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e Motivation

e Higgs precision measurements and BSM Physics scales
e The Higgs selfcoupling(s) at etTe™ colliders

e BSM Higgs bosons below 125 GeV

e Conclusions
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1. Motivation

Two Facts:

We have an SM-like Higgs discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be ‘“the SM Higgs”!
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1. Motivation

Two Facts:

We have an SM-like Higgs 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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1. Motivation

Two Facts:

We have an SM-like Higgs 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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Higgs physics at future eTe~ colliders:

— Measure precisely the hio5 couplings to SM particles
— consistency test of the SM
— deviations from the SM
— establish/measure new physics scales

— Measure precisely the Higgs selfcoupling(s)
— deviations from the SM
— performance if Ay, 7 APM?

— effects of additional Higgs bosons, enhanced triple Higgs couplings?

— Discovery of light BSM Higgs bosons
— indirect discovery potential
— direct discovery potential
— precision measurements of BSM Higgs bosons

— one example for each (currently investigated in Spain)
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2. Higgs precision measurements and BSM Physics scales

What to expect from future colliders

= focus on Higgs searches and measurements

HL-LHC:

— will improve direct search limits

— will improve rate measurements (production x decay)
systematic/theory uncertainties: S2 scenario

[M. Cepeda et al. '19 — YR18]

ILC:

— will improve rate measurements (no theory assumptions!)
— 250fb~! at ILC250 @ 500fb~! at ILC500
— polarization: P(e—,etT) = (—=80%, +30%)

[ T. Barklow et al. '17, '19]

(roughly similar results at FCC-ee, CEPC, CLIC)
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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

V = miH1Hy +m3HoHy — mip(eq HYH3 +h.c.)
12 2 2
g +g - x g .
(Hyfy — HoH2)? + 7 |HiHo[?
N\ ~ g \/
gauge couplings, in contrast to SM

_|_

physical states: h9 HO A0 H=* Goldstone bosons: GY, G+
Input parameters: (to be determined experimentally)
tang =U—2, Mi:—m%Q(tanﬁ + cot3)
v1
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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

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

1. M}?° scenario: 2HDM-like model
M;}25(%) scenario: light staus: h — vy, H/A — 77

M}25(%) scenario: light EW-inos: H/A — %959, %%/

> WD

M 22 (alignment) scenario: h SM-like for very low My
5. M%[25 scenario: Mg ~ 125 GeV, all Higgses light

6. Mf}125 (CPV) scenario: complex phases, ho-hg interference

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020



HL-LHC reach in

M,}25 scenario

o0

[H. Bahl et al.,

H/A — 777 expected exclusion (95% C.L.)

- =1 ATLAS3ab~ '@ CMS 3 ab™! - = ATLAS 36.1 th! [JHEP 01(2018)055]
*lo - = CMS 35.9 fb~! [JHEP 09(2018)007]
+27

h(125) rates My#(125+ 3) GeV J’ AL R :" ' 4' ,['1 {;_
ATLAS 36.1 fh~" & CMS 35.9 " - eV
¥.&: ATLAS 3 ab~' @& CMS 3 ab~! N ]
e & ! I I -
r Fi -
b 1 ]
Y ’ ]
i ’ _

' g f
I I ! -
I Fi " =
I ! -
f g r .
g ’ o

f f
LA 4 =
r F =4
T I -
: ’ _
-
2 ’ _
f‘

L/ with YR18 syst. uncert. |
////////// 3 scenario

500 1000 1500 2000
MA [G[‘V]

2500 3000

= direct and indirect measurements: M4 2 1200 GeV

'20]
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Relevance of ILC improvement: [H. Bahl et al., '20]

— Assume a realization of an MSSM point: M4 =1 TeV, tang=7/3
— What limits can be set from rate/coupling measurements?

% = E M} scenario FC sensitivity (27) 4. L b T RG sensitivity (20)
- " W HL-LHC i W HL-LHC
X P HL-LHC+ILC250 i W HL-LHC+ILC250
- WK HL-LHC+ILC250+ILC500 4.0F WK HL-LHC+ILC250+ILC500
20F Yr MSSM realization - Yr MSSM realization
3 ar 1 2 ¢ y
- - 3.0F ]
10F ] f
v - = 2.5 - 7
! i E ME ) scenario-
N NS I N N SO MY NN N TR TN TN NN IS TR SO TR N A N SR | 2 /I N NN NN S N N (N T [ TR S Y N Y| ;
EOO 1000 1500 2000 2500 2000 QOO 1000 1500 2000 2500 2000
M [GeV] My [GeV]

= only ILC measurements give upper limit on M4
= limits on tan g8 only for small(er) tang

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020 8



Let us assume that we do see a deviation

What do we learn from that?
How do we learn something from that?

= We have to compare the observed deviation with
predicted deviations

= Preferrably with the predicted deviations in a concrete models
(A comparison with an EFT result subsequently requires the mapping
to concrete models anyway ...)

= Needed: sufficiently precise predictions in BSM model
close to ready: MSSM, NMSSM
(I am not aware of uncertainty estimates in other models)

= in the following:
model prediction (w/o TH unc.) < ILC precision (ILC500)

— "“Wascheleinen-Plots” (Non-SUSY models in the back-up!)

