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1. Motivation: Two Facts:

1: We have a discovery!

2: The SM cannot be the ultimate theory!
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1. Motivation: Two Facts:

1: We have a discovery!

2: The SM cannot be the ultimate theory!

Conclusion:
The Higgs Boson discovered at the LHC 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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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

l. ...

= 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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Which model should we focus on?
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Which model should we focus on? = experimental data as guidance!
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Which model should we focus on? = experimental data as guidance!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)
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Which model should we focus on? = experimental data as guidance!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)

= good motivation to look at SUSY! :-)
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The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles

Standard particles SUSY particles
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Problem in the MSSM: more than 100 free parameters

Nobody(?) believes that a model describing nature
has so many free parameters!
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A. Unconstrained models (MSSM):

agnostic about how SUSY breaking is achieved
no particular SUSY breaking mechanism assumed, parameterization of
possible soft SUSY-breaking terms

mMost general case: 105 new parameters: masses, mixing angles, phases
(= many (close to) zero according to experimental data)

= no model missed (within the MSSM)

= O (100) parameters difficult to handle

B. Constrained models:
CMSSM, NUHM1, NUHM2, SU(5), mAMSB, sub-GUT, FUTs, ...:

assumption on the scenario that achieves spontaneous SUSY breaking
— prediction for soft SUSY-breaking terms
in terms of small set of parameters

— easy to handle, but not all relevant phenomenology captured

C. Benchmark scenrios:
fix all-2 MSSM parameters in a smart way, explore benchmark planes
= easy to handle, interesting phenomenology captured!
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The MSSM Higgs sector:
Enlarged Higgs sector: Two Higgs doublets

H, — (Hll):(vl+(¢1+i><1)/\/§>
H3 1
= (12) = (ot ont )
° Hz vo 4 (2 +ix2)/V2

g° + g2 -2, 9° 2
t 7 (HiHy — HoH3)* + Y | H1 H>
——— S~
gauge couplings, in contrast to SM
physical states: h9 HO A0 H=* Goldstone bosons: GY, G+
Input parameters: (to be determined experimentally)
tang =v—2, Mi:—m%Q(tanﬁ + cot3)
v1
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The MSSM Higgs sector: with CP violation
Enlarged Higgs sector: Two Higgs doublets

oo (H%)_<Ul+(¢1+i><1)/\/§>
1 = > | = ~
H{ P1

e (3 o)
H3 vo 4+ (92 +ix2)/V?2

V = miH{H1+ m5HyHy — mis(eH{HS 4 h.c.)

12 2 2
g - +g _ _ g —
+ (H1Hy — HyH5)? + 5 |H1H>|?
N ~ 7 \,—f

gauge couplings, in contrast to SM

physical states: h9 HO A0 H=* Goldstone bosons: GY, G+
Input parameters: (to be determined experimentally)
__ U2 2
tang = —, MHj:
U1

2 C’P-violating phases: &, arg(m1o) = can be set/rotated to zero
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The Higgs sector of the cMSSM at the loop-level:

Complex parameters enter via loop corrections:

— > Higgsino mass parameter

— Ay pr ¢ trilinear couplings = X, - = A, - — p*{cot3,tan 3} complex
— My o gaugino mass parameter (one phase can be eliminated)

— M3 : gluino mass parameter
= can induce CP-violating effects
Result:
(A, H,h) = (h3,ho,h1)
with

Mpy > Mp, > Mp,y

= strong changes in Higgs couplings to SM gauge bosons and fermions
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2. What to expect from SUSY Higgs Bosons
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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)

CM S 95% CL excluded:
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= limits obtained in certain benchmark scenari
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We have a ~ 125 GeV SM-like Higgs boson

= What are the options?

