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We re-analyze published proton beam dump data taken at the U70 accelerator at IHEP Serpukhov
with the v-calorimeter I experiment in 1989 to set mass-coupling limits for dark gauge forces. The
corresponding data have been used for axion and light Higgs particle searches in Refs. [1,2] before. More
recently, limits on dark gauge forces have been derived from this data set, considering a dark photon
production from 7%-decay [3]. Here we determine extended mass and coupling exclusion bounds for dark

gauge bosons ranging to masses m, of 624 MeV at admixture parameters & =~ 10~% considering high-
energy Bremsstrahlung of the y’-boson off the initial proton beam and different detection mechanisms.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

Beyond the forces of the SUs . x SUy x Ujy Standard Model
(SM) other Uq-fields, very weakly coupling to ordinary matter, may
exist [4-11]. The corresponding extended Lagrangian reads [10,12]

1 £
L=Lsy — ZXMUXV“U + EXMUFMV

2
_ m?>,
ey Py Xt + T”xﬂxﬂ, (1)

with X#* the new vector potential and XMV = gHXY — 9V XH
the corresponding field strength tensor, and F#V the U(1)y field
strength tensor. The mixing of the new U(1) and U(1)y of the
Standard Model is induced by loops of heavy particles coupling to
both fields [5,8]. The particle associated with the new U(1) sym-
metry is called y’. We assume minimal coupling for X, to all
charged Standard Model fermions , with effective charge e, & =é,
and ey, being the fermionic charge under U(1)qgp. For the genera-
tion of the mass term we assume the Stueckelberg formalism [13],
as one example.!

In the mass range of m,» > 1 MeV searches for a new y’-boson
have been performed analyzing the anomalous magnetic moments
of the electron and muon [14], 7 (3S)-decays [15], Belle [16],
J/¥-decays [17], K-decays [18], data from KLOE-2 [19], A1 [20],

* Corresponding author.
1 Other mechanisms are possible as well, cf. e.g. [3,12].
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APEX [21], HADES [22], as well as searches in electron and pro-
ton beam dump experiments, as E774 [23], E141 [24], E137 [25,
26], Orsay [27], KEK [28], v-CAL I [3], NOMAD and PS191 [29],
CHARM [30], SINDRUM |[31], and WASA [32]. Furthermore, lim-
its were derived from supernovae cooling [12,33-37] and white
dwarfs [38]. Possibilities to search for dark photons in low energy
ep- [39] and eTe~-scattering [40] have been explored. The effect
of massive photons on the p-content of air showers was studied
in [41]. Updated summaries of exclusion limits and reactions have
been given in Refs. [42-47]. The present limits in the m, ~¢ plane
range from ¢ € [5 x 1072,1072] and a series of mass regions in
my,r € [2 me,~3 GeV], with an unexplored range towards lower
values of ¢ and larger masses.

In the present Letter we derive new exclusion bounds on dark
y’-bosons using proton beam dump data at p ~ 70 GeV, based on
potential y’-Bremsstrahlung off the incoming proton beam search-
ing for electromagnetic showers and muon pairs in a neutrino
calorimeter [48]. In a previous analysis [3] exclusion limits were
derived based on y’-production in the decay of the 7%-mesons.
These beam-dump data have been used in the axion [49] and light
Higgs boson searches, cf. [1,2,50], in the past.

In the following we first derive the production cross section,
describe the detection process, the experimental set-up and data
taking, and then derive new exclusion limits on the mass and cou-
pling of a hypothetic y’-boson.
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2. Production cross section

One production channel for a y’-boson in a high-energy pro-
ton beam dump is given by small-angle initial-state radiation from
the incoming proton at large longitudinal momentum, followed
by a hard proton-nucleus interaction. The hadronic cross section
is used in form of a parameterization of the measured distribu-
tions. Corresponding radiator functions may be derived using the
Fermi-Williams-Weizsdcker method [51-53] to good approxima-
tion.23

For the derivation often old-fashioned perturbation theory [58]
in the infinite momentum frame is used in the literature, cf.
[59-61]. As is well known, the corresponding radiators, beyond the
universal contributions being free of mass effects, are no gener-
alized splitting functions and are not process independent.* They
just describe a factorizing weight-function of a differential cross
section do, relative to a sub-process given by doy,

doq = wpq(z. p%) dzdp? doy, )

cf. Refs. [60,61]. Here z denotes the longitudinal momentum frac-
tion of the emitted y’-particle relative to the incident proton beam
momentum and p, its transverse momentum w.r.t. the incident
beam direction.

