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Introduction

Light hidden sectors
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Introduction

Higgs as portal to hidden sectors

Hidden y
invisible ,

A coupling via the scalar sector is one of the only options for
renormalizable coupling with SM singlet

LD —eu|Pl*|H|?

New physics can affect Higgs-boson properties and induce
Higgs invisible decay
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Direct and indirect invisible searches



Direct constraints on invisible decay

Production at LHC:
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[ATLAS-PHOT0-2022-005-1]

Direct seaches: Mostly sensitive in Vector Boson Fusion (VBF)
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Direct constraints on invisible decay

Experimental status:

Collaboration | /s [TeV] Data [fb~'] h125 production | Exp. [%] || Obs. [%]
CMS [29 8 + 13 19.7 + 140 VBF 10 (187
CMS [30 T+8+13 | 49+19.7+38.2 | VBF + VH + ggHj 15 )
CMS [31 13 35.9 VH + geHj 40 53
CMS [32 13 35.9 ZH 44

ATLAS [33] | 7+8+13 | 4.7+ 20.3 +139 VBF + ttH 11 @7
ATLAS [34] | 7+8+13 | 4.7+20.3+36.1 VBF + VH 17 6
ATLAS [35 13 139 VBF 10.3 14.5
ATLAS [36] 13 36.1 ZH 39 67
ATLAS [37 13 36.1 VH 58 83

CMS and ATLAS references in the paper: [arXiv:2206.08940]

referred to as (strongest) direct limit
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Indirect constraints on invisible

But we know more about Higgs-physics

Standard Model BR Impact of invisible decay

10 - vy invisible

10 - ~yy

Ww=

WWw=
LL* bb

VA
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BRinv

)
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Indirect constraints on invisible decay

From cross-section measurements

ATLAS Run 2 |ed Data (Total uncertainty) Syst. uncertainty " SM prediction
| | | | | | | | | _|5 ? ? 1|0 | | | |
tH X His4—
=1 2 e | Hs—
ttH l-!-l e
ggF+bbH B . " *
HeH
VEF o @ i I
WH i e o ——
H#H H#%—
ZH l@ &z e
] | | ] ] | | | ] | | ] | | ]
0 1 2 1 2 3 4 0 1 2 1 2 3 0 1 2 0 1 2 3 4
bb ww T ZZ YY uu

[CERN-EP-2022-057]
o x BR normalized to SM prediction
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Direct and indirect constraints on hidden sectors



The approach & methodology

Compare theory predictions with experimental data

Use of HiggsSignal

* Incorporated in HiggsTools package (https://gitlab.com/higgsbounds/higgstools)
[H. Bahl, T. Biekotter, S. Heinemeyer, C. Li, S. Paasch, G. Weiglein, J. Wittbrodt — arXiv:2210.09332]
 Large dataset (24 independent measurements from CMS and ATLAS)

o Perform x*fit to check compatibility between BSM physics and existing data

Define couplings modifiers c¢;, with : = V, u,d, ¢
B 2 2 2
L = Z Cf (%) hios ff + cv ( mW) hios WHHW [ 4 cv (%) hi2s ZM Z,, + Liny
Py v v v

Deduce couplings to photons ¢, and gluons ¢y,

Estimate AXQ (C@', BRinV) — X2 (Cia BRinV) T X%M
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Constraints for SM-like couplings

10 f == All measurements
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Constraints for SM-like couplings

10 f =— All measurements
- CI\“IS h125 — Yy
""" ATLAS h125 — VY

Consider SM-like couplings
cr =cy =1

h125 — Y7 by itself

more constraining than  of — / _-=" .0
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Constraints for SM-like couplings

10 fp =— Al measureh'nents

Consider SM-like couplings === CMS: hygs =3 7Y
|

| 7 ]
o o 8F =veen ATLAS: hips — vy I ,-'” .
cr =cy =1 : : L
I | - E
: S Pl ;
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HiggsSignal BR;,, < 6.2% at 95%
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Constraints for universal coupling modifiers

=== HS 68% CL

0.04
— HS 95% CL
0.02 95% direct
direct extrap.
0.00
0.96 098 1.00 1.02 1.04 1.06 1.08 1.10

Cyni — CvV = Cy = Cq = Cy

Complementarity of direct and indirect constraints
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Constraints for non-universal coupling modifiers

1.10 F

1.05 |

cy
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1.10 f
. 1.05 :
1.00 f : :
0.95 F B é— Banv = 8. 0% E_
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Cf = ¢y = ¢4 = ¢¢ universal fermion couplings
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Application to concrete models



Higgs-portal dark

Real scalar Dirac fermion Real vector
1 1)\ 1
2 02 . X 2 .— L 2
Lg = —-Ag|H|*S L, = ———>|H|"xx Ly = —-\y|H|PVHY,
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Higgs-portal dark matter

