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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.

- Searches for additional Higgs bosons: no serious hints for a signal.

In addition: No signals in other new physics searches (SUSY, Dark
Matter, ...), stringent limits on EDMs, ...

What does this mean for BSM physics at the TeV-scale?

- BSM physics at higher energy scale > TeV? = Need new collider?

- Maybe BSM signals are too faint or too rare? = Need more data?

- Have we overlooked a signal? = Unexplored BSM signatures?
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SEARCHING FOR ADDITIONAL SCALARS AT THE LHC

Main LHC search channels for neutral and charged scalars:

pp— ¢ —1tHr— pp — tho*, ¢t — v
pp — ¢ — tt pp — thet, p* — tb
pp— ¢ = W (V=W*2) pp—qqe*, ¢+ — WEZ
pp — ¢ — vy

pp — Z¢ — Z(invisible)
pp — ¢ — hishigs

pp — his — ¢

pp = ¢ — ¢iZ

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— ¢ —1tHr— pp — tho*, ¢t — v
pp — ¢ — tt pp — thet, p* — tb
pp— ¢ = W (V=W*2) pp—qqe*, ¢+ — WEZ
pp — ¢ — vy

pp — Z¢ — Z(invisible)
pp — ¢ — hishigs

pp — his — ¢

pp = ¢ — ¢iZ

Are there any (well-motivated) signatures missing?

= Yes! “Higgs-to-Higgs decay signatures”

(i) involving two BSM neutral scalars: pp — ¢i(+X), ¢;j — ¢
— Two Real Scalar Singlet extension

(i) involving a charged scalar: pp — ¢*(+X), 6T — WE¢
— Two Higgs Doublet Model
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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

Define k1 = cosa, Ky = —sina.
Couplings of h, to SM particles Multi-scalar couplings
- rescaled universally by rq, - originate from scalar potential
- orthogonality of mixing matrix: SElfE S,
= sumrule 3, 2_1 - 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]

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

- Lightest scalar hy decays identically m/< }FSM
as a SM Higgs boson at M. ’

hz // \\\
7 hy °
/< }FSM , 1 < }FSM
Mz - g ¢
< }FSM g ====== <i hy < }FSM N hy < }FSM
hy . L By L
hz ’ \\ ’
ha------ < < X

‘ < }FSM hy < }FSM hy < }FSM
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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]

s - ) N
benchmark h1as target possible successive
plane candidate signature decays
M
BP1 h3 hips — hyhy h, — hihq if My > 2M;
BP2 hy h3 — hihaos -
BP3 h‘\ hg, — h125h2 h2 — h125h125 if
My > 250 GeV ,
BP4 h3 ha — hihy -
BP5 hz h3 — h1h1 -
BP6 hq h3 = hzhz hz = h125h125 if g
M, > 250 GeV
hq -
Benchmark scenarios suggested to LHC-HXSWG HH subgroup.
M
N Y,
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BENCHMARK PLANE 1: h; — hih, (WITH h

120

100

M, [GeV]

40

20

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

- Production of hs as in SM: o(pp — h3) ~ o(pp — hsw) ~ 50 pb.

hy-h1hy
N %,
\ \\
\
DY
W HiggsSignals
#HEE Boundedness
0 20 40 60
M, [GeV]

0.07

0.05~

1h2

0.04<

0.03

R(h125-

0.02@

0.00

h,hs signature (M, < 2My), e.g.
b

o3 Tev(hh2) <3 pb

Idea: use invariant masses to look for resonances in the spectrum.
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BENCHMARK PLANE 1: h; — hih, (WITH h

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

- Production of hs as in SM: o(pp — h3) ~ o(pp — hsw) ~ 50 pb.

0.07 . .
120 — Triple-h; signature (M, > 2M,), e.g.

100 )
B | |5 /
8 o hy -
&5 , _

o
1h

NN 0045 / 5 _b
— 60 N L .
< DY 003 3 hs Sl
40 4 . 1.
0.02@ \\(/r 5
~oh b
20 W HiggsSignals 0.01 \\
#HEE Boundedness ~
OO ‘ 20 40 60 L _
M, [GeV] o1 Tev(hihihi) <3 pb b

Idea: use invariant masses to look for resonances in the spectrum.
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HUNTING FOR A CHARGED HIGGS BOSON

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

- Flavor observables constrain the (M,+,tan ) plane.
= Light H* is allowed in the 2HDM of Type-1.

- Higgs measurements prefer approximate alignment limit:

gnw x sin(8 —a) = 1, if light Higgs boson h at 125 GeV,
grw o cos(8 — a) = 1, if heavy Higgs boson H at 125 GeV.

