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1. Why it is not the SM Higgs

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

Fact I:
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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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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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The main questions:

e \What are the couplings of this particle to other known elementary parti-
cles? Is its coupling to each particle proportional to that particles mass,
as required by the BEH mechanism?

e \What are the mass, total width, spin and CP properties of this particle?
Are there additional sources of CP violation in the Higgs sector?

e \What is the value of the particles self-coupling? Is this consistent with
the expectation from the symmetry-breaking potential?

e Is this particle a single, fundamental scalar as in the SM, or is it part
of a larger structure? Is it part of a model with additional scalar
singlets/doublets/ldots?

Or, could it be a composite state, bound by new interactions?

e Does this particle couple to new particles with no other couplings to the
SM (“Higgs portal”)? Is the particle mixed with new scalars of exotic
origin, for example, the radion of extra-dimensional models?

Sven Heinemeyer — ALCW 18, Fukuoka, 30.05.2018 6



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, ...

Sven Heinemeyer — ALCW 18, Fukuoka, 30.05.2018



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

Sven Heinemeyer — ALCW 18, Fukuoka, 30.05.2018 8



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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2. BSM Higgs Bosons above 125 GeV

CMS Preliminary Simulation MSSM ¢—tt
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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
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“Simple” LC reach in the MSSM (neglecting ¢t final states)

CMS Preliminary Simulation MSSM ¢—tt
95% CL Expected exclusion: Projections:
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= unique opportunities!
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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
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7
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= ILC: Potential sensitivity beyond the kinematic reach of Higgs pair
production
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Are the theory predictions under control? MSSM example (I):
[S.H., C. Schappacher '15]

etTe™ — hiho:

o /b
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= |loop corrections crucial!
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Are the theory predictions under control? MSSM example (II):

[S.H., C. Schappacher '15]
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= phase dependence more pronounced at loop-level
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Are the theory predictions under control? MSSM example (III):

[S.H., C. Schappacher '16]

ete- - HTH—
o/tb ete” > H H™
16 . . .

tree -
S1: full ——
14 | N G- full o .

12 }

10
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NG
= loop corrections non-negligible!
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Are the theory predictions under control? MSSM example (IV):
[S.H., C. Schappacher '15]

ete = HTH—:
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= loop corrections sizable for large tan g
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3. BSM Higgs Bosons below 125 GeV

= LEP limits!
= ILC limits~?

Sos

LEP
Vs = 91-209 GeV
SM branching ratios

(a)

—— Observed
------- Expected for background

20 40 60 8 100 120
2
m,, (GeV/c")
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ILC 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]

2
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the _ . e sensitivity:
“CIVIS/ Higgs factory sensitivity: Recoil method
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= Higgs factory at 250 GeV will explore aTarge untested region!
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Theory study confirmed by experimental analysis:

N T 1 I I I T 1 ! | | | |
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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

Can the ILC find them?

[F. Klinkhamer]

Sven Heinemeyer — ALCW 18, Fukuoka, 30.05.2018

22



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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“O06 GeV excess'’: what was seen at Run I7?

“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

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 —
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80 —
60 =
401 =
20[ —
0

AR S S N T [ R N P
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e ~20 excursion @~80 GeV

3. Gascon-Shotkin HDays17, santander, L5 5Sept. 22 2017

[S. Shotkin, talk at HDays17]
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“96 GeV excess’: 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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W “96 GeV excess': 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
Hoyy - . : T o e Yo
— . . 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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“O6 GeV excess'’: what was seen at LEP?

0 - | 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 — bE)}exp/SM = 0.117 + 0.057
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Should we get excited?