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020



MSSM Wascheleine I: ete™ precision vs. M12° (M4 = 700 GeV, tan 3 = 8)

[H. Bahl et al. '20]

M}* scenario M4 =700 GeV,tan 3 = 8
I | I | I I I
- | HL-LHC (ky < 1) .

r‘ | 1LC250 z
LOST 1 1Leso - B
l.[m—'#'—-—r-——#———i——- ———————————

0.95 =

K k7 Ky Koay Ry K, K

= Type II deviations! Distinction from 2HDM possible?
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MSSM Wiéscheleine II: ete™ precision vs. M12° (M4 = 1000 GeV, tan g = 8)

[H. Bahl et al. '20]

M}* scenario Mig=1TeV,tan =28
| | I | i 1 |
- | HL-LHC (ky < 1) .
[ | 1LC250 i
LOSF ¢ 1Leso0

l.[]ﬂr-‘}-—-—r-—— —— o -_____j

0.95 =

K k7 Ky Koay Ry K, K

= only ete™ measurements allows to set upper limit on My
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MSSM Wascheleine IIL: ete~ vs. M, >>5" 1 (%) (M4 = 700 GeV, tan g = 3)

[H. Bahl et al. '20]
M, Ppp(X) scenario My =700 GeV.tan 8 = 3

1.10 i T i ] | | I
| HL-LHC (ky € 1)
| 1LC250

105 I ILC500

[ e

7T 17T 1T §J T 1T 11

o3
.

1.00

0.95

O L O L
|

0.90—1 .' ; : ! : :
KW k7 Ky K~ Ky Ky, K-

= clear effect of light SUSY paticles
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MSSM Waischeleine IV: etTe™ vs. M 2> T (%) (M4 = 1000 GeV, tan s = 3)

[H. Bahl et al. '20]
M} Rpr(X) scenario

My=1TeV.tan3=3

1.10 i T i ] | | I
- | HL-LHC (ky <1) 1
| 1LC250
I ILC500

1.05F

R

0.95

0.90—1 | L :

.

|

|

KW [ Ky

= only ete™ measurements allows to set upper limit on My

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020
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MSSM Wascheleine V: ete™ vs. M12?° (M4 = 1000 GeV, tan 8 = 8)
[H. Bahl et al. '20]

M;* for different My=1TeV.tan 8 = 8
i | | |
|| HL-LHC (ky < 1) :

L | ILC250 l
1.05 - b ILC500

K
|

- THDM-11

lllllllllllllllllllllllllllll

100+ ======~-

I 1 | |
p=1TeV p=—1TeV u=-—27TeV p=—31ITeV
= MSSM vs. 2HDM: very challenging!
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3. The Higgs selfcoupling(s) at ete~ colliders

Di-Higgs production: Appp OF k) 1= Ahhh/AfSLML

— deviations possible in BSM models
— which size is still allowed taking all constraints into account?
— implications for measurements at future colliders?

Di-Higgs production involving heavy Higgses: A\ppm, AnHE, AhAA A g+ -

— large values of A\'s possible?
— which size is still allowed taking all constraints into account?
— implications for searches at future colliders?

= analysis in the 2HDM
[F. Arco, S.H., M. Herrero '20]
(several slides from F. Arco :-)

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020 15



The 2HDM

Two Higgs Doublet Model CP conserving

_ A N
The potential: V =miy (]01) + m3y(@1ds) — miy (] Dy + dTd) + 71(‘1)1‘1’1)2 + 72((1’3(1’2)2

A
, , +A3(R1D1) (DI Do) + Ay (BT Do) (@I D1) + 75[(‘1’1‘1’2)2 + (1d1)?]
Considerations:

* CP conserving —— all parameters are real

* Z, symmetry to avoid FCNC —  softly broken by m/,  Very important!

* Four types of Yukawa structure (we will focus on type I and II)

CP
odd

7 free parameters + 5 physical states: h, H, A, H" and H~

CP even

Extension of Z> symmetry to fermions = 4 types

= analyzed: type I and type II

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020
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T he constraints:

— applied to every point analyzed/scanned/. ..

e [ree-level perturbativity

e Stability: potential is bounded from below

e Higgs searches at LEP, Tevatron, LHC = HiggsBounds (2HDMCQC)
e SM-like Higgs properties = HiggsSignals (2HDMC)

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

e Electroweak precision data (S, T and U) = 2HDMC

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020
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Example I. 2HDM type I. constraints

2HDM type |, scenario C

my = my = . = 1000 GeV (scenario C)

=, S Jo
— HS 20
= B 95%CL

2 _ 02 o2
m;, = mgcos”~altan

Ral
g
N * Collider searches imposes
T T T T ‘I T T ] T T T T T T T |Cﬂ—a| S 0'3
—03-02-0.1 00 0.1 02 03 —03-02-0.1 00 01 02 03
CB—a Ch—a .
» N *» Low tan f# disallowed by B = Xy
| === Unitarity = Total
1 = Stability ] Allowed .
, * Most stringent bounds from
10 / 10 theoretical constraints, but helped
q | g ] by m?, = m? cos’ a/tan 3
g ] z y My = My
1 E 1 E
—(I}.3—(I).2 —(Il.l 0.0 Oil 012 Uf3 —(I).3 —[I].Q —(Il.l 010 O.Il OI.Z Oi3
CB—a Ch—ox