The Fermi-Williams-Weizsdcker approximation was also de-
rived using covariant methods, cf. [54] and [57,63]. Here one may
consider the splitting-vertex p — y’ + p’ only [59-61,63], which
will lead to finite fermion mass corrections up to ~M? in the
fermion mass. Using the method of [61] and accounting for a fi-
nite fermion mass one reproduces the results given in [59,60,63].>

A more general approach, the generalized Fermi-Williams-
Weizsdcker method, relies on the scattering process

b+p—vy' +p, 3)

with b the boson being exchanged between in the incoming
fermion and the hadronic target, for which we assume b being
a vector, cf. also [63]. Here p and p’ denote the proton before
and after the emission and y’ is the produced new y’-boson.
Following [57] the contraction of the fermionic tensor L, cor-
responding to (3) with the incoming target momentum P;, is
given by

LMV Pi Py a
M.2 = (qz — q0)2 (LOO + Lzz - 2LOz)
1
7
m (cos? pLyx + sin® gLyy), (4)
-

where M; denotes the target mass and q,,q, are the components
of the momentum of the boson b. As shown in [57] the terms
Loo + Lz; — 2Lo, are strongly suppressed relative to those of the
second term. The dominant contribution to (4) stems from the re-
gion of very small values of qi and one may rewrite this relation

2 For a review see [54] and references therein. Early applications are found in [55,
56].

3 Let us stress that the use of the Fermi-Williams-Weizsicker method determines
the corresponding exclusion bounds given in the present Letter. A later more refined
theory might possibly change these bounds within the precision of its further im-
provement. This will apply also to the other foregoing applications of this method,
see Refs. [12,57].

4 Cf., however, Ref. [62].

5 In case of the representation given in [63] the denominators containing pi are
obtained from the virtuality g2 in the deep-inelastic case for small angles 6% « 1,
where ¢2 = —[M22% + (A? — M?)/(4A%)0%]/(1 — 2) = —(2*M? + p?) /(1 — 2), with
A=EQ1+p)(1—2), z=yp, B=(1—M?/E?)'/2, and E the energy of the incoming
fermion beam.

performing the @-integral as

2 ¢ Mm?
0

1 ep,p 3 1
dp—— bt AL (Sgu ) L (s)
(dz — q0)? 2

2_q2
9" =qmin

since Log & Ly,. In the following the virtuality g is set effectively
to zero.

We consider b as a vector particle and y’ as the y’-gauge boson
with mass m,. The matrix element |M|? averaging over the initial
state spins is given by

—_— 1 S U 1 1
|IM|% = —gg’“L,w =—=——+2(2M? +mf,,)<— + —>

u s s'u
+41\/141+12
s U
4
1 1 m,
2M?m?, (= + — ) — 22, 6
+ my<52+u2) SU (6)

with the projector —g,, + kﬂk\,/mf/, for the polarization sum for
the y’-boson, is easily calculated using FORM [64]. Since we now
refer to the 2 — 2 scattering process (3) also fermion mass terms
up to ~M* contribute. Here we have not specified the nature [13,
65] of the produced boson. Due to the production of a massive fi-
nal state boson y’ three degrees of polarization contribute. This,
however, does not lead to 1/m’)‘/,—terms, with k> 0,k € N, in (6).5
Massive boson production in Bremsstrahlung has also been consid-
ered e.g. in [70,71] and for massless fermions in [12].
The invariants S and U in (6) are given by

U=u-M*=(p—-k>-M =m, —2pk (7)
S:s—Mzz(p’+k)2—M2=m)2/,+2p/.k, (8)

with p, p’ and k the momenta of the incoming, outgoing fermion
and produced boson y’. From the matrix element in Eq. (6) we
derive the splitting probability for the process P — y’+ P’ and set
the momentum of the boson b to q = 0. Referring to the infinite
momentum frame given by the fast moving incoming fermion of
momentum P the 4-momenta are given by [60,61]

M2
p=<P+ﬁ;P,0,0> (9)
pi—i—mf/,

k=<zP+27PZ;zP,px,py) (10)
p'= ((1 —z)P+%; ¢ —Z)P,—px,—py>- (11)
The invariants read, cf. also [12],

u=—1[(1—z>m§,+z2M2+pi], s=— 2 (12)

z 1-z

One thus obtains

Wpq(z, p3) dzdp?

a_’{l—i—(l—z)z

H H2

2 2
_ M Am, Mt
27 z

—2z(1 —z)[

6 As has been discussed in the literature extensively [66-69] the transition in
scattering cross sections from a massive boson to the massless limit needs not al-
ways to be continuous.
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M?2m?2
2 v’
+2z(1-2)[1+ (1 -2)7] B
4
mZ, ) dzdp?
2z(1 -2 L L 13
+2z(1-2) H2} 0 (13)
with ' = (8)%/(4m) and
H(pi,2)=p3 + (1 —2m, +22M>. (14)

The first term in (13) denotes the well-known splitting function
P, ¢(2). In the limit M2 — 0 Eq. (13) agrees with a corresponding
expression in [12].

