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Why semi-invisible (exotic) Higgs boson decays?



Exotic Higgs decays

“The Classic”

O Higgs — visible
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M. Cepeda et al. (arXiv:2111.12751)

State-of-Art Exotic Higgs decay review

(focused on experiment)



Exotic Higgs decays

O Higgs — visible

O Higgs — 1nvisible (dark sector) :,\@/I “The Classic”

(Dark Ed.)




Exotic Higgs decays

O Higgs — visible

O Higgs — 1nvisible (dark sector)

' " need recoiling objec(s)
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Exotic Higgs decays

O Higgs — visible

O Higgs — 1nvisible (dark sector)

"

—

O Higgs — semi-invisible :/@\

(visible part allows to access properties of dark sector)




Exotic Higgs decays

O Higgs — visible
O Higgs — 1nvisible (dark sector)

O Higgs — semi-invisible

(visible part allows to access properties of dark sector)

Critical information on Higgs interactions with dark sector



Exotic Higgs decays

O Higgs — visible

O Higgs — 1nvisible

Reference
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m (GeV)

Interpretations

ss/aa/vv

gegF
gegF

CMS [79]
ATLAS [80]

139

137 4-8, 11.5-62.5

15-60

SM+v, SM+ALP

SM+s, SM+v

gegF
gegF

CMS [79]
ATLAS [80]

139

137 4-8, 11.5-62.5

15-60

SM+v, SM+ALP

SM+v

geF
geF
geF
geF

DO [81]
CMS [78]
CMS [79]

ATLAS (80|

4.2
35.9
137

0.2143-3
0.25-8.5
4-8, 11.5-60

139 |1.2-2, 4.4-8, 12-60

SM s, SM v

SM+-s, dark SUSY
SM+v, SM+-ALP

SM+s, SM+v

geF
gel
geF
geF

DO [81]
ATLAS [82]
CMS [33]
CMS [34]

4.2
20.3
35.9
35.9

3.6-19
3.7-50
3.6-21
15-62.5

SM-+s
SM-+s
SM-+s
SM-+s

gegF

CMS [77

35.9

4-15

SM-+s

gegF
gegF

ATLAS [85]
CMS [36]

139
35.9

18-60
20-62.5

SM-+s
SM-+s

gegF

CMS [87]

35.9

15-60

SM+s

Zh
Wh/Zh

ATLAS [38]
ATLAS [76]

36.1
36.1

15-30
20-60

SM-+s
SM-+s

ggF
ggF

ATLAS [89]
CMS [90]

20.3
132

10-62

SM-+s
SM-+s

VBF

ATLAS [91]

36.7

SM-+s

— Za/Zv

gegF
gegF

ATLAS [92]
ATLAS [92]

139
139

SM-+s
SM-+s

gegF
gegF

CMS [79]
ATLAS [80]

137
139

SM+v
SM+v

ggF
ggF

CMS [79]
ATLAS (80|

137
139

SM+v
SM+s, SM+v

h — Emis

Decay

Mode

Reference

Vs (Tev)

J£(m!

Br(H—Inv) UL

miss
ET

VBF
VBF
Z(Ih
Z(Ih
geF
ggl. V(gq)h
tth
tth
Combination

Combination

ATLAS [117]
CMS [118]
ATLAS [111]
CMS [112]
ATLAS [119]
CMS [120]
ATLAS [110]
CMS [121]
ATLAS [110]
CMS [122]

13
13
13
13
13
13
13
13

139

138

139

137

139

137

139

35.9
4.7+20.3+-139
4.9+19.74+38.2

0.13 (0.13)
0.17 (0.11)
0.18 (0.18)
0.29 (
0.34 (0.:
0.278 (0.253)
0.40 (0.
0.46 (
0.11 (

(

0.19

25
39
48
11

0.
0.
0.
0.

)
)
36)
)
)
)

0.15

M. Cepeda et al. (arXiv:2111.12751)

Widely explored experimentally
(& theoretically!)

(many Higgs production & decay modes covered)



Exotic Higgs decays

O Higgs — visible

O Higgs — 1nvisible

O Higgs — semi-invisible poorly explored so far...

