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Abstra
t

Extending the Standard Model of parti
le physi
s by an U(1) group gener-

ates an additional gauge boson γ′ whi
h is known as hidden or dark photon.

The hidden photon is able to intera
t with the ele
tromagneti
 
urrent of the

Standard Model. We study the exploration rea
h of various �xed target experi-

ments sear
hing for the hidden photon. Therefore we investigate the 
reation of

a lepton pair indu
ed by quasi-elasti
 s
attering of an ele
tron beam o� a heavy

nu
leus (A,Z), i.e. e(A,Z) → e(A,Z)e+e− with a hidden photon γ′ as signal

and a virtual photon as ba
kground in the intermediate state. We 
ompare

our 
al
ulations with the data taken in the test run of the MAMI experiment.

Predi
tions of the expe
ted ex
lusion limits of the 2012 beam time at MAMI

are presented. Furthermore, our analysis of rare kaon de
ays as possibility to


onstrain the γ′ parameter spa
e is presented.
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1 Introdu
tion

Re
ent observations of anomalies in astrophysi
al data 1) have motivated to


onsider extensions of the Standard Model of parti
le physi
s (SM) by in
luding

an additional U(1) gauge group whi
h 
ould explain su
h anomalies 2). Though

the idea to extend the SM by an additional U(1) re
ently be
ame popular, it

did not rise up with these observations. In many well motivated SM extensions,

e.g. from string theory, additional U(1) groups appear naturally 3).

Extending the SM by su
h an U(1)D group generates an additional gauge boson

γ′ whi
h is able to intera
t with the ele
tromagneti
 
urrent of the Standard

Model. Although this intera
tion is forbidden at tree level it is possible via

kineti
 mixing giving rise to an e�e
tive intera
tion Lagrangian

Lint = i εe ψ̄SM γµ ψSM A′

µ,

where A′ denotes the γ′ �eld. Furthermore, ε is the kineti
 mixing fa
tor

parameterizing the 
oupling strength relative to the ele
tri
 
harge e, and de-

s
ribes the intera
tion of the additional gauge boson with the ele
tromagneti



urrent. The γ′ may gain a mass mγ′ whi
h 
an be estimated to be in the range

of 10MeV to a few GeV, and the kineti
 mixing fa
tor ε2 = α′/α is predi
ted

from various models to be in the range 10−12 < ε < 10−2 4). The 
oupling of

the γ′ to SM parti
les and the predi
ted mass range allows for the γ′ sear
h

by a

elerator experiments at modest energies with high intensities. The pro-

posal to sear
h for the hidden gauge boson by �xed-target experiments 5, 6)

motivated several experimental programs, e.g. by the A1 Collaboration at the

MAMI a

elerator in Mainz 7) as well as at the CEBAF fa
ility at Je�erson

Lab 8, 9). The A1 7) and APEX 8) experiments already have published �rst

data. In these ele
tron-hadron s
attering experiments an ele
tron beam is s
at-

tered o� a nu
lear �xed target, and a lepton-antilepton pair is 
reated, whi
h

is dete
ted. Using the measured invariant mass distribution, a bump sear
h

is performed. In the 
ase, that no bump is seen, an ex
lusion limit for the γ′


oupling ε2 as fun
tion of its mass mγ′ 
an be 
al
ulated, for whi
h a pre
ise

knowledge of the ba
kground is 
ru
ial. Su
h pre
ise study is the main subje
t

of the �rst part of the present work 10). In the se
ond part the possibility to


onstrain the γ′ parameters from rare kaon de
ays is dis
ussed 11).
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Figure 1: Tree level Feynman diagrams 
ontributing to the ep → epl+l− ampli-

tude. Upper panel: ex
hange of the timelike boson V and a spa
elike γ (TL).

Lower panel: the spa
elike boson V and a spa
elike γ (SL). In addition to these

dire
t (D) diagrams the ex
hange term (X), whi
h 
onsists of the same set of

diagrams with s
attered ele
tron and ele
tron of the e+e− pair ex
hanged, also


ontributes.

2 Fixed target experiments

2.1 Cal
ulation of the signal and ba
kground 
ross se
tions

The underlying diagrams for all �xed target experiments mentioned so far are

shown in Fig. 1. We 
al
ulate this pro
ess exa
tly in leading order of QED

and furthermore apply leading order radiative 
orre
tions of the 
orresponding

elasti
 s
attering pro
ess to obtain an estimate of these 
orre
tions, whi
h

redu
e the 
ross se
tion by an amount in the range of 10 − 20%.