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
= a case with a Higgs below 125 GeV!
= (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, (H3) = 0)
V= . +320(H{H1)?>+.. 4[5 Zs(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—ey = 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:

tan 8 ~ | M7 + M2 +

Compare: meOd+ and mi't :

At/MS = 2.45, At = Af,
Mg = mfz 1 TeV, mg = 1.5 TeV,
Mo, = 2 M7 = 200 GeV, p adjustable

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

= SM-like Higgs for all M4

Af

/ 3fmt2 WA
4292 M%

tan

30

25¢

(

-
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)

95% C.L. Scaled Exclusion
== === (ggh)xBR(h->VV)/SM
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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:

tan 8 ~ | M7 + Mz +

47r2v2M§

m3't: HiggsSignals

Ay/Ms = 2.45, Ay = Ay,

Mg = mf-Z 1 TeV, mz=1.5 TeV,
Mo = 2 M1 = 200 GeV, p adjustable

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

= SM-like Higgs for all M4

3m152 02 AtQ B
2M2
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m,,>" scenario (u=3Mg) AXrs
95% CL ' <V
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Sven Heinemeyer — HPNP 2019, Osaka, 20.02.2019

15



Search for the MSSM Higgs bosons:

Smart choice of MSSM parameters?

— 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.
2
3.
4
5.

6.

Mf}25 scenario: 2HDM-like model

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

M}I2°(%) scenario: light EW-inos: H/A — X?;Z?,;Zf;}f

. M}2> (alignment) scenario: h SM-like for very low M4

M$2° scenario: My ~ 125 GeV, all Higgses light

M}}125 (CPV) scenario: complex phases, ho-hg interference
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= new vanilla benchmark model
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[H. Bahl et al., '18]

Mg, = Mg, = Mp, = 1.5 TeV
My, = Mz =2 TeV
u=1TeV, M;i =1 TeV
My, =1 TeV, M3z =25 TeV
Xy =2.8 TeV
A= Ay = A,
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New benchmark: M12°(%) (H. Bahl et al., '18]

M;* () scenario Mp, [GeV]
60 75, 1 : lll,:l ] : 1 1 1 [ | I ] ] ] | | 1 t"’[ I I i
S50EL ‘ :
Y ? : v e —
40 /f 3 MQ3 = MU3 = ME3 = 1.5 TeV
-0 . { e =2y
= 30 1% - u =180 GeV, M; = 160 GeV
TR o 1 M, =180 GeV, M3 =25 TeV
‘f’ / o . X; = 2.5 TeV
’ T‘;‘t//// e 126 ] T
1% ’ s - Ay = Ay = A;
10 Q,zz Al 12 z
:. /‘Z/X/V/I//I// | // | | 1 . I//Z
500 1000 1500 2000
MA [GGV]

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

M;* () scenario Mp, [GeV]
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New benchmark: M12°(%) (H. Bahl et al., '18]

50 M 125( ) scenario BR(H — %)

MQ3 = MU3 = MD3 = 1.5 TeV

My, = Mp =2 TeV
u =180 GeV, M; = 160 GeV
M> = 180 GeV, M3 = 2.5 TeV
Xy = 2.5 TeV
Ay = Ay = A,

tan 3
(%)
-

500 1000 1500 2000
M A [Ge\/]

= Huge BR of heavy Higgses to EW-inos
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New benchmark: M}2° (H. Bahl et al., '18]

M }?° scenario My, My Ma [GeV]

BT

MQ3 = MU3 = 750 GeV
— 2(My: — 150 GeV)
Mz3 = ME3 = Mﬁ3 =2 TeV
1= [5.8 TeV
+ 20(Mpy: — 150 GeV)]x
Mg, /750 GeV

o MleQ3—75 GeV
o X Ma=1TeV, Mz =25 TeV
J/I// l//if /l A/ |r-'|//|”./']f’

tan O

faavd’

:'. ) i - : : /,;/,/ At — Ab — AT — O65MQ3
200 160

70 180 190 200
M= [GeV]

= exotic solution still viable! = scenario with a Higgs below 125 GeV!
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New benchmark: M}2° (H. Bahl et al., '18]

M7 scenario BR(H* — W*h)
6.0 | B B B S (N B B B S R B N S B R BN B B B N B R
5.8 Mg, = Mg, = 750 GeV
— 2(My- — 150 GeV)
. 5.6 My, = Mg = Mp, =2 TeV
S = [5.8 TeV
“ 54 + 20(My- — 150 GeV)]x
Mg, /750 GeV
My, =1 TeV, M3z =25 TeV
5? [T N T WA [N TR TN TN N NN SRR N SO NN (NN TR TN NN TN NN T R N At — Ab — AT — O65MQ3
50 160 170 180 190 200
MH:I: [GGV]

= large BR(H* — W*h)
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Interesting case: light singlet

Singlet does not couple to SM particles!
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Interesting case: light singlet

Singlet does not couple to SM particles!