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020 18



Example I. 2HDM type I:. results

2HDM type |, scenario C

K .
5” T 1000 my =my, = my. = 1000 GeV (scenario C)
200
= m?, = mf; cos® a/tan B
=t 1.0
1 1.30
10 120
- 1.10 . - p :
N [ os * Min k; ~ — 0.4 in the “tip” with tanf ~ 7 and ¢4_, ~ 0.2
ﬁ =t 1.00
3 0.95
e 0.90
-+ 0.80
= g:;g * MaX lhhH ~ 1.2 fOI‘ Cﬁ—a e 0.1
0.50
0.25
1 AL _ . v v
_5.00
03 02 01 00 01 02 03 o border
Ca—o
AhhH AhHH AnH+H-= 2Apaa (@ ®0
50 Wl 50 : 50 .
200
150
et 10.0
=t 8.0
—t 6.0
10 10 4 10 sl
o3t Q] L=t - 10
= = = 0.5
4‘2 -S + (04
L 05
=t 1.0
2 = 20
—— 4 10
. f 60
1 1 14 —8.0
. ~10.0
/ [ I ~15.0
e T T T T | — T T T T — —20.0
—-03-0.2-0.1 00 0.1 02 03 —03-02-0.1 00 01 02 03 —03-02-01 00 01 02 03 :ig:g
Ch—n [&7; Cl—q —50.0

= large deviations for k), = large values for BSM \'s
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Example II: 2HDM type II: constraints

2HDM type I, scenario C

500000 -y m— 500000 my = my = my. = 1100 GeV (scenario C)
700000 o =—HS 20 700000
= HB 95%CL —

600000 600000 tanf = 0.9
% 500000 % 500000
O, O,
= 400000 &1 400000 .
= S * Collider measurements

300000 300000

100000 100000 : 2

—0.15-0.10—-0.05 0.00 0.05 0.10 0.15 —0.15—-0.10—-0.05 0.00 0.05 0.10 0.15 lndependent Of m12

m2, = m},cos’ a/tan f P p—a

200000 \\ 200000 * No bounds from flavor

=== Unitarity — Total
700000 o == Stability 700000 Allowed ‘
* Overlapped allowed region by

. 600000 . 600000 . . .
% 00000 % 00000 unitarity and stability
2 400000 1 & 400000 1 (m122 = mﬁ cos? a/tan # does not work
g g

300000 - 300000 - here)

200000 200000 4

100000 100000 T T T T T

—0.15-0.10—-0.05 0.00 0.05 0.10 0.15 —0.15—-0.10-0.05 0.00 0.05 0.10 0.15 )
Cg_ cg_ 2
B—a B—a
Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020 20



Example II: 2HDM type II: results

800000

700000

500000

m2, [GeV?|

300000

—0.15

600000

2HDM type I, scenario C

=gl
—0.05 0.00

d
—0.10

Ca—a

AbhI

400000 4~

2000004

100000

= large deviations for k)

CR—n

T
—0.15-0.10—-0.05 0.00 0.05 0.10 0.15

mi, [GeV?

20.00
10.00
5.00
2.00

+ 1.75

- 1.50
- 1.40
- 1.30
-1.20

-]
[ A
SBSEECSHE8S
8%5@@

800000

700000 4——

AL H

600000

500000

400000 +

300000

200000

—0.15-0.10-0.05 0.00 0.05 0.10 0.15

Ca—a

m?, [GeV?]

my = my = my. = 1100 GeV (scenario C)

tanf =0.9

R * Min x; ~ — 1.0 for max By 5™ 0.13
0:80 * AHOWed AhhH = [—1, 1.4]

* M&X /’{‘hHH s 12 and AhH"‘H‘ = 22’hAA o~ 24 fOI‘ IIliIl
m?, ~ 2 x 10° GeV”

40.0
30.0
20.0
15.0

ALHAH-= 2)\hAA 50.0
800000

700000 [

r 8.0
6.0

OB —
N 4.0

N\ 2.0
500000 - \ [T
F N 0.5
400000 _ NN -
-1.0

—-2.0
—4.0
—6.0

300000

—8.0

—10.0
—15.0
—20.0
—30.0
—40.0
—50.0

200000

100000
—0.15-0.10-0.05 0.00 0.05 0.10 0.15

Ch—a

y___ EENEE

= large values for BSM \’s

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020
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Result overview:

Final allowed ranges

Type | Type |l
Far from the alignment limit
Kﬂ, < [_0.5, 1.5] Kﬂ, < [0.0, 1.0] -_— and playmg with mifzz
/lhhH = [—1.4, 1.5] A‘hhH c [—16, 1.8] ——p  For Cﬁ—a ~ *+0.05

Large masses and nearly

/lhAA € [0, 16] /lhAA e [0, 16] independent of Cp_q and
scenario A or B

L~ € [0, 32] Agep- € [0, 32]

Interesting points are shown in our paper [arXiv:2005.10576]
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Measurement of the triple Higgs selfcoupling

D 2 . 5 T 1 11 1 1 T ] Higgs selfcoupling projections T [ 1
g u : : == HL-LHC (single coupl. analysis) :
c< B ==% = cross-section-level extrapolation
=~ B : : :
% 2 .......... CSVUTURTURITUTY [SNNURRL- TR USSR =e=— |LC 500 GeV ZHH (full coupl. analysis) |..........5......
CIEJ ' ' s |L.C 500 GeV + 1 TeV vwHH combined

.W.‘..‘..‘..‘..‘..‘. "
--ﬁ: ammmmE
“*jf'..'..'..'..'..'.....

