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Outline

• why LHCb 

• introduction to dark photon  

• dark photon search from meson decay  
(1509.0676, PRD 2015, P. Ilten, J. Thaler, M. Williams, WX ) 

• dark photon search from inclusive di-muon  
(1603.08926, Accepted by PRL, P. Ilten,  Y. Soreq, J. Thaler,  
M. Williams, WX) 

• conclusion  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Why LHCb  1)
• no pile-up  

• good vertexing :VELO detector  (10 μm) 

• good invariant mass resolution (MeV) 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Why LHCb  2)
• Run 3 triggerless readout: 

removing the first-level hardware trigger 

realtime calibration 

no hardware limited  
only disk space limitation 

triggerless readout opens new possibilities for particle 
physics search in Run3 

we should test it right now!
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Dark Sector
• dark matter implies a hidden sector, neutral under the 

standard model forces 

• e.g. indirect detection  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Standard Model matter fields, 
Higgs &  
g,W,Z, 𝛾

dark matter  ?

Plots
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Dark Photons

• U(1)’ dark photon can kinetically mix with photon
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Standard Model matter fields, 
Higgs &  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dark matter 
& dark force
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• effective Lagrangian  

• focusing  :  mass range of mA’  ( ∈ MeV - 10 GeV )  
                   ε2 ~ 10-6, 10-12

xxx

Dark Photons from Charm Mesons at LHCb

Philip Ilten,1, ∗ Jesse Thaler,2, † Mike Williams,1, ‡ and Wei Xue2, §

1Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.
2Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.

We propose a search for dark photons using rare charm meson decays. At its nominal luminosity,
the LHCb experiment can produce over a trillion D∗0 → D0γ transitions per year. Replacing the
photon with a kinetically-mixed dark photon A′, LHCb is therefore sensitivity to the rare process
D∗0 → D0A′. Because the dark photon is often produced with a large Lorentz boost factor and
because LHCb has fantastic vertexing, the dark photon is reconstructed as a displaced electron-
positron pair over most of the relevant parameter space. This search relies crucially on the planned
LHCb Run 3 upgrade to triggerless readout, allowing the identification of relatively soft, displaced
electrons that would not normally pass a hardware trigger. For dark photon masses below around
100 MeV, LHCb can fully close the wedge between existing collider and beam dump limits.

(Should we change to mm throughout? –jdt)

I. INTRODUCTION

Rare meson decays are a powerful probe of physics
beyond the standard model (SM). Through precise mea-
surements of branching ratios and decay kinematics, one
can place indirect constraints on new physics by bound-
ing symmetry-violating or higher-dimension operators.
More directly, one can search for new particles produced
in rare meson decays, and depending on their lifetimes,
these new particles can yield striking signals with dis-
placed vertices. A particularly well-motivated new par-
ticle is a dark photon A′, which inherits a small coupling
to the SM via kinetic mixing with the ordinary photon γ
[1–5] (need to expand cite block –jdt). Indeed, some
of the most stringent constraints on dark photons come
from rare meson decays [6] (need to expand cite block
–jdt), including π0 → γA′ [7–14], J/ψ → ℓ+ℓ−A′ [15],
η/η′ → γA′ [12, 16, 17], φ→ ηA′ [18], and ∆ → γA′ [12]
(huh? ∆ is not a meson –jdt). (literature search
for other modes. Look at slides from Richard.
–jdt) (Done. Should I add BaBar here? –xw)

In this paper, we propose using the LHCb experiment
[] to search for dark photons through rare charm meson
decays. As a crucial component of the Run 3 upgrade [19]
(right? –xw), LHCb will implement triggerless readout
of the detector and full online reconstruction and calibra-
tion of physics objects, allowing searches for new physics
that would otherwise be difficult with a hardware trig-
ger. With its phenomenal vertexing and tracking as well
as its boosted kinematics, LHCb can exclusively recon-
struct a variety of D meson decay chains, including ones
involving relatively soft electrons. Here we focus on the

∗Electronic address: philten@cern.ch
†Electronic address: jthaler@mit.edu
‡Electronic address: mwill@mit.edu
§Electronic address: weixue@mit.edu

decay

D∗0 → D0A′, A′ → e+e−, (1)

where both theD0 and the A′ can have displaced vertices.
The mass difference between the D∗0 and the D0 is [20]

∆mD = m(D∗0)−m(D0) = 142 MeV, (2)

such that the leading decay D∗0 → D0π0 is phase space
suppressed. Thus, the branching ratio D∗0 → D0γ is
surprisingly large at 38%, favorable for an A′ search since
the A′ directly inherits the photon’s couplings through
kinetic mixing.1

There are a variety of motivations for dark photons,
most especially as a possible messenger between dark
matter and the SM [1–5] (Need many more here. –
jdt). The minimal dark photon scenario involves a sin-
gle broken U(1) gauge boson which mixes with the SM
hypercharge field strength via an F ′

µνB
µν operator. Af-

ter electroweak symmetry breaking and diagonalizing the
gauge boson kinetic terms, the dark photon gains a sup-
pressed coupling to the ordinary electromagnetic current
Jµ
EM:

L = −1

4
F ′
µνF

′µν +
1

2
m2

A′A′
µA

′µ + ϵeA′
µJ

µ
EM. (3)

This minimal scenario has two free parameters: the dark
photon mass mA′ and the kinetic-mixing parameter ϵ
(typically reported in terms of ϵ2).

Current constraints on dark photons in the mA′–ϵ2

plane are shown in Fig. 1, assuming that the A′ dom-
inantly decays visibly to SM states.2 From Eq. (1), we
are interested in the mass range

mA′ ∈ [2me,∆mD]. (4)

1 One could also look for D∗± → D±A′, but this channel is less
favorable since the corresponding D∗± → D±γ branching ratio
is only 1.6%.

2 There are also interesting searches where the dark photon decays
invisibly to dark matter [5, 21, 22] (Need more cites here –
jdt).

✏

2
F 0
µ⌫F

µ⌫
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∆mD = m(D∗0)−m(D0) = 142 MeV, (2)

such that the leading decay D∗0 → D0π0 is phase space
suppressed. Thus, the branching ratio D∗0 → D0γ is
surprisingly large at 38%, favorable for an A′ search since
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plane are shown in Fig. 1, assuming that the A′ dom-
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Dark Photon Production in collider
Whenever a photon is produced, a dark 
photon can also be produced, but with 
different coupling and mass 

A. Bremsstrahlung 

B. Drell-Yan like 

C. Meson decay 
(π0 → 𝛾 e+ e-)
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Resonant Search
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• A’ → e+ e- , A’ → μ+ μ- 

• background from  off-shell photon  
  S/√B ∼ ε2  √N 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Search for the dark photon in π0 decays by the NA48/2 experiment at CERN

Evgueni Goudzovski1 ,a
1School of Physics and Astronomy, University of Birmingham, United Kingdom

Abstract. A sample of 4.687 × 106 fully reconstructed K± → π±π0
D, π0

D → γe
+e− decay candidates in the kine-

matic range mee > 10 MeV/c2 with a negligible background contamination collected by the NA48/2 experiment
at CERN in 2003–04 is analysed to search for the dark photon (A′) via the decay chain K± → π±π0, π0 → γA′,
A′ → e+e−. No signal is observed, and preliminary exclusion limits on space of dark photon mass m′A and
mixing parameter ε2 are reported.

1 Introduction

Kaons represent a source of tagged neutral pion decays,
mainly via their K± → π±π0 and KL → 3π0 decays. There-
fore high intensity kaon experiments provide opportunities
for precision studies of π0 decay physics. One of them is
the NA48/2 experiment at the CERN SPS, which collected
a large sample of charged kaon (K±) decays in flight in
2003–04 corresponding to about 2×1011 K± decays in the
vacuum decay volume [1].

