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High-luminosity fixed target experiments provide impressive sensitivity to new light weakly coupled
degrees of freedom. We revisit the minimal case of a scalar singlet S coupled to the Standard Model through
the Higgs portal that decays visibly to leptons for scalar masses below the dipion threshold. The dataset
from the LSND experiment is found to impose the leading constraints within two mass windows between
mg ~ 100 and 350 MeV. In the process, we analyze a number of scalar production channels in the target,
finding that proton bremsstrahlung provides the dominant channel at LSND beam energies.
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I. INTRODUCTION

The empirical evidence for physics beyond the Standard
Model (SM), notably for dark matter and neutrino mass, may
point to the presence of a more complex hidden (or dark)
sector [1-17]. The defining feature of such scenarios is the
presence of degrees of freedom which are weakly coupled to
the SM, and therefore may be light relative to the weak scale.
As aresult, dark sectors with light degrees of freedom can be
probed with a variety of experiments at the luminosity
frontier, including proton [18-30] and electron [31-38] fixed
target facilities. This framework has been explored in great
detail over the past decade (see, e.g., [39—41]).

From an effective field theory perspective, classifying the
interactions of new neutral states with the SM according to
their dimensionality, there are only three relevant or marginal
“portal” operators that are not suppressed by a new energy
scale. The Higgs, vector, and neutrino portals therefore
constitute the leading couplings of the SM to a hidden or
dark sector. Motivated in part by the phenomenology of light
dark matter, much theoretical and experimental effort has
recently been focused on these portals [39,40].

In this paper, we will consider the minimal Higgs portal
[42], the unique relevant operator that can couple the SM
model to a dark sector,

Lgy > —ASH'H, (1)

where S is a new scalar singlet, H is the SM Higgs doublet,
and A is a dimensional portal coupling. Along with being
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one of the few renormalizable portal couplings to a dark
sector, and a potential force mediator for thermal relic
models of light dark matter, this interaction is of intrinsic
interest as an extension of the SM Higgs sector.

The strongest existing constraints on the Higgs portal, in
the low mass range where Br(S — [T/7) ~ 1, arise from
searches for leptonic decays at the CHARM fixed target
experiment at CERN [43-45], and analysis of K™ — z+§
signatures at the Brookhaven E949 experiment, with §
escaping the detector before decaying and thus being counted
as missing energy in the search for K™ — 7 v [44-46]. The
latter constraint is the most stringent, except in an S mass
range relatively close to m, where significant backgrounds
limit the reach of E949. For higher S masses, a range of
accelerator and meson decay constraints apply to the Higgs
portal [6,44,45,47-52], while for smaller couplings, con-
straints from supernova cooling also apply [53,54].

In this paper, we revisit the limits on the Higgs portal in the
low mass mg < 350 MeV region, by studying the sensitivity
of the LSND experiment, that is known to provide important
constraints on the dark photon [18,19]. In particular, by
analyzing a range of production channels in the interaction of
the 800 MeV proton beam with the target, particularly proton
bremsstrahlung [51], we find that existing LSND analyses
with final state electrons and muons already impose the
leading constraint on the Higgs portal in two mass windows
between 100 and 350 MeV. Our final results are presented in
Fig. 1, where we show LSND exclusions compared to
existing limits, e.g., from CHARM and E949, and recent
projections for sensitivity at the Fermilab SBN facility [55].
For comparison, we also show the 1o and 2¢ preferred
regions if decays of K; via S were to explain the recent
KOTO anomaly [56-60].

The rest of this paper is organized as follows. In Sec. II,
we define the Higgs portal, and summarize some of
the relevant couplings and decays rates. In Sec. III, the
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FIG. 1. A summary of the sensitivity limits determined in this

work for scalar S decays to electrons (solid) and muons (hatched)
at LSND, shown in the plane of the coupling 6? ~ (Av/m3)?
versus dark scalar mass mg. Exclusions from other sources (in
gray) including LHCb [47], E949 K — x + invisible [44-46],
and CHARM S — ete™, u"pu~ [43-45] are shown. The 1o and
20 preferred contours to explain the KOTO anomaly in K;
decays [56-59], and the sensitivity projections for the on-axis
SBND (orange) and off-axis ICARUS (purple) experiments at
Fermilab [55], are also shown for comparison (see the text for
further details).

production of light scalars at LSND is discussed in some
detail, and in Sec. [V we present the sensitivity reach due to
light scalars decaying to electrons and muons in the
detector. Section V contains our concluding remarks.

