~ 125 GeV, all Higgses light

6. Mf}125 (CPV) scenario: complex phases, ho-hg interference
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs

— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs
— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi

— Higgs boson exclusion bounds (LHC, Tevatron, LEP) = HiggsBounds
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs
— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi
— Higgs boson exclusion bounds (LHC, Tevatron, LEP) = HiggsBounds

— SUSY searches (LHC)
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs

— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi

— Higgs boson exclusion bounds (LHC, Tevatron, LEP) = HiggsBounds
— SUSY searches (LHC)

Data not necessarily to be taken into account:

— electroweak precision data
— flavor data

— astrophysical data (DM properties)
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New benchmark: M12°(%) (H. Bahl et al., '18]

a0 M;*(x) scenario M, [GeV]
o | T L T AR

r : * i

50F / o / -
?; f o i

: ___ff! E
= 30F) y -
ST :
! = i :
2045 J//f > :
1‘, / P l
'1“¢ 7 L 126 1

10 l"?:{{ ’/// 123 =
A

500 1000 1500 2000
M A [Ge\/]

= strongly reduced heavy Higgs coverage
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New benchmark: M12°(%) (H. Bahl et al., '18]

M,'*(x) scenario BR(H — ¥¥)
60 T T T II 1 |/| 1 T ! T T | T I’I T I

tan 3
%)
-]

500 100 1500 2000
M 4 |GeV]

= Huge BR of heavy Higgses to EW-inos
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New benchmark: M12°(align) (H. Bahl et al., '18]

M!'*(alignment) scenario M, [GeV]

20p

100 200 300 400 500 600 700 800 900 1000
MA [GGV]

= h SM-like for very low M4
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New benchmark: M}2° (H. Bahl et al., '18]

M ;7 scenario My, My, Ma [GeV]

6.0

RS e
170 180 190 200
M+ |GeV|

- ..H...-I / nll.".-‘.' 2 :
A7
/ , 1

= exotic solution still viable!
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4. A Higgs Boson at 96 GeV?!

— What was seen in Run I7?

— What was seen in Run II?

— What was seen at LEP?

— Should we get excited?

— Which model fits?
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What was seen at Run I?

“CMS PAS HIG-14-037

[S. Shotkin, talk at HDays17]

h-->vy (65-110GeV) Run 1

E 025 _GMS Preliminary 13=8 TeV L=19.7 fo"' E '1 80 - = 7% 1 ! [T o T d ]
& 5, r — Observed E 160F- ATLAS — Observed =
3 K 55 Expected = 16 m - e Expected -
a3 e.2— e Expected = 26 w140 .o =
>~ i o i N t2 0 i
= g 120 = =
_;_[ £ 100 1s=8TeV, [Ldt=203f" -
x 5 80F =
o 2 60F =
L i s
40— .
20[ —
- | ] L L 1 | | 1 | | | | L | |
P11 | | . | I L i | | i 11 ¢ | L1 1 | I I %0 BD 1 OO 1 20 140 160
85 Q0 95 100 105 110
m
m,, (GeV) i (6]

~20 excursion @~97.5 GeV

e ~20 excursion @~80 GeV

3. Gascon-Shotkin HDays17, santander, L5 5Sept. 22 2017
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What was seen at Run II? [S. Shotkin, talk at HDays17]

h-->yy (70-110 GeV) Runs 1+2

CMS Praiiminary 19.7 fb (8 TeV) CMS preliminary 35.9fb" (13 TeV)
3 _||||I|||'||||| |l||||||||||||_ E\. ‘.||||'||||||r|||ill|||'||'|'T|I||||IIII'|'|IPI-
a 02-Ho vy — Observed 3 a 020 Hoyy — Observed -
E'ngBE— B Expected + 16 5:0.15}- B Expected + 16 —
,.?3 0.16:— ----- Expected + 26 - 2
;:0.143— %% % x BR - 2
p S : :
T 0.12- -]
o oig =
X =
b 0.08 3
0.06 -

IIIilIIIIlIIIIlIFII|IIII|IIII

80 8 90 95 100 105 110 70 75 80 85 90 95 100 105 110
m,, (GeV) m, (GeV)

CMS PAS HIG-17-013

8 TeV:
minimum(maximum)
limit on ¢ X Br:
31(133) fb at
m=102.8(91.1)GeV

13 TeV:
minimum(maximum)
limit on G X Br:
26(161) fb at
m=103.0(89.9)GeV

* 8 TeV limits on ¢ X Br redone with 0.1 GeV step. Production processes assumed in SM proportions.