The large sample of π0 mesons produced and decaying
in vacuum collected by NA48/2 allows for a high sensi-
tivity search for the dark photon (A′), a hypothetical gauge
boson appearing in hidden sector new physics models with
an extra U(1) gauge symmetry. In a rather general set of
models, the interaction of the DP with the visible sector
is through kinetic mixing with the Standard Model hyper-
charge U(1) [2]. In these models, the new coupling con-
stant ε is proportional to the electric charge and the DP

aFor the NA48/2 Collaboration: G. Anzivino, R. Arcidiacono,
W. Baldini, S. Balev, J.R. Batley, M. Behler, S. Bifani, C. Biino,
A. Bizzeti, B. Bloch-Devaux, G. Bocquet, N. Cabibbo, M. Calvetti,
N. Cartiglia, A. Ceccucci, P. Cenci, C. Cerri, C. Cheshkov, J.B. Chèze,
M. Clemencic, G. Collazuol, F. Costantini, A. Cotta Ramusino, D. Cow-
ard, D. Cundy, A. Dabrowski, P. Dalpiaz, C. Damiani, M. De Beer,
J. Derré, H. Dibon, L. DiLella, N. Doble, K. Eppard, V. Falaleev,
R. Fantechi, M. Fidecaro, L. Fiorini, M. Fiorini, T. Fonseca Martin,
P.L. Frabetti, L. Gatignon, E. Gersabeck, A. Gianoli, S. Giudici, A. Go-
nidec, E. Goudzovski, S. Goy Lopez, M. Holder, P. Hristov, E. Iacopini,
E. Imbergamo, M. Jeitler, G. Kalmus, V. Kekelidze, K. Kleinknecht,
V. Kozhuharov, W. Kubischta, G. Lamanna, C. Lazzeroni, M. Lenti,
L. Litov, D. Madigozhin, A. Maier, I. Mannelli, F. Marchetto, G. Marel,
M. Markytan, P. Marouelli, M. Martini, L. Masetti, E. Mazzucato,
A. Michetti, I. Mikulec, N. Molokanova, E. Monnier, U. Moosbrugger,
C. Morales Morales, D.J. Munday, A. Nappi, G. Neuhofer, A. Norton,
M. Patel, M. Pepe, A. Peters, F. Petrucci, M.C. Petrucci, B. Peyaud,
M. Piccini, G. Pierazzini, I. Polenkevich, Yu. Potrebenikov, M. Raggi,
B. Renk, P. Rubin, G. Ruggiero, M. Savrié, M. Scarpa, M. Shieh,
M.W. Slater, M. Sozzi, S. Stoynev, E. Swallow, M. Szleper, M. Valdata-
Nappi, B. Vallage, M. Velasco, M. Veltri, S. Venditti, M. Wache,
H. Wahl, A. Walker, R. Wanke, L. Widhalm, A. Winhart, R. Win-
ston, M.D. Wood, S.A. Wotton, A. Zinchenko, M. Ziolkowski. Email:
eg@hep.ph.bham.ac.uk

couples in exactly the same way to quarks and leptons.
These scenarios provide an explanation to the observed
rise in the cosmic-ray positron fraction with energy, and
offer an explanation to the muon gyromagnetic ratio (g−2)
problem [3].

From the experimental point of view, the DP is charac-
terized by two a priori unknown parameters, the mass mA′

and the mixing parameter ε. Its possible production in the
π0 decay and subsequent decay proceed via the following
chain:

K± → π±π0, π0 → γA′, A′ → e+e−,

with three charged particles and a photon in the final state.
The expected branching fraction of the π0 decay is [4]

B(π0 → γA′) = 2ε2
⎛

⎜

⎜

⎜

⎜

⎜

⎝

1 −
m2
A′

m2
π0

⎞

⎟

⎟

⎟

⎟

⎟

⎠

3

B(π0 → γγ), (1)

with a kinematic suppression of the decay rate for high DP
masses mA′ approaching mπ0 . In the mass range 2me ≪
mA′ < mπ0 accessible in this analysis, the DP is below
threshold for all decays into SM fermions except A′ →
e+e−, while the allowed loop-induced decays (A′ → 3γ,
A′ → νν̄) are highly suppressed. Therefore, assuming that
the DP decays only into SM particles, B(A′ → e+e−) ≈ 1.
The expected total DP decay width is then [5]

Γ(A′ → e+e−) = 1
3
αε2mA′

√

1 −
4m2

e

m2
A′

⎛

⎜

⎜

⎜

⎜

⎝

1 +
2m2

e

m2
A′

⎞

⎟

⎟

⎟

⎟

⎠

.

It follows that the DP mean proper lifetime for 2me ≪
mA′ < mπ0 is

cτ ≈ 0.8 µm ×
(

10−6

ε2

)

×
(

100 MeV
mA′

)

.

The maximum DP mean path in the NA48/2 reference
frame in a fully reconstructed event corresponds to an en-
ergy of approximately Emax = 50 GeV:

Lmax ≈ (Emax/mA′)cτ ≈ 0.4 mm ×
(

10−6

ε2

)

×
(

100 MeV
mA′

)2

,

• NA48/2 
meson decay 
1010 π0
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Very Promising Channel: 
Charm Meson

• decay to photon ( dark photon ) 

Large Branching ratio  
(phase space suppression of D*0 → D0 π⁰) 

clean decay modes 

• MeV decay width  
well reconstructed , to reduce backgrounds 

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.lbl.gov)

K∗(892)0 e+ e− [h] < 4.7 × 10−5 CL=90% 719

K−π+µ+µ− C1 < 3.59 × 10−4 CL=90% 829

K∗(892)0 µ+µ− [h] < 2.4 × 10−5 CL=90% 700

π+π−π0µ+µ− C1 < 8.1 × 10−4 CL=90% 863

µ± e∓ LF [s] < 2.6 × 10−7 CL=90% 929

π0 e±µ∓ LF [s] < 8.6 × 10−5 CL=90% 924

η e±µ∓ LF [s] < 1.0 × 10−4 CL=90% 848

π+π− e±µ∓ LF [s] < 1.5 × 10−5 CL=90% 911

ρ0 e±µ∓ LF [s] < 4.9 × 10−5 CL=90% 767

ω e±µ∓ LF [s] < 1.2 × 10−4 CL=90% 764

K−K+ e±µ∓ LF [s] < 1.8 × 10−4 CL=90% 754

φe±µ∓ LF [s] < 3.4 × 10−5 CL=90% 648

K0 e±µ∓ LF [s] < 1.0 × 10−4 CL=90% 863

K−π+ e±µ∓ LF [s] < 5.53 × 10−4 CL=90% 848

K∗(892)0 e±µ∓ LF [s] < 8.3 × 10−5 CL=90% 714

2π−2e++ c.c. L < 1.12 × 10−4 CL=90% 922

2π−2µ++ c.c. L < 2.9 × 10−5 CL=90% 894

K−π−2e++ c.c. L < 2.06 × 10−4 CL=90% 861

K−π−2µ++ c.c. L < 3.9 × 10−4 CL=90% 829

2K− 2e++ c.c. L < 1.52 × 10−4 CL=90% 791

2K− 2µ++ c.c. L < 9.4 × 10−5 CL=90% 710

π−π− e+µ++ c.c. L < 7.9 × 10−5 CL=90% 911

K−π− e+µ++ c.c. L < 2.18 × 10−4 CL=90% 848

2K− e+µ++ c.c. L < 5.7 × 10−5 CL=90% 754

pe− L,B [t] < 1.0 × 10−5 CL=90% 696

pe+ L,B [u] < 1.1 × 10−5 CL=90% 696

D∗(2007)0D∗(2007)0D∗(2007)0D∗(2007)0 I (JP ) = 1
2 (1−)

I, J, P need confirmation.

Mass m = 2006.96 ± 0.10 MeV
mD∗0 − mD0 = 142.12 ± 0.07 MeV
Full width Γ < 2.1 MeV, CL = 90%

D∗(2007)0 modes are charge conjugates of modes below.

D∗(2007)0 DECAY MODESD∗(2007)0 DECAY MODESD∗(2007)0 DECAY MODESD∗(2007)0 DECAY MODES Fraction (Γi /Γ) p (MeV/c)

D0π0 (61.9±2.9) % 43

D0γ (38.1±2.9) % 137

HTTP://PDG.LBL.GOV Page 18 Created: 8/21/2014 13:13
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Figure 1: Gravitational loop corrections to scalar masses. Similar diagrams exist at two loops attaching graviton lines to
one-loop diagrams involving renormalizable couplings of φ. These pictures are an oversimplification: the blobs must include
enough structure to make the lack of a shift symmetry on φ manifest.
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D*0 Production
• How many D*0  in LHCb Run3 (15 fb-1)? 