The pi-integral in (13) is regularized by both masses m,,, and
M individually. It is given by

(141 —2)? 2
Wha(2)dz = al { 1+d =27 ln(l + LL’maX)
2m z A

2
pJ_,max
A(pi,max +A)

+22(1-2)[222M* +[1 4+ (1 - 2°]M°m3,

2 2
pJ_,max(pJ_,max + 2A) }
2(pzl,max + A)2A2 ’

—2z(1 - 2)(2M* +m?))

+(1—-2)m}, ]

(15)
with A= (1 -2ym2, + 22M>.
The final production cross section reads

Op+A—>y'+X

2
Zmax pJ_,max

= [ @z [ @t wppe o)l as)

Zmin 0

with s = (M + Ep)2(1 —2), Ep the beam energy of the accelerator,
0pa(s’) the hadronic scattering cross section after y’-boson emis-
sion and O[ f (z, pi)] summarizing the experimental cut conditions.
The cross section opa(s’) is related to the pN-scattering cross sec-
tion by a function f(A), which drops out again in calculating the
event rate. The inelastic scattering cross section oy is taken from
experimental data, cf. Ref. [72]:

s 1 m 1 2
O'pp(s/):Z-l-B'lOgZ(;) +Y1 (;) _YZ(?) ) (17)

where Z = 3545 mb, B = 0.308 mb, Y; = 42.53 mb, Y, =
33.34 mb, /s =5.38 GeV, /s1 =1 GeV, 1 =0.458 and n, =
0.545.

Finally we would like to briefly summarize the condition of use
for the Fermi-Williams-Weizsdcker approximation given in [57,73]
for the present set-up. These are

E? > (p+k)? M? (18)

Ey > M, (19)
1

E—Ey,>» A M, \/p'2 —[M*-p'?], 20

y > /P M[ p'?] (20)

with A = (Mf, — M»/(2M;) and M; = M. In case of a quasi-
elastic emission of the y’-boson one expects the hadronic mass

Mf =+/p’? of similar size than the nucleon mass M. The condi-
tions translate into

-
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[
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Fig. 1. Flux of produced y’-particles within the angular acceptance of the detector
per beam proton as function of their energy in the laboratory frame. The black,
red, green, blue and magenta lines correspond to y’ with masses between 0 and
800 MeV in steps of 200 MeV for ¢ = 1. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this Letter.)

1
P% > zM?% + E[pi +Q —|—z)mi,] (21)
P? > M? (22)
2 2
pL+m,
p+——1 / 23
2P+ — 5> my (23)
M? + p% 1
1-2)P+ ————= > A; M; \/p'%; —[M* - p'?]. 24
(1-2) * a5 > p M[ p'?] (24)

Again, for quasi-elastic splitting one has \/F~M. While (22) is
fulfilled automatically at high energy accelerators, (21), (23), (24)
set constraints on z in dependence of the values of pzl and m,,
and have to be tested accordingly. These conditions may be sum-
marized by

Ep.Ey,Ep—Ey>>M,my, \/p3. (25)

From the experimental setup one obtains E, =70 GeV and p2l <
1 GeV? (see below). Further we only test masses my,» <1 GeV and
we restrict to the energy range 10 GeV < E,» < 60 GeV, which
corresponds to the condition 0.14 < z < 0.86.

This combination of constraints ensures the validity of the ap-
proximations used according to the conditions of Eq. (25).