No significant excess with respect to expected limits observed.

S. Gascon-Shotkin HDays 17, Santander. ES Sept. 22 2017

P
o
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What was seen at Run II?

All experimental + theoretical
systematic uncertainties
assumed uncorrelated except
for those on signal acceptance
due to scale variations + those
on production cross sections
(assumed 100% correlated).

OfH = ¥} £ SH = 1Y),

CMS Preliminary 19.7 o (8 TeV) + 35.9 fo " (13 TeV)

1.6 _—l T T | 1] ] i T T I l T T T T I T T T T I T T T l——
- H— vy — Observed :
141 -Expactadiksj
1*2; Expectedizs_f
1 :
0.8

Illll]ll.llll

0.4

0.2

| I Ll 1 T - | Ll I
80 85 90 95 100

m,, (GeV)

105 110

[S. Shotkin, talk at HDays17]

h-->yy (70-110 GeV) Runs 1+ 2

_CMIS PAS HIG-17-013

8 TeV+13 TeV:
minimum(maximum) limit
on (6 X Br)/ (G X Br)g, :
0.17(1.15) at
m=103.0(90.0)GeV

* Combined 8 TeV+13 TeV 0 X BR limit normalized to SM expectation (production processes
assumed in SM proportions ). No significant excess with respect to expected limits observed.

5. Gascon-Shotkin HDays17, Santander, ES Sept. 22 2017

(2]

-
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What was seen at Run II? [S. Shotkin, talk at HDays17]

h—->W(70—110 GeV) Runs 1+ 2

CMS Preliminary 19.7 1o (8 TeV) + 35.9 fo™' (13 TeV)

m 1 = l 1 T 1 T 1 ] T T 1T T T | Y. P 1T 1 1 T T T T ]
= e 1o
g 10° 26 CMS PAS HIG-17-013
L 1040 _ .
= 1072 430 8 TeV: Excess with ~2.00
3 10 local significance at m=97.6
~ 'Y E. ™ 4 ¢ GeV
10°
10° 5 L
B e T c 13 TeV: Excess with~2.9Gc
10-3 local (1.47 o global)
107°F Ho vy significance at m=95.3 GeV
JO78 oo R N 6c
_to ——— Observed 8 TeV
JOF T a— mﬁ ;3“* 3mey 8TeV+13 TeV: Excess with
10" e Expected 8 TeV ~2.8 ¢ local (1.3 ¢ global)
0 s ter cis ey significance at m=95.3 GeV
10-13 DY T T L N 7 M S T T O L Y T U [ O s W [0 T
80 85 90 95 100 105 110

m,, (GeV)
» Expected and observed local p-values for 8 TeV, 13 TeV and
thEIr Comblnatlﬂn S. Gascon-Shotkin HDays17, Santander, ES Sept. 22 2017

More data are required to
ascertain the origin of this
excess .
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What was seen at Run II? [S. Shotkin, talk at HDays17]

0 h-->yy (70-110 GeV) Runs 1+2

—

CMS Preliminary 19.7 fb' (8 TeV) + 35.9 fb' (13 TeV)
T I I 1 T T T | : LI | T | T L L) T | T T L L) | T I T T 1 T T 1 T
H-yy - : R —
— . . Combined + 1o | 'CMS PAS HIG-17-013 -
8TeVClass3 | 0875 ————
e =i, .
8TeVClass2 | 1577 Excess here mostly driven
- o~ +0.2 ]
8ToV Glass 1 | 0.4 12 oombined = 06 02 by class 1 (&2) at 13 TeV
L m,, = 95.3 GeV m N
8TeVClass0 | 0.1, %2 probability for the
13TeV Class2 | 1.4 seven individual values to
— — be compatible with a single
+0.4
13TeVClass 1 | 154, | signal hypothesis: 41%
13TeVClass 0 | 0.4
1 1 I 1 L 1 1 1 | 1 1 1 1 | 1 1 1 1 i 1 1 1 1
=5 10 15 20 25
i
* ‘Signal’ strengths for the 7 event classes and overall, in the 8 TeV+13TeV combination, fixing
m_,=95.3 GeV

* More data are required to ascertain the origin of this excess

S. Gascon-Shotkin HDays 17, Santander, ES Sept. 22 2017

55

rcms(96 GeV) = [o(pp — h1) X BR(h1 — ¥¥)]exp/sm = 0.6 £0.2
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What about ATLAS?

