Letters in High Energy Physics

LHEP-270, 2022

Higgs Portal Vector Dark Matter Interpretation: Review of Effective
Field Theory Approach and Uliraviolet Complete Models

Mohamed Zaazoua,! Loan Truong,? Kétévi A. Assamagan,® and Farida Fassi'
I Mohammed V University in Rabat, Faculty of Science, Morocco

2University of Johannesburg, Department of Mechanical Engineering Science, South Africa
3 Brookhaven National Laboratory (BNL), USA

Abstract

A review of the Higgs portal-vector dark matter interpretation of the spin-independent dark matter nu-
cleon elastic scattering cross section is presented, where the invisible Higgs decay width measured at the
LHC is used. Effective Field Theory and ultraviolet complete models are discussed. LHC interpretations
show only the scalar and Majorana dark matter scenarios; we propose including interpretation for vec-
tor dark matter in the EFT and UV completion theoretical framework. In addition, our studies suggest an
extension of the LHC dark matter interpretations to the sub-GeV regime.
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1. INTRODUCTION

The existence of a Dark Matter (DM) component of the universe
is now firmly established, supported by astrophysical obser-
vations [1]. While the nature of the DM particles and their in-
teractions remain an open question, viable candidates must lie
in theories beyond the Standard Model (BSM). A particularly
interesting class of candidates are weakly interacting massive
particles (WIMPs). They appear in many BSM theories. Due to
their weak-scale interaction cross section, they can accurately
reproduce the observed DM abundance in the Universe today
[2].

At the LHC, experiments have explored Higgs portal sce-
narios in which the 125GeV Higgs boson has substantial cou-
pling with WIMP candidates (such as singlet scalar S, vector V,
fermion Y) to induce interaction between WIMP and nucleon;
the WIMP could be invisible decay products of the Higgs bo-
son [3,4,5,66,7, 8,9, 10, 11, 12, 13, 14, 15, 16]. Therefore,
limits on the branching ratio (By_siny) from invisible Higgs
decay can be used to set upper bounds on spin-independent
DM-nucleon scattering cross Section S (WIMP-N). LHC in-
terpretations complement direct and indirect detection results.
[17,18, 19, 20, 21, 22].

The Effective Field Theory (EFT) approach is based on a de-
scription of unknown DM-Standard Model (SM) interactions
in a very economical way. This has attracted significant atten-
tion, especially because of its simplicity and flexibility which
allows it to be used in vastly different search contexts. For the
scalar and Majorana fermion WIMP candidates, the EFT ap-
proach [7, 8] can be safely used. Hence, the EFT approach [7]
is used in LHC Run-1 papers [23, 24]. Unfortunately, the va-
lidity of this approach for the vector-DM case has been ques-
tioned, and its limitations are recognized by the theoretical and
experimental communities [25]. Recent efforts to develop more
model-independent approaches to DM searches stimulated this
study [26], where the EFT approach is shown to result from a
valid ultraviolet (UV) model; therefore, EFT is viable for vector-
DM interpretations. The UV completion models have been in-
vestigated in two scenarios: along with the EFT approaches and
in a separate model with additional fermions [27].

This note is organized as follows: common notations used
in the analyses are presented in Section 2.1. EFT approaches
and UV complete models are described and discussed in Sec-
tions 2.2, 2.3, 2.4, and 2.5. In Section 3, we discuss the cases of
vector dark matter (VDM)-nucleon interactions. Dark matter in
the sub-GeV mass range is presented in Section 4. The note is
summarized in Section 5.

2. ANALYSIS

2.1. Common Convention

Throughout the paper, the following conventions are utilized
frequently:

(1) H:125GeV Higgs boson.

(2) v =246GeV: Higgs field’s vacuum expectation value.
(8) my = 0.938 GeV: proton-nucleon mass.

(4) my: vector boson mass.

(5) mp = 125GeV: Higgs boson mass.

mz

© by =1/1-42%
) By = /1 — 4" (1478 4127
VH = m2, m2, mh

2 mymy .
®) pyn = o vector DM reduced mass.