 ~5 ×1012  D*0 → D0 + γ ( PYTHIA simulation)   

• How many π0 in  NA48/2 ? ~1010 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Resonant Search
• Displaced D0  and Prompt A’ 
 
 

• How do we know e+e- from D0* 
decay? 
reconstruct e+ e- D0 to D0*  

• invariant mass constraint 
D0 e+ e- inv mass = m(D0*) 
the decay width of D0* ~ MeV 
matters here  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one-loop diagrams involving renormalizable couplings of φ. These pictures are an oversimplification: the blobs must include
enough structure to make the lack of a shift symmetry on φ manifest.
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In P-type decays, we can use the measured flight di-
rection to pseudo-fully reconstruct ~p

D

. The direction p̂

D

is a unit-normalized vector from the pp collision to the
D

0 decay vertex. The magnitude is |~p
D

| = (~pvis · p̂D +
~pmis · p̂D), where ~pvis is the reconstructed (visible) mo-
mentum and ~pmis is the non-reconstructed (missing) mo-
mentum. Balancing the momentum transverse to the di-
rection of flight, requires p?mis ⌘ |~pmis⇥ p̂

D

| = |~pvis⇥ p̂

D

|.
Assuming that the invariant mass of the missing decay
products is known, |~p

D

| can be solved for in the D

0 rest
frame using conservation of energy and the known D

0

meson mass. Since p

?

mis is invariant under boosts along
p̂

D

, |~pmis · p̂D| in the D

0 rest frame is easily obtained.
Finally, ~pmis · p̂D can be determined in the lab frame up
to a two-fold ambiguity that arises because the sign of
~pmis · p̂D in the D

0 rest frame is not known. However,
once the D0 is combined with an A

0! e

+
e

� candidate to
form a D

⇤0 candidate, the vast majority of the time only
the correct solution produces an invariant mass consis-
tent with that of the D⇤0 meson. As described in App. A,
we take the baseline selection e�ciency for P-type decays
to be 50%, since the D0 flight distance must be large rel-
ative to the vertex resolution to obtain good resolution
on ~p

D

.
The P-type decays considered in this search are given

in Table I. We again do not consider doubly Cabibbo-
suppressed decays. Other decays that are ignored in-
clude those where the missing mass cannot be reliably
predicted, such as D

0 ! ⇡

�

`

+(X), which dominantly
has X = K

0
⌫ as the missing system. Note that solv-

ing for |~p
D

| in P-type decays requires using the known
missing mass as a constraint. That said, the resolution
is only degraded slightly if the true missing mass dif-
fers from that used in the reconstruction by up to about
0.2m

D

0 . For example, when the visible part of the decay
is K�

⇡

+, the most likely missing system is a single ⇡0; if
the missing mass is taken to be m

⇡

0 , but the actual de-
cay is D0! K

�

⇡

+
K

0, the resolution obtained on m

e

+
e

�

by applying the “wrong” kinematical constraints to the
D

⇤0 candidate is only worse by about 10%. In Table I,
we list the missing mass ranges considered as signal for
each P-type decay. Candidates where the missing mass
falls outside of these windows are ignored in this analysis,
since they have worse resolution and anyways make up a
small fraction of the P-type decays. A derivation of the
P-type D

0 resolution is given in App. A. The resolution
on ~p

D

is about an order of magnitude worse in P-type
than F-type decays; however, the m

A

0 resolution after
performing a mass-constrained fit is similar (as shown in
Fig. 5 below).

C. D

⇤0 Reconstruction

To reduce the background from unassociated D

0
e

+
e

�

combinations, we require that the reconstructed mass dif-
ference

�m

reco
D

= mreco(D
0
e

+
e

�)�mreco(D
0) (22)

satisfies

� 50 MeV < �m

reco
D

��m

D

< 20 MeV. (23)

The looser requirement is placed on the lower edge due
to bremsstrahlung by the electrons. This mass require-
ment highly suppresses the decay D

⇤0 ! D

0
⇡

0(�e+e�)
and its A0 counterpart, except when m

e

+
e

� is large (see
Sec. IVD below). The e�ciency of this requirement is
about e↵�mD ⇡ 85%. Note that this cut can be tight-
ened at the expense of signal e�ciency if combinatorial
backgrounds turn out to be problematic (see Sec. IVC
below).

D. A

0 Reconstruction

The reconstructed electrons produced in A

0 ! e

+
e

�

decays are a mixture of UP and LONG tracks. Only a
few percent of the electrons have momenta large enough
that equivalent-momenta non-electrons would be able to
emit Cherenkov light in RICH1. Therefore, identification
of the e

+ and e

� should be highly e�cient with a low
hadron-misidentification rate. Furthermore, the signa-
ture of a maximum-Cherenkov-angle ring in coincidence
with a track should suppress the fake-track background
which can be sizable at low momenta.
Bremsstrahlung radiation and multiple scattering of

the electrons significantly a↵ect the m

e

+
e

� resolution.
We implement this numerically in our simulation fol-
lowing Refs. [50, 68] and using the Run 3 LHCb
VELO [64], RICH1 [69], and UT [65] material budgets.
Bremsstrahlung downstream of the magnet does not af-
fect the momentum measurement and is ignored.

In Fig. 5, we show the resolution on m

e

+
e

� for several
values of m

A

0 , where the A

0 candidates are constrained
to originate from the pp collision. Bremsstrahlung cre-
ates large low-mass tails resulting in poor resolution on
m

e

+
e

� . Since the D

⇤0 mass is known and its width is
less than the detector resolution, though, we can correct
the m

e

+
e

� distribution once we identify the D

⇤0 candi-
date and apply the �m

reco
D

cut. As a heuristic, one can
rescale the m

e

+
e

� value by a simple correction factor

m

corr
e

+
e

� = m

reco
e

+
e

�

✓
2� �m

reco
D

�m

D

◆
. (24)

A more sophisticated approach involves performing a
mass-constrained fit to enforce energy-momentum con-
servation and the known D

⇤0 mass using the covariance
matrices of all reconstructed particles. Using this fit, we
find 10–20% improvement in �(m

e

+
e

�) relative to the
simple correction given in Eq. (24). As shown in Fig. 5,
the resolution on m

e

+
e

� after the applying the kinematic
fit is 2–3 MeV using F-type D

0 candidates, and 2–5 MeV
using P-type D

0 candidates.
The key di↵erence between the pre-module displaced,

post-module displaced, and resonant searches are the re-
quirements placed on the A

0 flight distance. These are
described in more detail in the subsequent sections.



p

VELO
(vertex locator)

transverse 
distance

22 mm

6 mm

interaction point

ℓT

p



A’
p

VELO
(vertex locator)

transverse 
distance

22 mm

6 mm

e⁺
e⁻

interaction point

prompt 

ℓT

invariant mass

ev
en

ts

p



p

VELO
(vertex locator)

transverse 
distance

22 mm

6 mm

interaction point

ℓT

pre-module 

e⁺
e⁻

A’
p



p

VELO
(vertex locator)

transverse 
distance

22 mm

6 mm

interaction point

ℓT
post-module 

e⁺e⁻

A’

p



20 40 60 80 100 120 140
mA′ [MeV]

10−11

10−10

10−9

10−8

10−7

10−6

10−5

10−4

ϵ2

LHCb: resonant

pre-module

post-module

(g − 2)µ > 5σ(g − 2)e

Displaced Search
• In addition to D0 giving a 

displaced decay, A’ can give 
displaced decay 

• good vertex resolution  
~ 10 μm 

• small e+e- opening angle  
~ 3 mrad 

• Large boost factor  

• nearly background free

4

C. Rare π0 Decays

From Eq. (6), there is an alternative A′ detection mode
through pion decays. To calculate π0 → γA′, we start
from the SM effective lagrangian

αEM

2πfπ
π0ϵµνρσFµνFρσ, (19)

where fπ is the pion decay constant and we are ignoring
any pion form factor. To account for the dark photon,
we can simply make the replacement

Fµν → Fµν + ϵF ′
µν . (20)

This leads to the partial width of

Γ(π0 → γA′)

Γ(π0 → γγ)
= 2ϵ2

(
m2

π −m2
A′

m2
π

)3

. (21)

We can use the same effective Lagrangian to treat the
SM decay π0 → γe+e−. The amplitude is:

|Mπ0→γe+e− |2 =
4α3

EM

πf2
πm

2
23

(
m4

π − 2m2
π(m

2
12 +m2

23)

+ 2m4
12 + 2m2

12m
2
23 +m4

23

)
, (22)

where m12 is the invariant mass of photon and electron in
the final states, and m23 is the invariant mass of electron
and positron. Integrating over the final state kinematics,
the width is

Γ(π0 → γe+e−)

Γ(π0 → γγ)
= 0.012, (23)

which agrees with the measured value for this ratio.