The event rates in the detector are calculated using the differ-
ential y’-rate per proton interaction

2
pL,max

AN 1 opa(s)

2 2
- ) d ) 26
dE, " E, opa) Wha(z, p7)dpt (26)

where s’ =2M(E, — E,») is the reduced center-of-mass energy af-
ter the emission of the ' and s =2ME,. The resulting y’-rate is
shown in Fig. 1 for five values of m, between 0 and 800 MeV and
e=1

3. The detection processes

In Ref. [3] we restricted the analysis to the mass range 2m, <
my: < mg. Here the only relevant decay channel is ' — eTe™.
However, the Bremsstrahlung process can produce particles with
m, > mQ. Therefore we consider here as well the decay channels
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Fig. 2. Branching ratio of ¥’ into eTe~ (red), u* = (blue) and hadrons (black). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this Letter.)

y' — uTu™ and Yy’ — hadrons. The partial decay width of the
y’-boson into a lepton pair is given by [10]

o1 am? 2m?
F()// — l+l ) = EaQEDmy’gz — _21 (1 + —2’>, (27)
y/ my/

where [ indicates either a muon or an electron. The partial decay
width into hadrons is determined following the approach having
been proposed in [12]

o (ete™ — hadrons)

1
I'(y" — hadrons) = §ocQEDmy/82 (28)

oete” —» utu~)’
where the ratio of the hadron production cross section with re-
spect to muons is taken from [72]. The resulting branching ra-
tios for the three channels are shown in Fig. 2. For m, < 2my
only the decay into ete™ is allowed. For 2m, < my,r < 400 MeV
the suppression of the muon channel compared to the electron
channel due to the kinematic factor in Eq. (27) is visible. For
m,,» > 600 MeV the hadronic decay starts to dominate.

The ' decay probability wge. inside the fiducial volume of the
detector for a leptonic decay ¥’ — I~ is given by

1 ,
o] ]
x |:l —exp(— lﬁd/ mf)], (29)
cT(y’) |k|

with 7(y’) the lifetime of the )’ for a given mass (i.e. the in-
verse of the total decay width), c¢ the velocity of light, m, and k
are the mass and 3-momentum of the y’-boson. lqymp denotes the
distance of the fiducial volume from the beam dump and l54 the
length of the fiducial volume itself.

4. The experimental setup and data taking

The beam dump experiment was carried out at the U70 accel-
erator at IHEP Serpukhov during a three months exposure in 1989.
Data have been taken with the v-CAL I experiment, a neutrino de-
tector. All technical details of this experiment have been described
in [1] and a detailed description of the detector was given in [48].
Here we only summarize the key numbers which are crucial for
the present analysis.

The target part of the detector is used as a fiducial volume to
detect the decays of the y’-boson. It has a modular structure and
consists of 36 identical modules along the beam direction. Each of
the modules is composed of a 5 cm thick aluminum plate, a pair
of drift chambers to allow for three dimensional tracking and a
20 cm thick liquid scintillator plane to measure the energy deposit
of charged particles.

For the beam dump experiment a fiducial volume of 30 mod-
ules with a total length of Igg =23 m is chosen, starting with the
fourth module at a distance of lgymp = 64 m down-stream of the
beam dump. Three modules in front of the fiducial volume are
used as a veto in addition to a passive 54 m long iron shielding.
The lateral extension of the fiducial volume is 2.6 x 2.6 m?. In the
following we use conservatively a slightly smaller fiducial volume,
defined as a cone pointing to the beam dump with a ground circle
of 2.6 m in diameter at the end of the fiducial volume, i.e. at a dis-
tance of 87 m from the dump. This leads to the following simple
fiducial volume cut

(p1/pL)1ap < 1.3/87=0.015. (30)

During the three months exposure time in 1989 Ny = 1.71 x
10'8 protons on target had been accumulated [1]. The signature
of event candidates from y’ — ete™ is a single electromagnetic
shower in beam direction. This signature is identical to the one
from the axion or light Higgs particle decay search which was per-
formed in [1]. Electromagnetic showers with energies larger than
10 GeV are detected with an efficiency €, = 70% [1]. From the total
data sample of 3880 reconstructed events, 1 isolated shower with
E > 10 GeV is selected, which is compatible with a background es-
timate of 0.3 events from the simulation of v, and v, interactions
in the detector.

In [2] the same data set is searched for a decay signature of
light Higgs or axions into w™p~. Again this signature is iden-
tical to the corresponding decay of a y’ into a muon pair. For
E,, + Eu, > 10 GeV the detection efficiency is found to be
&y = 80% [2]. From the total data sample, one muon pair with
E;, + Epu, >10 GeV is selected, which is compatible with a back-
ground estimate of 0.7 events.

5. Results

The total number of expected signal events can be calculated as

dN
Nsig = Nox x & [ 42 Waee(E) G1)

where ¢; denotes the detection efficiency for an electromagnetic
shower (I =e) or a muon pair (I = @) as introduced above. The
integration is carried out over the energies of the y’ in the range
10-60 GeV. The dependence of Nsjg on m,. and ¢ for the two
decay channels is shown in Fig. 3.