..............................

EEEEEEEE.
EEEEEEEEEEEER

i
—0.5 0 0.5 1 1.5 2
Aue/ M

true

= over most of the parameter space ILC is clearly superior to HL-LHC
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Production cross sections at (high-energy) ete™ colliders

= many benchmark points proposed = example “point 6":

Proposed benchmark point: 2HDM type 1

Input: Output:
= 125 GeV
my = my = my= = 600 GeV
tan f = 10
cos(p—a) =0.2 Aptit = Apaa = 0

m122 — mé cos®a/tan f ~ 36000 GeV? Apprrr- = 12

= contribution to new Snowmass H H initiative

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020
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Various di-Higgs production cross sections I: (P6)

[F. Arco, S.H., M. Herrero — PRELIMINARY]
hihjZ channel

10" 4 /
£ 107!+
N
Ng
< 1072
T
& 103 — hhZ
= —— hHZ
B — HHZ
1077 — AAZ
—— SM
10_5 I 1 T T T
500 1000 1500 2000 2500 3000
Vs [GeV]

= strong enhancement w.r.t. SM XS, large BSM XS's
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Various di-Higgs production cross sections II: (P6)

[F. Arco, S.H., M. Herrero — PRELIMINARY]
h;hivv channel

—_
<
o
|

—_

-
L
1

o(ete™ = hihvv) [fD]
=

10—3 4 _r
10—4 4
10_5 I 1 1 1 T
500 1000 1500 2000 2500 3000
V3 [GeV]

= strong enhancement w.r.t. SM XS, large BSM XS's

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020
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Invariant mass distribution: (P6)

c(e’e* — hhvv), Vs = 3000GeV

E‘ | 1 | | I | | 1 | I 1 1 | 1 I | 1 1 | I 1 | 1 1 I 1 1 | 1
o= 1 —
B i — 04y =0819 |
-§ : T GPoint6 = 2.428 10 :
(@
& 107" = E
3 - Jj: :
o 5 ]
@) - i
10°F E
107F E
: 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 :
0 500 1000 1500 2000 2500 3000

M., [GeV]

= heavy Higgs boson in the s-channel strongly contributes

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020

27



4. BSM Higgs bosons below 125 GeV

“So, Edith, you didn't tell me?...Your
— Is there an excess? son finished law school?”

There are 2.5l

— Can this be explained?

— indirect HL-LHC/ILC
opportunities
(Similar for FCC-ee,
CEPC! CLIC?)

— direct ILC opportunities

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020 28



What was seen at CMS and ATLAS?

Search for pp — ¢ — vy with myg < 125 GeV

3.5 . . . .
—— CMS obs. limit
3.0 === CMS exp. limit ||
— ATLAS obs. limit
"y - - - ATLAS exp. limit
\ —8— CMS excess
- 2.0
E
o

0.5

0.0 N ' N
65 70 75 80 85 90 95 100 105 110
M, [GeV]

= if there is something, it would look exactly like this!

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020



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 — bE)}exp/SM = 0.117 + 0.057
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Investigation in BSM Higgs models: N2HDM

Fields:
67 63

b = , o =
' \%(Ul + p1+in1) ‘ \%(vz + p2 +in2)

, Pg =vg+ pg

Physical states: hi, ho, hs (CP-even), A (CP-odd), H* (charged)

u-type d-type leptons

type I P Py P
type II s b4 Py
type III (lepton-specific) o P P4
type IV (flipped) P b4 Dy

= exactly as in 2HDM

Sven Heinemeyer — Spanish Future Collider Network Workshop, zoom only, 06.10.2020 31



Fitting the excesses:

0.25F

0.20 F

0.10 P

0.05 F

ot
s

—
-
=

(.49

v2. from HigesSignals v.2.2.3

[ T. Biekétter, M. Chakraborti, S.H.
T TTTTT]
1125 — "
4}.2{}§ TR - j
: 1
: i
E.15F 4
{}_mé -.
0.05 -j
| " [Cr);

Mo

= excesses well fitted, with good x2 : 0.9 — 1.3

= preferred Mpy+: 650 GeV — 950 GeV (lower limit: flavor constr.)

= preferred tang: 0.8 — 3.8

'19]

L3

e
%]

x:jiﬁd from HiggsSipnals v.2.2.3

,_.
=
=

0.9
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What can we learn from future measurements?