D. Dark Photon Decays

FormA′ lighter than 2mµ, the only decay mode is A′ →
e+e−, yielding an A′ width of

ΓA′ =
ϵ2αEM

3
mA′

(
1 + 2

m2
e

m2
A′

)√

1− 4
m2

e

m2
A′

, (24)

where αEM = e2/4π in the usual way.
In the lab frame, the decay length of dark photon is

approximately

ℓA′ ≃ 1.6 cm
( γ

102

)(
10−8

ϵ2

)(
50 MeV

mA′

)
, (25)

where γ is the Lorentz boost factor. In Fig. 3, we show
some example spectra of A′ Lorentz factors from D∗0 →
D0A′ decays. The A′ inherits the large Lorentz boost
factor of the initial D∗0, leading to gamma factors that
extend out to 104. This will be advantageous for the
displaced A′ search.
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d
σ
/d
γ

10 MeV
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FIG. 3: Dark photon Lorentz factors γ, for m′
A =

{10, 20, 50, 100} MeV. Note that these distributions are in-
dependent of ϵ2. (Four curves should be enough –jdt)
(Need to decide on color scheme. –jdt) (Put in fidu-
cial cuts. –jdt)

E. Sequence for Event Generation

After using Pythia to determine the initial D∗0 kine-
matics, we use the above calculations to implement the
rare D∗0 (and π0) decays. For example, to implement
D∗0 → D0A′, we start with a sample of D∗0 → D0γ
decays from Pythia. Boosting to the D∗0 rest frame,
we manually implement the D∗0 → D0A′ decay. Boost-
ing to the A′ rest frame, we manually implement the
A′ → e+e− decay (disregarding polarization information
since theD∗0 is unpolarized from Pythia). We then take
the original D0 decay products generated by Pythia and
boost them to match the new D0 frame. A similar strat-
egy works for generating D∗0 → D0e+e− through an
off-shell photon.

The weights of these new events are given by the ap-
propriate partial width ratios calculated in Secs. II B and
IIC. Since we start from a Pythia D∗0 → D0γ sample,
the weights for the D∗0 → D0A′ events are given by
ϵ2 wsig, where

wsig =
Γ(D∗0 → DA′)

Γ(D∗0 → Dγ)

∣∣∣
ϵ→1

, (26)

and we have factored out ϵ2 from Eq. (18). Similarly, for
events with an off-shell gamma, we have

wback =
Γ(D∗0 → De+e−)

Γ(D∗0 → Dγ)

∣∣∣
|mee−mγ∗ |<∆m

2

, (27)

where it is convenient to bin the result from Eq. (16)
in invariant mass windows with width ∆m. These two
weight distributions are shown in Fig. 4 as a function of
mA′ and mγ∗ , respectively. Similar results hold for the
rare pion decays.

16

Plots

February 21, 2016

p p
D0∗

D0
e+

e−

A A′

ϵ

1



20 40 60 80 100 120 140
mA′ [MeV]

10−11

10−10

10−9

10−8

10−7

10−6

10−5

10−4

ϵ2

LHCb: resonant

pre-module

post-module

(g − 2)µ > 5σ(g − 2)e

Displaced Search
• In addition to D0 giving a 

displaced decay, A’ can give 
displaced decay 

• good vertex resolution  
~ 10 μm 

• small e+e- opening angle  
~ 3 mrad 

• Large boost factor  

• nearly background free

4

C. Rare π0 Decays

From Eq. (6), there is an alternative A′ detection mode
through pion decays. To calculate π0 → γA′, we start
from the SM effective lagrangian
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any pion form factor. To account for the dark photon,
we can simply make the replacement
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Γ(π0 → γγ)
= 2ϵ2

(
m2

π −m2
A′

m2
π

)3

. (21)

We can use the same effective Lagrangian to treat the
SM decay π0 → γe+e−. The amplitude is:

|Mπ0→γe+e− |2 =
4α3

EM

πf2
πm

2
23

(
m4

π − 2m2
π(m

2
12 +m2

23)

+ 2m4
12 + 2m2

12m
2
23 +m4

23

)
, (22)

where m12 is the invariant mass of photon and electron in
the final states, and m23 is the invariant mass of electron
and positron. Integrating over the final state kinematics,
the width is

Γ(π0 → γe+e−)

Γ(π0 → γγ)
= 0.012, (23)

which agrees with the measured value for this ratio.
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where γ is the Lorentz boost factor. In Fig. 3, we show
some example spectra of A′ Lorentz factors from D∗0 →
D0A′ decays. The A′ inherits the large Lorentz boost
factor of the initial D∗0, leading to gamma factors that
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E. Sequence for Event Generation

After using Pythia to determine the initial D∗0 kine-
matics, we use the above calculations to implement the
rare D∗0 (and π0) decays. For example, to implement
D∗0 → D0A′, we start with a sample of D∗0 → D0γ
decays from Pythia. Boosting to the D∗0 rest frame,
we manually implement the D∗0 → D0A′ decay. Boost-
ing to the A′ rest frame, we manually implement the
A′ → e+e− decay (disregarding polarization information
since theD∗0 is unpolarized from Pythia). We then take
the original D0 decay products generated by Pythia and
boost them to match the new D0 frame. A similar strat-
egy works for generating D∗0 → D0e+e− through an
off-shell photon.

The weights of these new events are given by the ap-
propriate partial width ratios calculated in Secs. II B and
IIC. Since we start from a Pythia D∗0 → D0γ sample,
the weights for the D∗0 → D0A′ events are given by
ϵ2 wsig, where
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where it is convenient to bin the result from Eq. (16)
in invariant mass windows with width ∆m. These two
weight distributions are shown in Fig. 4 as a function of
mA′ and mγ∗ , respectively. Similar results hold for the
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FIG. 9. Comparing the LHCb reach to other proposed dark
photon experiments.

summarized in Fig. 9. Experiments like APEX [32, 77],
MESA/MAMI [78], DarkLight [79, 80], VEPP-3 [23], and
Mu3e [81] are high luminosity experiments that use a
resonant search strategy.15 Experiments like SHiP [82]
and SeaQuest [83] are beam-dump experiments that use a
displaced strategy. See App. C for discussion of a possible
D

⇤0! D

0
A

0 search at Belle-II.
The closest comparison to the LHCb D

⇤0 ! D

0
A

0

search is the HPS experiment [52]. Because HPS has
a dedicated tracking and vertexing detector, it is able to
search for both resonant and displaced A

0 signals, corre-
sponding to the upper and lower HPS regions in Fig. 9. In
terms of vertex performance and mass resolution, HPS is
quite comparable to LHCb.16 It is therefore reasonable to
ask why the resonant and displaced search regions over-
lap for LHCb but not for HPS.

There are three main advantages of LHCb over HPS,
at least for m

A

0
< 100 MeV.

• Parasitic running. For a fixed mass resolution,
the resonant search is limited only by the avail-
able statistics. The D

⇤0 ! D

0
A

0 search does not
require any modifications to the standard LHC run-
ning environment, so it immediately benefits from
the high data-taking rate (and long run times) al-
ready needed by other LHCb measurements. By

15 Strictly speaking, VEPP-3 uses a missing mass strategy.
16 One minor di↵erence is that HPS uses strips for its tracking while

LHCb will use pixels in Run 3. This means that HPS has worse
hit resolution in the bending plane, so some of the topological
requirements in App. B would not be helpful for HPS.

contrast, HPS is a dedicated experiment with an
anticipated runtime of only 3 weeks to cover the
30-100 MeV mass range.