The overall shape of the contour is similar to the one obtained
in [3]. The maximal event numbers are about two orders of mag-
nitude below the values found in [3] and the contour is narrower,
both due to the lower flux from Bremsstrahlung with respect to
production from 7°-decays. However the present contour is not
limited to m,, <m0 and indeed events are expected for masses
as high as ~600 MeV. The muon channel contributes with max-
imally few tens events at m,, =250 MeV and ¢ =3 - 10-6. For
my,» > 2m,, both electron and muon channels contribute about
equally, therefore the combination of these two channels will im-
prove the sensitivity in this mass range.

The leading systematic uncertainty of the measurement is due
to the background estimate from neutrino interactions. Its impact
on the result is evaluated below. Other systematic effects such
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Fig. 3. Expected y’-events in the electron channel (left) and muon channel (right). Color bands (left) per decade from 107 events (yellow) to one event (dark blue) and (right)
per semi-decade from 30 events (green) to one event (dark blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this Letter.)
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Fig. 4. Comparison of the present exclusion bounds (red area and lines) with other
exclusion limits (grey area and lines) derived from data on the anomalous magnetic
moments of the electron and muon [14], T (3S) decays [15], Belle [16], J /v -decays
[17], K-decays [18], KLOE-2 [19], A1 [20], APEX [21], HADES [22], E774 [23], E141
[24], E137 [25,26], Orsay [27], KEK [28], NOMAD and PS191 [29], CHARM [30], SIN-
DRUM |[31], WASA [32] and v-CAL I for mmg-decay [3] (blue line).” (For interpretation
of the references to color in this figure legend, the reader is referred to the web ver-
sion of this Letter.)

as the uncertainty of the total proton flux or the uncertainty of
the signal efficiencies are small and have been ignored. Confidence
limits are calculated with the CLs method [74] according to

N N
c=1 —ZP(n,s—l—b)/ZP(n,b),
n=0 n=0

with P(n, x) the Poisson-probability to observe n events for a mean
value of x. N denotes the number of events being actually observed
and b is the background estimate from simulations. Based on these
values Eq. (32) allows to determine the signal level s for a given
confidence level. For N =1 observed events and a background of
b =0.3 (ete™ channel) a signal of 4.5 events can be excluded at
95% C.L. (c =0.95). This value changes to 4.7 events if we conser-
vatively assume an uncertainty of a factor two for the background
estimate b. For the muon channel with N =1 and b = 0.7 we

(32)

obtain a 95% C.L. limit of 4.5 events when assuming the same un-
certainty for the background estimate.

If k different channels are combined such as the decays into
electrons and muons Eq. (32) modifies to

K

N KT N
c:l—l_[ ZP(n,sk—kbk) /1_[ ZP(n,bk) .
k=1L n=0

k=1L n=0

(33)

This relation is used to calculate the corresponding event numbers
for both muon and electron signatures at the 95% C.L. for the mass
range where both channels contribute.

The new corresponding exclusion region is shown as red area
(and line) in comparison with the limit from [3] (blue line) and
limits from other experiments in Fig. 4.

At large values of ¢ studies of the anomalous magnetic mo-
ments of the muon and electron [14], of rare decays of heavy
mesons [15], and results from MAMI [20], put stringent limits. For
1073 < £ <1077 beam dump experiments [3,23-25,27-30] give
the best sensitivity. For even smaller values of ¢ limits can be de-
rived by studying the dynamics of supernovae cooling [33]. The
prospects for the sensitivity of a reanalysis of LSND data [34] have
been noted in [10] earlier, cf. also the summary in |3, Figure 5].

6. Conclusions

We have re-analyzed proton beam dump data taken at the
U70 accelerator at IHEP Serpukhov with the v-calorimeter I ex-
periment in 1989 [1,2] to set mass and coupling limits for dark
gauge forces. The search is based on y’-Bremsstrahlung off the in-
coming proton beam searching for electromagnetic showers and
muon pairs in a neutrino calorimeter [48]. Recently published lim-
its based on the same dataset [3] could be extended towards larger
gauge boson masses, excluding a new area in the m,/-¢ plane.
The present analysis extends the region excluded by a recently
published limit based on the same dataset [3]| towards larger
masses m,s € [My,,0.63 GeV] for values in the mixing parame-
ter £ ~ 1075, In future experiments signals from dark gauge forces
will be searched for in the yet unexplored regions shown in Fig. 4,
see e.g. Ref. [8] for proposals.

7 We thank S. Andreas for designing this graph. The exclusion curves for the
electron-beam dump have been recalculated in [42] and are shown here. Note a
difference to [12] in case of E137.
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