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RESEARCH FOR GRAND CHALLENGES



NEW PHYSICS IN THE HIGGS SECTOR?

Cosmology Dark Matter (DM)

Experimental anomalies BSM Higgs Naturalness

Part of UV theory

Vacuum stability (e.g. Supersymmetry)
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NEW PHYSICS IN THE HIGGS SECTOR?

Possible BSM effects:

Cosmology Dark Matter (oM) (1) Modifications of 125 GeV Higgs
boson properties (couplings,
decay rates, CP);

(I1) Presence of additional
(neutral/charged) scalar bosons;

Experimental anomalies BSM Higgs Naturalness

(I11) Presence of other new
R OEET particles (e.g. SUSY particles)
R RIS interacting with the Higgs boson.

Vacuum stability
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THEORY MEETS EXPERIMENT: THE HARD TRUTH OF REALITY

-+ 125 GeV Higgs boson: measurements consistent with SM hypothesis.
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THEORY MEETS EXPERIMENT: THE HARD TRUTH OF REALITY

-+ 125 GeV Higgs boson: measurements consistent with SM hypothesis.

- Searches for additional Higgs bosons: only limits, limits, limits, ...
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THEORY MEETS EXPERIMENT: THE HARD TRUTH OF REALITY

-+ 125 GeV Higgs boson: measurements consistent with SM hypothesis.

- Searches for additional Higgs bosons: only limits, limits, limits, ...
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THEORY MEETS EXPERIMENT: THE HARD TRUTH OF REALITY

-+ 125 GeV Higgs boson: measurements consistent with SM hypothesis.

- Searches for additional Higgs bosons: only limits, limits, limits, ...
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In addition: No signals in other new physics searches (SUSY, Dark
Matter, ...), stringent limits on EDMs, ...
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SEARCHING FOR ADDITIONAL SCALARS AT THE LHC

Main LHC search channels for neutral and charged scalars:

pp— ¢ — 7T pp — the*, ¢t — v
pp — ¢ — tt pp — thet, p* — tb
pp— ¢ = W (V=W=E2) pp—qqe*, ¢+ — WEZ
pp = ¢ =y

pp — Z¢ — Z(invisible)
pp — ¢ — hishis

pp — hips — ¢

pp = ¢2 = p1Z

= important implications for BSM theories.
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SEARCHING FOR ADDITIONAL SCALARS AT THE LHC

Main LHC search channels for neutral and charged scalars:
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SEARCHING FOR ADDITIONAL SCALARS AT THE LHC

Main LHC search channels for neutral and charged scalars:

pp— ¢ — 7T pp — the*, ¢t — v
pp — ¢ — tt pp — thet, p* — tb
pp— ¢ = W (V=W=E2) pp—qqe*, ¢+ — WEZ
pp — ¢ = vy

pp — Z¢ — Z(invisible)
pp — ¢ — hishis

pp — hips — ¢

pp = ¢2 = p1Z

= important implications for BSM theories.

Are there any (well-motivated) signatures missing?
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SEARCHING FOR ADDITIONAL SCALARS AT THE LHC

Main LHC search channels for neutral and charged scalars:

pp— ¢ — 7T pp — the*, ¢t — v
pp — ¢ — tt pp — thet, p* — tb
pp— ¢ = W (V=W=E2) pp—qqe*, ¢+ — WEZ
pp = & =y

pp — Z¢ — Z(invisible)
pp — ¢ — hishis

pp — hips — ¢

pp = ¢2 = p1Z

= important implications for BSM theories.

Are there any (well-motivated) signatures missing? = Yes! E.g:

1. pp = ¢i(+X), di — djdr — Two Real Scalar Singlet extension
2. pp— (bi(“‘x), ¢ — WEe — Two Higgs Doublet Model
3. pp — ¢ — new particles — MSSM
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SCALAR SINGLET EXTENSIONS OF THE SM

Additional scalar boson(s) only couple to SM gauge bosons and fermions if
singlet field(s) mix with SM Higgs field. E.g, for a real singlet field s,

hi\ [ cosa sina hsm
h,)  \—sina cosa S
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SCALAR SINGLET EXTENSIONS OF THE SM

Additional scalar boson(s) only couple to SM gauge bosons and fermions if
singlet field(s) mix with SM Higgs field. E.g, for a real singlet field s,

Couplings of h, to SM particles

- rescaled universally by

- orthogonality of mixing matrix:
= sumrule 3", w2 =1.

sin o th
Cos & S

Multi-scalar couplings
- originate from scalar potential
parameters,

- can be very different to SM-like
Higgs self-coupling.
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THE TWO-REAL-SINGLET-MODEL (TRSM)

Scalar potential
V =T + 125% + X% 4+ Ao (PTD)? + AsS* + + X+
Aps®TDS? + Aoy ®TOX? + A S2X2.
Imposed Z, x Z) symmetry, which is spontaneously broken by singlet vevs.