Th. Exp.

Englert, Spannowsky, Wymant, Phys.Lett.B 718 (2012), 538

. miss
h — aa (jets + MET) h— s/v+ Ef
Decay Reference |/s (TeV)| [L (fb~1) Interpretations
Emiss | CMS [113] 13 SM+v
Petersson, Romagnoni, Torre, JHEP 10 (2012), 016 ATLAS [“4] 13 SM v

h— vy +MET CMS [109] 13 SM +v
CMS [115] 8 Other
EIS b ATLAS [116]| 13 3 NMSSM

Reviews by Curtin et al. (1312.4992),
Cepeda et al. (2111.12751) cover few

more channels/models:
bb + MET, tr + MET, yy + MET...




{BSM Higgs boson decay » — ZX (X—>invisible)]

invisible

Aguilar-Saavedra, Cano, Cerdefio, No, 2206.01214

Decay channel previously unexplored in literature...

(... LHC h — ZX searches with visible X (£ or yy) exist)




{BSM Higgs boson decay » — ZX (X—>invisible)]

invisible

Aguilar-Saavedra, Cano, Cerdefio, No, 2206.01214

Decay channel previously unexplored in literature...

» Model-independent sensitivity analysis for HL-LHC

» BSM model interpretations:

Extended Higgs sector portal to DM
Axion-like particles (ALPs)



{BSM Higgs boson decay » — ZX (X—>invisible)]

mwisible

Aguilar-Saavedra, Cano, Cerdefio, No, 2206.01214

Decay channel previously unexplored in literature...

» Model-independent sensitivity analysis for HL-LHC

» BSM model interpretations:

------------------------------------------------------------

Extended Higgs sector portal to DM
Ax1on like particles (ALPs) '

--------------------------------------------------------------



[h — 7 (t0) + invisible}

O Already present in SM: h — ZZ* — ¢t vv
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Irreducible SM background for
BSM i — Z (¢t) + invisible




[ h— 7 (tt)+ invisible]

O Already present in SM: h — ZZ* — ¢t vv
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“SM Higgs neutrino floor” for
BSM i — Z (¢t) + invisible

“in analogy to the neutrino floor/fog
(from coherent neutrino-nucleus
scattering) in DM direct detection
experiments”

-
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= = v floor (APPEC report)
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O' Hare, 2109.03116



[h — 7 (t0) + invisible}

O Already present in SM: h — ZZ* — ¢t vv

s
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SM “Higgs neutrino floor” for
BSM i — Z (¢t) + invisible

----------------------------------------------------

Br = 0.0053

----------------------------------------------------



[h — 7 (t0) + invisible}

O Which Higgs production mode @LHCQC?

ggF (pp—2t+MET) X Too much background



h — Z (¢t) + invisible

O Which Higgs production mode @LHCQC?

ggF (pp—2t+MET) X Too much background

e.g. Seen explicitly in ATLAS/CMS searches for “mono-Z”’

1600C.M.S. EPJC 1R 13 (2021) 137 fo" (13 TeV)

2500_|lllIlllllll[I‘Il]llIlIl'Illllllll[llillllll[llll_‘ ; ::: EXpectedQS%CLiUexperlment:
- ATLAS S 8 CMS —— Observed 95% CL
L N — 1400
L Vs=13TeV, 139 b, 95% CL N :
2HDM+a, DiracDM, m, =10GeV. ]
2000 o gasm g o o) ] i 100
L My =My =My - -~ ATLAS 36.11b" . ét 1000
Caemmm-a - ] rim,>20% ] Il
1500}=- - - n ] T
] S 800
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N e A Pt tanB =1,sin6 =0.35
] 200}~ my =10 GeV .
100 150 200 250 300 350 400 450 500 550 800 100 200 300 400 500 _ 600
.- m, [GeV]
m, [GeV] , i
EMiss > 90 GeV : A
T T Y ~insensitive to m_ = m, = 125 GeV

mt > 200 GeV H h



[h — 7 (t0) + invisible}

O Which Higgs production mode @LHCQC?

