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LHCb Detector

JINST 3 (2008) S08005 
Int.J.Mod.Phys. A 30(2015) 1530022

LHCb is a forward Spectrometer (2 < η < 5)
(roughly 1-15o)
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Real-Time Processing
Simple feature-building, 
e.g. in FPGAs, required 
to reduce the data rate.*

 1 TB/s 
post zero  

suppression 50 GB/s

*LHCb will move to a triggerless-readout system for LHC Run 3 (2021-2023), and process 5 TB/s 
in real time on the CPU farm.

JINST 8 (2013) P04022

1 MHz

Real-time reconstruction 
for all charged particles 
with pT > 0.5GeV.

F u l l r e a l - t i m e 
reconstruction for all 
particles available to 
select events.

0.7 GB/s (mix of full + partial events)

Data buffered on 
10 PB of disk.

6 GB/s

Real-time calibration 
& alignment.

Heavy use of machine learning: 
V.Gligorov, MW, JINST 8 (2012) P02013 

T.Likhomanenko et al [1510.00572]

Comp. Phys. Commun.  
208 (2016) 35
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mwill@mit.edu 617 253-4816

To members of the award committee,

This letter is in support of the application of Maria Patsyuk, who has applied for
the Leona Woods distinguished postdoctoral lectureship award. I am the founder and
leader of the LHCb group at MIT, a member of both the LHCb Collaboration and
Editorial boards, and the founder and leader of the MIT GlueX group. I have known
Maria since 2015, when she started working as a postdoc in my GlueX group.

The Detection of Internally Reflected Cherenkov light (DIRC) detector was a revo-
lutionary particle-identification system employed by the BaBar experiment at SLAC.
A novel upgrade to this system known as the Focusing DIRC (FDIRC) was designed
to maintain the amazing DIRC performance but with a greatly reduced number of
PMTs required—thus also greatly reducing the cost of such a system. Unfortunately,
the SuperB experiment in which the FDIRC was meant to be installed was canceled;
however, the DIRC and FDIRC concepts live on, as they have now been adopted by
many existing and future experiments.

My group at MIT led the design R&D for a DIRC-type detector planned for use at
Je↵erson Lab. Since joining our group, Maria as been the leader of our DIRC e↵orts.
She has done amazing work on developing its simulation in Geant, on designing a
laser-based calibration system, and designing and prototyping a method for preserving
as much Cherenkov light as possible using silicon cookies to join the PMTs to the
quartz exit window from the DIRC optical box. Maria does excellent work, and is
able to lead e↵orts like this largely independently. This is quite impressive for a junior
postdoctoral researcher.

Maria has also been working with Prof. Or Hen on developing a novel program
to study short-range correlations in nucleons using nuclear targets at GlueX—and on
similar projects in Russia. She is becoming a true leader in that area of nuclear physics,
which is even more impressive given her hardware commitments.

In summary, Maria Patsyuk is an excellent young physicist. I highly recommend
Maria for this lectureship award. She has done excellent work as a postdoctoral re-
searcher, and I have no doubt that she has a bright career ahead of her. Please do not
hesitate to contact me with any questions or if any further information is required.
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Sincerely,

Associate Professor of Physics

The X particle picks up couplings to SM particles proportional to mass, just 
like the Higgs. N.b., many non-DM theories also predict X fields.
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b→s penguin decays are an excellent place to search for low-mass hidden-
sector particles (e.g., anything that mixes with the Higgs sector).

Higgs Portal
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range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks [22, 23]. The44

trigger consists of a hardware stage, based on information from the calorimeter and muon45

systems, followed by a software stage, which applies a full event reconstruction [24]. The46

selection of B0
! K⇤0� candidates in the software trigger requires the presence of a vertex47

identified by a multivariate algorithm [25] as consistent with the decay of a b hadron.48

Alternatively, candidates may be selected based on the presence of a displaced dimuon49

vertex, or the presence of a muon with large transverse momentum (pT) and large impact50

parameter (IP), defined as the minimum track distance with respect to any pp-interaction51

vertex (PV). Only tracks with segments reconstructed in the first charged-particle detector,52

which surrounds the interaction region and is about 1m in length [26], can satisfy these53

trigger requirements; therefore, the � boson is required to decay within this detector.54

Simulated events are used to define the event selection, and to determine the e�-55

ciency to trigger, reconstruct and select B0
! K⇤0� decays. Simulated pp collisions56

are generated using Pythia [27] with an LHCb configuration [28]. Decays of hadronic57

particles are described by EvtGen [29], in which final-state radiation is generated using58

Photos [30]. The interaction of the generated particles with the detector, and its response,59

are implemented using the Geant4 toolkit [31] as described in Ref. [32].60

A search is conducted, following Ref. [33], by scanning the m(µ+µ�) distribution for an61

excess of � signal candidates over the expected background. All aspects of the search are62

fixed without examining the B0
! K⇤0� candidates whose invariant mass is consistent with63

the known B0 mass [35]. The step sizes in m(�) are �[m(µ+µ�)]/2, where �[m(µ+µ�)] is64

the dimuon mass resolution. Signal candidates satisfy |m(µ+µ�)�m(�)| < 2�[m(µ+µ�)],65

while the background is estimated by interpolating the yields in the sidebands starting at66

3�[m(µ+µ�)] from m(�). After constraining [34] m(K+⇡�µ+µ�) to the known B0 mass,67