• Access to smaller opening angles. As a fixed-target
experiment, HPS produces A

0 bosons in the very
forward direction, e↵ectively within the envelope of
the beam pipe hole. This means that HPS has no
sensitivity in the “dead zone” where the A

0 decay
opening angle is less than 30 mrad. As a colliding
beam experiment, LHC produces A

0 bosons with
a sizable transverse momentum kick, such that the
A

0 trajectory itself goes into the LHCb VELO. This
allows LHCb to reconstruct much smaller opening
angles down to around a few mrad, which helps the
reach at low A

0 masses.

• Larger Lorentz boosts. The reach in the displaced
search benefits from large � factors (up to a point,
see below). The median A

0 boost at the LHC
is roughly three times larger than the maximum
A

0 boost at HPS. Moreover, there is a tail of A

0

events at the LHC which extends to much higher
boost factors, which can be exploited when com-
bined with the high event rate.

Note that these last two bullet points are in direct conflict
at a fixed-target experiment, since going to larger Lorentz
boosts by using a higher beam energy means that the
signal has smaller A0 opening angles. At a colliding beam
experiment, the opening angle resolution is limited only
by the hit resolution, so one can in principle exploit larger
Lorentz boosts up until the point that the displaced A

0

signal escapes the detector. From this we conclude that
HPS is probably close to optimal for a fixed-target dark
photon search in this mass range.

IX. SUMMARY

In this paper, we showed that in Run 3, LHCb can ex-
plore the entire dark photon parameter space between the
prompt-A0 and beam-dump limits form

A

0 . 100 MeV us-
ing the decay D

⇤0 ! D

0
A

0. This reach is possible due
to the large D

⇤0 production rate and sizable A

0 Lorentz
boost factor at the LHC, combined with the excellent
vertex/mass resolution and planned triggerless-readout
system of LHCb. The displaced and resonant strategies
give complementary coverage of the A

0 parameter space.
Even if the displaced vertex signature is absent due to
a modified A

0 lifetime, there is still substantial coverage
from the resonant search owing to the excellent m

e

+
e

�

resolution.
Given the impressive reach below �m

D

= 142 MeV,
one might wonder if a similar search could be performed
at LHCb for dark photons with larger masses. The
D

⇤0! D

0
A

0 search relies on the D

⇤0 mass constraint to
suppress backgrounds and to improve the e+e� invariant
mass resolution. Without these handles, the dark photon

Comparison to Other Experiments

resonant

displaced
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lap for LHCb but not for HPS.
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0 boost at HPS. Moreover, there is a tail of A
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Note that these last two bullet points are in direct conflict
at a fixed-target experiment, since going to larger Lorentz
boosts by using a higher beam energy means that the
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0

signal escapes the detector. From this we conclude that
HPS is probably close to optimal for a fixed-target dark
photon search in this mass range.

IX. SUMMARY

In this paper, we showed that in Run 3, LHCb can ex-
plore the entire dark photon parameter space between the
prompt-A0 and beam-dump limits form

A

0 . 100 MeV us-
ing the decay D

⇤0 ! D

0
A

0. This reach is possible due
to the large D

⇤0 production rate and sizable A

0 Lorentz
boost factor at the LHC, combined with the excellent
vertex/mass resolution and planned triggerless-readout
system of LHCb. The displaced and resonant strategies
give complementary coverage of the A

0 parameter space.
Even if the displaced vertex signature is absent due to
a modified A

0 lifetime, there is still substantial coverage
from the resonant search owing to the excellent m

e

+
e

�

resolution.
Given the impressive reach below �m

D

= 142 MeV,
one might wonder if a similar search could be performed
at LHCb for dark photons with larger masses. The
D

⇤0! D

0
A

0 search relies on the D

⇤0 mass constraint to
suppress backgrounds and to improve the e+e� invariant
mass resolution. Without these handles, the dark photon

> 0.2 GeV?
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ϵ� • why this region is hard?  
production rate is low 
boost is smaller
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ϵ� • why this region is hard?  
production rate is low 
boost is smaller

• Can we find other mesons 
decaying to dark photon?



Can we combine all the channels?

• The channels we can use 

Bremsstrahlung /Drell-Yan process  

meson decays 

• Challenge 1:  
what is the signal rate? 
many potential sources of dark photons  
with uncertain production rates
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Dark!Photon!Search!in!p+Fe!Collisions!at!
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!
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inclusive dimuon search

• dark photon mix with photon and also vector mesons 

• Background from EM process

21

μ⁻
A’

X
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p p
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Background and Signal Rate
• amplitude generating dark photon  

• amplitude generating off-shell photon  

• ratio ( form factor are cancelled )
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3.1.1 The X ! Y A0 rate

The amplitude of X ! Y A0 is

iMX!Y A0 =i✏ehY |Jµ
EM|Xi✏(k)µ , (9)

and the average spin amplitude square is

|MX!Y A0 |2 = ✏2e2

SX
Oµ⌫(gµ⌫ � kµk⌫/m

2
A0) =

✏2e2

SX
Oµ

µ , (10)

where SX is the number of spin polarization of X. Thus, the resulting rate is

�X!Y A0 =
✏2↵

4SX

Oµ
µ

mX

s✓
1� (mA0 �mY )2

m2
X

◆✓
1� (mA0 +mY )2

m2
X

◆
, (11)

3.1.2 The X ! Y `+`� rate

The amplitude of X ! Y (pY )`+(k2)`�(k1) is

iMX!Y `+`� =ie2hY |Jµ
EM|Xi �igµ⌫

(k1 + k2)2
ū(k1)�

⌫v(k2) , (12)

and the amplitude square is

|MX!Y `+`� |2 =� e4

SX(k1 + k2)4
Oµ↵Tr [(/k1 +m`)�µ(/k2 �m`)�↵]

=� 4e4

SX(k1 + k2)4
Oµ↵

�
k1µk2↵ + k2µk1↵ � g↵µk1k2 �m2

`gµ↵
�

=
2e4

SX(k1 + k2)2
Oµ↵

✓
gµ↵ � 2

k1µk2↵ + k2µk1↵
(k1 + k2)2

◆
, (13)

where SX is the number of states of X and we use (k1 + k2)2 = 2m2
` + 2k1k2. Therefore, the

rate is

d�X!Y `+`�

dk2 d⌦1 d⌦3

=
↵2

32⇡3SX

Oµ↵

m2
Xk

3

✓
gµ↵ � 2

k1µk2↵ + k2µk1↵
k2

◆
|k1| |pY | , (14)

|k1| =k

2
�` , (15)

|pY | =mX

2

s✓
1� (k +mY )2

m2
X

◆✓
1� (k �mY )2

m2
X

◆
, (16)

where k1 is the momentum of `� in the rest frame of `� and `+, ⌦3 is the angle of Y in
the rest frame of X and �` =

p
1� 4m2

`/k
2. Let us focus on the second term of Eq. (21),

Oµ↵(k1µk2↵ + k2µk1↵)/k2. In the k rest frame we can write

k = (k, 0, 0, 0) , k1,2 =
k

2
(1,±�`n̂) , n̂ = (s✓c�, s✓s�, c✓) , (17)

Oµ↵ = vµv↵ , v = (0,~v) = (0, a, b, c) . (18)

From this we get the right properties for Oµ↵: (i) Oµ↵ = O⌫↵ ; (ii) kµOµ↵ = 0 . In addition,
Oµ↵ is a function of k2 only. By using Eqs. (17)–(18) we get that

Oµ↵
k1µk2↵ + k2µk1↵

k2
= ��2

`

2
(n̂ · ~v)2 . (19)
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from Ref. [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from Ref. [48], and Belle-II comes from Ref. [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A0/m2
Z) and O(↵EM) corrections, this process has

the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�pp!XA0
!Xµ+µ�

d�pp!X�⇤
!Xµ+µ�

= ✏4
m4

µµ

(m2
µµ �m2

A0)2 + �2
A0m2

A0
, (8)

where mµµ is the di-muon invariant mass, for the case
�A0 ⌧ |mµµ �mA0 | ⌧ mA0 .

To obtain a signal event count, we integrate over an
invariant-mass range of |mµµ � mA0 | < 2�mµµ , where
�mµµ is the detector resolution on mµµ. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A0

�A0�mµµ

⇡ 3⇡

8

mA0

�mµµ

✏2

↵EM(N` +Rµ)
, (9)

neglecting phase space factors for N` leptons lighter than
mA0/2. This expression already accounts for the A0 !
µ+µ� branching-fraction suppression when Rµ is large.