“Non-interacting particles are hard to detect.” W

I[F. Klinkhamer]
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Interesting case: light singlet

Singlet does not couple to SM particles!

“Non-interacting particles are hard to detect.”

“Easily” possible in the NMSSM:

Light, singlet-like Higgs below 125 GeV

Which collider can find them?

[F. Klinkhamer]

Sven Heinemeyer — HPNP 2019, Osaka, 20.02.2019
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NMSSM parameter scan: [F. Domingo, G. Weiglein '15]

Parameters:

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

2M71 = M, = 500 GeV, M3z =1.5 TeV, mea, = 1 TeV, mea, , = 1.5 TeV,
Ay = —2 TeV, Ab,T = —1.5 TeV ’

2 2 ] np "
822/ &m
Te

60 80 00 120 my, GeV)

= light Higgs below 125 GeV
= strongly reduced couplings to gauge bosons!
= possibly within ILC reach!
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3. 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?

— Implications for the ILC250

Sven Heinemeyer — HPNP 2019, Osaka, 20.02.2019
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What was seen at Run I?

“CMS PAS HIG-14-037

CMS Preliminary 15=8 TeV L=19.7 fo’

0.25
: — Observed
i 5 Expected = 15
o2~ e Expecied = 26

95% CL limit on o, - BR [fb]

I|.I|||II

| 1 1 i | L |
85 90 9 100 105 110
m,, (GeV)

~20 excursion @~97.5 GeV

[S. Shotkin, talk at HDays17]

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

180 E- T T T I T T T ! T l T T T | T T I =
1gof- ATLAS i S
5 L Expected 4
140 .o &
i il x2 o il
120 —
100F- Is=8TeV, |Ldt=203f"
80 —
60 =
401 =
20[ —
0

AR S S N T [ R N P
80 100 120 140

160

m, [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 Preiiminary 19.7 fb” (8 TeV) + 35.9 fo”' (13 TeV) N D L B L B

& T 7
= 220c - =
s 1 _6 _—| LNLEL NN N I N L B L L L Y I B I—_ — E ATLAS Pl'e||m|nary — Ob d =
_» - L . o E A serve E
= [How Selio B - 205 jso13Tev, 800" e Expected 1
T 1-4:_ -Expectedih _: b-?: 180~ X—%‘ﬁ Bltic -
;6 28, Expectedirzc_: B 160% [t2¢ _i
~ 3 E MO :
g T : T 120 =
= o8t - & 1000 5
N N S e e
T 0.6 — - - -
z | —:
0.4 — jg 40;__ _;
N T T T T i 0 :1 PARE I [N T W T N TN N N N TN S L NN M I | 1_1:

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 exclusion limit even weaker than CMS!

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

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 95 100 105 110
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 E
2
10 AN (N N SN O NN N S (N S NN S N 7 N - (O I I
20 40 60 80 100 120
2
m,, (GeV/c")
1 gp(98 GeV) = [a(e e~ — Zhy) x BR(hy — bE)}exp/SM = 0.117 + 0.057
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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)

= 1.6: T I rrrrfrevor e rryr syt n—_.
- - H=27y — Dbserved 1
> C 1
T 1 '4-,'_ - Expected + 16
T 1_22-_ © Expected 1 20 1
b f 1
=S -

IIllIll.L.l

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‘) +359 fio' (13 TeV)

|||||||||||||||||- 1 T T 7 TH™
S

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

— Observed 8 TeV
1079 —— Observed 13 Tev

—— Observed 8 TeV + 13 TeV
107"k --- Expected 8 TeV

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

I I O N S T 0 0 RN SO T [T I U e [T T TR O T WO
80 85 90 95 100 105 110

m, (GeV)