�[m(µ+µ�)] is less than 8MeV over the entire m(µ+µ�) range, and is as small as 2MeV68

near 2m(µ). The statistical test at each m(�) is based on the profile likelihood ratio of69

Poisson-process hypotheses with and without a signal contribution [36]. The uncertainty70

on the background interpolation is modeled by a Gaussian term in the likelihood (see71

Ref. [33] for details).72

The �! µ+µ� decay vertex is permitted, but not required, to be displaced from the73

2

PRL 115 (2015) 161802 
LHCb-PAPER-2015-036

|�iphys = cos ✓|�i+ sin ✓|Higgsi

|Higgsiphys = � sin ✓|�i+ cos ✓|Higgsi

(K+)

PRD 95 (2017) 071101 
LHCb-PAPER-2016-052

See also MW [1503.04767]; J.Stevens, MW [1305.7248]; Freytsis,Ligeti,Thaler [0911.5355]; 
Batell, Lange, McKeen, Pospelov, Ritz [1606.04943].

Model-independent limits set on B(B→K*X)B(X→µµ) translate into model-
dependent constraints on the H-X mixing angle of O(mrad) (rules out 
nominal inflaton here), and O(PeV) on ALP decay constants.
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Proposed new detector element at LHCb to search for long-lived particles.
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DELPHI

FIG. 1. Layout of the LHCb experimental cavern UX85 at point 8 of the LHC [58], overlaid with the CODEX-b apparatus.

The number of LLP decay vertices expected in the box

Nbox = LLHCb ⇥ �pp!'X ⇥

Z

vol

d"(r, ⌘)

dV
dV , (1)

where the location of the box is specified by an azimuthal
angle, the distance from the IP, r, and the pseudorapid-
ity, ⌘. In these coordinates, the di↵erential fiducial e�-
ciency is

d"(r, ⌘)

dV
=

1

2⇡r2c⌧

Z
d� w(�, ⌘) ⇥

e�r/(c⌧��)

��
. (2)

with � and � the usual kinematic variables. The func-
tion w(�, ⌘) is the di↵erential probability of producing
the LLP with pseudorapidity ⌘ and velocity �, and is
typically obtained from Monte Carlo.

To gain a rough sense of the achievable fiducial e�-
ciency, let us assume w is factorizable into a �-function in
� at �0�0 ⇠ 3 and a flat distribution in pseudorapidity for
|⌘| < ⌘0 ⇠ 5. This is a reasonable approximation for, e.g.,
an exotic Higgs decay. That is, w(�, ⌘) ⇡ �(���0)/(2⌘0)
on the box domain ⌘ 2 [0.2, 0.6]. Approximating the box
geometry as a cube in polar coordinates – a spherical
shell segment in real space – the fiducial e�ciency

"box '
0.4

2⌘0

|�2 � �1|

2⇡

h
e�r1/r0 � e�r2/r0

i
, (3)

with r0 = c⌧�0�0. Using |�2 � �1| ⇠ 10/25, r1 ⇠ 25 m,
r2 ⇠ 35 m, one estimates a maximum fiducial e�ciency
"box ⇠ 10�3. In the long (short) lifetime regime c⌧ � r1,2

(c⌧ ⌧ r1,2), this e�ciency is linearly (exponentially) sup-
pressed by |r2 � r1|/r0 (e�r1/r0). In the case of Higgs

decay to dark photons, e.g., this translates to a maxi-
mal 2� exclusion reach of Br[h ! 2�d] ⇠ 10�4, for the
300 fb�1 of integrated luminosity expected after Run 5.
We confirm this estimate with a more detailed simulation
below.

C. Tracking

In order to demonstrate the feasibility of the proposed
detector, we have studied a simple tracking layout based
on RPC strip modules with 1 cm2 e↵ective granularity.
Such modules typically also have 1 ns or better timing
resolution, which may be useful for background rejection
or improving the reconstruction of slow-moving signals.

As there is no magnetic field to provide a momentum
estimate, it is crucial that we have the best possible spa-
tial resolution on the decay vertex of our hypothetical
long-lived particle. The single most important parameter
for vertex resolution is the distance between the vertex
and the first measured point on the decay product tra-
jectories. For this reason we instrument all sides of the
box with six RPC layers, at 4 cm intervals, but also add
five equally-spaced triplets of RPC layers along the depth
of the box. We require six hits in order to reconstruct
a decay product, and assume that we are able to track
above 600 MeV of momentum. A detailed study of track-
ing performance for di↵erent particle species, including
the e↵ects of multiple scattering, is left for a future study.

We study the vertex reconstruction e�ciency achieved
by the above-specified layout for the h ! �d�d and
B ! 'Xs benchmarks over a range of �d, ' masses and
lifetimes. Details of these models and the reach anal-

Gligorov, Knapen, Papucci, Robinson 
[arxiv:1708.09395]
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Excellent sensitivity to inclusive Higgs portal production.

CODEX-bGligorov, Knapen, Papucci, Robinson 
[arxiv:1708.09395]
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FIG. 3. Reach for B ! Xs' in the s2✓–m' plane. Solid
(dashed) blue line assume 100% (Tab. I) tracking e�ciency.
The light shaded region (with dash-dotted boundary) assumes
the spectator model for the ' decays in order to compare with
the SHiP projection [79].

sume a bb̄ production cross-section of 500 µb. For the pro-
jected LHCb reach we rescaled the existing B ! K(' !