(9) By—iny: Branching ratio of H — invisible, the upper
limit at 90% CL of 11% is used as a result from the re-
cently published VBF+MET analysis [28].

(10) rinv(H N VV) —TH — BH%invrt}(])t — 1BH4>inv TsSM

mv —OH—inv
1) I"fiM = 0.00407 GeV: Higgs width at mpy = 125GeV
(12) hc = 1.97327e " GeV xem
(13) fn = 0.308(18): Higgs-nucleon form factor [29].

2.2. Effective Field Theory Approach

In LHC Run-1 papers [23, 24] where H — invisible combina-
tion was done, the 90% CL upper limit on By_i,, was con-
verted into 90% CL upper limit on ¢>'(WIMP-N) with WIMP
being a scalar, a fermion, or a vector boson by using the EFT
approach [7]. In the scope of this note, only the VDM interpre-
tation is discussed.
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This approach suggests a model-independent Lagrangian
for HVV coupling as the following (equation (1) of [7]):

1 1
Ly = Em%,v,lvf‘ + AV (V)2 + A‘f%H*Hvyvﬂ. 1)

The second term in equation (1) is for self-interaction and it
isignored; Ay is the self-interaction coupling for the vector. The
Lagrangian has only two free parameters: HVV coupling Agyy
and vector mass my. Using this Lagrangian, 0>/ (V-N) together
with Higgs invisible decay width Fi}r{W are derived as functions
of my and Ay p as follows (equations (4) and (5) of [7]):
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Extracting the coupling Ay from equation (2) and substi-
tuting into equation (3), one can find a direct relation between
oSN(V-N) and TH_:
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4
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H MmN fy

inv 7
vZﬁVHm

(5)
N (V-N)ggr = I'"V(H — VV)

o (V-N)ggr = 32uf\ T

Using equation (5), one can transform the limit on Br_iny
into the vector line interpretation as in the green hashed band
in Figure 9 of [23]. That figure shows the ATLAS Run-1 upper
limit at the 90% CL on the WIMP-nucleon scattering cross sec-
tion in a Higgs portal model as a function of the mass of the
dark matter particle, for a scalar, Majorana fermion, or vector-
boson WIMP. LHC interpreted VDM limit in EFT was claimed
to be model-independent and better than limits from direct de-
tection in the regime of my < %f. However, it drew controver-
sial attention which will be discussed in Section 2.3.

2.3. Objection on EFT, First UV Model

In the EFT approach used in LHC Run-1 [23], the mass of the
VDM was entered arbitrarily, which leads to a nonrenormaliz-
able Lagrangian and violation of unitarity [25]. For this reason,
it is safer to consider a better framework, i.e., a simple UV com-
pletion with a dark Higgs sector that gives mass to the vector
DM via spontaneous electroweak symmetry breaking (EWSB).
The simplest renormalizable Lagrangian for the Higgs portal
VDM in such a UV model is given by reference [25]:

2
1 2
Lypm = *ZVVVV”V +D@'DI'O — Ay (cb’f@ - V;)
(6)
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FIGURE 1: Spin-independent cross section as a function of the
dark matter WIMP mass, displayed for Scalar, Majorana, and
vector Higgs portal models using the EFT approach. The vector
DM state case using the first UV model is shown in the top
figure, for the mixing angle 6 = 0.2 and for the dark Higgs
mass: 65, 70, 100, 200, 500, and 1000 GeV for dashed lines. A
zoom around the vector EFT line is shown in the bottom figure
to highlight the comparison between different scenarios of dark
Higgs mass and the EFT approach.

where @ is the dark Higgs field which generates a nonzero
mass for the VDM through spontaneous U(1)’ breaking;
D, ® = (9, + igxQo V)P and gy is the coupling constant.