= three CP-even neutral Higgs bosons: hy, hy, h;

Two interesting cases:

Case (a): (S) #0,(X) =0 = X is DM candidate;
Case (b): (S) # 0, (X) # 0 = all scalar fields mix.

[Robens, TS, Wittbrodt 1908.08554]
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THE TWO-REAL-SINGLET-MODEL (TRSM)

Scalar potential

V =307 + 1257 + 13X + Ao (PTO) + AsS* + +AxX"+
Aps®TDS? + Aoy ®TOX? + A S2X2.

Imposed Z, x Z) symmetry, which is spontaneously broken by singlet vevs.
= three CP-even neutral Higgs bosons: hy, hy, h;
Two interesting cases:

Case (a): (S) #0,(X) =0 = X is DM candidate;
Case (b): (S) # 0, (X) # 0 = all scalar fields mix.

— Model parameters: 3 masses, 3 mixing angles, 3 vevs.

[Robens, TS, Wittbrodt 1908.08554]
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HIGGS-TO-HIGGS DECAY SIGNATURES ((S) # 0, (X) # 0)

Rich phenomenology of h; — h;h, decays: [Robens, TS, Wittbrodt 1908.08554]

- hq, hy or h; could be SM-like Higgs boson at 125 GeV,
- possible cascade decays = 3- and 4-Higgs boson final states!

- Lightest scalar hy decays identically hw/< }FSM
as a SM Higgs boson at M;. ‘

hy
7 h
R
1,2 hy - - ¢
< }FSM h3------ < hy /< }FSM \\\ hy < }FSN\
hy . 7 h,
h, d '

‘ < }Fsm hy < }FSN\ h < }FSN\
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HIGGS-TO-HIGGS DECAY SIGNATURES ((S) # 0, (X) # 0)

Rich phenomenology of h; — h;h, decays: [Robens, TS, Wittbrodt 1908.08554]
( N
benchmark h1zs target possible successive
plane candidate signature decays
M
BP1 h3 h125 — hjhz hz — hyhy if My > 2M;
BP2 hz h3 = h1h125 -
BP3 h1 h3 = h125h2 hz = h125h125 if
My > 250 GeV ,
BP4 h3 hz — h1h1 -
BP5 hz h3 = h1h1 -
BP6 hj h3 — h2h2 h2 — h125h125 if "
My > 250 GeV
ha -
Benchmark scenarios suggested to LHC-HXSWG HH subgroup.
~ A

]

A

)
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BENCHMARK PLANE 1: h; — hih, (WITH hs = hqys)

-+ Two light scalars with unknown masses My, M, < 125 GeV,

- Production of h; identical to SM Higgs: o(pp — h3) ~ o(pp — hsm) ~ 50 pb.

o
o
~

120 ' i
e hyhy signature (M, < 2M4), e.g.
0.06
100 b
. BN | L oos -, <
— 801 . T%o. < e
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= = s b
40 e N
0.020 .
20 W HiggsSignals 0.01 _
= Boundedness b
0 0.00
0 20 40 60
M; [GeV] o3 Tev(hhy) <3 pb

Idea: use invariant masses to (recursively) look for resonances in the spectrum.

Tim Stefaniak (DESY) | Additional Higgs boson signatures | LHC Physics Discussion | 18 November 2019 8



BENCHMARK PLANE 1: h; — hih, (WITH hs = hqys)

-+ Two light scalars with unknown masses My, M, < 125 GeV,

- Production of h; identical to SM Higgs: o(pp — h3) ~ o(pp — hsm) ~ 50 pb.

o
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J

120 Triple-h signature (M, > 2M,), e.g.
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Idea: use invariant masses to (recursively) look for resonances in the spectrum.
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BENCHMARK PLANE 3: h; — hih, (WITH hy = hqps)

- Two heavy scalars with unknown masses 125 GeV < M, < Ms,

- Production of h3 with signal strength u ~ 0.057,
decay rate BR(h3 — hq1hy) ~ (35 — 50)%.

hipshy signature (M, < 250 GeV), e.g.
b, 7=, y,W™
= his 2 ~
3 / B, W
T hy-=-=---- <
< © h
T s M2 T
g s v
) \\
HHE Boundedness 1072 %
300 O Unitarity w=
4 777 HiggsBounds

150 200 250 300 350 400 450 500
M; [GeV]
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BENCHMARK PLANE 3: h; — hih, (WITH hy = hqps)

- Two heavy scalars with unknown masses 125 GeV < M, < Ms,

- Production of h3 with signal strength u ~ 0.057,
decay rate BR(h3 — hq1hy) ~ (35 — 50)%.