µµ) limit [37] under the (optimistic) assumption of zero
background, implying that the limit on the fiducial rate
scales linearly with the integrated luminosity. (A similar
limit from B ! K⇤(' ! µµ) is slightly weaker [38].) The
lower extent of the reach in s2

✓ is determined by the to-
tal number of beauty hadrons and the CODEX-b fiducial
e�ciency, while the upper extent of the s2

✓ reach is con-
trolled by the ' lifetime: A larger s2

✓ implies a larger rate
of ' production along with a shorter ' lifetime, such that
most '’s decay before they reach the detector. One finds
that CODEX-b would significantly extend the reach of
LHCb, and complement part of the projected parameter
reach for SHiP [79], as well as for MATHUSLA [90].

One may also consider more general portals that do
not feature the fixed branching ratio-lifetime relations
predicted by the simplest Higgs portal models. In Fig. 4
we show the branching ratio reach for such theories, for
various ' mass benchmarks. Compared to LHCb, which
searches for B ! K(' ! µµ), a key advantage is that
the reach is not sensitive to the model-dependent muonic
branching ratio, only requiring instead that the final
states are trackable. While the muon branching ratio
is typically O(1) for m' < 2mK from kinematic con-
siderations, at higher masses this branching ratio may
drop precipitously to the sub-percent level. As an ex-
ample, we show the projected LHCb reach in Fig. 4 for
m' = 0.5 GeV compared to m' = 1GeV.

��਷φϵ
��਷φЈ
��਷΅
��਷ϩ
��਷Κ

��਷Θ ��਷ϯ ��਷φ ��φ ��ϯ ��Θ ��Ϩ

"`
<ӷ݂ԍ

֎ᆈ>

Ԓᅽ (K)

୽ ӷ ݂ ԍ֎ BMpԜᇜ � ��� :2o
G>*# ӷ ݂ Ԁ	ᆈ ݂ ᅷᅷ
Ԝᇜ � � :2o
G>*# ӷ ݂ Ԁ	ᆈ ݂ ᅷᅷ
Ԝᇜ � � :2oԜᇜ � � :2o

FIG. 4. Inclusive B ! Xs' reach (solid lines). The shaded
regions (dashed lines) indicate current limits (300 fb�1 pro-
jection) from B ! K(' ! µµ), rescaled to the inclusive
process using the ratio of Eq. (4) and the theory predic-
tions for the exclusive branching ratio [91, 92], and assum-
ing Br[' ! µµ] ' 30% and 10% for m' = 0.5 GeV and
1GeV, respectively. Approximate current [65] and Belle II
projected [93] limits from B ! K(⇤)⌫⌫̄ precision measure-
ments are also shown (gray shading and dashed line).

B. Exotic Higgs decays

Exotic Higgs decays to two dark photons may be gener-
ated by a kinetic mixing portal (e.g. [51–54]). In the short
lifetime limit, dark photons can be searched for with the
main LHCb detector, in D⇤ decays [94] or with an inclu-
sive search [95]. To estimate the CODEX-b fiducial e�-
ciency, we simulate gluon fusion Higgs production at IP8
with Pythia 8, with subsequent h ! �d�d decay. The
dark photon branching ratios to various SM final states
are approximated from existing e+e� data [96], which is
relevant if one exploits the muon shadow. In Fig. 5 we
show the expected reach in Br[h ! �d�d] for m�d = 0.5
and 10 GeV benchmarks as a function of dark photon life-
time, for both the CODEX-b fiducial volume and for the
case that the muon shadow can be used. For the 0.5 GeV
benchmark, the kinematically enhanced branching ratio
to muons enhances the reach of the muon shadow, com-
pared to the 10 GeV case.

A displaced vertex search at ATLAS/CMS has geo-
metric acceptance ⇠ 1 (normalized to 4⇡), and approxi-
mately 10 times higher luminosity. Other than the trig-
ger challenges associated with LLPs, a second crucial dis-
tinction is that the calorimeters comprise only ⇠ 10� of
shielding compared to the 32� shield in the CODEX-b
setup. Searches for light displaced objects in the AT-
LAS/CMS muon system are therefore expected to su↵er
from significant backgrounds from punch-through jets.
To heavily reduce these backgrounds, it is often neces-
sary to require two displaced objects, which is a signif-
icant penalty in reach for the long lifetime regime. We

Sensitivity also demonstrated for Higgs decays to dark photons. Should have 
excellent sensitivity to most hypothetical long-lived particles.

LHCb projections assume 
only decays in the VELO 

are used. Studies ongoing 
that would extend the 
fiducial decay volume 

within LHCb itself. 

Sensitivity studies for 
other models, e.g. Higgs 
decays to dark photons, 

are provided in 
1708.09395. Additionally, 
studies on boost/mass 
resolution are provided.
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See Okun, 1982; Galison, Manohar, 1984; Holdom, 1986;  etc.; Arkani-Hamed, Finkbeiner, Slatyer,Weiner, 2008; Pospelov, Ritz, 2008; etc.
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To members of the award committee,

This letter is in support of the application of Maria Patsyuk, who has applied for
the Leona Woods distinguished postdoctoral lectureship award. I am the founder and
leader of the LHCb group at MIT, a member of both the LHCb Collaboration and
Editorial boards, and the founder and leader of the MIT GlueX group. I have known
Maria since 2015, when she started working as a postdoc in my GlueX group.