II. HIGGS PORTAL

We extend the SM by adding a scalar singlet S, for which
the leading relevant or marginal couplings to the Higgs
doublet H constitute the Higgs portal [42],

L > —(AS+ AS?)H H. 2)

After electroweak symmetry breaking, and rediagonalizing
by shifting the physical Higgs field as & — h 4+ 6S to
remove hS mixing, the induced linear couplings take the
form

0 -
L£> ——S<meff +myZ'Z, + 2m$vw,jWﬂ+>,
v
/

where the mixing angle 6 ~ Av/ m%l < 1 for the parameters
of interest in this paper.

Integrating out the electroweak-scale degrees of freedom
induces further couplings of § to light hadronic states. For
the sub-GeV mass range of interest here, the relevant
interactions take the form

LD —9S<%é€ + gSWFﬂ,,F’”“ —l—gSNNNN + - )

Well-known one-loop triangle diagrams generate the effec-
tive diphoton coupling [61],

a
Gsyy = %Fy(ms), (3)
where F,(mg < GeV)~O(1) is a loop function
[51,61,62]. The coupling to nucleons can in turn be
obtained through the use of low energy theorems [51]
(see also [63,64]),

2my 7 mg _
=SV (14 5N TjgeIN
gsnn =g, < +2 . (Nlaq| >>

q=ud,s N

~12x1073. (4)

In principle this coupling should be extended to a form
factor, but for the kinematic regime of interest in this paper,
there is no significant impact from hadronic scalar reso-
nances, and the assumption that ggyy is a constant will be
sufficient.

In analyzing the fixed target detection signatures of S
decays, we will also require the leptonic decay width of S,
which is given by [6]

mim 4m3\3/2
(S —ITI7) :92#<1 ——l> . (5)

We have Br(S — e*e™) =~ 1 for2m, < mg < 2m,,, which is
the dominant decay channel over much of the mass range of
interest here, while Br(S — u*u~)~1 for 2m, < mg <
2m,. Just above the pion threshold, Br(S — up~) ~
0.15-0.2 [49], which will also be relevant below.

III. LIGHT SCALAR PRODUCTION AT LSND

The LSND experiment comprises an 800 MeV proton
beam impacting a thick target that was either water or a high
Z metal at various stages of the experimental program. Over
its lifetime LSND accumulated one of the largest proton on
target (POT) datasets of any fixed target experiment, with
over 10?2 POTs in total [65,66]. The relevance of LSND for
Higgs portal phenomenology was briefly addressed in [48].
In this section, we will revisit the production rate of scalars
for mg < m,, from a variety of channels.

Before we examine specific production modes, it is
useful to compare this case to the scenario with a dark
photon Aj, kinetically mixed with the photon via the
interaction § F**F),,. This induces a low energy coupling
of A’ to the electromagnetic current with strength ee, with e
the kinetic mixing parameter. The leading production mode
at LSND for low mass dark photons is pseudoscalar meson
decay, e.g., Br(n” — A’y) ~ €%. Thus, for sufficiently light
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dark photons, we can estimate the number of dark photons
produced as Ni’f) ~ €’N,. The large pion (and eta) produc-
tion rate, combined with the large radiative branching for
pseudoscalar mesons, makes this channel by far the most
efficient. For scalars coupled through the Higgs portal, the
situation is somewhat different, as the only mesons with
substantial scalar branching rates are kaons and B mesons,
which are not kinematically accessible at LSND. We find
instead that the dominant production mode in this case is
proton bremsstrahlung, p +N — X + S, with X the
inclusive hadronic final state and Ng ~ 0.56° g%NNN,p
107%0>N ,, which is substantially lower than the dark photon
production rate due to the reduced scalar coupling to hadrons.
In the rest of this section, we will discuss this production
mode in more detail, along with further production channels
via A decay and the Primakov process for comparison.

