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The energy frontier

๏ Energy frontier exploration has 
greatly advanced particle physics
• Often guided by indirect signs in 

lower energy processes

๏ The LHC is our front runner
• Discovery of the Higgs 
• First exploration of the multi-TeV 

range
• So far no hint of new heavy objects
• upper limits up to several TeV

๏ What if the new particles have 
smaller couplings to the SM?
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Dark sectors

๏ Suppressed couplings to SM:
• Low production rate
• Decay with displaced vertex

๏ Can elude current limits
• Even for very light masses
• Especially if vertex is displaced
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Hidden-Sector Portals
• Singlets dominantly couple to SM via singlet portals
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Hidden-Sector Portals
• Singlets dominantly couple to SM via singlet portals
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Dark Sectors
(neutral under SM forces)

๏ Possible portals to the SM:

Scalar Vector Neutrino

…and more

Nice review: arXiv:1608.08632

https://arxiv.org/pdf/1608.08632.pdf
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Example: Dark Photons
Explanation for Dark Matter:

๏ DM interacting through weak force (WIMP) 
• Weak scale mass and cross section give right DM 

relic ubundance (WIMP miracle)

• DM interacting through different force 
• Coupling only indirectly to SM
• Keep it simple: add “dark" U(1) symmetry 
→ dark photons mixing with SM photons

• Dark Photons interaction with SM and DM can 
give the right DM relic abundance:
• e.g. if mDM < mA’ you can get it if the mixing is: 

4

2

Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657−558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing κ reconstruction with the outer contour level at κ = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the κ peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an Ωm = 0.3, λ =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/′′ plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear "g = "γ/(1 − κ). The shear
"γ is the amount of anisotropic stretching of the galaxy
image. The convergence κ is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, κ is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, κ is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of κ in non-standard grav-
ity models, the locations of the κ peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of κ. One can combine
derivatives of "g to obtain (Schneider 1995; Kaiser 1995)

∇ ln(1−κ) =
1

1 − g2
1 − g2

2

(

1 + g1 g2
g2 1 − g1

) (

g1,1 + g2,2
g2,1 − g1,2

)

,

which is integrated over the data field and converted into
a two-dimensional map of κ. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is effectively the true
mean of ln(1−κ) at the edge of the reconstruction. This
method does, however, systematically underestimate κ
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of κ in the peaks of the components are
only lower bounds.

For 1E0657−558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure "g. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the κ reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 − m814 < 1.5,

✏ ⇠ 10�7 m2
A0

mDMMeV
↵�1/2
D
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Example: νMSM

๏ Driven by the need to explain neutrino masses
• Minimal low scale see-saw with 3 singlet fermions 
• N1 is the dark matter candidate (~keV range)
• N2,3 give mass to neutrinos (~GeV range)
‣ Can also explain baryon asymmetry of the universe

5

T. Asaka, M. Shaposhnikov Phys.Lett. B620 (2005) 17-26
New νMSM paper this morning on arXiv:1806.06864!

http://inspirehep.net/record/681771
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Signature-first mindset

๏ No shortage of models → no precise guidance
• Need to make sure we do not miss NP at our experiments!

๏ Shift to “signature first model second" mindset
• Need to map signature space, including: 
→ long-lived particles 
→ masses below the EW scale 
→ couplings much smaller than SM

• Need shift in presentation of searches 
→ model independent searches preferred 
→ easy to reinterpret (long-lived results)

6

LHC(b) communities:
• LLP@LHC white paper 
• LHC LLP WG
• LHC Dark Matter WG
• Stealth@LHCb workshop

https://inspirehep.net/literature/1724682
https://lpcc.web.cern.ch/lhc-llp-wg
https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc
https://igfae.usc.es/StealthLHCb/


Dark sector searches  
in B decays
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Dark sector searches in B decays

๏ Dedicated B-physics experiments
• Precise probe of SM flavour 

structure, discrete symmetries, 
virtual NP contributions

๏ B mesons decay weakly
• Diagrams involving weak bosons 

,  and top quark
• Can radiate dark sector particles 

with  ( )

W± Z0

m < 5 GeV mB

8

Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10
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contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies

2 / 16 David Gerick (LHCb collaboration) Electroweak Penguin Decays at LHCb (ICHEP 2020)
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Belle II at SuperKEKB