Triple-hyps signature (M, > 250 GeV):
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BENCHMARK PLANE 3: h; — hih, (WITH hy = hqps)

- Two heavy scalars with unknown masses 125 GeV < M, < Ms,
- Production of h3 with signal strength u ~ 0.057,
decay rate BR(h3 — hq1hy) ~ (35 — 50)%.
BR(hohh —...)
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BENCHMARK PLANE 6: h; — hoh, (WITH hy = hyys)

- Two heavy scalars with unknown masses 125 GeV < M, < Ms,
- Production of h3 with signal strength p ~ 0.06,
decay rate BR(h3 — hyhy) ~ (70 — 80)%.

10° —
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M, [GeV]

- if150 < Mp < 250 GeV = WHW—W*+W~ final state seems most promising,
— first h3 — hyh, search: [ATLAS, 1811.11028]
- if My > 250 GeV = spectacular hishiashiashqas signature! [rate < O(10 fb)]
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http://arxiv.org/abs/1811.11028

EXTRAPOLATION OF pp — H — hpshis — bbbb SEARCH

Current 95% C.L a(pp — Si) x BR(S; — $:S:) (fb)

1000

Consider gg — S — S,S, — bbbb.

Extrapolation of current CMS search:

104

- modify m,; criteria 800
(for the case Ms, # 125 GeV). I o
For increasing Ms,: )
é’ 600

- QCD multi-b-jet background
contamination in signal region 00
(slowly) decreases,

- Signal rate (quickly) decreases with

BR(H, — bb). w00 -
75 100 125 150 175
. GeV.
= Relevant for M; < 150 GeV (in TRSM). Ze e
[Barducci, Mimasu, No, Vernieri, Zurita, '19] — . sinay =0.008 = sin?a; = 0.03 sinay = 0.2
= sin?a; =0.005 = sina; =0.05 = sin®a; =05
= sin®ay = 0.01 sin®ay = 0.1 - sinfay =1

(assumes BR(S; — $151) = 100%
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HUNTING FOR A CHARGED HIGGS BOSON

Two-Higgs-Doublet Model (2HDM) = 5 Higgs states h, H, A, H*
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http://arxiv.org/abs/1706.07414

HUNTING FOR A CHARGED HIGGS BOSON
Two-Higgs-Doublet Model (2HDM) = 5 Higgs states h, H, A, H:

Flavor observables = constraints in (M« , tan 3) plane.

THDM Type | - Flavour constraints

THDM Type Il - Flavour constraints

PR

1
P TS S S T NN N N ol b b
200 400 600 800 1000 200 400 600
M, (GeV)

800 1000
M, (GeV)

[Arbey, Mahmoudi Stal, TS "17]
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http://arxiv.org/abs/1706.07414

HUNTING FOR A CHARGED HIGGS BOSON

Two-Higgs-Doublet Model (2HDM) = 5 Higgs states h, H, A, H*
- Flavor observables = constraints in (M,+,tan 8) plane.
- Higgs measurements prefer approximate alignment limit:

gnw xsin(8 —a) =1, iflight Higgs boson h at 125 GeV,
ghw o cos(B — a) ~ 1, if heavy Higgs boson H at 125 GeV.

P ATLAS Preliminary [ Obs. 95% CL P ATLAS Preliminary (] Obs. 95% CL
S Vs=13TeV,24.5-79.81b" % Best Fit Obs. s Vs=13TeV,24.5-79.81b" x  Best Fit Obs.
my=12509GeV,ly,| <25 - Exp. 95% CL my=12509GeV,ly, [ <25 e Exp. 95% CL
2HDM Type-1 ——SM 2HDM Type-1l ——SM
10 T ; 10 \
1 3 L3 3
] I I . W] I M IR
L Y 1 L Y 0.5 1

cos(f-a) cos(f-a)

[ATLAS-CONF-2019-005]
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HUNTING FOR A CHARGED HIGGS BOSON

= 5 Higgs states h, H,A, H*

- Flavor observables = constraints in (M,+,tan 3) plane.