The Detection of Internally Reflected Cherenkov light (DIRC) detector was a revo-
lutionary particle-identification system employed by the BaBar experiment at SLAC.
A novel upgrade to this system known as the Focusing DIRC (FDIRC) was designed
to maintain the amazing DIRC performance but with a greatly reduced number of
PMTs required—thus also greatly reducing the cost of such a system. Unfortunately,
the SuperB experiment in which the FDIRC was meant to be installed was canceled;
however, the DIRC and FDIRC concepts live on, as they have now been adopted by
many existing and future experiments.

My group at MIT led the design R&D for a DIRC-type detector planned for use at
Je↵erson Lab. Since joining our group, Maria as been the leader of our DIRC e↵orts.
She has done amazing work on developing its simulation in Geant, on designing a
laser-based calibration system, and designing and prototyping a method for preserving
as much Cherenkov light as possible using silicon cookies to join the PMTs to the
quartz exit window from the DIRC optical box. Maria does excellent work, and is
able to lead e↵orts like this largely independently. This is quite impressive for a junior
postdoctoral researcher.

Maria has also been working with Prof. Or Hen on developing a novel program
to study short-range correlations in nucleons using nuclear targets at GlueX—and on
similar projects in Russia. She is becoming a true leader in that area of nuclear physics,
which is even more impressive given her hardware commitments.

In summary, Maria Patsyuk is an excellent young physicist. I highly recommend
Maria for this lectureship award. She has done excellent work as a postdoctoral re-
searcher, and I have no doubt that she has a bright career ahead of her. Please do not
hesitate to contact me with any questions or if any further information is required.

↵0 = "2↵
Sincerely,

Associate Professor of Physics
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FIG. 3: Lifetime and branching fraction of a dark photon. The lifetime becomes short when resonant
hadronic decay occurs, as for example at ∼ 750MeV, the approximate mass of the ω-resonance.

For mγ′ ! 2 GeV, the ratio R can be accurately determined in perturbative QCD via

R(mγ′) = 3
∑

f

Q2
f

(m2
γ′ + 2m2

f )
√

m2
γ′ − 4m2

f

(m2
γ′ + 2m2

µ)
√

m2
γ′ − 4m2

µ

(

1 +
αs

π
+O(α2

s)
)

. (IV.2)

The exclusive number of each type of quasi-stable hadron has been determined using PYTHIA 6 [75] to simulate a
parton shower and hadronization in e+e− collisions at ECM = mγ′ .
For mγ′ " 2 GeV, we use data-driven methods to determine both R and the fragmentation into exclusive final

states. The ratio has been determined by summing the various exclusive final states in several experiments at low
energies and a combination of these has been presented by the Particle Data Group [76, 77]. We then determine
the fragmentation into quasi-stable hadrons using the measured branching fractions of the few resonances that
contribute to R at low energies.
The resulting total decay width and branching fractions are shown in Figure 3.

B. Dark Higgs Decays

The dark Higgs decays with couplings that are proportional to those of the SM Higgs. For mρ ! 2 GeV, we
once more turn to a perturbative determination of the dark Higgs decay width and inclusive branching fractions.
Unlike in the dark photon case, decays to pairs of gauge bosons (namely gluons and photons) are allowed and can
be significant in certain parts of parameter space. The partial widths to fermions are deterimed at leading order
by

Γ(ρ→ ff) = sin2 ϵ
Gfm2

f

4
√
2π

mρ

(

1−
4m2

f

m2
ρ

)3/2

(IV.3)

For decays to quarks, an NLO correction factor of [78]

1 + 5.67
αs

π
+O(α2

s) (IV.4)

is applied. The decays to gluons and photons (including a NLO correction for the gluon case [79]) are given by

Γ(ρ→ gg) = sin2 ϵ
Gfα2

sm
3
ρ

64
√
2π3

∣

∣

∣

∣

∣

∑

q

F1/2(τq)

∣

∣

∣

∣

∣

2
(

1 +
215

12

αs

π
+O(α2

s)

)

(IV.5)

and

Γ(ρ → γγ) = sin2 ϵ
Gfα2m3

ρ

128
√
2π3

∣

∣

∣

∣

∣

∣

∑

f

Nc,fQ
2
fF1/2(τf ) + F1(τW )

∣

∣

∣

∣

∣

∣

2
(

1 +
215

12

αs

π
+O(α2

s)

)

(IV.6)

τ=1ps

Existing bounds on visible A’ decays.
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Dark Sectors 2016: 
Community Report

[1608.08632]

RK =
B(B ! Kµµ)

B(B ! Kee)
=

[B(B ! Kµµ)/B(B ! KJ/ [µµ])]

[B(B ! Kee)/B(B ! KJ/ [ee])]
(1)

ASM = AQCD ⇥AEW (2)

⇡0 ! A0� (3)

e+e� ! A0� (4)

1

RK =
B(B ! Kµµ)

B(B ! Kee)
=

[B(B ! Kµµ)/B(B ! KJ/ [µµ])]

[B(B ! Kee)/B(B ! KJ/ [ee])]
(1)

ASM = AQCD ⇥AEW (2)

⇡0 ! A0� (3)

e+e� ! A0� (4)

1

RK =
B(B ! Kµµ)

B(B ! Kee)
=

[B(B ! Kµµ)/B(B ! KJ/ [µµ])]

[B(B ! Kee)/B(B ! KJ/ [ee])]
(1)

ASM = AQCD ⇥AEW (2)

⇡0 ! A0� (3)

e+e� ! A0� (4)

eZ ! eZA0 (5)

1

beam dumps
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FIG. 3: Lifetime and branching fraction of a dark photon. The lifetime becomes short when resonant
hadronic decay occurs, as for example at ∼ 750MeV, the approximate mass of the ω-resonance.