A. Proton bremsstrahlung

Scalars can be produced through the SNN vertex via the
proton-proton bremsstrahlung process p +p — S+ X,
where we focus on pp scattering due to its resonantly
enhanced rate, proceeding via the A™" intermediate state.
At LSND beam energies, the beam protons are only
moderately relativistic, and thus we will utilize two differ-
ent procedures for the calculation adapted respectively
to either subrelativistic or highly relativistic beams.
Comparing the scalar production rate using both techniques
at LSND will allow for an assessment of the precision of the
rate calculation.

1. Splitting function

We will first follow the approach of Altarelli and Parisi
and formulate the bremsstrahlung calculation in quantum
mechanical perturbation theory, as recently discussed in
this context in [51]. Since the beam protons are not
ultrarelativistic at LSND, this is an extension of the
conventional Weizsacker-Williams approximation in which
the beam protons are often considered in the infinite-
momentum frame. Nonetheless, we find that the kinematic
range at LSND will still allow us to approximate the
required rate in terms of the proton-proton cross section and
a calculable subprocess [67-70]. In this formalism, all
states are on shell and while 3-momentum is conserved,
energy is not automatically conserved at each vertex, but
only after summing all contributions.

The relevant diagram for the process is shown in Fig. 2(a).
We denote the momentum of the incoming proton and
emitted S in the target rest frame by p), = (E,.0,p,)
and pk=(Es.pr.zp,), with E} = zzp% + p3 + m%. The
momentum of the intermediate proton is denoted p’; , =
(Ep,=pr. (1 =2)p,), with E>=(1-2)’p}+pj+my,
where pr is the S transverse momentum with respect to

(©) A (d)

FIG. 2. Production channels for the scalar S at LSND via
(a) proton bremsstrahlung splitting function, (b) proton brems-
strahlung through one-pion exchange, (c) A decay, and (d) the
Primakov process.

the beam, and z is the fraction of longitudinal momentum
carried by S.

The second order contribution to the matrix element,
generically of the form V ;V ;;/(E; — E;) for a perturbation
V, has two possible time orderings in this case for the
process p + p; — S + X exchanging the intermediate state
p’. The two amplitudes can be written as [51,68]

Memit — MppsMpp-x (6)
ZEP/(E]7 —Eg— Ep/)
Mabsorb _ MP—’P/XMFP/—)S (7)

 2E,(Es—E,—E,)’

where the intermediate proton’s 3-momentum is fixed by
Py = P, — Ds» while the energy is not automatically con-
served atthe p p’S vertex. Denoting the energy denominators
as AE. . = E,+Es—F, and AE peo, = E,—-Es+E,
then under the condition

AEemit < AEabsorb’ (8)

we can neglect the matrix element M2°™®  This can be
interpreted as the dominant contribution coming from initial
state radiation. We have verified that this condition is
satisfied to a few percent for LSND kinematics. Imposing
a second condition,

AE i < m,, 9)

it is possible to write the differential cross section of the
process p 4+ p; = S + X in the approximate form [70]
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dop,—sx

splil
dzdp? ~ Py t(Z’PT)U,;,)(S/), (10)

where 6, is the total proton-proton scattering cross section,
which varies between ~30 and 45 mb over the relevant
energy range (see Fig. 4) [71], with s =2m,,(E, — Es +
mp) the center of mass energy. Denoting the momentum
transfer as ¢" = (E, — Es. p, — Ps), the differential split-
ting probability of the proton to emit a scalar P
represented in the form

can be

0> ggwn (E,Ey = (1 _Z)p% + m%)
1672 Es(q* —m3)?

E,—E
(=223 +p3(1+=2—)" ()

/

P

li
Pz, pr) =

The integration range for p; and z is determined by the
kinematic conditions (8) and (9), where we require the
kinematic variable on the left of each inequality to be at
most 10% of the right-hand side. The conditions are satisfied
for z € [0,0.5] and p; < 300 MeV at LSND. The resulting
distribution of scalars is shown in Fig. 3, which we see
reaches above Eg ~ 300 MeV.