The invariant amplitudes required for 
al
ulating the 
ross se
tion 
an be read

o� from these Feynman diagrams. As in the two diagrams on the upper panel

of Fig. 1 the intermediate boson V is timelike, we refer to this amplitude as

TL. Correspondingly, we refer to the diagrams on the lower panel, where the
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V is spa
elike, as SL and their sum is denoted by SL + TL.

The isolated γ′ produ
tion pro
ess is given by the 
oherent sum of the two TL

diagrams on the upper panel of Fig. 1 while the ba
kground, resulting from the

ex
hange of a virtual photon, is given by the sum over all diagrams, where the

intermediate ve
tor parti
le V in the TL diagrams is γ′ and γ∗, respe
tively.

We assign a �nite de
ay width Γγ′ to the γ′.

In the 
ase that the l+l− pair and the beam lepton are of the same spe
ies,

as for the existing experiments, the same diagrams of Fig. 1 with the s
attered

(beam) ele
tron and 
reated ele
tron of the pair ex
hanged also have to be

taken into a

ount. Therefore, we refer to the diagrams depi
ted in Fig. 1 as

�dire
t� 
ontribution and to those with ex
hanged �nal state ele
trons as �ex-


hange� 
ontribution, labeled by D and X, respe
tively.

The nu
leus spin as well as 
ontributions from the breakup 
hannel and nu-


lear ex
itations 
an be negle
ted to good approximation. E�e
ts due to the

nu
leus spin are suppressed by the large nu
leus mass, whi
h 
an be 
he
ked

analyti
ally. The inelasti
 
ontribution 
an be negle
ted sin
e the momenta

transferred to the nu
leus are small.

The 
omparison with experimental data 
an be performed by integrating

the obtained di�erential 
ross se
tion over the experimental a

eptan
es. To

obtain the a

eptan
e integrated 
ross se
tion ∆σ, whi
h 
an be related to

experimental 
ount rates by multipli
ation with the luminosity, a non-trivial

8-fold integration is ne
essary.

The signal 
ross se
tion ∆σγ′ 
an be related to the dire
t TL 
ross se
tion

∆σTLγ as given in Eq. (19) by Bjorken et. al. 5)

∆σγ′

∆σTLγ

=
3π

2N

ε2

α

mγ′

δm
. (1)

Using this quantity one 
an 
al
ulate a limit on ε as

ε2 =

(

∆σγ′+γ

∆σγ

− 1

)

∆σγ

∆σTLγ

2N α

3π

δm

mγ′

, (2)

where the ratio ∆σγ′+γ/∆σγ is the (aimed) signal sensitivity, whi
h has to be

determined from the experiment. The ratio of the ba
kground 
ross se
tion to

the dire
t TL 
ross se
tion ∆σγ/∆σTLγ has to be determined from theory.
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Figure 2: Left panel: Comparison of theory 
al
ulations and experimental data

for a me+e− bin width of 0.125MeV. Bla
k points: Data taken in a parti
ular

run of the MAMI 2010 experiment 7). Solid 
urve: Theory 
al
ulation of the

ba
kground 
ross se
tion. Dotted 
urve: Theory 
al
ulation of the ba
kground


ross se
tion without radiative 
orre
tions. Dashed-dotted 
urve: Theory 
al
u-

lation of the dire
t SL + TL 
ross se
tion. Dashed 
urve: Theory 
al
ulation

of the dire
t TL 
ross se
tion. Right panel: Solid (dashed) 
urve: Ratio of

the ba
kground 
ross se
tion ∆σγ, D+X (∆σγ, D) to the dire
t TL 
ross se
tion

∆σTLγ , respe
tively.

2.2 Comparison with data and predi
tions for MAMI

A �rst test run to proof the feasibility of a dedi
ated γ′ �xed target sear
h

experiment has been performed at MAMI by the A1 Collaboration in 2010 7).

A sample of the data taken in this experiment 
ompared to our 
al
ulations


an be seen in Fig.2.

For the 
omparison of the 
al
ulation and the data integrated luminosity of L =

41.4 fb−1 for the sele
ted sample of events is used. A ba
kground 
ontribution

of around 5% was already subtra
ted in this sample, the systemati
 un
ertainty

in the luminosity from the knowledge of the thi
kness of the target foil is below

5%.

As seen on the left panel of Fig. 2, our 
al
ulation (solid 
urve) of the ra-

diative ba
kground and the experimental data (points) are in good agreement.

The in�uen
e of the radiative 
orre
tions is displayed by the solid and dotted


urve on Fig. 2 whi
h are 
al
ulated with and without radiative 
orre
tions,

respe
tively.