ggF (pp—2t+MET) X Too much background

VBE (p — 2¢ + MET + 2))

[ Zh (wp—at+ MET)] v very clean




[pp — /2 h, h —> Z (tt) + invisible

]

Our initial event selection:

— Two (SF OS) lepton pairs

— Veto high-p_ jets (p, > 50 GeV)

@ If multiple lepton combinations in event, minimize A

~

— Pass 1-, 2- or 3-lepton ATLAS (2018) Triggers

)

A% = my®[(me, —mz)? + (e, — mz)

’]



[PP —Z h, h— 7 (tt)+ invisible]

© Small Cross-section: O(pp — 4€ + inv) =~ 3.8 fb X BR(h — Z + inv) (@13 TeV LHC )

® How to choose Z boson “from Higgs decay?’? (ZJ)

Discriminating kinematic variables

my=1GeV, /s =14 TeV Z

2 o2
M = (ot + 577 + En )~ [ + Ed|

200 250

myt (GeV)

Z

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Ao/w



[PP —Z h, h— 7 (tt)+ invisible]

© Small Cross-section: O(pp — 4€ + inv) =~ 3.8 fb X BR(h — Z + inv) (@13 Tev LHC )

® How to choose Z boson “from Higgs decay?’? (Zl)

Discriminating kinematic variables

my=1GeV, /s =14 TeV Z

2
- 2
ﬂ’sz — (\/Mzz + |ﬁ12|2 + E}) - ‘ﬁjz =+ E;‘

200 %0 We build a Neural Network to

mr (GeV) . .
2 select ZJ based on kinematics @ variables)

~73%

success rate

Ado .,

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Aqa;;/ﬂ'



p.d.f. (normalised)

[pp —Z h, h— 7 (tt)+ invisible]

(HL-)LHC sensitivity:

SM backgrounds
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| BR(h — ZX) ~ 1-2% reachable @HL-LHC |

Multivariate (NN) analysis



BSM Models

Axion-like particles (ALPs)

@® ALP may have:

ALP - Higgs interactions ’

Brivio, Gavela, Merlo, Mimasu, No, del Rey, Sanz, EJPC 77 (2017) 8, 572
Bauer, Neubert, Thamm, JHEP 12 (2017), 044

10°;
------- DM relic density LHC heavy-ion i ‘
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. } l
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/

i

m, (GeV)

( Yx = 1, cazn =1, my = O.45ma)

102

ALP - Dark sector interactions

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg, JHEP 12 (2017) 094

(dark decay of ALP) :

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

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

BSM ALP setup

D(h — Za) = (m3/167f2) 2, \3/2

ALP-DM:  y, X7*9°x Oua/fa

Ca’y’y/faa’F FLW

/

y
Cayy ™~ QEM

ALP-Photons:



BSM Models

2HDM + a — “Pseudoscalar portal to DM

2
Heao 9 a 4 .
V = Voupn + —;U ag + —4 ag +1Kag HIHQ + h.c. Varom = p2 | Hy|* + 12 |Ho|* — i lHIHQ-Fh.C.}
A1 4, A2 4 2 2
2 2 2 2 —. — |H — |H. A2 |Hq|” |H
‘|‘)\a1ﬂ0 |H1| ‘|‘)\a2ﬂg |H2| ’|'T”)<XX + 2’ 1"+ 2| 2"+ Az [Hq|” |Hy

_. 5 2 s 2
+ Yy o X17°X |+ 5 [(HIHZ) ““*]



BSM Models

2HDM + a — “Pseudoscalar portal to DM

12
V = Voupm + _;U ﬁ{] + I(LU + 1K ag HIHZ + h.c. Varom = p2 | Hy|* + 12 |Ho|* — i lHIHg -I—h.c.}
/\1 4 /\2 4 2 2
+ Aat 050 |H1| + Aa2 Gﬂg |H2| + m,)d)()(, Y Hy|” + B [Ha|" + Az [Hi|" | Ho
2 )\ N2
ao Yi + A |HTH| +[(HH) —I—h.c.]
T Yx o X ry X Dirac Fermion DM o 9 172



BSM Models

2HDM + a — “Pseudoscalar portal to DM

Singlet-doublet mixing

T Aa 4 o070
+ )\al CIO |H1| + A2 CIO |H2| + My XX

---------

Portal coupling

Varou = pii [ Hi[* + 413 [Ha|* — 1 lHIH2 + h-C-}
A A
‘|‘?1’H1|4‘|‘?2|H2|4+)\3|H1|2|H2|2

2 ) 2
ey |H[H2| +2 [(Hjﬂz) —I—h.c.]