2. One-pion exchange

We will now consider a complementary approach, mod-
eling proton-proton scattering via one-pion exchange, which
1s expected to provide the dominant hadronic (as opposed to
electromagnetic) contribution to bremsstrahlung at subrela-
tivistic beam energies. Using £ = g,yyNyst - 7N, with
Gonn/ (47) ~ 13.5, we first verify that the tree-level one-
pion exchange contribution to pp elastic scattering does
provide a relatively good fit, after accounting for the
electromagnetic component, as shown in Fig. 4. We utilize
a dipole form for the pion-nucleon form factor

1400
1200
1000
800
600
400

200

0

’ 100 200 300 400 500
Es (MeV)

FIG. 3. Energy-angle distribution of scalars with mg =
100 MeV produced via the proton bremsstrahlung channel at
the LSND beam energy of 0.8 GeV. This distribution uses the
assumptions discussed in the text, and has an arbitrary overall
normalization with the color bar indicating the relative frequency.

pp scattering cross section

—==- yexchange
One m exchange

—— Total elastic (T + y)

—— Best fit to data

¢  pp-X(total)

¢ pp-pp (elastic)

(LY TEEY X ﬂ” o o o

250 500 750 1000 1250 1500 1750 2000
P, (MeV)

FIG. 4. The pp-scattering cross section as a function of the
proton beam 3-momentum (MeV). The curves denote the con-
tributions from one-pion exchange (dash-dotted line), photon
exchange (dashed line), and the total cross section (solid line),
compared with data for elastic and inelastic scattering from the
Particle Data Group [76]. For the electromagnetic component
there is a cut on the forward/backward angle of the scattered
proton in the lab frame of 2°.

~1/(1 + Q*/m3)?, where my ~ 1 GeV is the axial mass
[72,73], and similarly the proton electromagnetic form factor
Fi(Q*) ~1/(1+ Q%/(0.71 GeV)?)2. The contribution
from one-pion exchange is significant in a narrow energy
range, and it is known that additional processes, such as two-
pion exchange, become important for beam momenta above
600-700 MeV [74,75]. Retaining just the one-pion exchange
contribution will nonetheless be sufficient in our case, as we
are interested in the ratio of two- to three-body final states, in
which the overall normalization of the p p cross section drops
out as for the splitting function calculation above. Note that
above a beam momentum of about a GeV, the inelastic
channel via the A resonance contributes at a comparable
level to elastic scattering, but is not accounted for in this
approximation.

We now compute the rate for initial state radiation of S,
pp — ppS via one-pion exchange, according to Fig. 2(b).
For the analysis below, we use the full tree-level calculation
of the two-body and three-body final states. However, we
can gain some intuition in the limit where Mandelstam
s > m3, where the cross section takes the form ¢

By, f(m2), with f(m2) o log?™ + - exhibiting the
Sudakov double logarithm. For the finite-mg kinematics of
interest here, there are no sizable IR/collinear effects, and so
we will not need to include the corresponding loop con-
tribution that is relevant in the mg — 0 limit.

To compare with the splitting function calculation above,
we define the differential splitting probability of the proton
to emit a scalar via one-pion exchange in the form

pp=ppS —

Elastic

1 do_pp—pr (12)

split, OPE
Py (ES Qg ) Elasuc dQgd ES
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FIG. 5. The ratio of the splitting probability of the initial state
proton to emit a scalar calculated using the two techniques as a

function of scalar energy. The LSND beam momentum corre-
sponds to P, = 1463 MeV.

The plot in Fig. 5 compares the two different methods of
calculating the splitting probability as a function of the
scalar energy Ej. Similar results hold for other choices of
mg. We observe that the ratio is O(1), with one-pion
exchange providing a rate that is slightly larger than the
relativistic splitting function for LSND beam energies. This
comparison nonetheless provides confidence in the rate
calculation at the O(1) level.

3. Scalar production rate

Utilizing only the splitting function calculation (10) as a
conservative approximation for the total rate, the total
number of scalars N ¢ produced through the bremsstrahlung
channel can be estimated numerically, where we normalize
the rate to the number of z* produced, N,, which is
given at LSND energies by the Burman-Smith distribution
[77]. For mg =1 MeV, we obtain Ng~ 0.50°g3ynN,.
This calculational approach should capture part of the
primary production channel, but as is apparent from the
discussion above, it is only anticipated to be accurate up to
O(1) factors.

B. Other production channels

In this subsection, we comment on a number of addi-
tional subleading scalar production channels.