= according to CMS no!
= let's wait for ATLAS, ETA summer '18

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

|||||III| |||||I'II| TTIN ;»_

20 40 60 80 100 120

= not the MSSM
= 2HDM? NMSSM?7?
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Check the uvSSM

pvSSM: [D. Lopez-Fogliani, C. Mufioz '06]

urSSM: NMSSM + well motivated RPV (in simple terms)
= EW scale seesaw to reproduce the neutrino data

Sven Heinemeyer — ALCW 18, Fukuoka, 30.05.2018
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Check the uvSSM

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 y* AY tan [ A A K AF M,

2 (3

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
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il

WE CAN! :-)

(at the 1 — 1.50 level)
= Easily tested at the ILC!
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Invisible light Higgs decay: [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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4. BSM Higgs Boson at 125 GeV

P(e, e")=(-0.8, 0.3), M =125 GeV Higgs-strahlung:
O] e s

— —Zh

--'2300 - — WW fusion -

cC ZZ fusion ]

O

200

N

) .

8 weak boson fusion (WBF):

5100 e+e— —vvH

e

0
200 250 300 350 400 450 200
\'s (GeV)

e_l—
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[Snowmass Higgs Report '13]

Anticipated ILC (and more) precision:

S 00200
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— can the sub-percent/permille level be matched by theory?
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
assumption: BR(H — NP) = BR(H — inv.)
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= strong improvement with the ILC
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
no theory assumptions, full fit
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= strong improvement with the ILC

BR(H — NP)

Sven Heinemeyer — ALCW 18, Fukuoka, 30.05.2018 35



Required precision for Higgs couplings?
MSSM example:

400 Gev>4

mvz1—05%< MA

2
400 GeV
mtznczl—O(lo%)< © ) cot? 3

A
2
400 GeV
/ﬁ:bZKJT%].—FO(lO%)( )
A
Composite Higgs example: 5
1 TeV
Ry ~ 1 — 3% ( >
/
1 TeVv)?

— couplings to bosons in the per mille range
= couplings to fermions in the per cent range

= the more precise the better

— ILC/CLIC can discriminate (many) models!
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2HDM example (I): [S. Kanemura et al. '18]

cos(p-a)<0 cos(p-a)>0
80 T (ﬁ' T ') j f 80 i T ! o T T LN ¥ | (f'; T ') T -"
60 : .. 60 i\ Type X fype I (Tree) |
: .. . k: Type Y (Tree) _ . tang = 1,3 |
40 [Type Y "N 7 S 40 b 7 Type | -
= I Type Il (Tree) "\_Q| . ]
:6‘_\' 20 _ éf'ype y (Tree) \ tang =1 ,3 A |°_| 20 . i
*'5 I Etamii‘ =] 8 L | *'5 | .
_5|:\) al : t;,?;fé ree) _ _? 0 I Igr?;i(éﬁee. - : i
= _ | HSM # R = - HSM ~ Type Y (Tree)
E-QO i Typel (Tree) f 1000Ge EQO i é ; tnﬂ:?
< tang=3 J°  TypeX(Tree) . < I Typeéll (Tree)
I ; =1 ’ I : \
-40 0 Type | o L 700GeV -40 i tanB§= 13 Type Y (Tree)}: Type 0 4
S 500GeV r tang=3 &
60 2 Type X -60 | Type Il i
I # Type | (Tree) ;
) L DR A B . miro0es) W g0l ... ... ... . CASEESVO,
80 -60 -40 -20 0 20 40 60 80 80 -60 -40 -20 0O 20 40 60 80
Aﬂ(h—>’t’E) [o/o] AR(h—>’L"E) [°/o]

= L C precision has a great potential to discriminate the models!
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2HDM example (II):

Y

_ Type«éI,Y (Tree) g
[ tang=1 2

1000GeV

500GeV

my=3 OOGeV

Tyﬁ)e I, Y (Tree) HSM
tar?ﬁ =3

Type I, X (Tree) |
tang =1

2855 60 40 20 0 20
AR(h—VE‘L‘) [cyo]

40 80 80

1
o

AR(h—ZZ*) [%]
=

-20

-25

[S. Kanemura et al. '18]

»

tang = 1

[Type Il, X (Tree)
tanB = 3_e——
| o . % "

/ Type ll, X (Tree)

Type 1I,X

| 00,5(5"1_)?9

Type 1Y _
1000GeV I]
. 700GeV '
Type .Y (Tree)

e, .'.'_’ v \ _
I g \

HSM Y
Typel, Y (Tree) = ]