One noti
es from the right panel of Fig. 2 (solid 
urve) that the ratio

∆σγ, D+X/∆σTLγ smoothly varies between 15 and 25 for most of the invariant
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Figure 3: Left panel: Combined plot of our result for the ratios ∆σγ/∆σTLγ

of ea
h setting probed in the MAMI 2012 experiment, starting with the lowest

beam energy on the left. Right panel: Predi
ted ex
lusion limits for the MAMI

2012 experiment.

mass range. Negle
ting the ne
essary 
ontribution of the ex
hange term to the


ross se
tion, the ratio is lower by a fa
tor of about 3 for the investigated range

(dashed 
urve on the right panel of Fig. 2). The A1 Collaboration started

a γ′ sear
h run at MAMI in 2012, probing the kinemati
s 
entered around

me+e− = 57 − 218MeV, in whi
h no signal of a γ′ was found. In Fig. 3 a


ombined plot of our result for the ratio ∆σγ/∆σTLγ is shown for ea
h setting

as fun
tion of the invariant mass me+e− . One obtains for the ratio a value of

around 10 − 15.

On the right panel of Fig. 3, the ex
lusion limits on ε2 5, 7, 8, 12) are dis-

played: the shaded regions show existing limits, whereas the dashed 
urves

show our predi
tions for the MAMI set of kinemati
s indi
ated by the dashed


urve for an assumed integrated luminosity of around 10 fb−1. Obviously, the

MAMI 2012 will 
over a large part of the (g − 2) wel
ome band.

3 Rare Kaon de
ays

In the following we will study the pro
ess K+ → µ+νµγ′ as a possible signal

from the dark se
tor (see Feynman diagram in Fig. 4) within the mentioned

framework of kineti
 mixing (model I) as well as in a model where the γ′ 
ouples

only to the muon assuming an expli
it breaking of gauge invarian
e 13) (model

II). In a pioneering experiment 14) of the de
ay K+ → µ+ + neutrals, only the
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Figure 4: Feynman diagram for the pro
ess K+ → µ+νµγ′.


harged muon is dete
ted, ex
luding further 
harged parti
les or photons in the

�nal state. Therefore it is 
onvenient to express the de
ay rates as fun
tions

of the kineti
 energy of the muon Tµ. In this experiment an upper bound for

the bran
hing fra
tion Γ(K+ → µ+ + neutrals)/Γ(K+ → µ+ν) of 2 · 10−6 was

found.

The SM ba
kground for invisible γ′ de
ays results from the K+ → µ+νµνlν̄l

de
ays. Due to the applied experimental 
uts a further ba
kground arising

from radiative 
orre
tions to the 2-body de
ay K → µνµ 
an be negle
ted.

In order to obtain a dimensionless quantity, it is helpful to 
onsider the ratio of

these de
ay rates relative to the ratio of the 2-body de
ay K+ → µ+νµ. In order

to obtain the experimental limits from these data the di�erential de
ay rate
dΓ

dEµ

(K+ → µ+νµγ′) has to be folded with the dete
tor e�
ien
y D(Eµ) 14),

i.e.

R̃(mγ′) :=

∫

dΓ

dEµ

(K+ → µ+νµγ′)D(Eµ)dEµ

Γ(K+ → µ+νµ)
. (3)

Sin
e the kineti
 mixing fa
tor ε is a global fa
tor of the amplitudes obtained

from Fig. 4, one 
an rewrite R̃ (mγ′) = ε2 R (mγ′) and thus �nds an upper

bound for the allowed values of ε2 as:

ε2 <
2 · 10−6

R(mγ′)
. (4)

In Fig. 5 (upper and middle panels) the di�erential de
ay rate for the signal

pro
ess relative to the de
ay K+ → µ+νµ is shown 
al
ulated within model I

and II for the full phase spa
e (left panels) and with applied 
orre
tions due

to the given dete
tor a

eptan
e (right panels), a

ording to the experimental

set-up 14). One noti
es that within the kineti
 mixing model (upper panels of

Fig. 5) the inner bremsstrahlung 
ontribution (IB) 
ompletely dominates the
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Figure 5: Upper and middle panels: Ratio of dΓ

dTµ

(K+ → µ+νµγ′) and Γ(K+ →

µ+νµ) for various γ′ masses for perfe
t dete
tor e�
ien
y (left panels) and for

�nite dete
tor e�
ien
y 14) (right panels) at ε2 = 1. Upper panels: kineti


mixing model (model I); middle panels: model II, where the γ′ only 
ouples to

the µ+. Lower left panel: Standard Model ba
kground for di�erent neutrino

families using the dete
tor e�
ien
y fun
tion. Lower right panel: ratio of total

de
ay rates Γ(K+ → µ+νµγ′) at ε2 = 1 relative to Γ(K+ → µ+νµνν̄) in model

II.
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Figure 6: Ex
lusion limits on the γ′ parameter spa
e (see text for further