We emphasize that (9) holds for any final state X (and
any kinematic selection) in the mA0 ⌧ mZ limit for tree-
level single photon processes. In particular, it already
includes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
mA0 comes from meson decays M ! µ+µ�Y , denoted
as BM . There are also two other important components:
final state radiation (FSR) and Drell-Yan (DY).
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡
misID: Two pions (and more rarely a kaon and

pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-
sign di-muon candidates [56, 57].

• B⇡µ
misID: A fake di-muon pair can also arise from

one real muon (primarily from charm or beauty de-
cays) combined with one misID pion or kaon. This
background can be subtracted similarly to B⇡⇡

misID.

• BBH: The Bethe-Heitler (BH) background played



Data driven method

• the continuous dimuon spectrum that LHC have is the 
background. 

• per mass bin 
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from Ref. [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from Ref. [48], and Belle-II comes from Ref. [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A0/m2
Z) and O(↵EM) corrections, this process has

the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�pp!XA0
!Xµ+µ�

d�pp!X�⇤
!Xµ+µ�

= ✏4
m4

µµ

(m2
µµ �m2

A0)2 + �2
A0m2

A0
, (8)

where mµµ is the di-muon invariant mass, for the case
�A0 ⌧ |mµµ �mA0 | ⌧ mA0 .

To obtain a signal event count, we integrate over an
invariant-mass range of |mµµ � mA0 | < 2�mµµ , where
�mµµ is the detector resolution on mµµ. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A0

�A0�mµµ

⇡ 3⇡

8

mA0

�mµµ

✏2

↵EM(N` +Rµ)
, (9)

neglecting phase space factors for N` leptons lighter than
mA0/2. This expression already accounts for the A0 !
µ+µ� branching-fraction suppression when Rµ is large.

We emphasize that (9) holds for any final state X (and
any kinematic selection) in the mA0 ⌧ mZ limit for tree-
level single photon processes. In particular, it already
includes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
mA0 comes from meson decays M ! µ+µ�Y , denoted
as BM . There are also two other important components:
final state radiation (FSR) and Drell-Yan (DY).
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡
misID: Two pions (and more rarely a kaon and

pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-
sign di-muon candidates [56, 57].

• B⇡µ
misID: A fake di-muon pair can also arise from

one real muon (primarily from charm or beauty de-
cays) combined with one misID pion or kaon. This
background can be subtracted similarly to B⇡⇡

misID.

• BBH: The Bethe-Heitler (BH) background played
�e+e�!hadrons

�e+e�!µ+µ� number of leptons with 
mass below mA’



Measured Di-muon Spectrum
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Prompt Search
• “good” Background 

proportional to EM currents  
Mesons, FSR/DY 

• “bad” Background 

• Beith-Heitler,  subdominant, small photon PDF 
 
 
 

• mis-identified pions ( fake rate ~ 10-3):  
Bππ - two pions are misidentified  
Bπμ - one pion is misidentified and one real muon 
subtract them in a data-driven way ( same-sign dimuon )
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an important role in the analysis of Ref. [7]. This is
a subdominant process at the LHC due in part to
the small e↵ective photon luminosity function. We
verified that BBH is small using a parton shower
generator (see below), and it will be neglected in
estimating the reach.

True displaced di-muon pairs, which arise from beauty
decays, are rarely reconstructed as prompt at LHCb.
Such backgrounds, however, are dominant in the dis-
placed search discussed below.

Summarizing, the reconstructed prompt di-muon sam-
ple contains the following background components:

Bprompt = BM +BFSR +BDY| {z }
BEM

+B⇡⇡
misID +B⇡µ

misID| {z }
BmisID

. (10)

After subtracting BmisID from Bprompt [56, 57], we can
use (9) to infer S from BEM for any mA0 and ✏2.

We now present an inclusive search strategy for dark
photons at LHCb. The LHCb experiment will upgrade
to a triggerless detector-readout system for Run 3 of the
LHC [58], making it highly e�cient at selecting A0 !
µ+µ� decays in real time. Therefore, we focus on Run 3
and assume an integrated luminosity of (see Ref. [48])

Z
L dt = 15 fb�1. (11)

The trigger system currently employed by LHCb is e�-
cient for many A0 ! µ+µ� decays included in our search.
We estimate that the sensitivity in Run 2 will be equiv-
alent to using about 10% of the data collected in Run 3.
Therefore, inclusion of Run 2 data will not greatly impact
the reach by the end of Run 3, though a Run 2 analysis
could explore much of the same mA0�✏2 parameter space
in the next few years.

The LHCb detector is a forward spectrometer covering
the pseudorapidity range 2 < ⌘ < 5 [59, 60]. Within this
acceptance, muons with three-momentum p > 5 GeV are
reconstructed with near 100% e�ciency with a momen-
tum resolution of �p/p ⇡ 0.5% and a di-muon invariant
mass resolution of [60, 61]

�mµµ ⇡
⇢

4 MeV mµµ < 1 GeV
0.4%mµµ mµµ > 1 GeV

. (12)

For the displaced A0 search, the vertex resolution of
LHCb depends on the Lorentz boost factor of the A0;
we therefore use an event-by-event selection criteria in
the analysis below. That said, it is a reasonable approx-
imation to use a fixed A0 proper-lifetime resolution [60]

�⌧ ⇡ 50 fs , (13)

except near the di-muon threshold where the opening
angle between the muons is small.

To suppress fake muons, our strategy requires muon
candidates have (transverse) momenta (pT > 0.5 GeV)
p > 10 GeV, and are selected by a neural-network muon-
identification algorithm [62] with a muon e�ciency of
✏2µ ⇡ 0.50 and a pion fake rate of ✏2⇡ ⇡ 10�6 [57]. To a
good approximation, the neural-network performance is
independent of the kinematics. Such a low pion misID
rate is a unique feature of LHCb and is vital for probing
the low-mA0 region in A0 ! µ+µ� decays.
To further suppress BmisID for mA0 > m� ' 1.0 GeV,

we require muons to satisfy an isolation criterion based
on clustering the final state with the anti-kT jet algo-
rithm [63] with R = 0.5 in FastJet 3.1.2 [64]; muons
with pT (µ)/pT (jet) < 0.75 are rejected, excluding the
contribution to pT (jet) from the other muon if it is con-
tained in the same jet. The di-muon isolation e�ciencies
obtained from simulated LHCb data (see below) are 50%
for FSR, DY, and BH, 25% for meson decays (dominantly
from charmonium states), and 1% for fake pions (⇡⇡ and
⇡µ have similar e�ciencies).
The baseline selection for the LHCb inclusive A0 search

is therefore:

1. two opposite-sign muons with ⌘(µ±) 2 [2, 5],
p(µ±) > 10 GeV, and pT (µ±) > 0.5 GeV;

2. a reconstructedA0 ! µ+µ� candidate with ⌘(A0) 2
[2, 5], pT (A0) > 1 GeV, and passing the isolation
criterion for mA0 > m�;

3. an A0 ! µ+µ� decay topology consistent with ei-
ther a prompt or displaced A0 decay [48, 57].

Following a similar strategy to Ref. [48], we use the recon-
structed muon impact parameter (IP) and A0 transverse
flight distance `T to define three non-overlapping search
regions:

1. Prompt: IPµ± < 2.5�IP;

2. Displaced (pre-module): `T 2 [5�`T , 6mm];

3. Displaced (post-module): `T 2 [6mm, 22mm].

The resolution on IP and `T are taken from Ref. [48] (see
also [65]) replacing the electrons from that study with
muons. The displaced A0 search is restricted to `T <
22mm to ensure at least three hits per track in the vertex
locator (VELO), and we define two search regions based
on the average `T to the first tracking module (i.e. 6mm).
To estimate the reach for this A0 search using (9), we

need to know Bprompt(mµµ) with the above selection cri-
teria applied. To our knowledge, LHCb has not pub-
lished such a spectrum, so we use Pythia 8.212 [66]
to simulate the various components of BEM.1 LHCb

1
We caution the reader that the di-muon spectra published by

ATLAS [67] and CMS [68] do not impose prompt selection crite-

ria nor do they subtract fake di-muons. To estimate the reach at

those experiments, one would have to account for such e↵ects.