80 -60 -40 20 0 20 40 60 80

AR(h—YﬂT) [cyo]

= L C precision has a great potential to discriminate the models!
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2HDM example (III): [S. Kanemura et al. '18]

- cos(p-a)>0
0f - Type ll,X ]
< 5] — Typa by~
=
"!F--'IO - - R
< |
G -15 -
20 HSM S 20 | : ‘
Type LY | e
-25 [ ol P P O o S e c L] -25 AL L S A A e, R ]
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
AR(h—tt) [%] AR(h—t) [%)]

= L C precision has a great potential to discriminate the models!
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ILC precision vs. Higgs Singlet:

N
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ILC precision vs. 2HDM-II:
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ILC precision vs. MSSM prediction:
— 20 [ | | !
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ILC precision vs

. Composite Higgs prediction:
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Model discrimination at ILC250: [K. Fujii et al. '17]

N
o

model discrimination in o

SM
ILC 250 GeV, 2 ab™'|B& 15
pMSSM
_ 16
2HDM-I Higgs and cTGCs
SHDM.X EFT interpretation 14
12
2HDM-Y
10
Composite
- 8
LHT-6
6
LHT-7
Radion .
Singlet 42 44
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Model discrimination at ILC500: [K. Fujii et al. '17]

SM . 20 p
ILC 250 GeV, 2 ab 18 €
PMSSM + 350 GeV, 0.2 ab™ s S
2HDM-II + 500 GeV, 4 ab’ ..%
T Higgs and cTGCs L E
EFT interpretation 12 &
2HDM-Y =
10 O
Composite @p]
8 ©
LHT-6 —
6 O
LHT-7 O
4 9
Radion E

2

Singlet
Sh VS SN oM S 10M O mpoctlT-6 1T Racion, ey
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Required precision for CP-admixture?

H = cosa CP-even + sin o CP-odd

AX - VV) = 1 (Clevglgz + Qqu(l)f*(Q) g f*(l)f*(Q) ,Lu/)

()
_ my_ .
AX — ff) = o (b1 + iboys) uy

laz|?03
> la;|?o;

fep =

Desired precision:
gauge bosons: fop < 10 0 (loop suppressed)

fermions: fop < 10 7
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Desired precision:
gauge bosons: fop < 107> (loop suppressed)

fermions: fop < 10 7

ILC precision:

[Showmass Higgs report '13]
gauge bosons: fop ~7-10"% 4.107°, 8.10°°
Vs = 250 GeV, 500 GeV, 1000 GeV
fermions: fop ~ 1072

Vs = 250 GeV

= potential to test CP-admixture

= complementary energy dependences
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Particularly challening

- Higgs self-coupling

®
e

Signal diagram

Cross Section / fb

0.3

0.25

0.2

0.15

0.1

0.05

v €

ve

Backaround diagrams

B T T T T | T T T | T T T T T T T T T T ]
- e"+e - ZHH n
L e*+e - VUHH (WW fusion) —
N e*+e - VUWHH (Combined) :
- M(H) = 120 GeV ]
: el steo,,, :
B 4'..'1 L..--O-"’T'".r.”..l... | | | | | | | | | | | | | | | | N
400 600 800 1000 1200 1400

Center of Mass Energy / GeV

[ILC TDR '13]

Sven Heinemeyer — ALCW 18, Fukuoka, 30.05.2018

48



Desired precision in \7

= highly model dependent

Examples: [R. Gupta, H. Rzehak, J. Wells '13]

e Higgs singlet extension: (AM/A)M ~ —18%

e Composite Higgs models: (AX/\)M ~ +20%
e MSSM: (AXN/ AT < —15%

o NMSSM: (AN/ N < —259%

Decoupling leads to non-vanishing effects!