๏ B-factories — SuperKEKB
• Collider 
• Asymmetric beams (7 vs 4 GeV) to get boosted 
• Small cross section — 
• Huge luminosity — goal is 

๏ Belle II detector
• Excellent hermeticity and precise ECAL
• 1.5T magnet and drift chamber
• Precise vertex detector
• PID with Calo, ECAL, Cherenkov, KLM

e+e− → Υ(4S) → BB̄
BB̄

σ(BB̄) ∼ 10−9 b
6 × 1035 cm−2s−1

9

~100 µm 
(βɣ = 0.3)
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B-factories performance

๏ BaBar and Belle have 
 on tape

๏ Belle II is ramping-up
•

in June 2021
•  in July 2021 

 
 
 
 
 
 

Lint ≃ 1.5 ab−1

Lpeak ≃ 0.3 × 1035 cm−2s−1

Lint ≃ 0.2 ab−1

11

Plot dated 2020.05

Success of the B factories (1999-2010)

• Spectacular accelerator and

detector performance.

• Discovery of CP violation in B
decays.

• Confirmation of the CKM picture

of flavor physics.

• Discovery of several new particles.

• Probe of rare B decays.

• Limits on New Physics scenarios.

P. Goldenzweig Belle II & correlation w/HL-LHC 31.10.2017 3 / 36
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The LHCb experiment

12

• Designed for b-hadrons:
• In the forward region of LHC collisions 

where huge 
• Very displaced  vertices thanks to 

large forward boost 
• Low-  triggers (lower than )

• Running at lower luminosity and one 
pp collision per bunch crossing

• Spectrometer for precise momentum 
measurement 

• PID with calorimeters, muon system 
and Cherenkov detectors (RICH)

σbb̄ ∼ 0.5 × 10−3 b
b

βγ ∼ 20
pT mb

σp /p ∼ 0.5 %

Int.J.Mod.Phys. A 30, 1530022 (2015) 

RICH2

Tracking 
Stations

Muon System
Calorimeters

Magnet

Vertex
Locator

RICH1

Tracker
Turicensis

a

K+

μ−

μ+

B+

K+

μ+
μ−

Zoom on pp collision point

~1 cm
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LHCb performance

๏ Excellent performance in LHC 
Runs 1 and 2
• About   in the acceptance 

(integrated )

๏ Best performance with fully 
charged final states
• Even better if they include muons
• e.g.  

for a BR of about 

1012 bb̄
ℒ = 9 fb−1

N(B+ → K+μ+μ−) = 3850 ± 70
1.2 × 10−7
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of
the experimental procedure. In addition, if the simulation is correctly calibrated, the
measured rJ/ value will not depend on any variable. This ratio is therefore also computed
as a function of di↵erent kinematic variables that are chosen to provide overlap with the
spectra of the nonresonant decays. Although the range of q2 di↵ers between resonant
and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the
momenta of the final-state particles, or the opening angle between the two leptons, rather
than directly on q

2. A given set of values for the final-state particles’ momenta and angles
in the B

+ rest frame will result in a distribution of such values when transformed to the
laboratory frame. As a result, there is significant overlap between the nonresonant and
resonant samples in the relevant distributions, even if they are mutually exclusive as a
function of q2.

The value of rJ/ is measured to be 0.981± 0.020, where the uncertainty includes both

5

  
for  in 

B+ → K+μ+μ−

q2 [1.1,6.0] GeV2

LHCb arXiv:2103.11769

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-004.html


Example 1: heavy neutrinos
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Heavy Neutrinos

๏ Neutrino mass models can provide 
heavy neutral leptons (HNL) with masses 
in the GeV range

๏ Parameter  gives HNL mixing with 
SM neutrino (flavour )
• Production rate is proportional to 
• HNL lifetime  is proportional to 

๏ HNL can be a Majorana or Dirac particle  
→  in production and decay can have 
the same charge! 

U2
αN

α
U2

αN

τ U−2
αN ⋅ m−5

N

ℓ±

15

B� ! ⇡+µ�µ� is carried out in two steps, the first being the two body decay B� ! Nµ�,
where N is a putative Majorana neutrino, and the second N ! ⇡+µ�.