From the Lagrangian, one can derive the invisible branch-
ing fraction of the Higgs decay [25]:

1/2
2 m3 mZ m4 m2
rH — 8x ™M (1 _4™Mv  pMv ) (14" (7
mv 327.( m%/ m%[ + m;}_] 2 ( )

And then, the spin-independent cross section of dark matter
particles scattering can be expressed as follows [25]:

SNV-N) = cos4(9)m%{F (my,m;,v) x A V-N)ger  (8)

2
~ cos*(6) (1 - mg) x 9 (V-N)ggr, ©)
m;

where 6 is the mixing angle and 1, is the mass of the dark
Higgs boson. c°(V-N)ggr is the spin-independent cross section
for vector DM particles from the EFT approach used in LHC
Run-1 [23]. We can see that in the case of a UV completion
model, the cross section has at least two additional parameters,
the mass of the dark Higgs boson which is mostly singlet-like,
and the mixing angle 0 between the SM Higgs and the dark
Higgs boson.

We investigated how the cross section evolves for the choice
of small mixing and for different scenarios of the dark Higgs
mass 1 in the range [65,1000] GeV (see Figure 1).
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The resulting bound on o51(V-N) becomes weaker than the
one based on EFT if the dark Higgs mass is lighter than the
SM Higgs boson (my = 65,70, and 100 GeV) and stronger if
it is heavier than the SM Higgs boson (m; = 200,500, and
1000 GeV). In addition, the UV model tends to coincide with
EFT as the dark Higgs mass my gets larger (see Figure 1).
The usual EFT approach applies only in the case of m, =
mpy cos(6)/+/1+ cos2(0) or my — oo and 6 — 0, and therefore,
the bounds on the 0’5 I'should be taken with caution.

2.4. Reanalyze EFT, Second UV Model

In [26], theorists reanalyze the possibility that a Higgs-portal
with a vectorial dark matter state could represent a consistent
EFT of its UV completion. A dark Higgs sector was introduced
to reproduce the vector mass via spontaneous electroweak
symmetry breaking. Therefore, the complete Lagrangian for
dark matter phenomenology is [26]

£ = 38My (Hycos(6) — Hsin(6)) V; V"

+ %gz (H2 sin?() — 2HH, sin(#) cos(e)) (10)

+ HZ cos?(0)V, V¥,
where H is the 125GeV SM-like Higgs boson, H; is the dark
Higgs boson, and ¢ the new gauge coupling.

From the Lagrangian, one can derive the expression for I'jp
and the spin-independent cross section [26].

52 i 2 3
H _ & sin”(6) my
Tinv)u() = 7555 ) Bvr, (11)
m?, BR(H — VV)I'tot
oS(V-N) = 32 cos? (G)y%,Nm—;/ ,B—H
3 VH

(12)

i

2

1 1 N2
) <mz - mz> o2 VN

2 H
where Byy, BR(H — VV) = T'(H — VV)/T§', and py, are
the same as in Section 2 and m; is the dark Higgs mass. The
oS (V-N) is different from the formula in [26]. The scale was
corrected from 8 to 32 after discussions with the authors of [26].
The prediction for VDM using EFT approach can be obtained
in the limit cos?(0)m¥,(1/m3 — 1/m?2;,)*> ~ 1 where sin(f) < 1
and my > my.

Similar to the first UV model, we investigated the cross sec-
tion for small mixing angles and various tuning values of the
dark Higgs boson m; in the range [65, 1000] GeV (see Figure 2).

This exercise is extremely important not only because it
shows the difference between the EFT and its UV completion
according to values of (6, my) but also because it demonstrates
that the EFT approach could be a viable limit of the renormal-
izable model in a large region of its parameter space.

We have checked that the models introduced in Sections
2.3 and 2.4 are equivalent and agree when the parameters are
chosen consistently.