details). Dashed-dotted 
urve: bound 
al
ulated in the kineti
 mixing model

(model I) for an a

ura
y of the ratio Γ(K+ → µ+νµγ′)/Γ(K+ → µ+νµ) of

10−9. Dashed 
urve: result for the 1973 data 14) within model II, where the γ′

only 
ouples to the µ+. Dotted 
urve: bound 
al
ulated in model II for an as-

sumed improvement of the experimental a

ura
y by two orders of magnitude,

i.e. 2 · 10−8.

result for the 
onsidered γ′ mass parameters: 
omparison between IB 
urves

and 
urves in
luding the form fa
tor dependen
e 15, 16). Sin
e in model II

the gauge invarian
e is not required, the de
ay rate is enhan
ed by a fa
tor

of 1/m2
γ′ 
ompared to model I. The expe
ted SM ba
kground from the de
ay

K+ → µ+νµνν̄ with the applied experimental 
uts 14) is shown on the lower

left panel.

As one 
an see from the lower right panel of Fig. 5, the total γ′ de
ay rate

(model II) Γ(K+ → µνµγ′) 
al
ulated with ε2 = 1 is about a fa
tor of 109

larger than the de
ay rate to SM parti
les Γ(K+ → µ+νµνlν̄l). This 
orre-

sponds to an γ′ signal, whi
h will dominate over the expe
ted SM signal for

mixing fa
tors down to ε2 ≃ 10−9. The 
al
ulated limits on the γ′ parameter

spa
e are shown in Fig. 6. In this �gure the 
olored regions again 
orrespond

to already ex
luded 
on�gurations of mass and 
oupling strength 17). In this

plot we have in
luded the old as well as the new ex
lusion limits from (g − 2)

of the ele
tron 
ompared to the �ne stru
ture 
onstant α. One has to dis-
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tinguish limits from sear
hes with visible and invisible de
ay produ
ts. The

ex
lusion limits in Fig. 6 are all obtained within the kineti
 mixing framework

were the γ′ de
ay is assumed to be into SM leptons, ex
ept those from rare

kaon de
ays in model I. In this work the bounds obtained from the kineti


mixing model (model I) 
orrespond to sear
hes with visible de
ay produ
ts. In

experiments therefore the pro
ess K+ → µ+νµe+e−, would be investigated e.g.

by a sear
h for peaks appearing over the known SM ba
kground. For invariant

masses of the e+e− mee < 2mµ the bran
hing ratios Γ(K+ → µ+νµγ′) and

Γ(K+ → µ+νµe+e−)(mee = mγ′) after full phase spa
e integration are equal.

In model II the kaon de
ay to γ′ is assumed to be invisible. Therefore the

existing limits from dire
t sear
hes in Fig. 6 do not exa
tly apply here. For

reasons of simpli
ity we use the same �gure to illustrate the numeri
al results

of this 
al
ulation.

A possible bound for the kineti
 mixing model is represented by the dash-

dotted 
urve for an assumed experimental a

ura
y of the ratio Γ(K+ →

µ+νµγ′)/Γ(K+ → µ+νµ) of 10−9. Furthermore, in Fig. 6 the bound ob-

tained in model II and an estimate in whi
h way the ex
lusion limits 
hange

due to an improvement in the experimental a

ura
y of the ratio Γ(K+ →

µ+νµγ′)/Γ(K+ → µ+νµ) by two orders of magnitude (dotted 
urve) are shown.

Su
h an improved extra
tion might be a
hieved by new fa
ilities, su
h as the

NA62 experiment at CERN or rare kaon de
ay experiments at JPARC.

4 Con
lusions

We have 
al
ulated the 
ross se
tions for the γ′ �xed target experiments e(A,Z) →

e(A,Z)l+l−. We �nd, that our 
al
ulations for the ele
tromagneti
 ba
kground

pro
esses are in good agreement with the data taken at MAMI. This allows us

to give a

urate predi
tions for future ex
lusion limits as presented here for

the new MAMI experiment, and we �nd, that the largest part of the (g − 2)µ

wel
ome 
an be ex
luded.

Furthermore, we have investigated rare kaon de
ays as possibility to explore the

γ′ parameter spa
e in the low mass region. We have shown, that the method

used in this work may be suited to extend the existing limits within two models

for the γ′ 
oupling. For that purpose more pre
ise data are ne
essary.
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