CMS PAS HIG-17-013

Q: When do you dare to something ‘“significant” 7
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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= 0.6, k = 0.035, tan 8 = 2, perr = (397 + 15z) GeV, My = 1 TeV,
Ax = —325 GeV, MSUSY =1 TeV, At = Ab =0

g, = ['[h; — ZZ] - BR[h| — bb] olete” — Z(h; — bb)]
b = — it p—
[Hsm(Mp, ) — ZZ] - BR[Hsp(My, ) — bb]  olete” — Z(Hsm(My, ) — bb)]
: [Th — gg] - BR[A — yy] _ Olgg Ay yyl
7 T Hsm(Mp,) — ggl - BR[Hsm(My,) = vyl olgg = Hsm(Mp,) — yy]
0.500¢ ] 0.5001
0.100¢ [],100[
e 0.050 1 0.050
0.010¢ 0.010F
0.005¢ 0.005F
9—1 Qlﬁ !JIS 1(.}{1 9.4 9& ‘JB 1('}{1
M, (GeV) M, (GeV)

= both “excesses” can be fitted simultaneously!
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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. Mufoz '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, it can! :-)
(at the 1 — 1.50 level)
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Implications for the ILC250:
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Implications for the ILC250: reach for light Higgs bosons:

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

[P. Drechsel et al. '17]

9hzz
gusMzz Indirect LHC
g v v . . v o sensitivity from
! measurements of the
Higgs at 125 GeV

Excluded

from 0-100F —— measured, LEP [(mH)

LEP — | — recoill, ILC [ (mH)

searches —— traditional, ILC 'y (mH)

&% —— LHC limit
0.010}

Could
probe : R\I— ag l'I'LT;:r_;mr";,f
the _ . e sensitivity
“CIVIS/ Higgs factory sensitivity: Recoil metho
bump,,”-”‘”:‘ h — bb search
at 95 20 20 80 80 100 120 740 160 _
GeV mH/GeV /f My, /GeV

= Higgs factory at 250 GeV will explore aTarge untested region!
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4. Conclusinos

e SUSY is (still) the best-motivated BSM scenario
— unconstrained MSSM: 105 new parametes
— constrained: CMSSM, NUHM, SU(5), mAMSB, sub-GUT, FUT,
— benchmark models: parameter planes

e Benchmark scenarios/searches: Data taken into account: Higgs/SUSY
Data not necessarily taken into account: EW/Flavor/DM

e New benchmark proposal:

— Mé% scenario: 2HDM-like model
,125(7) scenario: light staus: h — vy, H/A — 77

— ;125(X) scenario: light EW-inos: H/A — jzgxo XS

— ?25 (alignment) scenario: h SM-like for very low M4

— scenario: My ~ 125 GeV = scenario with Higgs below 125 GeV
If H

— 25 (CPV) scenario: complex phases, ho-h3z interference

o A Ilght Higgs at 96 GeV? = perfect case for the ILC250
new CMS/ATLAS result @ old LEP result possibly interesting!
— NMSSM can explain CMS(/ATLAS) and LEP “excesses”
— uvSSM can explain CMS(/ATLAS) and LEP "excesses”
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Working group on M; predictions: sites.google.com/site/kutsmh

Katharsis of Ultimate Theory Sta

Precise Calculat of

(N MOSN

- - Organized by:

‘ Iggs BOSO“ mass M. Carena, H. Haber

R. Harlander, S. Heinemeyer

Local organizer: D. Stoeckinger . Hollik, P. Slavich, G. Weiglein
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Workshop announcement:

@ @& https://workshops.ift.uam-csic.es/FC2019 E] e % | Q Search

Opportunities at Future High Energy Colliders

Workshop dates: June 11 - July 05 2019 (IFT, Madrid, Spain)

The workshop will bring together key theorists and experimentalists to address these
questions, aiming at a more coherent, global view of the opportunities and rationale
for the next generation of high energy colliders.