For mγ′ ! 2 GeV, the ratio R can be accurately determined in perturbative QCD via

R(mγ′) = 3
∑

f

Q2
f

(m2
γ′ + 2m2

f )
√

m2
γ′ − 4m2

f

(m2
γ′ + 2m2

µ)
√

m2
γ′ − 4m2

µ

(

1 +
αs

π
+O(α2

s)
)

. (IV.2)

The exclusive number of each type of quasi-stable hadron has been determined using PYTHIA 6 [75] to simulate a
parton shower and hadronization in e+e− collisions at ECM = mγ′ .
For mγ′ " 2 GeV, we use data-driven methods to determine both R and the fragmentation into exclusive final

states. The ratio has been determined by summing the various exclusive final states in several experiments at low
energies and a combination of these has been presented by the Particle Data Group [76, 77]. We then determine
the fragmentation into quasi-stable hadrons using the measured branching fractions of the few resonances that
contribute to R at low energies.
The resulting total decay width and branching fractions are shown in Figure 3.

B. Dark Higgs Decays

The dark Higgs decays with couplings that are proportional to those of the SM Higgs. For mρ ! 2 GeV, we
once more turn to a perturbative determination of the dark Higgs decay width and inclusive branching fractions.
Unlike in the dark photon case, decays to pairs of gauge bosons (namely gluons and photons) are allowed and can
be significant in certain parts of parameter space. The partial widths to fermions are deterimed at leading order
by

Γ(ρ→ ff) = sin2 ϵ
Gfm2

f

4
√
2π

mρ

(

1−
4m2

f

m2
ρ

)3/2

(IV.3)

For decays to quarks, an NLO correction factor of [78]

1 + 5.67
αs

π
+O(α2

s) (IV.4)

is applied. The decays to gluons and photons (including a NLO correction for the gluon case [79]) are given by

Γ(ρ→ gg) = sin2 ϵ
Gfα2

sm
3
ρ

64
√
2π3

∣

∣

∣

∣

∣

∑

q

F1/2(τq)

∣

∣

∣
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∣

2
(
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12

αs

π
+O(α2

s)

)

(IV.5)

and

Γ(ρ → γγ) = sin2 ϵ
Gfα2m3

ρ

128
√
2π3

∣

∣

∣

∣

∣

∣

∑

f

Nc,fQ
2
fF1/2(τf ) + F1(τW )

∣

∣

∣

∣

∣

∣

2
(

1 +
215

12

αs

π
+O(α2

s)

)

(IV.6)

τ=1ps

Visible A’ Decays
Leverage LHCb’s world-leading 𝛕 resolution and planned move to a triggerless readout.
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Inclusive A’ →μμ 
Ilten, Soreq, Thaler, MW, Xue 

PRL 116 (2016) 251803
Radiative Charm Decays 

Ilten, Thaler, MW, Xue  
PRD 92 (2015) 115017

LHCb Run 3 predictions:

We know how to fill in this 
gap, working on a pheno 

paper about this now.



Prompt A’
Major hurdles: suppressing misidentified (non-muon) backgrounds and reducing the 
event size enough to record the prompt-dimuon sample. Accomplished these by moving 
to real-time calibration in Run 2—but hardware trigger is still there, and ~10% efficient. 
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Figure 1: Prompt-like mass spectrum, where the categorization of the data as prompt µ+µ�,
µQµQ, and hh+ hµQ is determined using the fits described in the text.

to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

trigger output

final prompt A’ sample (isolation applied above 1.1 GeV, backgrounds determined)

N.b.,  bump 
hunt follows 
MW, 
1705.03587. 
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where a
positive (negative) r value denotes that the SV is closest to material in the right (left) half of the VELO. The
bins are 0.1 mm⇥1 mm in size. N.b., the inner-most RF-foil region is nearly semi-circular in the xy plane,
which results in sharp edges at smaller r values; however, at large |y| values, the RF-foil is flat producing
SVs at larger values of r which can easily be mistaken as background in the zr projection shown here.

good quality. Futhermore, the SVs are required to be inconsistent with originating from the beam-68

spot in the xy-plane, and only events with exactly one SV are used. In total, the Run 1 and Run 269

data samples contain 14M and 38M SVs, respectively. Figures 2 and 3 presents some displays of70

the reconstructed SV locations.71

3. Material Maps72

The VELO closes around the beams during each fill with a precision of O(0.01 mm); therefore,73

when the beams move the VELO material also moves. A software-based alignment procedure74

is used to precisely determine the location of each VELO module, which also accounts for these75

fill-by-fill changes. The beam spot changes by O(0.1 mm) from year to year, and changed by76

⇡ 0.5 mm between 2011 and the start of Run 2. Separate VELO material maps are constructed77

for Run 1 and Run 2 to also allow for shifts of the VELO module locations relative to each other78

or relative to the RF-foil; however, it is found that the VELO material is consistent with having79

only moved globally by the amount expected due to the change in the beam spot location, and only80

a single map is presented below. This map must be adjusted for the beam-spot location of each81

data-taking period when used in an LHCb analysis.82

The z positions of the sensors are determined by fitting the observed SV z distributions near83

each module location. In these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm84