12



BSM Models

2HDM + a — “Pseudoscalar portal to DM

2
Hao 9 a 4 .
V = Voupm + % ag + I(LU + 1K Qg HIHZ + h.c. Voupm = ;u%|H1|2 + |H2|2 — 1 lHIHg -I—h.c.}
A1 4 A2 4 21y 12
2 2 2 2 . — |H — |H Ay |Hy|” |H
. 2 ) 2
+ Yy ap Xiv X + s |H[H2| + 32 [(Hsz) —I—h.c.]

Why?

DM-SM interactions via pseudoscalar mediator avoid stringent bounds from DM direct
detection experiments (e.g. XENON 1T)

Simplest renormalizable model: 2HDM + a

Ipek, McKeen, Nelson, PRD 90 (2014), 055021
No, PRD 93 (2016), 031701
Goncalves, Machado, No, PRD 95 (2017), 055027

Bauer, Haisch, Kahlhoefer, JHEP 05 (2017), 138

[ | LHC DM WG Benchmark Model ]J

Abe et al, Phys. Dark. Univ. 27 (2020), 100351




BSM Models

2HDM + a — “Pseudoscalar portal to DM

H2
V =V Tap 2 , 7@
2HDM + 5 ay + 1

+ a1 G |H1|2 + Aa2 a5 |H2|2 + My XX
+ Yy a0 X7 X

ag + ik ag HIHZ + h.c.

Varou = pii [ Hi[* + 413 [Ha|* — 1 lHIH2 + h-C-}
A A
‘|‘?1’H1|4‘|‘§2|H2|4+)\3|H1|2|H2|2

2 ) 2
Yy |H[H2| + 2 [(Hsz) —I—h.c.]

167

U

L 2 mj, 3/2
['(h = Za) = ——sin“fcos” (B — a)—A

(decay present away from 2ZHDM aligment)

12



BSM Models

2HDM + a — “Pseudoscalar portal to DM

sin @

100
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tanf3 =6, cg_o = 0.2, m, = 0.45m,
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—— Higgs signal strengths (LHC Current)
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1011 h— Z(¢) + E7 (LHC, 300 o) ——- h— Er (HL-LHC, 3 ab™)
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Q i3

. Competitive/complementary to probes via:

O Higgs signal strength measurements
. O Higgs — Invisible  ( h — aa)

*e

(indirect)
(direct)

&
R
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||



Summary

® Scmi-dark Higgs decays: key info on Higgs portal (to dark sector) physics

® h > ZX (X — K1) so far unexplored at LHC

@® Powerful constraints on BSM scenarios:

» Extended scalar sectors (2HDMa)

» ALPs (ALP portal to dark sector)

» Dark photons...

14









ee—7Zh [ h— Z () + invisible] @ILC!

O Lepton colliders: Ideally suited for semi-dark Higgs decay searches

c.o.m. frame = lab frame
(knowledge of longitudinal momentum)

Oee—7Zh [ILC Vs = 250 GeV]

— Higgs recoil mass for Z  ID

Mrgeco = S+ m222 o 2'E-ZQ\/g

R
Wy
... . . . T
— (semi-visible) Higgs invariant mass for ><
signal discrimination et
om
R 2 -2 i -
(mréliss) — (, /7’)1221 —|—p2Z1 —|—E) — Pz ‘|‘E >|\<j 10-2-
N Hiqgs neutrinofloor _______________________.
£ :<] ILC 250 (2ab ")
(No need for multivariate analysis) 5. . - 3000 5" (HLLHC)
10 K T000 300 bt
0 )/ 5 10 15 20 25 30
g my (GeV)

| BR(h — ZX) < 0.5% reachable (95% C.L.) |




What about existing data? (LEP)

O Searches for e‘e — Z* — h+ X (invisible) X -___{\
7

[EI h— 7+ Xdecay = mX < 35 GeV]

e'e — h + X within LEP2 kinematic reach!