- Higgs measurements prefer approximate alignment limit:

gnw x sin(B8 — a) = 1, if light Higgs boson h at 125 GeV,
grw x cos(B — a) = 1, if heavy Higgs boson H at 125 GeV.

In the alignment limit the H¥WT ¢ coupling is maximized
[¢ denotes the non-SM-like CP-even Higgs bosonl:

utwFh O(CO’S(ﬂ—Oé)7 JutwFH ocsin(ﬂ—a)

= If kinematically allowed: sizable H*¥ — W*¢ decay rates!
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CHARGED-HIGGS-TO-NEUTRAL-HIGGS DECAY SIGNATURES

Wj:
(—H_;H minimal decay rate e
1000 - 1.0
L ;
H L 900 1 L
\\\ 8001 s 0.8;’?‘_
¢ — 700 %
3 0.6 4
O 600 z
_ . &
¢ mostly decays to bb, 777, or to < 5001 04—
WW*, zZ*  ~~ (if fermiophobic limit). 400 E
001 02 E
Current LHC H* searches mostly focus
on fermionic final states (7v,, tb). 2001 0.0

400 600 800 1000

My [GeV], ¢ # hias

= become insensitive if bosonic H*

decay modes dominate.
[TS 1908.10900], [TS, Wittbrodt (in progress)]
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CHARGED-HIGGS-TO-NEUTRAL-HIGGS DECAY SIGNATURES

1.0

o
©

Wi
r,—’f:,‘ maximal decay rate Type |
1000 —

Hi ------ AN 900 -
s 800
% — 700

>

(]
O 6001
¢ mostly decays to bb, 7t7~, or to & 500
WW*,ZZ*, v~ (if fermiophobic limit). 400

Current LHC H* searches mostly focus
on fermionic final states (rv-, tb).

0 600 800 1000
= become insensitive if bosonic HE Mo [GeV1, ¢ = hazs

decay modes dominate.

maximal BR(H = ->W = ¢)

[TS 1908.10900], [TS, Wittbrodt (in progress)]
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CHARGED-HIGGS-TO-NEUTRAL-HIGGS DECAY SIGNATURES

[TS, Wittbrodt (in progress)]

Production process ‘ Higgs decay processes Final state particles ‘
bb bb
TT TT
pp — HEtb HE > WEg, ¢ — { Www thw® + | ww
V4 V4
Y Yy
bb bb 7 bb
TT TT TT
pp — HE HE 5 wEg, ¢ — { ww WwE+ | oww | @ | ww
2z V4 V4
vy vy vy
bb [ bb
TT TT
pp — HEWT HE 5 wEg, ¢ > ¢ ww wEWF + | ww
V4 V4
bk L vy
bb bb bb
TT TT TT
pp — HEHF HE S wEe, ¢ — { ww wEWF + | ww | e | ww
V74 V4 V74
Y Y Y
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CHARGED-HIGGS-TO-NEUTRAL-HIGGS DECAY SIGNATURES

[TS, Wittbrodt (in progress)]

Production process ‘ Higgs decay processes Final state particles ‘
bb r bb
TT TT
pp — HEtb HE > WEg, ¢ — { Www thw® + | ww
7z 7z
o L vy
bb bb 7 bb
TT TT TT
pp — HE o HE S WEg, 0 = ww WEL | ww | @ | ww
77 77 77
: Gy
DESY-CMS efforts (D. Brunner, D. Kriicker, I. Melzer-Pellmann). L
TT TT
pp — HEWT HE 5 wEg, ¢ > ¢ ww wEWF + | ww
77 77
Uy o0
bb bb bb
TT TT TT
pp — HEHF HE S wEe, ¢ — { ww wEWF + | ww | e | ww
77 77 77
Y Y Yy
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CHARGED-HIGGS-TO-NEUTRAL-HIGGS DECAY SIGNATURES

[TS, Wittbrodt (in progress)]

Production process |

Higgs decay processes

Final state particles |

bb bb
TT TT

pp — HEtb HE 5 wEg, ¢ —» { ww tbw® + | ww
7z 7z
Y Y
bb bb 7 bb
TT TT TT

pp — HE HE 5 wEg, ¢ — { ww WwE+ | oww | @ | ww
7z 7z 7z
Py vy Wy
bb r bb
TT TT

pp — HEWT HE S wEg, ¢ — ¢ ww wEWF + | ww
7z 7z
W L vy

| | ( bb | L bhb 1 bbb 7|

[ = Many new experimental opportunities for upcoming LHC Run(s)!
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HEAVY HIGGS BOSON H AT 125 GeV?