“good” “bad”
scales as signal does not scale as signal

selections:
• 2<η(μ±)<5
• p(μ±)>10GeV
• pT(μ±)>0.5GeV
• pT(A’)>1.0GeV
• μ isolation:  
mA’>mφ∼1 GeV
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Conclusion
• VELO 

• Triggerless readout 

• dark photon search at LHCb 

resonant search and displaced search 

D0* ➛ D0 + 𝛾  and inclusive search 

the (di-muon) data-drive method can be applied to  
other experiments 
explore the new territory with current or future collider. 
the next decade of collider results may give us the first step 
to understand the hidden sector 

• LHCb search for new physics

30
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Conclusion
• VELO 

• Triggerless readout 

• dark photon search at LHCb 

D0* ➛ D0 + 𝛾  and inclusive search 

prompt search and displaced search 

explore the new territory with current or future collider.  
the next decade of collider results may give us the first 
step to understand the hidden sector 

• LHCb search for new physics

32
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Introduction

LHCb Trigger [JINST 8 (2013) P04022]

• movable L0 thresholds and
software HLT

• low pT leptons/photons and
tracks (IP > 0.1 mm)

L0

µ: pT > 1.5 GeV
340 kHz

µµ:


p1
Tp2

T > 1.3 GeV
75 kHz

h: ET > 3.5 GeV
405 kHz

e: ET > 2.5 GeV
160 kHz

“: ET > 2.5 GeV
80 kHz

µ: pT > 4.8(1) GeV
0.7(5) kHz

µµ: m > 2.7(1)GeV
1.2(1.3) kHz

track: pT > 1.7 GeV
33 kHz

e: pT > 10 GeV

. . .

µ: pT > 10(4.8) GeV

µµ: m > 4.8(3) GeV

displaced vertex

inclusive topological
beauty BBDT

inclusive and
exclusive charm

. . .

15 MHz 5 kHz

HLT1 HLT2

1 MHz 50 kHz

Ilten Searches for Exotic Particles at LHCb June 12, 2014 4 / 14



3.2 Application to electron beam dump experiments 79

Higgs between 1.2 and 52 MeV. Again following Appendix B.7, this translates to a

95% C.L. upper limit N95%up of 3 events for a Poisson signal.

Fermilab E774

In 1991, a 275 GeV electron beam at Fermilab was exploited in a search for short-lived

neutral bosons decaying to e+e� [255]. A total of 0.52⇥1010 electrons (0.83 nC) were

dumped onto a 30 cm tungsten electromagnetic calorimeter used as target. Behind

the shield a 2 m long decay space opened and was followed by four scintillation

counters. Another electromagnetic calorimeter was placed in a distance of 7.25 m

downstream from the dump and used for trigger. The experiment required two

charged particles in the detector, i.e. both the electron and the positron from the

decay. The final multiplicity-2 electromagnetic spectrum published in Fig. 4c of

the analysis in [255] was obtained by subtracting the background of, for example,

misidentified multiplicity-2 hadronic final states like K0
S ! ⇡+⇡�.

From this plotted spectrum, we find a total of zero events with excess multiplicity-2.

As this results from a subtraction of the background from the original multiplicity-2

spectrum, the statistical error is dominated by the total number of events in Fig. 4b

of their publication [255]. We read o↵ this plot a total of 89 events and infer the

corresponding statistical error as
p
89 events. According to Appendix B.7, the 95%

C.L. upper limit is given by N95%up = 18 events.

target
E0 Nel Lsh Ldec

Nobs N95%up
[GeV] #electrons Coulomb [m] [m]

KEK 183.84
74W 2.5 1.69⇥1017 27 mC 2.4 2.2 0 3

E141 183.84
74W 9 2⇥1015 0.32 mC 0.12 35 1126+1312

�1126 3419

E137 26.98
13Al 20 1.87⇥1020 30 C 179 204 0 3

Orsay 183.84
74W 1.6 2⇥1016 3.2 mC 1 2 0 3

E774 183.84
74W 275 5.2⇥109 0.83 nC 0.3 2 0+9

�0 18

Table 3.1: Overview of the di↵erent beam dump experiments analysed in this work and their

specifications. The target materials are labelled by their mass number A, atomic number

Z and chemical symbol A

Z

W/Al, where W stands for tungsten and Al for aluminium. The

number of observed events Nobs have directly been extracted from the experiment’s papers.

They di↵er in the case of E141 and E137 slightly from the estimates used in Ref. [266] as do

the corresponding 95% C.L. values obtained according to Appendix B.7.

84 CHAPTER 3 CONSTRAINTS ON HIDDEN PHOTONS

3.3 Limits on hidden photons from electron beam dump

experiments

Combining the results of the last two sections allows us to determine the 95% C.L.

exclusion limits on hidden photons from electron beam dump experiments. In Sec. 3.1,

the process of hidden photon production in bremsstrahlung and the subsequent decay

into leptons was studied. This analysis took the pseudophoton-flux of the Weizsäcker–

Williams approximation, nuclear and atomic size e↵ects as well as the energy distribution

of electrons in the target into account. Those considerations condensed in the final

formula (3.24) giving the theoretical prediction for the number of expected events from

hidden photon decays in an ideal experiment which detects all produced leptons, see

also Appendix B.6. The limitations of a real experimental set-up like the geometry and

finite detector size demand a scaling down of this estimate. Comparing the kinematics,

emission angles and trajectories obtained using MadGraph Monte Carlo simulations

with the layout of the experiments presented in Sec. 3.2.1 allows to determine the actual

acceptance, as discussed in Sec. 3.2.2.

E774

E141

Orsay

KEK
E137

10-2 10-1

10-7

10-6

10-5

10-4

10-3

10-2

mg' @GeVD
c

Figure 3.8: Limits on the hidden photon mass m
�

0 and the kinetic mixing � from di↵erent

electron beam dump experiments. The limits from the experiments at KEK (dash-dotted

green line) and in Orsay (solid blue line) have been presented for the first time in the context

of this work. The limits from E141 (dotted purple line), E137 (dashed red line) and E774

(long-dashed orange line), which were already considered in Ref. [266], have been reanalysed

in the present work. Our analysis of all these limits takes the experimental acceptances

determined with MadGraph into account.

Displaced Search 
Beam Dump Experiments



Photon-Dark Photon Mixing
• photon mixes with dark photon 

• vector mesons also mix with dark photon 

• the off shell photon current includes all the possible mixings  

36



Resonant Search
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• A’ → e+ e- , A’ → μ+ μ- 

• background from  off-shell photon  
  S/√B ∼ ε2  √N 

γe⁺

e⁻ γ

• BaBar 
collider



sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .

II. THE PHYSICS OF NEW U(1) VECTORS IN
FIXED TARGET COLLISIONS

A. Theoretical Preliminaries

Consider the Lagrangian

L = L
SM

+ ✏

Y

F

Y,µ⌫

F

0
µ⌫

+
1
4
F

0,µ⌫

F

0
µ⌫

+ m

2

A

0A
0µ

A

0
µ

, (3)

where L
SM

is the Standard Model Lagrangian, F

0
µ⌫

=
@

[µ

A

0
⌫]

, and A

0 is the gauge field of a massive dark U(1)0

gauge group [1]. The second term in (3) is the kinetic
mixing operator, and ✏ ⇠ 10�8 � 10�2 is naturally gen-
erated by loops at any mass scale of heavy fields charged
under both U(1)0 and U(1)

Y

; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ✏ is only generated by
two-or three-loop GUT-breaking e↵ects.

A simple way of analyzing the low-energy e↵ects of the
A

0 is to treat kinetic mixing as an insertion of p

2

g

µ⌫

�p

µ

p

⌫

in Feynman diagrams, making it clear that the A

0 couples
to the electromagnetic current of the Standard Model
through the photon. This picture also clarifies, for ex-
ample, that new interactions induced by kinetic mixing
must involve a massive A

0 propagator, and that e↵ects
of mixing with the Z-boson are further suppressed by
1/m

2

Z

. Equivalently, one can redefine the photon field
A

µ ! A

µ+✏A

0µ as in [37], which removes the kinetic mix-
ing term and generates a coupling eA

µ

J

µ

EM

� ✏eA

0
µ

J

µ

EM

of the new gauge boson to electrically charged particles
(here ✏ ⌘ ✏

Y

cos ✓

W

). Note that this does not induce
electromagnetic millicharges for particles charged under
the A

0. The parameters of concern in this paper are ✏

and m

A

0 .
We now explain the orange stripe in Figure 1 — see

[3, 4, 5] for more details. In a supersymmetric theory,
the kinetic mixing operator induces a mixing between
the D-terms associated with U(1)0 and U(1)

Y

. The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
e↵ective Fayet-Iliopoulos term for U(1)0. Consequently,
the Standard Model vacuum can break the U(1)0 in the
presence of light U(1)0-charged degrees of freedom, giving
the A

0 a mass,

m

A

0 ⇠ p✏g

D

p
g

Y

m

W

g

2

, (4)

e�e�

Z

A0

�

FIG. 2: A

0 production by bremsstrahlung o↵ an incoming
electron scattering o↵ protons in a target with atomic number
Z.