1 0.11933
2 Q2 :
Real scalar (¢ = —Z)\5|H| S ost = Jé‘IZIQDMhzzo,nggg( )
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Strongest constraints around Higgs resonance
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Higgs-portal dark matter

1 0.11933
_ 2 LZ _ _LZ -
Real vector Ly = __)\V|H| V”Vu OST = OST |Qpnh2=0.11933 0O 1.2
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(Pseudo) Nambu-Goldstone Bosons

X = 151.66 s

(P)NGB from (approximate)
spontaneous symmetry breaking

S5 M, 3
I'h a0 = 59 o2 me < 125 GeV % 1
= 10

6: Mixing angle between hi,hs = ¢ = cos 6 '
Y | —— HS95% CL === HS 68% CL '
o o 05% direct ~ crree Pert. Uni. Excl.
Independent limits insufficient: L. il Lo, et o, i o]
0.95 0.9 0.97 0.98 0.99 1.00

Combined analysis necessary —
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Two-Higgs doublet models

2HDM with softly broken Z,

Type 1 — HS 95% CL === HS 68% CL X2, = 146.26
symmetry l: 1T
g
Q I
g _
Yukawa structure -
Model Ur dR ER 5
Type 1 Dy | By | Py : “<>]<
Type II (1)2 (I’l (I)l : 1E 1E 3 -O
Type III (lepton-specific) | @2 | @2 | Dy 15 F I JE .
Type IV (flipped) Dy | Dy | Py SO 1 1F
Z10F 1t 1t i
i i i
_ U2 : (N PRiny =6.0%] f /\ BRin, = 8.0% | BRiy, = 10.0%
tan - — JETERETEE |.\h..-\| ........ PR b I ST [ U FETETRTEES PN TErre Covanvias IR EREEEE FER TR REY SN WEEEwwe
—0.2 0.0 0.2 —0.2 0.0 0.2 —0.2 0.0 0.2
v]_ cos(a — B) cos(a — f3) cos(a — 3)

cos(a — ) = 0 alignment limit: SM-like Higgs
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Two-Higgs doublet models

2HDM with softly broken Z,

HS 95% CL

symmetry _ T8
0 -6
ERU: |
Yukawa structure |
Model Ur dR ER - !
Type 1 Py | Dy | o }f
Type II (I)g (1)1 (1)1 - 2
Type 111 (lepton-specific) | &2 | Py | Oy '
Type IV (flipped) Py | 1 | P S
= nk 0
< n
5|
tan 8 = % 5 BRiny = 6.0%] | BRjyy = 8.0%] | WO\ BRi, =10.0% 1 2
T 0.0 0.1 0.2 0.0 0.1 0.2 0.0 0.1 0.2
v]- cos(a — f3) cos(av — f3) cos(a — 3)

cos(a — ) = 0 alignment limit: SM-like Higgs
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Take home message

* Direct and indirect limits on BR;,, are complementary
* Indirect limits can be stronger

* We derived indirect limits on generic coupling modifiers but also on specific models

Thank you for your attention
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Indirect constraints on invisible decay

From cross-section measurements

CMS 138 fb™ (13 TeV)

f .
b —— Observed +1 SD | 1, combined £1 SD
T T T T T T T T T T T T T T T T T T T
0.12 I 10.35 I 1054 I | 0.1 t0.24
YY 1.08 4y __+_1 00 55 1'__.__1'43 —0.47 il 119 5 : .1 38 529
U =1.13 £ 0.09 : : : :
1 1 I I
+0.14 +0.48 1.55 +6.59 +.73
77 0937, : 0.327 5, ! | 0.00" : 12.24 "o : 0.00
1 1 I ]
W =097 0y ! ! ! :
40,11 ' +0.28 ! +0.72 . +0.75 !
WW 0.90 ‘33 L 07875z B RS ] 176705 1| 144032
p'W = 0.97 £ 0.09 \ : \ : )
] 1 1 1 ]
1 ! +0.17 ! +0.61 i +0.65 | +0.44
0.66 +0.21 0.86 1.33 1.89 0.35
e TT : _.% -0.16 +.__ -0.57 : -0.56 : -0.37
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M _ 21%&15’ . T : * .
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u =259
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ggH VBF WH ZH ttH+tH
+0.26 10.24 +0.18
Mg = 0.97 + 0.08 Hygr = 0.80 +0.12 B = 1.49° 5 W, = 1.2970%, Moo = 11375

[CMS-HIG-22-001]
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Scenario Cy Cd o, cy Discussion
SM-like couplings 1 1 1 1 Sec. 2.1
Universal couplings Cuni Cuni Cuni Cuni Sec. 2.2
Non-universal couplings cr cr cf cy Sec. 2.3
Non-universal couplings Cy Cd Cp = Cy4 1 Sec. 2.3
Higgs portal DM 1 1 1 1 Sec. 3.1
Singlet portal DM Coni <1 | cyni <1 | euni <1 | €y < 1 Sec. 3.2
(P)NGB Cuni <1 | Cuni <1 | cuni <1 | ey < 1 Sec. 3.3
2HDM Type I cy cf cy cy <1 Sec. 3.4
2HDM Type I1 Cu Cy co=cqg | cv <1 Sec. 3.4
2HDM Type 111 Cy ca=¢Cy | cr=c¢y | v <1 Sec. 3.4
2HDM Type IV Cy Cy cp=c, | cy <1 Sec. 3.4
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Negative chi-square?