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

Jutwsn x cos(B — @), Gutwsy X sin(Bf — a)

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

Wi
Minimal and maximal values of BR(HT — W*¢) I f
in allowed parameter space (2HDM Type-1): -
min max
1000 1.0
800 0.8
— s
> +
600 - 0.6
%
“ +
T 400 04T
S z
m
200 1 0.2
B 0.0

0 200 400 600 800 1000 O 200 400 600 800 1000
mg [GeV] my [GeV]

[TS, Wittbrodt (in progress)] (see also [Arhrib, et al. '20])
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http://arxiv.org/abs/2003.11108

H* — W*¢$ BENCHMARK SCENARIO

[TS, Wittbrodt (in progress)]

1.0
2HDM parameters:

0.8

s
06% cos(f—a)=0o0r"1

+.T tan =3 (exact alignment limit)
0.4 £

£ ml, =500 GeV?
o M. = 125 GeV
0.0

100 120 140 160 180 200
my [GeV]

- neutral Higgs boson ¢ mostly decays to bb and 77,

- promising charged Higgs production channels:
pp — thi ((J'B TeV 5 10 pb) and pp — Hiqb (0'13 TeV 5 100 fb)
(— backup slides)
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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, ¢ — 4 ww tbw* + | ww
Y4 Y4
Y Y
bb bb bb
TT TT TT

pp — HE¢ HE 5 WEg, ¢ — { ww wE+ | ww | e | ww
V4 V74 V4
Y Y Y

[ = Many new experimental opportunities for upcoming LHC Run(s)! }
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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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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 1Ol L02
K125

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

Note: further constraints arise from LEP Higgs searches.



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:

w
o
S

=}

w

BR(h3—h125h1)
&
'
1
1
1
1
1
~

w IS
a )
) S
o
IS
=
N
N
N
N
1

150 4+ H#H+ Boundedness
0.1

20 40 60 80 100 120
M; [GeV]

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



BENCHMARK PLANE 3:

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

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

hipsh, signature (M, < 250 GeV), e.g.
b, 77, y, W™
= his - _
B . B, 7+, W
T hy====-- <
& N
S ~
T Boundedness 102 %
3004 . Unitarity W=
4 77/, HiggsBounds

150 200 250 300 350 400 450 500
M; [GeV]



BENCHMARK PLANE 3:

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

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

Triple-hqps signature (M, > 250 GeV):

T Boundedness 102
300 4 + Unitarity
77/, HiggsBounds

a(pp—h3—h1zsh;) [pb]
>
&
1
1
1
1
1
1
~
.
.
>
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>
]
5
N
\

150 200 250 300 350 400 450 500
M; [GeV]



BENCHMARK PLANE 3: h; — hih, (WITH hy = hqps)

- Two heavy scalars with unknown masses 125 GeV < M, < Ms,
- Production of h3 with signal strength pu ~ 0.057,
decay rate BR(h3 — hqhy) ~ (35 — 50)%.
BR(hyhh —...)

10°
am===hy2sh 125 @ e e ]
bbwW*w-
\
107!
07 :& bbzz
= 1
- :

2 L 1 —F

88 wrwott
§ 107 bbbb i
& £ i
13 \ :
£ jp— 1
5 - : ]
1072 ’:

E Boundedness 1072 — —
300 <+ Unitarity h
4 7772 HiggsBounds i
T T T T T T T 10 - ' T T T T
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500
M, [GeV] M; [GeV]



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)%.

hz —p fhhq h3 = h1h1
102
E} g
— = _ 100 =
3 B 3 £
S T o £
: wi f g
s g
° 5
/7 HiggsBounds /2 HiggsBounds
10° T T T 107t

10 20 30 40 50 60 20 40 60 8 100 120
M, [GeV] My [GeV]



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(hs — hyhy) ~ (70 — 80)%.

100 —
- jommm s m e rashizsFay- =<
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- if 150 < My < 250 GeV = WHW~ W+ W~ final state seems most promising,
— first hs3 — hyh, search: [ATLAS, 181111028]
- if My > 250 GeV = spectacular hishiashiashqps signature! [rate < O(10 fb)]
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http://arxiv.org/abs/1811.11028

EXTRAPOLATION OF pp — H — hpshis — bbbb SEARCH

1000, CurTent_95% C.L alpp + S1) x BR(S:  :5:) (i)

Consider gg — S1 — S$,S, — bbbb.
. 900
Extrapolation of current CMS search: 101
- modify m,; criteria a0
(for the case Ms, # 125 GeV). | ,
; 700 'r’ ‘\‘ 10°
For increasing Ms,: e 5
% = N\
. . E 600) -7 N
- QCD multi-b-jet background [ave i .
contamination in signal region a0 LMR
(slowly) decreases, @ 4
- Signal rate (quickly) decreases with N /"I 1o
BR(H, — bb). 200 I il
75 100 125 150 175
= Relevant for M, < 150 GeV (in TRSM). LAY
[Barducci, Mimasu, No, Vernieri, Zurita, '19] —. sinfa; =0.003 = sina = 0.03 sinfay = 0.2
— sin®a; =0.005 = sina; =0.05 — sina; =05
= sin?ay = 0.01 sin®ay = 0.1 —. sin®ay =1

(assumes BR(S; — $151) = 100%


http://arxiv.org/abs/1910.08574

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.


http://arxiv.org/abs/1910.08574

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




tan B

FLAVOR CONSTRAINTS IN THE 2HDM

THDM Type | - Flavour constraints

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

H* — W*¢ BENCHMARK SCENARIO: PRODUCTION RATES (13 Te

pp — tbH* production pp — H*¢ production

102 100
= —
10! 2 8
3 he 3 1019
o 100 2 QO o, e
g i 3
1
n 00T g 220 S
4 T E200 RS
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2 5
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includes NLO QCD corrections [Degrande et al. "16].


http://arxiv.org/abs/1607.05291
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