— LHC hio5 coupling measurements
— HL-LHC hAj95 coupling measurements
— ILC (or other ete™ coll.) hiss coupling measurements

— NEW: ILC (or other eTe™ coll.) ¢gg coupling measurements

— direct production of ¢gg at the LHC
— direct production of ¢gg at the HL-LHC

— direct production of ¢gg at the ILC (or other ete™ coll.)

— production of other BSM Higgs bosons at the LHC/HL-LHC/ILC/. ..
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What can we learn from future measurements?

— LHC hio5 coupling measurements
— HL-LHC hAj95 coupling measurements
— ILC (or other ete™ coll.) hiss coupling measurements

— NEW: ILC (or other eTe™ coll.) ¢gg coupling measurements

— direct production of ¢gg at the LHC
— direct production of ¢gg at the HL-LHC

— direct production of ¢gg at the ILC (or other ete™ coll.)

< focus

< focus

< focus

< focus

< focus

— production of other BSM Higgs bosons at the LHC/HL-LHC/ILC/. ..
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coupling measurements

|Ch2VV|

0.8r

1.0F

-- HL-LHC
HL-LHC @ ILC250

e Typell
e Type IV (flipped)

HL-LHC & ILC250 & ILC500

' “ ATLAS |

= type II and IV

show

strong deviations from SM

= N2HDM can always be distinguished from SM!
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Probes of the 96 GeV Higgs at the ILC

— Direct production at the ILC
Uses work by:
[P. Drechsel, G. Moortgat-Pick, G. Weiglein '18]
[Y. Wang, M. Berggren, J. List '20]

— Coupling measurements at the ILC [S.H., P. Toledo '20]
Thanks go to:
— T. Biekotter (for the data and discussions)
— M. Cepeda (for her help with the formulas)
— J. List (for help on S/B in BSM models)
— J. Tian (for help on S/B in the SM)
— C. Schappacher (for some production cross sections)

= focus on “good” points with x2\,s_|gp < 2.3
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Next project? = ILC production of the light scalar
| T. Biekétter, M. Chakraborti, S.H. '19]

— LEP - olserved
1w E ...

LEP - expected

[ = 5gs-lLC (recol)

[ =— Sue=lLC (traditional )
Xems—rep > 2.30

2 oy L
; Xtms—Lep = 2490
107" |

-Brihy — b)) and S5 from Drechsel et al.

107" F =
= a——
e |
[ Type 1T} 7
: i i i i | i i i i 1 i i I i i i i i i L i i i i 1 |-_:-_-|_|J :
Gl il 80 a0 100 110 120}

iy,

= new state easily in the reach of the ILC = coupling measurements
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N2HDM: precision of ILC coupling measuements [S.H., P. Toledo '20]

. . — .
« Tipo II
« Tipo IV
51
— 4+
X |
/;_f 2 :
J) S !
~ 5|
| | |
0 | | | | | | | | | |
O K ok O P ‘& N
SR AT S P
Q. Q g g ) Q. Q ‘. . .
SR 2 &o/\’ SRS Oé\ofé NS

= O (1—-5%): gy best from production, g, very precise in type IV
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N2HDM: 77 vs. WW/Z Z: [S.H., P. Toledo '20]
06—
Tipo 11
- Tipo IV
o (%3) maximo en Tipo 1T
i (%’3 maximo en Tipo IV
%‘i minimo en Tipo II
29) minimo en Tipo IV "% K
0.5 H 2 B 5
i
= J
E 045 — et *': -;'
,.Q.) ‘:'::.::..*ﬂ!” ..J- -
O e
04 — ; .-',:«.::' A T
035—
03 | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08
ChittT
= model distinction possible via coupling measurements
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5. Conclusions: There is BSM physics! Extended Higgs sector likely?!

e Higgs precision meas. and BSM physic (ILC, CLIC, FCC-ee, CEPC)
— MSSM is taken as a showcase
— HL-LHC can test M4 up to ~ 1.2 TeV
— ILC can set upper Iimit on undiscovered mass scales
— light SUSY particles can have a strong impact = parameter det.?!
— difficult to disentangle SUSY effects from Higgs effects

e Higgs selfcoupling(s) at ete~ colliders (ILC, CLIC)
— Analysis in the 2HDM type I, II
— all constraints (theo/exp) are taken into account
— large deviations in A, still possible (more in type I)
— over most of the parameter space ILC is clearly superior to HL-LHC
— large BSM triple Higgs couplings possible
— large SM-like and BSM di-Higgs production cross sections

e BSM Higgs bosons below 125 GeV (ILC, FCC-ee, CEPC; CLIC?)
— analysis of a 96 GeV Higgs within the N2HDM
— pp — Pgg — Yy excess at CMS, not excluded by ATLAS
— ete™ — Z ¢pgg — Z bb excess at LEP
— ¢ge Can be produced at the ILC abundantly
— coupling measurements can distinguish various BSM solutions
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BSM Wascheleine I: ILC precision vs. 2HDM type 1II

prediction:

N
o

—k
o

Coupling deviations from SM [%)]
I
o o

|
N
o

— |ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab': 2HDM-II example

ILC precisions from full EFT fit

model predictions
| |

bb

CC

g9 WWwW

T

/7

Y Hu
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BSM Wascheleine II: ILC precision vs. 2HDM type X prediction:

N
o

)
o, [ ]
0p - =
c 10 |- |
- —— ———
O i ]
- B -
7p
- B -
O O BN ™y Sy S S S Sy s R |
-— - -
T . i
> i -
)
© - -
o) —10 = 1LC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: 2HDM-X example —
- - -
%. " ILC precisions from full EFT fit i
8 : . model predictions :
O _20 | | | | ] ] ]

bb  CC g9 wWw 1T 7z VY HU
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BSM Wascheleine III: ILC precision vs. 2HDM type Y prediction:

N
o

|

ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: 2HDM-Y example —_

N
o
I

ILC precisions from full EFT fit -

. model predictions
| | ] ] ]

bb  CC g9 ww T 7z VY U

Coupling deviations from SM [%)]
o
:

|
N
o
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BSM Wascheleine IV: ILC precision vs. Composite Higgs prediction:

N
o

)
s [ .
S . ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': Composite example -
UE) 10 N ILC precisions from full EFT fit N
@) B model predictions -
Lt - -
7p]
- _ -
O 0-—-----------------------------------------—-
.c"_B' - —— ® * -
= _ -
GJ | — - - ——— ———
-O - —
o —10 | —
= - y
o i i
5 _ -
O _ -
O _20 | | | | | | |

bb ¢ 99 ww T zz YV HU
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BSM Wascheleine V: ILC precision vs. HXSM prediction:

N
o

—l
o

Coupling deviations from SM [%]
I
o o

|
N
o

— |LC 250 GeV, 2 ab™' + 500 GeV, 4 ab': Singlet example

ILC precisions from full EFT fit

model predictions
| | |

bb

CcC

99 wWwW U

/7

1Y

Up
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BSM Wascheleine VI: ILC precision vs. Higgs-Radion prediction:

N
o

O
o~ - 7
el . .
N - -
c 10 —_— —
o _ -
L = —
o

n

C p— —
o OH----------------------------------------—-
— — e ® = - = -~ ——
(qv)

> p— —
)
© B -
o) —10 |~ 1Lc250Gev, 2ab™ + 500 GeV, 4 ab™: Radion example —
C - -
%- B ILC precisions from full EFT fit _
- B model icti 7

predictions

@) - -
O _20 | | | | | | |

bb ¢ g9 ww T 7z Y7 HU
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Model discrimination at ILC250: [K. Fujii et al. '17]

20

SM
ILC 250 GeV, 2 ab”' (W8l 15 =
pMSSM =
- 16 o
2HDM-II Higgs and cTGCs S
2HDM-X EFT interpretation 14 E
12
2HDM-Y g
10 O
Composite O
s 8 T
LHT-6 O
6 QD
LHT-7 D
S 4 '®)
Radion E
w 7
Singlet
0

v pMSSMHDMﬂHDMWHDM PD”’JDDSEJS "r.; %G'fon gl
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Model discrimination at ILC500:

SM
pMSSM
2HDM-II
2HDM-X
2HDM-Y
Composite
LHT-6
LHT-7
Radion

Singlet

[K. Fujii et al.

20
ILC 250 GeV, 2 ab'[#8 15 <
+350 GeV, 0.2 ab (Wl . - =
+ 500 GeV, 4ab’ ge
Higgs and cTGCs 14 E
EFT interpretation 12 &
10 G
2.
8 ©
[
° '8

4
-

2

0

'17]
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Electroweak Precision Observables

1" parameter

T is sensitive to the mass splitting of the Higgs bosons = 3 simplified scenarios!

Scenario A: my = ny:

Scenario B: my = my.

1600
T parameter
1400 lo
2
1200
= 1000
O,
= 8004
=
600 -
400 A
mp+ = 1000 GeV
o = 0.0 — A —B y ©
200 1 T T = ] ]
200 400 600 800 1000 1200 1400 1600
ma [GeV]

Scenario C: my = my = My

S

1600
T parameter
1400 - lo
20
1200 -+
= 1000
O,
T 800 -
600 -
400 7
mp+ = 1000 GeV
o = 0.25 — A —B s
200 T T i T T
200 400 800 1000 1200 1400 1600
ma [GeV]

Predictions of T obtained with 2HDMC [arxiv:0902.0851]

= definition of Scenario A, B, C

= Once T is satisfied, also S and U are satisfied

Scenario B may

be in conflict
with data
outside the

alignment limit
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Unitarity vs. Stability:

Unitarity + Stability

il =15 dotted region are
Cpq =0 allowed regions
A, m3, =0 GeV? A, m3i, = 100000 GeV? A, m?, = m?% cos® a/ tan 3
1500 f —— Unitarity 1500 9 == Unitarity 1500 @ —— Unitarityr_ ;
— iy —& Sy — Stabiliip
1250 1250 4 1250 ~ > '
= 1000 2 1000 A % 1000 /
O, <. O,
T T J T J
£ 750 £ 750 ~ 750
500 500 A 500 A
250 : 250 1 250
250 500 750 1000 1250 1500 250 500 750 1000 1250 1500 250 500 750 1000 1250 1500
myx = my [GeV] my+ = my [GeV] my+ = my [GeV]

* m122 controls the overlapping region between unitarity and stability

5 5 5 Similar for
* my, = my cos~ a/tan f enlarges the allowed region! scenario B...