(x< 1.5 mm) for the left (right) VELO half. These requirements highly suppress contributions from85

material interactions in the RF-foil and from beam-induced backgrounds. Since the manufacturing86

tolerance of the sensor wafers is only 0.05 mm, the nominal wafer shapes in the transverse plane87

are used for the sensors. The x and y positions of each sensor, which are nominally at xbeam and88

0, are fitted simultaneously to the observed xy positions using SVs near each sensor in z. Only89

SVs that are inconsistent with originating from an interaction in the RF-foil are used in these fits.90

– 4 –
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Figure 1. From Ref. [1]: (top left) a photograph of one side of the VELO, taken during assembly, showing
the silicon sensors and readout hybrids; (top right) a schematic of both an r and f sensor, showing the sensor
strips and routing lines; and (bottom) schematics showing the cross section of the xz plane at y = 0, where
the r(f) sensors are shown with solid blue (dashed red) lines, and an xy view of overlapping sensors in the
closed position. N.b., the modules at positive (negative) x are known as the left or A-side (right or C-side).

2. Detector and Data Sets24

The LHCb detector is a single-arm spectrometer covering the forward pseudorapidty region of25

2 < h < 5 [7]. The detector, which was built to study the decays of hadrons containing b and c26

quarks, includes a high-precision charged-particle tracking system, two ring-imaging Cherenkov27

detectors, electromagnetic and hadronic calorimeters, and a system of muon chambers. The LHCb28

collaboration mostly collected pp collision data at center-of-mass energies of 7 and 8TeV in Run 129

and at 13TeV in Run 2; however, special running periods at alternative energies, or involving30

heavy-ion beams and gaseous targets have also been undertaken.31

The VELO is a silicon-microstrip detector that surrounds the pp interaction region and pro-32

vides excellent vertex resolution (see Fig. 1). The VELO aperture is smaller than required by33

the LHC beams during injection; therefore, the VELO consists of two retractable halves which34

close about the interaction region after the LHC beams are stable. During physics data taking, the35

VELO sensors are moved to within 7 mm of the beam, with the closest active regions only about36

8 mm in the transverse plane from the pp collisions. This enables achieving a charged particle37

impact parameter resolution of 0.035 mm for a transverse momentum of pT ⇡ 1GeV, and as low38

as 0.012 mm for high-momentum particles. A detailed description of the VELO performance is39

provided in Ref. [1].40

Each VELO half contains 42 silicon-microstrip sensors roughly semi-circular in shape with an41

outer radius of 42 mm, an excised inner semi-circle of radius 7 mm, and a thickness (in z) of 0.3 mm.42

– 2 –
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Figure 7. The normalized photon conversion p-value distribution obtained using a subsample of data from
an LHCb long-lived dark-photon search [6]. The data are consistent with the photon-conversion hypoth-
esis. Some example dark-photon distributions are also shown for lifetimes of 1 and 10 ps, showing good
separation between potential exotic signals and photon conversions.

5. Summary150

In summary, a study of the LHCb VELO material based on secondary hadronic interactions was151

presented, and a high-precision map of the VELO material was built. The analysis used secondary152

interactions of hadrons produced in beam-gas collisions collected during special run periods where153

helium gas was injected into the VELO. Material interactions occur along the entire length of the154

VELO in such events, rather than just near the pp interaction region. Using this material map, along155

with properties of a reconstructed SV and its constituent tracks, a p-value can be assigned to the156

hypothesis that the SV originates from a material interaction. This approach was recently used to157

veto photon conversions to µ+µ� in a search for dark photons at LHCb [6]. The procedure makes it158

possible to perform nearly background-free searches for many proposed types of long-lived exotic159

particles.160
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Long-Lived A’
Major hurdle: building a high-precision map of the VELO material.

LHCb-DP-2018-002 
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Dark Photons LHCb-PAPER-2017-038

Ilten, Soreq, Thaler, MW, Xue [1603.08926] 
scaled to 2016 data sample LUMI & trigger

The 2016 dimuon results are consistent with (better than) our predictions for prompt 
(long-lived) dark photons. We implemented huge improvements in the 2017 triggers for 
low masses, so plan quick turn around on 2017 dimuon search — then onto electrons.
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Proves LHCb has unique potential to search for A’ using muons. Assuming we can make 
electrons work, we can cover all of the remaining low-mass parameter space (eventually).

PRL 120 (2018) 061801
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Recasting for other Models
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Dark photon searches provide sensitivity to (many) other models.
Ilten, Soreq, MW, Xue [1801.04847]

We developed a data-driven way to easily recast any dark photon search to obtain limits 
on any other vector model (auto-calculates hadronic decay rates for all masses).
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Dark photon searches provide sensitivity to (many) other models.

Ilten, Soreq, MW, Xue [1801.04847]

We developed a data-driven way to easily recast any dark photon search to obtain limits 
on any other vector model (auto-calculates hadronic decay rates for all masses).
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N.b., this search also provided the best limits on pseudo-scalars above ~ 7 GeV, etc.

Recasting for other Models
Dark photon searches provide sensitivity to (many) other models.