`+

`�

`+

`�

e�

Z Z

e�

(a) (b)

FIG. 3: (a) �

⇤ and (b) Bethe-Heitler trident reactions that
comprise the primary QED background to A

0 ! `

+
`

� search
channels.

where g

D

, g

Y

, and g

2

are the the U(1)0, U(1)
Y

, and
Standard Model SU(2)

L

gauge couplings, respectively,
and m

W

is the W-boson mass. Equation (4) relates
✏ and m

A

0 as indicated by the orange stripe in Figure
1 for g

D

⇠ 0.1 � 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)0, scattering inelastically o↵ nuclei
through A

0 exchange. We therefore include these lines for
reference in our plots.

B. A

0 Production in Fixed-Target Collisions

A

0 particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
When the incoming electron has energy E

0

, the di↵er-
ential cross-section to produce an A

0 of mass m

A

0 with
energy E

A

0 ⌘ xE

0

is

d�

dxd cos ✓

A

0
⇡ 8Z

2

↵

3

✏

2

E

2

0

x

U

2

Log

⇥

(1� x +

x

2

2
)� x(1� x)m2

A

0

�
E

2

0

x ✓

2

A

0

�

U

2

�
(5)

where Z is the atomic number of the target atoms,
↵ ' 1/137, ✓

A

0 is the angle in the lab frame between the
emitted A

0 and the incoming electron, the Log (⇠ 5� 10

3

Resonant Search
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• A’ → e+ e- , A’ → μ+ μ- 

• background from  off-shell photon  
  S/√B ∼ ε2  √N 

• A1, APEX 
fixed target



Displaced search Background
• pre-module :  

D0*→D0 e+ e-, D0*→D0 π0 (γe+e-)  
due  to a hard electron scatter in material.  
method to remove: A’ vertex occurring in the proper decay 
plane 

• post-module:  
D0*→D0 γ, gamma covert to e+e- by interacting with the 
detector material. 
method to remove: vertex of e+e- will not consistent with any 
detector material 

39
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10�2 10�1 100

mA0 [GeV]

10�11

10�10

10�9

10�8

10�7

10�6
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10�4
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LHCb

DarkLight

VEPP-3

MESA
Mu3e

HPS

MAMI

APEX

SHiP

SeaQuest

FIG. 9. Comparing the LHCb reach to other proposed dark
photon experiments.

summarized in Fig. 9. Experiments like APEX [32, 77],
MESA/MAMI [78], DarkLight [79, 80], VEPP-3 [23], and
Mu3e [81] are high luminosity experiments that use a
resonant search strategy.15 Experiments like SHiP [82]
and SeaQuest [83] are beam-dump experiments that use a
displaced strategy. See App. C for discussion of a possible
D

⇤0! D

0
A

0 search at Belle-II.
The closest comparison to the LHCb D

⇤0 ! D

0
A

0

search is the HPS experiment [52]. Because HPS has
a dedicated tracking and vertexing detector, it is able to
search for both resonant and displaced A

0 signals, corre-
sponding to the upper and lower HPS regions in Fig. 9. In
terms of vertex performance and mass resolution, HPS is
quite comparable to LHCb.16 It is therefore reasonable to
ask why the resonant and displaced search regions over-
lap for LHCb but not for HPS.

There are three main advantages of LHCb over HPS,
at least for m

A

0
< 100 MeV.

• Parasitic running. For a fixed mass resolution,
the resonant search is limited only by the avail-
able statistics. The D

⇤0 ! D

0
A

0 search does not
require any modifications to the standard LHC run-
ning environment, so it immediately benefits from
the high data-taking rate (and long run times) al-
ready needed by other LHCb measurements. By

15 Strictly speaking, VEPP-3 uses a missing mass strategy.
16 One minor di↵erence is that HPS uses strips for its tracking while

LHCb will use pixels in Run 3. This means that HPS has worse
hit resolution in the bending plane, so some of the topological
requirements in App. B would not be helpful for HPS.

contrast, HPS is a dedicated experiment with an
anticipated runtime of only 3 weeks to cover the
30-100 MeV mass range.

• Access to smaller opening angles. As a fixed-target
experiment, HPS produces A

0 bosons in the very
forward direction, e↵ectively within the envelope of
the beam pipe hole. This means that HPS has no
sensitivity in the “dead zone” where the A

0 decay
opening angle is less than 30 mrad. As a colliding
beam experiment, LHC produces A

0 bosons with
a sizable transverse momentum kick, such that the
A

0 trajectory itself goes into the LHCb VELO. This
allows LHCb to reconstruct much smaller opening
angles down to around a few mrad, which helps the
reach at low A

0 masses.

• Larger Lorentz boosts. The reach in the displaced
search benefits from large � factors (up to a point,
see below). The median A

0 boost at the LHC
is roughly three times larger than the maximum
A

0 boost at HPS. Moreover, there is a tail of A

0

events at the LHC which extends to much higher
boost factors, which can be exploited when com-
bined with the high event rate.

Note that these last two bullet points are in direct conflict
at a fixed-target experiment, since going to larger Lorentz
boosts by using a higher beam energy means that the
signal has smaller A0 opening angles. At a colliding beam
experiment, the opening angle resolution is limited only
by the hit resolution, so one can in principle exploit larger
Lorentz boosts up until the point that the displaced A

0

signal escapes the detector. From this we conclude that
HPS is probably close to optimal for a fixed-target dark
photon search in this mass range.

IX. SUMMARY

In this paper, we showed that in Run 3, LHCb can ex-
plore the entire dark photon parameter space between the
prompt-A0 and beam-dump limits form

A

0 . 100 MeV us-
ing the decay D

⇤0 ! D

0
A

0. This reach is possible due
to the large D

⇤0 production rate and sizable A

0 Lorentz
boost factor at the LHC, combined with the excellent
vertex/mass resolution and planned triggerless-readout
system of LHCb. The displaced and resonant strategies
give complementary coverage of the A

0 parameter space.
Even if the displaced vertex signature is absent due to
a modified A

0 lifetime, there is still substantial coverage
from the resonant search owing to the excellent m

e

+
e

�

resolution.
Given the impressive reach below �m

D

= 142 MeV,
one might wonder if a similar search could be performed
at LHCb for dark photons with larger masses. The
D

⇤0! D

0
A

0 search relies on the D

⇤0 mass constraint to
suppress backgrounds and to improve the e+e� invariant
mass resolution. Without these handles, the dark photon

• HPS ( Heavy Photon Search ) @ Jefferson Lab  
HPS has a state-of-the-art tracking and vertax detector  
but 

LHCb Larger Lorentz boosts ( 3 times ) 

fixed target: pushing A’ flight direction into detection 

LHCb access to smaller opening angles

40
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Displaced Search Background
• pre-module : semi-leptonic heavy meson decays  

b → c μ± X, c → μ± Y  
104 events per ± 2 σ inv mass bin 

• post-module : τA ≫ τD,B 
mostly material interactions.  
25 events per mass bin  
(rescaled from Ks → μ+ μ- search)  

41
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e+

e�

Lsh Ldec

e�(E0)

shield

target

� 0

detector

�0 �0

e±

Lsh

Ldec

�0

�0

�0

m�0 "2

�0

�0

Displaced Search 
e.g. beam dump experiments

• A’ decay rate  Γ ∝ ɛ2 x mA’ 

• Background free 

• shield length: cm - m 



Resonant Search
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• A’ → e+ e- , A’ → μ+ μ- 

• background from  off-shell photon  
  S/√B ∼ ε2  √N 