T

= special condition for m%Q helps
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SUSY realizations

What about SUSY??
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SUSY realizations

What about SUSY??

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

What about SUSY??

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

= models with an additional singlet??
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SUSY realizations

What about SUSY??

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

= models with an additional singlet??

— NMSSM
— puvSSM
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SUSY realizations

What about SUSY??

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

= models with an additional singlet??

— NMSSM
— puvSSM

Q: Can the models fit the excesses despite the additional SUSY
constraints on the Higgs sector 777
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What about the NMSSM?

Parameters:

A= 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 (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

0.27 0.29 0.31 0.23 0.35 0.37 0.12 0.14 0.16 0.18 0.20
a0 _300
3014 -301
_302 302
3034 -303
3044 -304
-305 1 -305
-306 _306
3074 307
30= _308
= -3 fg _309
~310 -310
-311 311
-312 1 -312
313 313
314 314
315 315
_316 316
317 217
-318 318
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. Biekétter, S.H., C. Mufoz '19]

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

= SUSY enforces strong correlation!
= note: ATLAS limits and CMS “observation”
will likely result in a lower p| yc!
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Fitting the excesses:

— 0.117 + 0.057, = 0.64+0.2

onoHpm(eTe” = Zh1) BRnonpm(ha — bb)

ogm(eTe™ — ZH) _BRSM(H — bb)
2 BRNnoHDM (1 — bb)
BRopm (H — bb)

)Chﬂ/V‘

on2HDM (99 — h1) BRnonpm(h1 — v7)

osm(gg — H)) BRsv(H — v7)
2 BRNo2HDM (R = 7y)

= |c
| hltt| BRsm(H — v7)
5 ~( —0.117)2 n ( —0.6)2
XCEMS—LEP = 75 057)2 (0.2)2

= “best-fit point”
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Needed to fit the two excesses: my, ~ 96 GeV, my, ~ 125 GeV

— ¢y Strongly reduced for i £p

— ¢y, reduced to enhance BR(hy — )
— ¢pqt NOL reduced for picvis
— ¢p 77 POSSiDly reduced to enhance BR(h1 — v7v)

Decrease ¢, ,; NO decrease ¢, ;7 NO enhancement cp, ;7

typel  (F2) ) (722) ~( (fz) )
type I (7321 &) (2) =) (fu) :-)
type Il (712) ) (52) =( COR
type IV (F21) ) (32) =) (f12) :(

Type II and IV: ¢y pp and cp 4 INdependent
Type II bonus: ¢, - Ccan be suppressed (together with cj,pp)

= only type II and IV can fit CMS and LEP excesses
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Best-fit point in type II:

Mp, M, My m A M g+
96.5263 125.09 535.86 712.578 737.829
tanpg a1 o a3 m%z Vg
1.26287 1.26878 —1.08484 —1.24108 80644.3 272.72
bb 99 7Y WW YA
BRhl BRhl BRILI BRhl BRh1 BRhl

0.5048 0.2682 5.09-1072 2.582.10"3 1.37-1072 1.753-10°3

bb 99 Yy WW Z7
BRY  BRYY BR? BR)] BR}Y BRZ:

0.5916 0.0771 6.36-10"2 2.153.103 0.2087 2.610-10"3

= surprizingly large BRZ;y
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Best-fit point in type IV:

mp, mp,, Mhy mA M g+

07.8128 125.09  485.998 651.502 651.26

tanpg a1 o a3 m%Q Vg

1.3147 1.27039 —1.02829 —1.32496 41034.1 647.886
bb ag Yy WWwW Y

BR})” BR}? BRjT BR;” BR;" BR; -

0.4074 0.20714 0.248324 2.139-.10"3 1.347-10"2 1.579-103
bb ag Yy WWwW A

BR}” BR}J BRj’ BR;) BR)" BR;:

0.5363 0.09388 7.58-10"2 2.247.10°3 0.2267 2.836-102

= substantially larger BR}Z than in type II
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Probes of the 125 GeV Higgs

Future measurements: = HL-LHC/ILC Higgs coupling measurements
1.1 e S—— e ————————

----------- ATLAS/CMS current
----- HL-LHC . "
""" HL-LHC & ILC250 . &, 3
[ HL-LHC & ILC260 & ILOS00 | 22, b ) /
o Twvpell I -;"='. ;.:‘--'_ ok ‘,‘
& Twype IV (Ripped) . '{t'_..;l“ v

Type IV (|ehbb| ~ |ehgrr|)

l-I-l
-. A
. -'h'-l"_“
L] & | L T %
Ll AN 0 .
y & lr .' .
—_— " Tk o th
B L .
i 5 1 E
o a® - 15 = n
Fa s * all
= e LW ¥ p" e 'l'. !
g ' '._'+.'J‘:"*" e
M T AL
g e Fx
% : g ¥ &
® by

(.9 F '__:"'- "