Ilten, Soreq, MW, Xue [1801.04847]

Haisch, Kamenik, Malinauskas, Spira [1802.02156]
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FIG. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 23] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [24]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ mZ) new mediators
to generate a sufficiently large annihilation rate [29, 30]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a

renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,
Higgs, or lepton portals

Bµ⌫ , H
†
H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see

4 A fermionic mediator coupled to the lepton portal requires additional

Triggers produced for non-standard decay topologies, RH neutrinos, etc., in 2016. Plan to 
produce these searches using 2016-2018 data. New triggers for A’→ee in 2018.

Izaguirre, Kahn, Krnjaic, Moschella 
[1703.06881]

2

The scale of m⌫ is not measured directly, as neu-
trino oscillation experiments probe only the squared mass
splittings, �m

2
⌫ . The actual values of m⌫ can vary from

massless (which is a viable option only for the lightest
mass eigenstate) to the upper bounds supplied by cos-
mology (m⌫ . 0.23 eV) [12] and direct neutrino mass
searches, (m⌫e . 2 eV) [13]. For the heavier mass eigen-
states, a lower bound is given by the experimentally de-
termined squared mass splittings. For both the normal
and inverted hierarchy at least one mass eigenstate must
be heavier than

p
�(m2

⌫)atm ' 0.05 eV, giving a lower
bound on the mixing angle. From the see-saw relation in
Eq. (4), the expected value of the mixing angle is:

✓
2

s�s
⇠ 5 ⇥ 10�11

⇥

✓
1 GeV

MN

◆
. (5)

This represents a well-motivated target for experimen-
tal searches for right-handed neutrinos. It must be em-
phasized, however, that more complicated mass genera-
tion schemes could produce significantly larger or smaller
✓s�s [14]2.

The mass of the heavy, sterile state MN is essentially
a free parameter of the model. Of particular interest to
us are masses that are kinematically accessible to cur-
rent experiments, MN . TeV; the RH neutrino can be
directly produced in SM interactions, but the production
rate scales like |✓|

2. In this mass range, Eq. (5) suggests
that the RH neutrinos are produced in SM interactions
only very rarely, making the see-saw mechanism very dif-
ficult to test in direct experiments. Current sensitivity to
✓s�s only exists in the window of 1 MeV to a few hundred
MeV, in which ✓s�s is strongly disfavored by the combi-
nation of Big Bang Nucleosynthesis (BBN) and cosmic
microwave background (CMB) data [18].

The prospects for discovering RHNs satisfying Eq. (5)
are significantly improved if they can be produced
through interactions other than the mixing angle ✓. For
example, if the RHN and SM fields are both charged un-
der a new “dark force”, then N pairs can be produced
via this gauge interaction independently of the value of
✓ [19–25], as shown in Fig. 13. Indeed, this coupling of
N to the dark force is mandatory in the simplest gauge
extension of the SM, in which the SM is supplemented by
a new U(1)B�L local symmetry [28] with coupling g

0 and
vector boson V ; anomaly cancelation requires the exten-
sion of the SM with three additional RHNs. Because g

02

can exceed |✓|
2 by many orders of magnitude, the new

2
In particular, MD and therefore ✓ are in fact complex matrices,

and a cancellation between real and imaginary parts can result

in ✓T✓ ⌧ ✓†✓; in other words, the mixing angles can be much

larger than näıvely expected by Eq. (5). This occurs in models

with approximate lepton number conservation [15, 16] such as

the inverse see-saw [17].
3
In other models, RHN can also be pair produced via a new scalar

[26] or singly produced via a new right-handed W boson [27].

V

q

q̄

N

1

N

FIG. 1: Production of right-handed neutrinos, N , via a new
gauge interaction at hadron colliders or proton beam dumps.

N

⇡
±

µ
⌥

N

⌫µ/µ

Z/W

FIG. 2: (Left): Right-handed neutrinos (N) decay via the
electroweak interactions due to mixing with LH neutrinos;
they also decay to the Higgs via Yukawa couplings (not
shown). (Right): At low masses, MN . GeV, the exclusive
hadronic decays of N , such as N ! ⇡±µ⌥, are relevant.

gauge interaction allows for the discovery of N even for
the tiny mixing angles predicted by Eq. (5).

Although N can be pair produced through new gauge
interactions at colliders and beam-dump experiments,
the RHNs can only decay through its tiny mixing with
SM neutrinos (see Fig. 2); consequently, the N width is
expected to be very small. For RHN masses within range
of current colliders, MN . 200 GeV, the decays of N oc-
cur on macroscopic distance scales for mixing angles con-
sistent with Eq. (5) [21, 23]. This gives rise to spectacular
signatures at accelerator experiments, such as displaced
vertices at the Large Hadron Collider (LHC) and visible
decays of N at the new planned SHiP facility [14, 29]. We
perform here a quantitative study of the possible long-
lived particle searches that have sensitivity to RHNs with
a new dark force4. In addition to enhancing the detection
prospects for RHN that would otherwise be out of reach
of direct experimental probes, the sensitivity of the LHC
and SHiP to long-lived particle signatures is su�ciently
good that the process pp ! V ! NN can serve as the
primary discovery mode of the new U(1) gauge interac-
tion. For concreteness, we focus on the well-motivated
case of a B � L gauge symmetry, but many of our con-
clusions can be carried over to other examples.