Program of the workshop:

« first week: dark matter and implications from cosmology
- second week: origin of lepton and quark flavour structure; fundamental symmetry tests
« third week: electroweak symmetry breaking; naturalness

» final week: discussion of complementary of the different collider opportunities as pertains to the
physics themes.
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Higgs Days at Santander 2019

Theory meets Experiment
16.-20. September

Contact: Sven.Heinemeyer@cern.ch
Local: Alicia.Calderon@cern.ch
Gervasio.Gomez@cern.ch
http://hdays.csic.es
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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°(F) (H. Bahl et al., '18]

M,*(7) scenario M [GeV]
P PP IETOTEETCLTTRTE TR
A , i

l

H— £
— =
S, R P
\\\?
[ RN

O

E MQ3 = MU3 = MD3 = 1.5 TeV
o} . 5 ,I’. E My = Mg = 350 GeV
= 30 g} ;' - u=1TeV, M; =180 GeV
- %{. - M> = 300 GeV, M3 = 2.5 TeV
Al ﬁ ; X, = 2.8 TeV
"' _ / ”/ i t = 2.
?“’g’ ///2 D e : Ar = Ay, A, = 800 GeV
? 7 ——— - ———
A
500 1000 1500 2000

M A {Ge\/]

= slightly reduced heavy Higgs coverage
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New benchmark: M12°(F)

AL 1 O :

2110 -

," 105 —23

;s' 1.02 .

/’/ 1.01 _—.:.

..... rﬂ{i_
1000 1500 2000

MA [GQV]

= strong impact on '(h — ~v7v)

[H. Bahl et al., '18]

Mg, = Mg, = Mp, = 1.5 TeV
Mz, = Mg, = 350 GeV
p=1TeV, M; = 180 GeV
M> =300 GeV, M3 = 2.5 TeV
X, =2.8 TeV
Ay = Ay, A; = 800 GeV
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New benchmark: M12°(align) (H. Bahl et al., '18]

o0 M (alignment) scenario M, [GeV]
£

Mg, = Mg, = Mp, = 2.5 TeV

My, = Mp =2 TeV
pw=7.5TeV, M; =500 GeV

My, =1 TeV, M3z =25 TeV
A= Ay = A, = 6.25 TeV

100 200 300 400 500 600 700 800 900 1000
MA [Ge\/]

= h SM-like for very low M4
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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

Sven Heinemeyer — HPNP 2019, Osaka, 20.02.2019
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New benchmark: M12°(CPV)
1

M,**(CPV) scenario
20 rm ,

SRR

7

124

.....

//'> ------
[}

200 300 400 500 600
MHi [Ge\/

— reduced coverage due to ho-

}

700 800 900 1000

h3 interference

[H. Bahl et al., '18]

Mg, = Mg, = Mp =2 TeV
My = Mp =2 TeV
u=1.65TeV, M; =1 TeV
My, =1 TeV, M3z =25 TeV

| Ayl = p/tan 8+ 2.8 TeV
pa =2/157
|Ae] = Ap = Ar
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New benchmark: M12°(CPV)
1

125 A - ,
M; = (CPV) scenario n(6b = ho g — 7 77)
20 :: T — 1 '
15: : MQ3:M[73=MD3:2TGV
: : MiazME:QTeV
2 [ 1 uw=1.65 TeV, M; =1 TeV
= 10F 1 Mo=1Tev, Ms=25 Tev
] . |Ay| = p/tan g+ 2.8 TeV
- ‘ i pa, =2/15 7
Hi - - ?,_’/ B |At‘ = Ay, = A,
| 7 ) : !.j ]
SR AN :
l ' L' l l l l L

200 300 400 500 600 700 800 900 1000
My [GeV]

= reduced coverage due to ho-h3 interference
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Future (HL-)LHC projections:

CMS Preliminary Simulation

MSSM ¢—tt

95% CL Expected exclusion: Projections:
] 13 Tev Expected (HiG-16-008) ====* ECFA1BS1 300k ) **==* ECFAY6 S1 (3000 %)
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= strong (HL-)LHC limits

m, (GeV)
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Sum rule in the MSSM with A SM-like: sin(8 —«a) ~ 1, cos(f —«a) ~ 0

Search for neutral SUSY Higgs bosons:

ete~ — Zh,ZH

oz ~ SiN?(B — aerr)ory

oHz ~ COS2(B — aefr)op !

ete” — Ah, AH

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

CLIC SUSY Higgs Mass Reach

95

= CLIC 3ab”’

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

| HC-14
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45
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35

- 30

tan /3

25

20
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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 %)
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= unique opportunities!
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