Can be realized in all 2HDM Types, with cos(3 — a) =~ 1 (alignment limit), and
light Higgs boson h with gaw =~ 0, and My, € [My/2,115] GeV.

Will we ever be able to tell whether h or H is at 125 GeV?
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HEAVY HIGGS BOSON H AT 125 GeV?

Can be realized in all 2HDM Types, with cos(3 — a) =~ 1 (alignment limit), and
light Higgs boson h with gaw =~ 0, and My, € [My/2,115] GeV.

Question:
Will we ever be able to tell whether h or H is at 125 GeV?

Even in the alignment limit, cos(8 — ) — 1, charged Higgs effects on the
Higgs rates do not decouple:

Cg—a—1 1 2 2 —2

Gumen- —— =y, (MH + 2My+ —2m ) Vs a A e adt]

H ,/ 1

M+ >My ZMFZ_H d :

s T . :

v H-=-=-=--- ‘. ; H:l:

Y 1

because m’ = 2m?,/sin(28) < O(v?) Hi\\ E
imposed by unitarity and stability MAAAAAAN Y

conditions.

= suppression of the H — ~~ rate!

[Bernon, Gunion, Haber, Jiang, Kraml "15].
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HEAVY HIGGS BOSON H AT 125 GeV?

Can be realized in all 2HDM Types, with cos(3 — a) =~ 1 (alignment limit), and
light Higgs boson h with gaw =~ 0, and My, € [My/2,115] GeV.

Question:

Will we ever be able to tell whether h or H is at 125 GeV?

Even in the alignment limit, cos(8 — ) — 1, charged Higgs effects on the
Higgs rates do not decouple:

—0.005

Type | 0.92
CB—a—1 1 ) ) 5 -0.006

OHH+H— ——— —; (MH —+ 2/\/1,_,4r —2m ) ‘ 0.91

-0.007

i

MH+ >My ZMFZ_H
% 77

5 —0.008

Ghr+H-IM;

—0.009

because m’ = 2m?,/sin(28) < O(v?)
imposed by unitarity and stability

<4
@
3

°
®
8
BR(h125-YY)/BR(hsu=yy)

-0.010

4
®
N

conditions. -0.011
. | -0.012 200 o e o - —~ 0.86

= suppression of the H — ~~ rate! 0

[Bernon, Gunion, Haber, Jiang, Kraml "15]. [TS, wittbrodt (in progress)]
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CONCLUSIONS

Higgs-to-Higgs decays can appear at large rates in simple BSM models.
= Dedicated LHC searches for these signatures are highly motivated!

b1 — Pjr:

We provided six scenarios in the two-real-singlet model as benchmarks for

- searches that generalize existing H — hqsh1s and hqis — hh searches
to masses # 125 GeV and/or un-identical Higgs bosons in final state,

- novel searches for three- or four-Higgs final states that originate from
cascade decays.

¢ — WEgr

- naturally appears in 2HDM in the alignment limit if Mgy < M%;

- high complementarity to standard charged Higgs searches (tb, Tv).
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CONCLUSIONS

Higgs-to-Higgs decays can appear at large rates in simple BSM models.
= Dedicated LHC searches for these signatures are highly motivated!

b1 — Pjr:

We provided six scenarios in the two-real-singlet model as benchmarks for

- searches that generalize existing H — hqsh1s and hqis — hh searches
to masses # 125 GeV and/or un-identical Higgs bosons in final state,

- novel searches for three- or four-Higgs final states that originate from
cascade decays.

¢ — WEgr

- naturally appears in 2HDM in the alignment limit if Mgy < M%;

- high complementarity to standard charged Higgs searches (tb, Tv).

Thank you very much for your attention!
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THE MINIMAL SUPERSYMMETRIC STANDARD MODEL (MSSM)

SUSY: Hypothetical space-time symmetry relating fermions & bosons.

= Introduce superpartners for every SM field.

Standard particles SUSY particles

© 3@

Higgs ([ S 0 Higgsino
la VPFS, VP, '\ ~
AR A A ~

Higgs e ' u rp ’ @ Higgsino

Quarks @ Leotons @ Force particies Squarks () Steptons @ susy force
particles

- SUSY cannot be exact. Expect SUSY masses 2 O(1 TeV);

- Neutral/charged EW gauginos and Higgsinos nix, neutralinos/charginos.