4
Displaced vertex searches have also been found to be useful in

discovering RHNs produced via mixing with LH neutrinos at the

LHC [30, 31] and future colliders [32, 33].
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FIG. 1: Hidden sector particle production and decay at electron and proton fixed-target experiments. Dark photons (A0)
are produced via Bremsstrahlung in an electron- or proton-nucleus collision and decay promptly into a pair of hidden sector
pions (⇡D), as shown in the top diagram, or a pion and vector meson (VD) of the hidden sector, as shown in the bottom
diagrams. At proton beam experiments, dark photons are also produced through Standard Model meson decays and Drell-
Yan (not shown). The vector meson is long-lived, decaying into Standard Model leptons (through mixing with the A0) after
traversing a macroscopic distance from the target (bottom-left). Similar processes can also occur for non-singlet vector mesons
which undergo a three-body decay (through an o↵-shell A0) into a hidden sector pion and a pair of Standard Model leptons
(bottom-right). The inset shows a schematic hidden sector mass spectrum, with mA0/2 & mVD ⇠ m⇡D , which enables these
decays.

A related process is the decay of the dark photon into
vector mesons whose quantum numbers do not permit
mixing with the dark photon, as shown in the bottom-
right diagram of Fig. 1. These vector mesons decay to
⇡D`

+
`
� final states with even longer lifetimes.

These distinctive signatures can be searched for at
beam dump and fixed-target experiments. Such searches
are complementary to the minimal signals of HS DM, e.g.,
nuclear/electron recoils and invisible dark photon decays,
the latter of which is shown in the top diagram of Fig. 1.
Data from the E137 beam dump experiment is already
able to probe interesting regions of parameter space, es-
pecially for ⇠ 100 meter decay lengths. Complementary
viable regions will be tested in the near future at the
currently running Heavy Photon Search (HPS) experi-
ment, an upgrade of the SeaQuest experiment, and at
the proposed Light Dark Matter eXperiment (LDMX).
Our main results are summarized in Fig. 5, where we
show existing constraints as well as sensitivity of HPS,
SeaQuest, and LDMX to cosmologically-motivated mod-
els that have not been tested otherwise. Similar signals
are also observable above the muon threshold at the B-
factories BaBar and Belle-II and at the Large Hadron
Collider (LHC).

This paper is organized as follows. In Sec. II, we de-
scribe a benchmark model of a strongly interacting HS
that we use throughout this work. We also show that
HS vector mesons are long-lived for well-motivated pa-
rameter values and, therefore, can give rise to displaced
vertex signals at fixed-target and collider experiments.
In Sec. III, we discuss the cosmological importance of
these vector mesons and clarify the issue of pion stabil-
ity. We then demonstrate in Sec. IV that existing and

future fixed-target, collider, and direct detection experi-
ments are sensitive to cosmologically-motivated parame-
ter space. We also briefly comment on various astrophys-
ical and cosmological probes. Finally, we summarize our
conclusions in Sec. V. Details of the model, cross-sections
and decay rates, and Boltzmann equations are provided
in Appendices A–C.

II. A STRONGLY INTERACTING SECTOR

We consider a strongly interacting HS described by a
confining SU(Nc) gauge theory with Nc = 3 colors, anal-
ogous to SM QCD. We also introduce Nf light flavors of
Dirac fermions in the fundamental representation. We
are interested in the relative importance of 3⇡D ! 2⇡D

and ⇡D⇡D ! ⇡DVD in dictating the DM abundance. We
choose Nf = 3, as this is the minimum number of flavors
that is required to allow either process. In this section,
we briefly outline the basics of the model, while a more
detailed discussion is provided in Appendix A. Hereafter,
we denote the HS pions and vector mesons as ⇡ and V , re-
spectively (a subscript “D” is implied). For ⇡ and V , the
superscripts, 0 and ±, denote charges under U(1)D, while
for `, they denote charges under U(1)em. The global chi-
ral symmetry, SU(Nf )L ⇥ SU(Nf )R, is spontaneously
broken by the hidden quark condensate to the diagonal
subgroup, SU(Nf )V , during confinement. Thus, at low
energies this is a theory of N

2

f �1 pions, ⇡, which consti-
tute the DM of the universe. The low-energy pion self-
interactions are described by chiral perturbation theory;
the strength of these interactions is characterized by the

Berlin, Blinov, Gori, Schuster, Toro 
[1801.05805]

Batell, Pospelov, Shuve 
[1604.06099]

The future of dark-sector searches at LHCb is bright (dark?).



Long Term Plans
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Run 1 
2010-2012

7-8 TeV 
3/fb

LS
1

LS
2

Run 2 
2015-2018

13 TeV 
+5/fb

Run 3 
2021-2023

14 TeV 
+15/fb

Run 4 
2026-2029

LS
3

14 TeV 
+25/fb

LS
4

Run 5 
2031-2033

LS
4

14 TeV 
+100/fb

2035-???

Total:  
300/fb

Phase 1 
Upgrade

Consolidation Phase 2 
Upgrade



LHCb 2.0
Phase I upgrade for Run 3 (2021). Increase luminosity by a factor of 5, redesign tracking 
systems to handle this (also move VELO sensors to 5mm).

Removal of the hardware trigger, all 5 TB/s of data will be processed in near real time in 
the trigger (plan to keep real-time calibration) — huge gains for dark-sector physics!
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Summary

LHCb is a general-purpose detector in the forward region.