OMS | J ATLAS

i i i i i i i i i i i i i i i i i i i i i 1 i i i i i i i i i Lo i i i i i i i i

0.7 (.5 (1.9 1.0 1.1

|f-'f| ITF |

= type II shows deviation from SM
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Future measurements: = HL-LHC/IL

Higgs coupling measurements

I — ATLAS/CMS current

g J— HL-LHC
- HL-LHC @ ILC250

1.0F

(.9 F

| by

0.8

0.7F

= type IV shows deviations from SM

- HL-LHC 4 ILC250 & TLOSH)

& Typell
# Type IV (Hipped)

T.'?'F'E' 1 [l‘-“l'-zrtl i |‘:'|'-1 rrl)

”[}.E'J'”H””IL{}

|f?.||t'_rTT |

= N2HDM can always be distinguished from SM!
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How to evaluate the precision of ¢gg coupling measurements?

Start with data of the SM Higgs:

SM Higgs BRs:

final state bb gg YT~ WW* Oz
BR 0.582 0.082 0.063 0.214 | 206fb
SM Higgs coupling uncertainties:
ILC, Lint = 2ab~ ! at /s = 250 GeV
coupling bbo g9 Tt WW | ZZ
rel. unc. [%] | 1.04 1.60 1.16 0.65 | 0.66

SM Higgs S/B:

coupling | H bbb H—>g99g H—7tr H—->WW o7

S/B 1/0.89  1/13 1/0.44 1/0.96 | 1/1.65
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Some more basics:

f:=S8/B=Ng/Ng

Holds is background is known perfectly and the overall uncertainty is
dominated by statistical precision

Uncertainty improves with 1//Ng for f =S/B>1

Cross section for ¢gg:

oleTe — ¢Z) =ogpm(eTe — ZH¢96) X |C¢Vv|

osm(ete™ = Z HZ) = 0.332pb
= O <1O5) ¢'s can be produced at /s = 250 GeV and L+ = 2ab~!
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Evaluating uncertainties:

e Coupling is measured via decay
A new Higgs boson ¢ couples with g, to xzx

(¢ — xx) gazj
BR(¢ — xx) =: 1/p
AN A 1
5 — 9 9x (1 _ _)
Ng Jx p
e Coupling is measured via production: gy

oleTe™ — Z) g%

ANg 5 Agy
Ng dx
e Final assumption: N N
S S -
(—) / (—) = fu/fp=:D
NB) g \NB/4

with D = 2 as starting point
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Evaluating uncertainties of ¢gg:

e Coupling is measured via decay

) -E Gb

D+ fy \/0(6 e > ZH) [BRUL—»ax) (1-BRU - ax)
14+ fuy olete — Z¢) BR(¢ - xxz) (1 —-BR(¢p— zx))

e Coupling is measured via production: g, (S/B does not change)

(ANs)
(%) _ (%) N5 g
qgz & 97 ) H (AN]ZS)H
. olete™ = ZH)
"\ o(ete — Zo)
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N2HDM: dependence on D = fg/f4: [S.H., P. Toledo '20]

Incertidumbre relativa (hy — bb) en funcién de D Incertidumbre relativa (h; — 7777) en funcién de D
5r 45
— Tipo 11 &3 « Tipo 1l !
X 1« Tipolv a Tipo IV E T P
I T I g !
= 4 3 3.5 5 ) ! ]
> + !
+ 35} - 8yt
= 8 T ssl I I I
& 5
25} < 2f
C—: - _5 15 -
q|= =
~_~ 15} J= 1t | | I
1 1 I 1 I ] 0.5 1 1 1 1 1 1 1 1 1 1
0.5 : 2.5 3 3.5 4 4.5 5 55 0.5 1 1.5 2 25 3 3.5 4 4.5 5 55
Valor del factor D Valor del factor D
Incertidumbre relativa (h; — gg) en funcién de D I}_lgertldumbre relativa (hy — W W) en funcién de I
7r 7r

Tipo 11
6| +« TipolV

=
/O'\ é .
é T—\s- « Tipo IV
= =
Sy S5 St 5L
T =
(- 4_
g III D
— ™
Z3f < 3r R
| ||||| :

Tipo I1

~

w

St o2
q|= 2 — 2
S’ >
<=
1 Il 1 Il 1 L 1 Il Il 1 ] ~ 7 1 1 1 1 1 1 1 1 1 1 I
0.5 1 1.5 2 25 3 35 4 4.5 5 55 0.5 1 1.5 2 25 3 35 4 4.5 5 58
Valor del factor D Valor del factor D

= non-negligible, but small = “robust” result
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N2HDM: 77 vs. bb coupling: [S.H., P. Toledo "20]
045 —
Tipo 1T
Tipo IV
04+ o (A_—f) maximo en Tipo IT
c (%ﬂ) maximo en Tipo IV il "3 '
035 © (%Q minimo en Tipo II = .-. LA
B,
(%2 minimo en Tipo IV 208 :.‘.‘.‘ LT
ks -"‘ iy "
03+ ¥ ~:-F':"-.
=) it .2
= d 3
— 025 -~ o
-~
NS
02— 8
015 —
01—
005 \ | | | | | | |
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Chy,7r7
= model distinction possible via coupling measurements
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