2.5. Radiative Higgs Portal, UV-Model-3

2.5.1. Lagrangian

This UV model [27] uses the same approach as introduced in
other UV models mentioned in Sections 2.3 and 2.4. The vec-
tor DM is introduced as a gauge field of a U(1)" group which
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FIGURE 2: Spin-independent cross section as a function of the
dark matter WIMP mass, displayed for Scalar, Majorana, and
vector Higgs portal models using the EFT approach. The vector
DM state case using the second UV model is shown in Figure
1(top), for the mixing angle 6 = 0.2 and for the dark Higgs
mass: 65, 70, 100, 200, 500, and 1000 GeV for dashed lines. A
zoom around the vector EFT line is shown in Figure 1(bottom)
to highlight the comparison between different scenarios of dark
Higgs mass and the EFT approach.

extends the SM symmetry; a Dark Higgs sector is added in to
produce the vector boson mass via the Higgs spontaneous sym-
metry breaking mechanism. The Lagrangian of the vector part
is as follows:

1
LD = ViV + (Du®@)" (DF®) — V(@) + Ap|H|*| @[,

(13)

where Ap is the mixing parameter between the SM Higgs boson
and the dark Higgs mode of the field ® (equation (2) of [27]).
This model has a distinctive feature in generating the HVV cou-
pling, and the fermions charged under SMx U (1)’ are added in,
as shown below for the fermionic part of the Lagrangian:

L2 —me™ (Y1ax10 + $20X20)
— My Ny — yweab (P1aHpn1 + 2 Hpniz) (14)
—yy (x1H™na + x2H"ny) + he,
where ¥, x, and n are different fermion fields, a and b are
SU(2)w indices, and H is the SM 125 GeV Higgs boson (equa-

tion (4) of [27]). Fermions lead to loop induced HVYV interaction
as shown in Figure 3.
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FIGURE 3: Fermion loop induced for HVV interaction (see Fig-
ure 1 of [27]).

Variable | Firstbin Lastbin Step
my (GeV) 1 62 1
g (GeV) 64 499 5

TABLE 1: Scanning configurations for my
and m £, in context of the UV model in [27].

2.5.2. Finding Relation between oc!(V-N) and T
There are many different scenarios for this UV model; the stud-
ied scenario in this note is the simplified case where the Higgs
mixing parameter Ap < 1, the charged fermions, and the two
heavier neutral states” masses are much heavier than the light-
est neutral state mass and thus decouple from the Lagrangian.
The minimal parameter space to be explored includes the vec-
tor mass my, the fermion mass m Iz the U(1) coupling g, and
the Yukawa coupling v of the added fermion to the SM Higgs.

This model has no direct analytical relation between Tl
and USI(V-N), and their computations are extensive. To obtain
the upper limit of ¢>(V-N) versus ny based on the upper limit
on By _inv, one has to find values of (m 8 y) which satisfy the
Br_iny upper limit within a certain precision and then calcu-
late oS(V-N). In our calculation, the Bpy_,iny limit used is 11%
at 90% CL from the recently published LHC analysis [28].

Explicitly, the task requires a scan through the set (my, g,
y) for each my point to find values of ng corresponding to
Br_iny of 11% [28] within a relative precision of 0.1-1.0%. The
choice of 0.1-1.0% precision is arbitrary; they are shown to
have a negligible impact on the results. Therefore, a more strin-
gent precision of 0.1% was considered. Some parts of the phase
space can be left out of the scan since there are other constraints
on those parameters:

(i) my < %, as for V being on-shell decay products of the
Higgs boson.

(ii) my > "1, to forbid the SM Higgs to decay to the addi-
tional fermions.

(iif) 0 < g,y < 4, as rule of thumb for dimensionless cou-
plings satisfying perturbation.

(iv) 0 < g%y < 40, a model constraint [27].

Variable | Firstbin Lastbin Step
g 0 12 0.1
Y 0 12 0.1

TABLE 2: Scanning configurations in the
coarse scan for ¢ and y in the context of
UV model in [27].

Variable | Firstbin Lastbin Step
g 0 12 0.01
y 0 12 0.01

TABLE 3: Scanning configurations in the
fine scan for g and y in the context of the
UV model in [27].