1. A decay

At LSND beam energies, roughly half the total proton-
proton scattering cross section involves an inelastic process
with resonant production, e.g., of A™", which subsequently
decays to p + zt. Indeed, the resonant excitation of A (and
%) hadronic resonances is the primary channel for pion
production at LSND. This is partially incorporated into the
analysis of bremsstrahlung above, in that it contributes to
the total cross section, but there are additional channels
involving S radiation from final states which are more

problematic to calculate. A tractable contribution of this
type involves three-body A decay, A - 7+ p + S [48],
as shown in Fig. 2(c). Computing the three-body decay
rate, using a phenomenological pion-Delta-nucleon vertex
at the low energy given by L;,, = g,,ANA”Nﬁﬂzr, and
assuming that the two-body decay of A’s saturates pion
production inside the target, we can estimate the number
of scalars from the three-body decay via the following
ratio, Ng~ N, X rrAA;;’f Evaluating the three-body phase
space integral numerically for mg =1 MeV, we find
Ng ~0.040? g%\ N, which is consistent with the estimate
in [48] and about an order of magnitude below the
bremsstrahlung rate. Note that in the collinear limit, scalars
are produced isotropically in the A rest frame. We have
transformed the energy-angle distribution to the lab frame,
using a Monte Carlo simulation, in which the energy-angle
distribution of A baryons in the lab frame was reconstructed
from the Burman-Smith parametrization of the pion dis-
tribution. As expected this distribution is almost isotropic,
reflecting the fact that the A’s are produced almost at rest,
in comparison to the more forward-peaked distribution
from bremsstrahlung. This further suppresses the event rate
in the detector.

2. Primakov conversion

There are several additional decay channels that will
contribute to S production, as discussed in [48], but none
are estimated to be larger than the A decay channel
discussed above. We have also considered a different
topology that utilizes the effective diphoton coupling (3),
via which scalars can be produced via the Primakov
conversion of photons y + N — S+ N in the presence
of nuclei with atomic (number) mass Z(A), as shown in
Fig. 2(d). The dominant source of photons is provided by
7Y decays in the target [78]. The neutral pion decay
length is roughly 0.1 ym at the LSND beam energy, and
thus 7° — yy decays can effectively be treated as a
distribution of real photons in the target. Applying the
analysis of [79] to scalar production, the total cross section
can be written as o5 = [ dk,dQ,f,(k,.Q,) X 6,y_ns(k,),
where f,(k,.0,)dk,dQ, is the photon energy and angular
distribution with angles (6,, ¢,) defined with respect to the
beam direction. The two-body cross sectiony +N — S+ N
incorporates a Helm form factor [80], which is exponen-
tially suppressed for momentum transfer above 200 MeV
once coherence is lost [81]. Taking the Burman-Smith
model of the pion distributions as an input, the dependence
of the photon distribution on the energy and angle with
respect to the beam axis was determined using a
Monte Carlo simulation, and numerically evaluating the
integrals for mg =1 MeV, we estimate the number of
scalars produced as Ng ~ 1076%g%, N .., where the factor
of g2yy ~ 107® has been inserted purely for comparison.
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This S-production process is forward peaked, but is
subleading at LSND.

IV. SENSITIVITY AT LSND

In this section, we focus on the dominant proton
bremsstrahlung production mode and combine the rate
and distribution of the last section with the experimental
geometry and detection probability, in order to determine
the LSND constraints on the Higgs portal. The LSND
detector was a shielded 5.7 m diameter cylinder of length
8.3 m filled with 167 tons of mineral oil, that was on
average at an angle of 14° to the beam line, and at a distance
of 30 m from the target. Charged particles, such as electrons
and muons, were detected via a combination of Cerenkov
and scintillation light.

Once produced, the probability that an S particle decays
inside the detector is

Pgecay = et/ — etalib, (13)

where L; (and L) denote the distances from production at
which the scalar will enter (and exit) the detector, while 7 is
the lifetime and f the velocity. This probability therefore
depends on the scalar’s energy as well as its direction with
respect to the beam axis. Due to the low beam energy at
LSND, we do not consider scattering or Compton absorp-
tion signatures inside the detector, since the decay reach
dominates the scattering reach by several orders of magni-
tude [48,82].