MSSM HIGGS SECTOR

The tree-level MSSM Higgs sector is a 2HDM of Type I with

M=X=1d+3d%), A=} -d7),
)\4:7%927 As = XA = A7 = 0.

It is described by only two parameters: M,, tan 8

Predicted tree-level mass spectrum:

M}y = % {Mf\ + M F \/(Mi + M2)? — 4bMZM2 cos? 25} = M < Mz !
M2 = M} + M},
(SM-like) Higgs mass M, receives large radiative corrections:

3mt MS X[ th
(M)~ s {'°g< ) T\ 2

= with SUSY particles at TeV-scale we can get My, < 135 GeV!




NEW MSSM HIGGS BENCHMARK SCENARIOS — OVERVIEW

[Bagnaschi, Bahl, Fuchs, Hahn, Heinemeyer, Liebler, Patel, Slavich, TS, Wagner, Weiglein]

6 scenarios with fixed scale Ms ~ O(TeV), 2 scenarios with variable Ms.

M2125 “standard” scenario, all SUSY masses > 1 TeV

M (%) light staus: sizable effect on h — ~~ at large tan 3

M}]25(>2) light EW-inos: new decay channels for heavy Higgs bosons
M}?(alignment) | h couplings very SM-like even at low M, values

M2 heavier MSSM Higgs boson H is SM-like at ~ 125 GeV
M},25(CPV) interference effects suppress heavy Higgs rate in 77— channel

[Bagnaschi et al. 1808.07542]

M3 “standard” scenario for the low tan 8 region
M}féﬁ(g) light EW-ino scenario for the low tan 3 region

[Bahl, Liebler, TS 1901.05933]

(effort within the LHC Higgs Cross Section Working Group)



NEW MSSM HIGGS BENCHMARK SCENARIOS — OVERVIEW

[Bagnaschi, Bahl, Fuchs, Hahn, Heinemeyer, Liebler, Patel, Slavich, TS, Wagner, Weiglein]

6 scenarios with fixed scale Ms ~ O(TeV), 2 scenarios with variable Ms.
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M2 (CPV) interference effects suppress heavy Higgs rate in 777~ channel
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[Bahl, Liebler, TS 1901.05933]

(effort within the LHC Higgs Cross Section Working Group)



M}?> BENCHMARK SCENARIO

Disfavored (2¢) by
LHC Higgs rates

[Run 1+ 1136 £5—1)]

Excluded by
pp — H/A — 77~

[ems, 36 5—1]

Excluded by M,
(M), # (125 £ 3) Gev]

/
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-+ Assumption: all SUSY particle masses are > 1 TeV.

201

00

- Higgs rates & limits = H, A and HE expected to be heavy (mass > 600 GeV).



{) BENCHMARK SCENARIO: LIGHT NEUTRALINOS & CHARGINOS

]\/[,:25()2) scenario M, [GeV]
G()iy/
50; / I,’ E
7 /! ]
40f 1
) J ]
o Y ' 4 1
£3%% ;
@ )y 4 1
20§ ]
2 s 126 =
10 : 2 5
A, /‘)/1 A

500 1000 1500 2000

- Light neutralinos and charginos with masses ~ (100 — 250) GeV.

- Impact of H/A — 777~ search limit on parameter space weakened due to
additional H/A decay modes.



(¥) BENCHMARK SCENARIO: LIGHT NEUTRALINOS & CHARGINOS

]W,i%()a scenario BR(h — 77)/BR(h = v7)su
e r — ———t

n n I 1 I I 1 I I T
500 1000 1500 2000
]\/[‘4 [GCV}
- Light neutralinos and charginos with masses ~ (100 — 250) GeV.

- Impact of H/A — 777~ search limit on parameter space weakened due to
additional H/A decay modes.



M}®(x) scenario BR(H — W)

60 :/ — T T T T T T T //' T ]
50 T /
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lll\ll
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ll\ll
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I
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- Light neutralinos and charginos with masses ~ (100 — 250) GeV.

- Impact of H/A — 777~ search limit on parameter space weakened due to
additional H/A decay modes.



(¥) BENCHMARK SCENARIO: LIGHT NEUTRALINOS & CHARGINOS

5/~ .
M}®(X") scenario BR(H — X¥)

: I ]
50F =S — ]
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- Light neutralinos and charginos with masses ~ (100 — 250) GeV.

- Impact of H/A — 777~ search limit on parameter space weakened due to
additional H/A decay modes.

- Lifting EW-ino mass spectrum by +100 GeV does not alter heavy Higgs decays
significantly (in relevant parameter region).