All (my, g, y) sets that satisfy the corresponding 11% of the

By _iny are used to construct a band of ¢S{(V-N) versus ny.
Different coarse-to-fine scanning steps of 0.1 to 0.01 on (g, y)
are performed while keeping the same step of 1GeV for my
and 5GeV for m £, as shown in Table 1.

Coarse Scan. Scanning steps of 0.1 on (g, y) are performed while
keeping the same step of 1GeV for my and 5GeV for my as
shown in Table 1. Detailed configurations for this scan can be
found in Table 2. A relative precision of 0.1% on T is required.
Fine Scan. Scanning steps of 0.01 on (g, y) are performed while
keeping the same step of 1GeV for my and 5GeV for my as
shown in Table 1. Detailed configurations for this scan can be
found in Table 3. A relative precision of 1% on T'}L is required.

For both scans, all the found (m & y) for each my point

are used to calculate ¢5!(V-N). The cross section values are then
sorted from the lowest to the highest for each my point and
plotted in Figure 4. Discussion about the plots is presented in
the next section.

2.5.3. Results

Figures 4 and 5 show that the precision on I'}!

mnv

the upper bound on the 0S/(V-N) as the dashed lines remain the
same for all cases and stay very close to the EFT limit. How-
ever, as seen in the second and third plots of Figure 4, the fine
scanning of (g, y) extends the lower bound of the green bands
meaning that going finer in (g, y) one can achieve much better
limits on ¢>1(V-N) compared to EFT limit.

does not affect

3. PROPOSAL

In this section, we present our proposal of the Higgs portal
VDM interpretation of the spin-independent dark matter nu-
cleon elastic scattering cross section using the invisible Higgs
decay width. We propose to reintroduce the VDM limits in the
LHC Higgs portal DM interpretation plots. This proposal is
motivated by the results presented in Section 2 and could be
split into three parts.

Firstly, the limitations of the EFT approach as a violation of
unitarity and non-renormalizable Lagrangian (claimed in Sec-
tion 2.3) are refuted by the recent review which derived the EFT
Lagrangian from a certain UV model as shown in Section 2.4.



Letters in High Energy Physics

LHEP-270, 2022

T L e e o e A e e

Vs =13 TeV, 139 fb™*

] uv-model-3

— EFT

g,y step 0.1; T}, precision = 0.1%

s v v b b b b e 0 |
10 10 20 30 40 50 60

O e L e L e s s e s

Vs =13 TeV, 139 fb™*

ECTC

g,y step 0.01; '}, precision = 0.1%

el o b v b v b e b e Ly |
10 10 20 30 20 50 60

Vs =13 TeV, 139 b

.
Oy o]

g,y step 0.01; I'l!, precision = 1%

N E N B B B B
10 10 20 30 20 50

FIGURE 4: Green bands of upper limit on ¢>'(V-N) from coarse
scan in Table 2 (upper canvas), fine scan from Table 3 (middle),
and fine scan from Table 3 with looser precision of I'/L (down
canvas) are shown in comparison with EFT red line, for the UV
model in [27].

This shows that the EFT approach is viable in the limit of a
heavy additional scalar and small mixing angle.

Secondly, we propose showing the worst and best case sce-
narios of of the models described in Sections 2.3 and 2.4.

Thirdly, we propose displaying the upper bound line of the
UV-Model-3 discussed in Section 2.5, as shown with cyan in
Figure 6.

Our full proposal is shown in Figure 6, where the inter-
pretation of the radiative Higgs portal (third UV model), com-
pared with EFT limit and with the best and worst limit from
the first UV model in m; range of [65, 1000] GeV. Also, the most
stringent limits currently available from direct detection experi-
ments are shown for comparison [30, 31, 32]. The neutrino floor
for a coherent elastic neutrino-nucleus scattering of astrophys-
ical neutrino is added in [34, 35, 33].

o~ 10 T

@, Vs =13 Tev, 139 fo*
b§

|:| UV-model-3

— EFT

Vs =13 TeV, 139 fb*

Oy o

FIGURE 5: Superimposition of the interpretations for a coarse
scan on top of a fine scan (upper canvas) and vice versa (down
canvas), for the UV model in [27].