But we want to test “confirm” the SM value in the first place!
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Sensitivity to triple Higgs coupling \: [taken from K. Fuji '13]

ZHH®500 GeV vvHH®@1000 GeV
E 2 E 4|
bml 8 —— w/o weight bmS : : —— w/o weight
=~ —=— w/ weight (Optimal) =~ - —=— w/ weight (Optimal)
@) B F

A MA=0.76xA olo

;
;
»

N
|IIII|IIII|IIII|IIII

15
=/
s & MA=0.85xA olo
0_I I IO.|2I I I0.|4I I I0.|6I I I0.|8I I II1I I I1!2I I Il.|4I I Il.|6I I Il.|8I I I2II I I2.2
Mg,
I[LC500 ILC1000 ILC1000-up CLIC1400 CLIC3000
Vs (GeV) 500 1000 1000 1400 3000
[ Ldt (fb~1) 4000 2000 5000 1500 +2000
P(e~,et) | (0.8, £0.3) (30.8, £0.2) (308, £0.2) (=038,0) (=0.8,0)
AN/ 27% 16% 10% 40% 19%
= BSM models can be tested [(C. Diihrig '17, H. Abramovicz et al. '16]
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Exotic Higgs decays:

[Z. Liu, L.-T. Wang, H. Zhang '17]

95% C.L. upper limit on selected Higgs Exotic Decay BR

10 &

1072}

10_3 -

BR(h-» Exotics)

= strong improvement at the ILC
= sensitivity to BSM physics?!

HL-LHC
CEPC

ILC(H20)
FCC-ee |
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5. Conclusions

e [ he discovered Higgs boson is not the SM Higgs boson

e Test for changed properties
Test for additional Higgs bosons
Test for addtional Higgs bosons above and below 125 GeV

e BSM Higgs bosons above 125 GeV:
LCs have a unique potential to discover BSM Higgs boson
possibly beyond kinematical reach

e BSM Higgs bosons below 125 GeV:
LCs have a unique potential to discover BSM Higgs boson
= invisaged scenarios well covered

e BSM Higgs boson at 125 GeV:
precise coupling measurement can distinguish models
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5. Conclusions

e [ he discovered Higgs boson is not the SM Higgs boson

e Test for changed properties
Test for additional Higgs bosons
Test for addtional Higgs bosons above and below 125 GeV

e BSM Higgs bosons above 125 GeV:
LCs have a unique potential to discover BSM Higgs boson
possibly beyond kinematical reach

e BSM Higgs bosons below 125 GeV:
LCs have a unique potential to discover BSM Higgs boson
= invisaged scenarios well covered

e BSM Higgs boson at 125 GeV:
precise coupling measurement can distinguish models

Let’s go and build this machine!
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N

i-liggs Days at Santander

Theory meets Experi
10.-14. September

inemeyer@cern.ch
0.Gomez@cern.ch
'- .;http lihdays.csic.es
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cMSSM parameters for neutral Higgs production:

Table 2: MSSM default parameters for the numerical investigation; all parameters (except of {3) are
in GeV (calculated masses are rounded to 1 MeV). The values for the trilinear sfermion Higgs couplings,
Aty » are chasen such that charge- and/or color-breaking minima are avoided [76], and A; . are chosen
to be real. It should be noted that for the first and second generation of sfermions we chose instead
Ap =1, -Mt'jj"-’_fr = 1500 GeV and M 5 = 500 GeV.

HKEHI].. \-’E !’-j" l“: J.;I'IH:I: ﬂr.{tjj'r_f} ﬂ-.{LE' |.;‘1f_i'_|_-.r | ﬂ-.{j ﬂ.!j ﬂ-.{,'ﬁ

S 1000 7 200 300 LOG0 SO0 15004 p/is 100 200 1500

M, 1., M

123.404 288.762 290.588

with /s, M+, tang, ¢4, varied

— Scenario chosen such that many processes are possible at the same time
— not chosen to maximize loop corrections
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cMSSM parameters for charged Higgs production:

Table 1: MSSM default parameters for the numerical investigation; all parameters (except of tz)
are in GeV. The values for the trilinear sfermion Higgs couplings, A:p - are chosen such that charge-
and/or color-breaking minima are avoided [64], and A; ; are chosen to be real. It should be noted that

for the first and second generation of sfermions we chose instead A; = 0, Mré‘ﬁ‘f) = 1500 GeV and
M; =500 GeV. o