'2The values of Ax? < 0 are driven here by the following measurements, where for simplicity we only quote inclusive
signal strength measurements here, and we remind the reader that g = 1 according to the SM predictions: (i)
p(ttH, H — bb) = 0.35703% reported by ATLAS [55], where it should be taken into account that the measurement
uncertainty is dominated by systematic uncertainties regarding the background estimation, (ii) p(ggH, H = 7777) =
0.5970-25 and u(VBF, H — 7777) = 1.3970:35 reported by CMS [66], (iii) p(ttH) = 0.5875 35 reported by ATLAS [54],

where the signal extraction is affected by the fact that the ttW background was found to be larger than the SM
prediction.
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Wrong sign Yukawa coupling regime

the experimental measurements and hence features small values of Ax?. This branch is a 2HDM
realization of the so-called wrong-sign Yukawa coupling regime, in which the absolute values of the
coupling modifiers are approximately equal to one, i.e. |cy,.q¢| =~ 1, but in which the couplings
to down-type quarks have the opposite sign as compared to the couplings to gauge bosons and
up-type quarks [42, 94] (see also Ref. [95] for a discussion of this limit in the 2HDM in light of
recent LHC measurements). In the absence of a decay mode hjss — inv the wrong-sign Yukawa
coupling regime is in tension with the signal-rate measurements of hi95, as can be seen in the upper
left plot. This tension is mainly driven by the enhancement of the gluon-fusion production cross
section of hi25 compared to the SM prediction as a result of the modified interference effects between
the contributions from the top-quark loop and the bottom-quark loop [95]. We find here that the
agreement with the experimental data can be improved significantly in the wrong-sign Yukawa
coupling regime if a sizable value of BRj,, is present. Even for values as large as BR;,, = 10% we
find parameter points in this limit that fit the signal-rate measurements of his5 just as well as the
SM, whereas the same parameter points would be excluded at a CL substantially larger than 2o for
BRiny = 0. Here, the additional partial decay with I'y,, leads to a suppression of the ordinary decay
modes of hi1s5 which compensates the enhancements of the gluon-fusion production cross sections.
The relative sizes of the signal rates of his5 can then remain close to the SM predictions because
the type II Yukawa structure allows for the individual modifcation of both ¢, and ¢4, such that one

can find |c,| >~ |ey| >~ 1 and |¢q| < 1 (compare also to Fig. 4 and the related discussion).
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Two-Higgs doublet models

2HDM with softly broken Z2

Type IIT (LS — HS 95% CL
symmetry L

tan 3

4 kind of Yukawa structure

Model Ur dR ER
Type I (1)2 (132 (I)g
Type II (I)g (1)1 (1)1 ; 1 1F ]
Type III (lepton-specific) || @5 | @5 [ @ 15 1L,
Type IV (flipped) Dy | Dy | Dy : 1 1 :

BRinV S 20%5 E

tan 3
=
]
T
[

i
_ V2 BRiny = 6.0%] | BRiny = 8.0%] BRiyy = 10.0%
tan/B — P _ TSRy S Lisiosisy |+ ......... e (TR [T e Booniiians Lisioniens Lisiaesin | .........

v]_ cos(cx. — ) ‘ cos(a — 3) cos(a — 3)

cos(a — ) = 0 alignment limit: SM-like Higgs
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Two-Higgs doublet models

2HDM with softly broken Z2

Type IV (F — HS 95% CL -—-- HS 68% CL
symmetry Typelv(F) T HSWAOL oo Hse
. ERG
4 kind of Yukawa structure
Model dp | ¢ 1F if
oge YR i R BRin = U.U‘%g BRinw = 2.0%2 E
Type I (1)2 (132 (1)2
Type IT (I)g (1)1 (1)1 :
Type IIT (lepton-specific) | ®o | @ | Oy 15F
Type IV (flipped) Oy | Dy | Oy o f
Z10F
5; ¢t 1t
t = 2 Bl = 60%] |  BRin =80%1 ¢
all B — 00 01 02 0.1 02
v]_ cos(a — ) cos(a — 3)

cos(a — ) = 0 alignment limit: SM-like Higgs
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