4. EXTENSION TO SUB-GEV WIMP
MASSES

The LHC Higgs portal DM interpretation of ¢>'(WIMP-N) has
been so far shown for my ranging from 1GeV to “#. The up-
per edge at "§ is for WIMP candidates to be produced on-shell
from a Higgs decay whereas the lower edge at 1 GeV is arbitrar-
ily coming from different considerations.

The first consideration is about the theoretical or cosmo-
logical constraint on the WIMP mass. However, Particle Data
Group 2019 review on DM shows the possibility of going to the
sub-GeV regime in many BSM models with WIMP paradigm
[36]. Sections 26.6.2 and 26.6.3 of the PDG review discussed
solid-state cryogenic detector experiments such as CRESST-III
[30] which probes DM mass down to ~160 MeV.

LHC Dark Matter Working Group (LHCDMWG) white pa-
per [37] has recommendations for interpretation of simplified
DM models which have s-channel spin-1 mediators decaying
to fermions (invisible, aka DM candidates). To predict the relic
density, the LHCDMWG recommends to work under the as-
sumption that the DM annihilation cross section of the pre-
dicted models is fully responsible for the DM number density
[37]. That leads to Figures 3 and 4 of [37] to have DM mass
lower bound at few GeV. However, the mentioned benchmark
models do not include Higgs portal scenario in which the scalar
Higgs boson is the mediator.

The second consideration is about the uncertainty on the
oSI(WIMP-N) calculation via a Higgs mediator for LHC inter-
pretation in the WIMP sub-GeV mass regime. That calculation
depends on the coupling of the Higgs boson to a single nucleon,
first calculated in [38] and further improved in [29] whose fy
value of 0.308(18) is then used in [28, 39]. These calculations use
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FIGURE 6: Upper limits on spin-independent WIMP-nucleon
cross section using Higgs portal interpretations of By, at 90%
CL as a function of the WIMP mass for scalar, Majorana, and
vector states. For the vector hypothesis, the interpretation from
EFT, UV complete, and radiative models is presented, respec-
tively, in black, magenta, and cyan colors. Two scenarios are
displayed for the UV complete model corresponding to the best
and worst limits giving the mass of the dark Higgs in the range
[65,1000] GeV. Results from direct detection experiments and
the neutrino floor for coherent elastic neutrino-nucleus scatter-
ing are added for comparison [30, 31, 32, 33].

lattice QCD formalisms which are valid continuously from neg-
ative momentum transfer to positive momentum transfer, thus
valid for 0-momentum transfer (our case of WIMP-nucleon
elastic scattering). Interactions with the main author of [29] re-
solve the consideration about fy vs sub-GeV mass.

In conclusion, the aforementioned considerations are not
relevant to limit the LHC Higgs portal interpretations above
1GeV. Therefore, we propose showing in the LHC Higgs portal
interpretation plot, WIMP masses down to 0.1 GeV—as shown
in Figure 2 of [26].

5. CONCLUSION

Several approaches for the interpretation of ¢S!(V-N) in Higgs
portal DM scenarios are presented. EFT approach is reviewed
and shown to be safe to be reinserted in the LHC Higgs portal
interpretation plot. Three UV models are studied; their results
all are shown in different parameter phase spaces. In the first
two UV models [25, 26], EFT is recovered when getting lim-
its in a certain region of their parameter phase spaces whereas,
for the third UV model [27], the result in a simplified regime
is better than the EFT approach limits. Therefore, our final pro-
posal for the LHC Higgs portal interpretation plot is to rein-
sert the EFT VDM line, including the upper bound of the third
UV model, and the worst-best lines of the first and second UV
models. Additionally, WIMP masses in the sub-GeV regime are
discussed and proposed to be extended to 0.1 GeV in the LHC
Higgs portal interpretation plot.
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