CMS Preliminary 19.7 fo! (8 TeV) + 35.9 b (13 TeV) a 29() - e LR L B
E 1 _6 T' rrryrrrrrprrrrpr e T T T T It : : ATLAS Pl'eliminaw Ob d :
S R Y b . @ E & - — Observe =
= I erziedl g - 200E (s_q3Tev, 80" 0 e Expected -
T 1.4 :_ - Expected £ 16 _: bg 180 :_ X_}YY - +1g _:
% 1'2:_ ***** Expectedizcs_: B 150? []t2¢ _E
~, ) E140F -
£ [ : T 1205 =
= osp . & 1000 3
. ) " -
T o6 5 o 80F E
= i ff 60— -
{ b oo —;
L I Ll I L I L1t I Ll I Ll : 0 : 1 1 L L l i % 1 L 1 [ L 1l i il I 1 1 il L ! 1 | L L l J._l:

80 8 9 95 100 105 110 70 80 90 100 110

m,, (GeV) m, (GeV]

Note: ATLAS gives fiducial cross section! Conversion factor: 1/0.45
= ATLAS and CMS exclusion limit identical! (120 fb)

Q: why does ATLAS has same sensitivity with twice amount of data?
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CMS and ATLAS in direct comparison:

110

3-5 1 1 |
— CMS obs. limit
2. === CMS exp. limit ||
—— ATLAS obs. limit
91 - == ATLAS exp. limit
\ —— CMS excess
_ 2.0
l:fg_-
e
° 15
1.0
0.5
0.0 — — ' — : '
6o 70 s 80 85 90 95 100 105
M;, :GrUV:

= everything well compatible with the excess!
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What was seen at LEP?

g | T | T T T T T
v p
: = LEP
-~ (a
I Vs = 91-209 GeV
I SM branching ratios ]
—— Observed -
T Expected for background
10 =
2
10 AN (N N SN O NN N S (N S NN S N 7 N - (O I I
20 40 60 80 100 120
2
m,, (GeV/c")
1 gp(98 GeV) = [a(e e~ — Zhy) x BR(hy — bb)}exp/SM = 0.117 + 0.057
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Should we get excited?

[talk by L. Finco, HiggsHunting 18]

 Combined 8 TeV + 13 TeV o XBR limit normalized to SM expectation:
* Production processes assumed in SM proportions
* No significant excess with respect to background expectations
* Expected and observed local p-values for 8 TeV, 13 TeV and their combination

CMS Preliminary 19.7 fb™ (8 TeV) + 35.9 fb™" (13 TeV)

E1.6:"'['f‘l|1'-l|lrrl[rrrl[r||n—_.
o C H_}Y‘Y — Observed .
> C 1
T 1'4-,'_ -Expecledtb ]

L  Expected t 26 1
L 12F pe 5
@) C 1
-~ | ]

IIllIll.ll

I

III|II.II|] I|IIII|lI[I|iIII

80 8 90 95 100 105 110
m,, (GeV)

CMS PAS HIG-17-013

CMS Preliminary 19.7 fo ' (8 Te‘v‘) +3591f ' (13 TeV)

||||||||||||||||| L -
1 —

p-value

Local

e e

e e s e e B 0, B A T e SR TE B 2 A o o 9 i

—— QObserved 8 TaV

1079 —— Observed 13 Tev
- —— Observed 8 TeV + 13 TeV
10 --- Expecled 8 TeV

--- Expecled 13 TeV
--- Expecled 8 TeV + 13 TeV

I I O RN, 0 T TR S TN [ YO 0L FORSTE T
80 85 90 95 100 105 110

m, (GeV)

CMS PAS HIG-17-013

Q: When do you dare to call something ‘“significant” ?
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What about the MSSM?