In both categories S and L, only tracks that start in the VELO are used. We require
muon candidates to have p > 3 GeV and pT > 0.75 GeV, as muon detection provides fewer
fakes above these values. The hadron must have p > 2 GeV and pT > 1.1 GeV, in order to
be tracked well. Muon candidate tracks are required to have hits in the muon chambers.
The same criteria apply for the channel we use for normalization purposes, B� ! J/ K�

with J/ ! µ+µ�. Pion and kaon candidates must be positively identified in the RICH
systems. For the S case and the normalization channel, candidate B� combinations must
form a common vertex with a �2 per number of degrees of freedom (ndf) less than 4. For
the L candidates we require that the ⇡+µ� tracks form a neutrino candidate (N) decay
vertex with a �2 < 10. A B� candidate decay vertex is searched for by extrapolating
the N trajectory back to a near approach with another µ� candidate, which must form a
vertex with the other muon having a �2 < 4. The distance between the ⇡+µ� and the
primary vertex divided by its uncertainty must be greater than 10. The pT of the ⇡+µ�

pair must also exceed 700 MeV. For both S and L cases, we require that the cosine of the
angle between the B� candidate momentum vector and the line from the PV to the B�

vertex be greater than 0.99999. The two cases are not exclusive, with 16% of the event
candidates appearing in both.

The mass spectra of the selected candidates are shown in Fig. 2. An extended unbinned
likelihood fit is performed to the J/ K� mass spectrum with a double-Crystal Ball
function [12] plus a triple-Gaussian background to account for partially reconstructed B
decays and a linear function for combinatoric background. We find 282 774± 543 signal
events in the normalization channel. Backgrounds in the ⇡+µ�µ� final state come from B
decays to charmonium and combinatoric sources. Charmonium backgrounds are estimated
using fully reconstructed J/ K�(⇡�) and  (2S)K�(⇡�) events and are indicated by
shaded regions; they can peak at the B� mass. No signal is observed in either the S or L
samples.

We use the CLs method to set upper limits [13], which requires the determination
of the expected background yields and total number of events in the signal region. We
define the signal region as the mass interval within ±2� of the B� mass where � is

W

+

!+

u

"

"

N
W

b

B

Figure 1: Feynman diagram for B� ! ⇡+µ�µ� decay via a Majorana neutrino labelled N .

2

ℓ−
i

ℓ±
j

W∓

W−

N
On-shell HNL that can  

fly before decaying

Majorana 
/Dirac
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HNL in B decays

16

Predictions from
 JH

EP 11 (2018) 032

Predictions from
 JH

EP 11 (2018) 032

 ℓ±

 ℓ+
Bq

N

(X)

Xh−, νℓ−

PV

https://inspirehep.net/literature/1674321
https://inspirehep.net/literature/1674321
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HNL searches in GeV range

17

Mainly limited by  
HNL lifetime
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Displaced vertices at LHCb

๏ Currently only within VELO
• Displacement roughly < 20 cm
• 2 GeV particle from  has  

๏ Could extend to downstream tracks
• Displacement < 200 cm
• Worse vertex and p resolution  

(m(ππ) resolution 2⨉ larger)
• Being optimised in the trigger

B βγ ≃ 20

18

how	long	is	long-lived	in	LHCb?	

‘reconstructable’	decay-lengths	are:	

•  within	VELO:	ideally	<~	50	cm	(in	reality	more	like	~20cm)	

•  up	to	TT:	<~200	cm	(but	not	in	trigger)		

tracks	with	VELO	hits	

tracks	without	VELO	hits:	
•  worse	mom	and	vtx	resolu-on	

•  not	available	in	trigger	

VELO	

TT-tracker	 T-tracker	
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Figure 27: Distribution of the invariant mass of K0
S ! ⇡+⇡� candidates with a decay vertex

at a significant distance to the PV, for long tracks (left) and downstream tracks (right). A
mass resolution of 3.5MeV/c2 is achieved for the candidates reconstructed from long tracks and
7MeV/c2 for those using downstream tracks.

the VELO acceptance, but before the magnet, the daughter particles are reconstructed as
downstream tracks from hits in the TT and T stations. As the resolution on the track
direction reconstructed in the layers of the TT is not as good as in the VELO, the invariant
mass resolution for the downstream category is worse than for the short-lived category, as
shown in Figure 27. For K0

S momenta typical of B decay products, about two thirds of the
reconstructed K0

S decays are found using downstream tracks, illustrating the importance
of the downstream tracking for physics performance.