) BENCHMARK SCENARIO: LIGHT NEUTRALINOS & CHARGINOS

” ]\/1,125()2“‘)) scenario BR(H — YY)
r S N /! ]
InAY ~ ‘v ’
~

Dedicated experimental searches for pp — H/A — XX well motivated:

- highly complementary to pp — XX searches, in particular if electroweakino
mass spectrum is compressed;
- promising cascade decays

30%. ~4 ~ 51% - 5 100%
pp — H =2 FERT 25 (aWH)((F2) —2 WEWF*Z + fr

9.4% .t .x 26% . - 100%
pp = A =2 JFEXT =5 (RFD)(RF2) == W W27 + fr
= multi-w/Z-boson +}ZT signatures.
- Discovery would reveal existence of BSM Higgs bosons and SUSY particles!

mmwmwmm—nmmm@v.—)

- Impact of H/A — 777~ search limit on parameter space weakened due to
additional H/A decay modes.

- Lifting EW-ino mass spectrum by +100 GeV does not alter heavy Higgs decays
significantly (in relevant parameter region).



RE-OPENING THE LOW tan 3 REGION

Standard scenarios: M, < 122 GeV for tan 3 < 6, because Ms ~ (1 —2) TeV.

Allow lower tan 3 values by tuning My, = 125 GeV at every point:

O(TeV) < Ms <10 GeV.,

Employ an effective field theory (EFT) calculation with a low-energy 2HDM
(plus electroweakinos and/or gluinos). [Bahl, Hollik 1805.00867]

State-of-the-art calculation implemented in (yet unpublished) FeynHiggs
version.

M}” scenario — M

i 2r scenario

M}P(%) scenario — M}’ (X) scenario

Similar (older) scenarios:

hMSSM [Djouadi et al. 1307.5205], low-tan 8-high scenario [LHCHXSWG-2015-002].



125
Mh,EFT SCENARIO

0 M, ,}?E‘EFT scenario Msusy [GeV]
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Excluded by
H — hh searches.
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h,EFT

SCENARIO: HEAVY HIGGS DECAYS

o M} % scenario BR(H — hh) BR(H — f)
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Important search channels: H — hh and H/A — tt.

1000

Recent discussion of H/A — tt signal+BG interference effects and discovery
prospects: [Djouadi, Ellis, Popov, Quevillon 1901.03417]



125 &
M} 2 () SCENARIO

]\f[,ﬁ;;‘l_vr()”() scenario Mgusy [GeV]
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- Light electroweakinos lead to upward shift of My, by ~ 1.5 GeV.

= Slightly lower Ms values required as in M}’3 scenario.



M}’2er(X) SCENARIO

M) Ppp(X) scenario Msysy [GeV] M} (X) scenario  BR(h — v7)/BR(h = 47)su
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- Light electroweakinos lead to upward shift of M, by ~ 1.5 GeV.

= Slightly lower Ms values required as in M}’3 scenario.

- Light charginos lead to h — v+ enhancement at low tan §.

= very low tan /3 values are constrained by LHC Higgs signal rates.



HEAVY HIGGS DEC

M} 3%pr(X) scenario tg =25 M} %p1(X) scenario t3 =25
1p - 1 T T T T
o ‘ T ‘ T —_— m;' -—- x‘rtn*: T T J— \.'(, ——— XEXT
=Y — i === 22 ] X G
F hh E
L . —
— [ g
= M 1 il
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= f ] 1
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For Ma 2 400 GeV, heavy-Higgs-to-electroweakino decays are dominant.

As in the standard M;*(%) scenario:
Cascade decays preferred, leading to multi-W/Z-boson+fr signatures.

= Dedicated experimental analyses of H/A — xx decays are well-motivated!



PUBLIC TOOLS FOR TESTING BSM MODELS WITH HIGGS RESULTS

HiggsBounds
Tests BSM Higgs sectors against
exclusion limits from LEP, Tevatron

and LHC Higgs searches

= excluded/allowed at 95% C.L.

- . 1000 CMS Preiminay 198 1" 6 Tow) _ CMSs ] ‘ 3591’ (13TeV)
= o
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HiggsSignals
Tests BSM Higgs sectors against
LHC (& Tevatron) Higgs signal

rate and mass measurements

= %2 (sep. for rates and mass)

[Bechtle, Heinemeyer, Klingl, TS, Weiglein, Wittbrodt]

Available at http://higgsbounds.hepforge.org


http://higgsbounds.hepforge.org

IMPACT OF HIGGS RATE MEASUREMENTS AT THE LHC

k=sina, BR(H — NP) = BR(hsu — hshs).