[P. Bechtle, H. Haber, S.H., O. Stal, T. Stefaniak, G. Weiglein, L. Zeune '16]

= too small rates!
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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)]
b = — = —
[Hsm(My, ) — ZZ] - BR[Hsm(Mp, ) — bbbl olete” — Z(Hsm(My, ) — bb)]
: [Thy — gg] - BRI — yy] . Olge >l oyl
77 TIHsm(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¢

0.100
1 0.050

T

5 0.050f

0.010¢
0.005¢

0.010
0.005F

T

94 96 08 100 04 96 98 100
M, (GeV) M, (GeV)

= both "excesses” can be fitted simultaneously!
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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. Biekétter, S.H., C. MufAoz, arXiv:1712.07475]

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. Biekdtter, S.H., C. Mufoz, arXiv:1712.07475]

N R

0.12

HoMS

-3004
-301q
-0z
-303 4
S04 4
-3054
-306 1
-307 4
-308 4
-anoq

AJ‘E

-310

-311q
-3121
-3134
-3141

3159
-3164
3171

-3181

027

0.29 0.31 0.33 0.35 0.37

AR

| I I
413 4135 414 4145 415 4155 416 4165 417 4175

= YES,

il

WE CAN! :-)

(at the 1 — 1.50 level)

0.14 0.16 0.18 0.20

-300
-301
-302
-303
-304
-305
-306
-307
-308
-39
-310
-311
-312
-313
-314

315
-316
7
-318

413 4135 414 4145 415 4155 416 4165 417 4175
13
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5. Conclusinos

e [ he Higgs boson found is not the SM Higgs!
= check for modified properties
= check for additional Higgs bosons

e LHC coupling measurements not (yet?!) sensitive to new physics
e Decoupling is always a (boring) option

e Alignment w/o decoupling is a viable option in 2HDM, MSSM, ...
In combination with direct searches we are pushed to higher masses

e Taking all (relevant) searches and prec. measurements into account:
— interesting MSSM Higgs phenomenology
— new search strategies requiered to cover the allowed parameter space
— Higgses < 125 GeV are viable (2HDM, MSSM, NMSSM, ...)

e A light Higgs at 96 GeV?
new CMS/ATLAS result (and old LEP result) possibly interesting!
— can explain CMS(/ATLAS) and LEP “excesses”
— can explain CMS(/ATLAS) and LEP “excesses”
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New benchmark: M125

[H. Bahl et al., '18]
o M, 125 scenario M,, [GeV]
?7 1 1 | I 1 | I ' ] ] ] ] l 1 ’;' I ] E
50 -
10F) :
SaU - l' 7 ]
30 '-. f -
B :
20E I’? : = 125 ]
5 “/ | ‘-, ## i
8 / : o §
" /" “ o -
10 , // ~ 124 -
P o .,..,”,..,.../;:/.., .2;. u;.,..,,,,..,.i,“,.-
//.///// .fi.’.?/%///i
500 1000 1500 2000
MA [GGV]
= new vanilla benchmark model
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. . . . mod .
Future LHC expectations: (still in the m, T scenario)
CMS Preliminary Simulation MSSM ¢—tt
95% CL Expected exclusion: Projections:
] 13 Tev Expected (HiG-16-008) ====* ECFA1BS1 300k ) **==* ECFAY6 S1 (3000 %)
P ioExpectes 00 e ECFAI652{300 /) ' ECFA16S2(3000%")
+ 20 Expected - == Stat Oniy (30016} === Stat Only (3000 k)
m“ 60 : | LS [ | I S | i L ’ T |": j
c i f
m 1 ’l“JI
-— ! o
r‘,’ -
50|
L ',;_-f o
s 'l;." e
40}
S o
; b = ]
Il -':;/' ".,;‘r‘.
30} Y A
20 Fi _.-_:ﬁ:}l.’ _.
Lf*-:'lfli-“f-;—‘f'ffl- Ll l L Ll l A8 | l Ll 1 J L L L J a1 1 J Ll 1 l il 1 1 &

200 400 600 800 1000 1200 1400 1600 1800 2000
m, (GeV)
= strong (HL-)LHC limits
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Sum rule in the MSSM with A SM-like: sin(8 —«a) ~ 1, cos(f —«a) ~ 0

Search for neutral SUSY Higgs bosons at ILC/CLIC:

ete~ — Zh,ZH

oz ~ Sin?(B — aerr)o !