To normalize the overall event rate at LSND, we have
used N o, the total number of neutral pions produced. In
practice, the 7° distribution is taken to be an average of the
measured 7z and 7~ production rates in proton-nucleon
collisions, which differ by O(1) factors. For the LSND
beam energy, we use the parametrization of the production
cross section given by Burman and Smith [77], and denote
the total cross section as 625, With this normalization, the
number of scalars produced via proton bremsstrahlung that
subsequently deposit their energy in the LSND detector can
be schematically represented as follows,

N dZG SX
NESND g % / dEdo (””'* >
s eff 5BS STUS\ dEgdbg

X Pdecay&(ESveS) (14)

where 9(Eys,05) summarizes the experimental cut condi-
tions and . is the corresponding detection efficiency. To
determine the sensitivity to scalar decays to electrons, we
use the analysis [65,66], in which v, were detected via the
inclusive charged-current reaction v, + '>C — e™ + X.
Following [9], we make the assumption, based on the
primary use of the scintillation to Cerenkov light ratio, that
the ete™ pairs would be registered as indistinguishable
from single electrons. Therefore, we assume that the

scalar’s energy would have been measured as the energy
of a single electron in the energy range 60 to 200 MeV with
the eTe™ pair detection efficiency as for a single electron,
i.e., &g ~0.1. A similar analysis [83] uses an energy cut
between 160 and 600 MeV on muons produced through the
reactions ,(9,) + '>C » =) + p(n) + X in order to
identify muon neutrinolike beam-excess events inside the
detector. We can use this analysis to find the sensitivity to S
decays to muon pairs, although the efficiency is harder to
estimate in this case given that the ™y~ pair will have a
lower boost than the corresponding electron decay. We will
assume these events are also reconstructed as single-muon
events with efficiency ~0.1 similar to the electron case, but
show the results with hatching to indicate that the detection
assumptions are distinct. In this case, we also account for
the reduced branching fraction to muons when mg > 2m,.
In both analyses, the number of beam-excess events does
not exceed 20, which we take as the limit for both electron
and muon decay channels.

Using the energy-angle distribution of scalars produced
dominantly through proton bremsstrahlung, as outlined in
Sec. III, and considering the geometric acceptance of the
LSND detector as well as kinematic cuts and detection
efficiencies for the final state particles, we numerically
determined the event yields at LSND. The resulting event
number contours are shown in Fig. 6, while our final 20
event limit contour is shown in Fig. 1, which also
summarizes the results in comparison to a number of
existing constraints as detailed in the figure caption. We
see that the LSND sensitivity to electron decays provides
the leading constraint in a small window in scalar mass

10-5 ] CHARM LHCb

LSND

92
-
Q

10—10

50 100 150 200 250 300 350 400
ms (MeV)

FIG. 6. Sensitivity contours for scalar decays at LSND, with the
three blue-shaded contour regions corresponding to 1 event
(light), 10 events (medium), and 1000 events (dark). Solid
shading indicates event rates from electron decays, while hatched
shading indicates event rates from muon decays. Existing
exclusions from other sources (in gray) include LHCb [47],
E949 K — & + invisible [44-46], and CHARM S — ete™, utpu~
[43-45] analyses.
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from 120 to 180 MeV, while the sensitivity to muon decays
provides the leading constraint from 2m, up to 320 MeV.

V. CONCLUDING REMARKS

In this paper, we have revisited the existing limits on one
of the three UV-complete portals from the SM to a dark
sector, namely the Higgs portal coupling to a singlet scalar.
This portal is of particular interest as one of the generic
mediation channels for the interaction with dark matter. We
have shown that existing data from LSND, when combined
with the dominant low energy production mode through
proton bremsstrahlung, already excludes additional regions
of parameter space for mg between 100 and 350 MeV.
Future analyses are possible, which can extend this reach
further. For example, NA62 at CERN provides greater
sensitivity to K™ — zvp, and so the exclusion from E949

can be extended [52], while further sensitivity at higher
mass may come from Belle II [84]. Similarly, KOTO
provides sensitivity through the neutral decay channel
K, — 70 (see, e.g., the recent discussions of an anomaly
in current data in [56-60]). The short baseline neutrino
program at Fermilab will also provide new sensitivity to the
Higgs portal, as recently analyzed in [55], and we exhibit
the projected sensitivity for SBND and ICARUS from that
reference in Fig. 1.
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