0.08 _ ,
HiggsSignals with
0.07} VHCRun1+2 (<137 1)

— 0.06
0.05
0.04 &
0.03
0.02 3
0.01

BR(h125 — NP

SM

0056007 098 009 TH0 10T L02
K125

= Light Higgs hs must have very reduced couplings g/gsu = cosa < 0.26.

Note: further constraints arise from LEP Higgs searches.



HL-LHC PROSPECTS ON INVISIBLE HIGGS DECAYS

(. BRiyy) fit (95% CL) - - VBF/VH, H — inv (95% CL)
— (K, Kys Ky, BRyy) fit (95% CL)
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See Section 6 in [Cepeda et al., 1902.00134].



SM-LIKE HIGGS BOSON DECAY RATES
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BENCHMARK SCENARIO 3 — hih, (WITH h;

- One light and one heavy scalar with unknown masses My < 125 GeV < M3,

- Production of h3 with signal strength pu ~ 0.04.

450 0.5 Signature:
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Idea: generalize existing H — hypshqos searches to this case (unknown My).



BENCHMARK SCENARIOS 4 & 5: hyon-sm — h1hy (WITH hy # hys)

- (Symmetric) decays to hihy not involving the SM-like Higgs boson,

-+ Production of non-SM heavier scalar with signal strength p ~ 0.06,
decay rates BR(hpon—sm — hihy) ~ (70 — 100)%.
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EXTRAPOLATION OF pp — H — hpshis — bbbb SEARCH

[Barducci, Mimasu, No, Vernieri, Zurita, 19]

Present 95% C.L. Limits, sin®ay = 0.07 BR(S2 = hishis) = 0%
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Complementarity with LHC searches for pp — S1 — SM particles.



CP-CONSERVING TWO HIGGS DOUBLET MODEL (2HDM)

2 complex SU(2). doublets = 5 Higgs states h, H, A, HE

Higgs potential (general basis):

V = miold, + mield, — [mh,dld; + hc] + In(@fdr) + I(dfd,)
+ As(O]P1) (D] D2) + Au(0] 2)(9] 1) + [FAs(®] P2)” + hic]
Zy symmetry (@1 — +®q, ®; — —®,) is softly broken if m2, # 0.

Assuming CP conservation, we can choose all parameters € R.



CP-CONSERVING TWO HIGGS DOUBLET MODEL (2HDM)

2 complex SU(2), doublets = 5 Higgs states h, H, A, H*

Higgs potential (general basis):

V = miold; + m,dld, — [m,d]d; + hc] + Ih(@]dr)” + I (dfd,)
+ A3(D] D)) (@I 2) + Ai(D] ) (DI 1) + [2As(Td2)? + hc]

Zy symmetry (&1 — +®q, d, — —&,) is softly broken if m2, # 0.

Assuming CP conservation, we can choose all parameters € R.

Extending the Z, to the fermion sector suppresses tree-level FCNCs:
Two parameters govern the tree-level couplings:

2HDM | u d ¢
Type | (o)) (OB (o)
Type Il [o2} [oN [oN
Type 11 492 [of] d)z
Type vV ¢2 ¢2 ¢1

tanfg = V2/V1

V2Re(®;) —v;\ [ cosa  sina
V2Re(®q) — vy ]~ \ —sina  cosa

Higgs-vector boson couplings:

hVV:sin(8 — a),

HVV: cos(8 — a), AVV: 0.

)

h
H

)



CP-CONSERVING TWO HIGGS DOUBLET MODEL (2HDM)

2 complex SU(2). doublets = 5 Higgs states h, H, A, HE
Higgs potential (general basis):
V = mid]d; + mydld, — [mh,d]d; + he] + IA(]d1)° + 1 (d] o)
+ As(O]P1) (D] D2) + Au(0] 2)(9] 1) + [FAs(®] P2)” + hic]
Zy symmetry (@1 — +®q, ®; — —®,) is softly broken if m2, # 0.

Assuming CP conservation, we can choose all parameters € R.

Extending the Z, to the fermion sector suppresses tree-level FCNCs:

2HDM | u d ¢ coupling | Type | Type I
huu cosa/sinf cosa/sinf3
Type | b b P> hdd,he¢ | cosa/sinf3  -sina/cosf3
Typell | &, &7 by Huu sin a/s!nﬁ sina/sin 8
Typelll | &, & o, pclatiee | siney S coee conp

Type IV | @&, &, Py Add, Aee cot B —tanp
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