oHz ~ COS2(B — aefr)op !

ete” — Ah, AH

e . A
opa X COS2(B — aefr)or
Z s oA < SINZ(B — aer)ory
e ~ h, H ha
= only pair production of heavy Higgs bosons! reach: M4 < \/s/2
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CLIC reach: [L. Linssen et al. '12]

CLIC SUSY Higgs Mass Reach

95

= CLIC 3ab”’

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

| HC-14

50
45

40
CLIC /s =3 TeV
ete” — HA

35

- 30

tan /3

25

20

15

10

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

200

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

CMS Preliminary Simulation MSSM ¢—tt
95% CL Expected exclusion: Projections:
] 13 Tev Expected (HiG-16-008) ====* ECFA1BS1 300k ) **==* ECFAY6 S1 (3000 %)
P ioExpectes 00 e ECFAI652{300 /) ' ECFA16S2(3000%")
+ 20 Expected - == Stat Oniy (30016} === Stat Only (3000 k)
[ ¥ | 1 I ] [ L] 1 T i T L] L] ’ T I".’[ i
".":i'
.'..r"
r‘,’ -
e
57 1
& o
P 557 ]
g r .
,‘.’ .’ =
o -_;:;" I
._,-‘g:-"".;’ ji
Lf*-::fli-“f-;—‘f'f{-’ AL l L AL l A8 | l Ll 1 J L L L J AL L J Ll 1 l il 1 1 &
200 400 800 1000 1200 14001600 1800 2000
ILC1000 m, (GeV)
CLIC1400 CLIC3000

= unique opportunities!
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New benchmark: M125(7':) [H. Bahl et al., '18]

M;'*(7) scenario Ay ]
60 W////// //ﬁ////////////g//////.
S0F) ,f_ :

S
w S

= 30F 4 :
- {‘ /I ]
20“ // z,’ E
: ;",, /// ,_.—*” 125 :
o a— S —
i i

500 T000 1500 2000

My [GQV]

= slightly reduced heavy Higgs coverage
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New benchmark: M12°(F) (H. Bahl et al., '18]

M ,12‘)(7"‘) scenario L(h = v7)/T(h — vy)sar

60 1 I 1 I | I 1 | I 1 1 1 1 l 1 i1 ] 1
’1‘2” ............ :
amen® ! Al
/ 1
el l——
; _
40 o 1.05 ——3
S 2 ;
£ B / 0
i - _:. ) ]
% Fa ]
20F r : = 1.0] ———d

T
v
Tox

\
=

) :

— i

o

[

1000
M A [GQV]

500

= strong impact on M'(h — ~v7v)
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LHC Higgs searches for complex parameters:

hi1 ~ H1ios, Mh2 ~ Mh3, CPV: large ho-hz mixing possible:

Higgs bosons as intermediate states in {bb,gg} — hq — 7T

bo
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New benchmark: M,}125(CPV) (H. Bahl et al., '18]

e
- —— == =

/
\

M %125(CPV) scenario M, GV
S S
7 s
i ;
AN A : |
15f00 5 :
7 7 _
299
%// /// .--""t(fI;J—-_

|

200 300 400 500 600 700 800 900 1000
MHi [Ge\/

= reduced coverage due to ho-h3z interference
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NMSSM parameter scan: [F. Domingo, G. Weiglein '15]

Parameters:

tan =8, M4=1TeV, Ay = —-2...0 TeV, u = 120...2000 GeV,

2M71 = M, = 500 GeV, M3z =1.5 TeV, mea, = 1 TeV, m@1,2 = 1.5 TeV,
Ay = =2 TeV, Ab,T = —1.5 TeV

‘3123 (singlet composition) S:::?:l (singlet composition)
I‘UTW‘ 1.0+ . O o
i ) asl 3 M y?=7554
i : ; . y? <2.20
0.6 : 0.6 ‘-_' e 220< ﬁxz <4.88
I 3 _ 4.88< 8y’ <9.49
2 9473 949< §y’<13.28
[ ; ¥ 13.28< dy%, x*<122.94
i , ser g ¥ >122.94
s o 80 oo 120 mh[ (GBVJ 140 180 180 200 220 240 Inhg (Gem

= light Higgs below 125 GeV has large singlet component
= second Higgs is SM-like
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