Sceﬂ. \/E t.B e ﬂfl,rH:I: J’f@ﬁf) J’fié |At:b;r| ﬂ’fl ﬂ‘{g J’fg
S1 1000 7 200 300 1000 500 1500+ u/tz 100 200 1500

S2 800 4 200 300 1000 500 1500+ p/tg 100 200 1500

with /s, M+, tan, ¢4, varied

— Scenario chosen such that many processes are possible at the same time
— not chosen to maximize loop corrections
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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, le,Q =15 TeV,
Ay = —2 TeV, Ab,T = —1.5 TeV

S;; (singlet composition) S;?a (singlet composition)
"u’.- 1|_.f- S B gl gt SR S S 8
i [
o8} %) 08l 3 My =7551
;: . .. . dy? <2.20
o8- ; 08 = ¢ 220< 3y’ <4.88
'r : _ 1.88< §)* <9.49
3 0.4r 9.49< §y*<13.28
[ : 3 1328< By?, y*<122.94
0.8 . ] .'/j . x7 =~ 122.94
a0 T oo ' 1:J:=_.ﬁl (GCVJ TR 440 1e0 1s0 200 220 240 m Ge
erl ) ol y hz( v

= light Higgs below 125 GeV has large singlet component
= second Higgs is SM-like
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“96 GeV excess’: what was seen at Run II? [S. Shotkin, talk at HDays17]

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

CMS Preliminary 19.7 o (8 TeV) + 35.9 fo " (13 TeV)
1 .6 ] T T T | 11 ] i | L L] l T T T T I T T T I T T [

— Observed
- Expected + 16 |

I

l
-2
-

| |

_CMIS PAS HIG-17-013

=
.
o
?—
All experimental + theoretical ;
systematic uncertainties °
assumed uncorrelated except
for those on signal acceptance %
=
P—
T
=
=]

I ) L N L
m
S
51
&
|+
&

- 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

due to scale variations + those
on production cross sections
(assumed 100% correlated).

Illll]ll.llll

Il | Ll 1 l T - | L1 I

L1 Ll Ll I
80 85 90 95 100

105 110
m,, (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.

(2]

-

5. Gascon-Shotkin HDays17, Santander, ES Sept. 22 2017
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“96 GeV excess’: what was seen at Run II? [S. Shotkin, talk at HDays17]

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

m 1 'I 1 T 1 T 1 ] T T 1T T T | Y. P T T T 1 , T 1 ]
= 101 - 1o
® ot 20
& 10 :
w® 10° 330
8 4
o 107 e 4 o
10°
6 k)
10 ...._....._.._.................."... s s s e 5 G
107
10_8 = H — W
JOF b R R 6c
——— Observed 8 TeV
1079 —— Observed 13 Tev
= (Observed 8 TaeV + 13 TeV
10 s Expected 8 TeV
------- Expected 13 TeV
e . Expect:dBTe3+13TeV
10“3]lllJ[Il[llLlIlllll]IIJlIIllI
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

(70-110 GeV) Runs 1+ 2

CMS PAS HIG-17-013

8 TeV: Excess with ~2.00
local significance at m=97.6
GeV

13 TeV: Excess with~2.9Gc
local (1.47 o global)
significance at m=95.3 GeV

8TeV+13 TeV: Excess with
~2.8 ¢ local (1.3 o global)
significance at m=95.3 GeV

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

Sven Heinemeyer — ALCW 18, Fukuoka, 30.05.2018

59



HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]

assumption: kyy <1
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= strong improvement with the ILC
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
no theory assumptions, full fit
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= high ILC precision, not possible at the LHC

Sven Heinemeyer — ALCW 18, Fukuoka, 30.05.2018 61




Higgs self-coupling from loop corrections? [arXiv:1312.3322]

2 - —
" # ) :
- /!

OZh =

F e .

6240 = 100 (267 + 0.01465,) %

= sensitivity to Aggy goes down for higher /s
= percent precision possible on oz, A\ggg

= indirect and model dependent measurement
(to be included in a global coupling fit - within a model)

= 0 (10%) measurement of Ay needed
to measure oz at the percent level!
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