However, LEP & + invisible searches target 7+ Z (vv)

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
e O P AL CERN-EP/2002-059
[ [ ]

23rd July 2002
ArXiv/hep-ex/0209078

Search for the Standard Model Higgs Boson
with the OPAL Detector at LEP

50 GeV < M, s < 130 GeV

The OPAL Collaboration

A
)
7 Abstract
L4
A‘ - This pe he search for the Standard Model Higgs boson in e"e™ col-
lisions at ies up to 209 GeV performed by the OPAL Collaboration
m at LEP. T} h the kg 1 hypothesis and var Hig;
’i boson mas: ndica f a signal is found in the data and
lower bound of 112.7 GeV /¢? is obtained on the mass of the Standard Model Higgs boson

at the 95% CL.

arXiv:hep-ex/0209078v1 27 Sep 2002

... 1lnsensitive to mX < 50 GeV No LEP constraints



BSM Models

Axion-like particles (ALPs)

® QCD Axion = hypothetical particle from the PQ solution to
strong-CP problem .

Jagg — _Ffaas

1 -1 ~
19099 0 GG + T9an al'F

Laboratory

|9ar|(GeV ™)

10-18 P N S T N Y I S B B
" B* BT I I M I 10* 10 10" 10° I
mg(eV) log mq[eV]

PBC CERN Report, arXiv:1901.09966 MADMAX Collaboration, Eur. Phys. J. C79 (2019), 3, 186

® ALPs = particle with properties similar to Axion, yet not strict
QCD Axion mass-coupling relation

(may not solve strong-CP problem)
(general pseudo-Goldstone bosons)



BSM Models
Axion-like particles (ALPs)

@® ALP may have:

, h

ALP - Higgs interactions ’

/

i

Brivio, Gavela, Merlo, Mimasu, No, del Rey, Sanz, EJPC 77 (2017) 8, 572
Bauer, Neubert, Thamm, JHEP 12 (2017), 044

L

100 i
------- DM relic density LHC heavy-ion !
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\\ 1
107" ‘: R
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— LHC h_eé(/}:ig_)ﬁ'l
— 30 nb~1) ,;
| -2 ( {
% 10 Babar (T — ~ + E) ’ fpr’e
................................ Q_...-..............................-.-.......-’-/...,'"_.___________________:______.....?:Jﬂﬁj-
S 3 s N :
- 10" 2 ot :
s c% Be\\e‘“ L?/ - i
| h—Za(HC300fb")-Thiswork____-
104 h—» Za (HL-LHC 3.ab ") - This work__--
105 ‘ -
10— 100 10' 10
m, (GeV)

( Yx = 1, cazn =1, my = O.45ma)

ALP - Dark sector interactions

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg, JHEP 12 (2017) 094

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

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

BSM ALP setup

D(h - Za) = (m3/16mf2) 2 N3/

ALP-DM:  y, X7*9°x Oua/fa

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

’, O
.................................................................



2HDM + a

BSM Models

[LHC DM WG Benchmark Model]

m, . [GeV]

T T T T | T T T T | T T
1400 ATLAS Preliminary _
[ {s=13 TeV, 139 fb" ]
i SIeooss All limits at 95% CL .
1200 B & - - - Expected ]
: +1 O-exp :
1000 B : — Observed -]
Bl " — DMt SRComb ]
| ' — DMt SR, _
800 o -
B DMt SRtW ]
600 2HDM+a, Dirac DM _
B mx-10GeVg =1,tanp =1 N
- sing = 1/V2, m . =my=m, ]

400 1 - ’l ‘I’ 1 1 1 | 1 1 L 1 | 1 1 1 1 | L | | I | | I

100 200 300 400 500 600

m, [GeV]

ATLAS-CONF-22-012
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