3 Neutral particle reconstruction

Neutral particle reconstruction is based on information provided by the four systems (SPD,
PS, ECAL and HCAL), which together form the calorimeter. The SPD and the PS both
consist of a plane of scintillator tiles, separated from each other by a thin lead layer, while
the ECAL and HCAL have shashlik and sampling constructions, respectively. In all four
cases, the light produced in the organic scintillators is transmitted to photomultiplier tubes
(PMT) by optical fibres [24, 69]. In general, the detected signal pulses are longer than
the nominal read-out window of 25 ns, and this must be taken into account to minimise
spill-over e↵ects. In the ECAL and HCAL detectors, this is performed by first clipping
the signal to fit within the read-out window. In the PS and SPD detectors, the e↵ects of
spill-over are removed by subtracting a fraction of the signal integrated in the previous
clock cycle.

The SPD uses a single bit for each cell to indicate whether or not it was traversed by a
charged particle, with a discriminator comparing the energy deposited in the given cell
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Displaced vertices at Belle II

๏ Vertex efficiency larger than 
30% out to ~60 cm
• But expect boost roughly 

smaller than LHCb

๏ Mass resolution worsens for 
more displaced vertices

๏ Efficiency depends on 
background level

10 ×
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Prospects for long-lived particle searches at Belle II (Torben Ferber) 5

Long-lived particle performance
• Tracking: 

• Vertex e!ciency >30% out to ~60 cm 

• Vertex resolution <100μm 

• Calorimeter (ECL): 

• Timing resolution ~2ns @ 2GeV 

• No longitudinal segmentation, coarse lateral 
segmentation → no pointing resolution 

• Trigger 

• No dedicated displaced vertex track trigger, 
but can exploit the other B for searches in B 
decays (at Belle II, B’s come from ϒ(4S)→BB̄) 

• Calorimeter triggers are e!cient if there are 
electrons or photons in the final state

Bianca Scavino                                                                                                                                                                                                                                                    University of Mainz10

  Drop in efficiency (vs xy-distance)  
   as a function of BG level is more  
   severe for Λ decaying far from the  
   interaction point 

Reconstruction efficiency for different background levels 

Belle II (Simulation)

Bianca Scavino                                                                                                                                                                                                                                                    University of Mainz7

Effect of the inner detectors on the resolution 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Effect of the inner detectors on the resolution 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Effect of the inner detectors on the resolution 

Belle II  
(Simulation)

Belle II  
(Simulation)

Belle II  
(Simulation)

current beam background levels

Λ → pπ

close to interaction within VXD within CDC

xy-distance resolution [mm] xy-distance resolution [mm] xy-distance resolution [mm]
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B→HNL
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Predictions from
 JH

EP 11 (2018) 032

Predictions from
 JH

EP 11 (2018) 032

https://inspirehep.net/literature/1674321
https://inspirehep.net/literature/1674321
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B→HNL in LHCb Run 1

๏ LHCb Run 1:
• Search in leptonic channel 
• Fully reconstructed LNV B decay
• Search peak in 

B+ → μ+N( → μ+π−)

m(μπ)
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Predictions from
 JH

EP 11 (2018) 032

Predictions from
 JH

EP 11 (2018) 032

 (primary)μ+

 (secondary)μ+
Bq

N
π−

PV

https://inspirehep.net/literature/1674321
https://inspirehep.net/literature/1674321
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B→HNL in Belle

๏ Belle search:
• Search in leptonic and semileptonic channels
• Partially reconstructed LNV B decay, require 

displacement to reduce background
• Search peak in m(μπ)
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Predictions from
 JH

EP 11 (2018) 032

Predictions from
 JH

EP 11 (2018) 032

 (primary)μ+

 (secondary)μ+
Bq

N
π−

PV
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B→HNL in future LHCb

23

Predictions from
 JH

EP 11 (2018) 032

Predictions from
 JH

EP 11 (2018) 032

 ℓ±

 ℓ+
Bq

N

(X)

Xh−, νℓ−

PV

๏ Future LHCb strategy:
• Include  and  

• Include partially reconstructed  decays
• Include  decays downstream of the Vertex Locator 

(10x longer decay time)
• Search in all lepton flavours (also ?)
• Search both LNC and LNV decays

Bc → ℓN Bq → XℓN
N

N

τ

Future 
Prosp

ect
s

https://inspirehep.net/literature/1674321
https://inspirehep.net/literature/1674321
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B→HNL in future LHCb
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Future 
Prosp

ect
s
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Figure 6. The parameter space of the HNLs in the ⌫MSM. The observed BAU can be generated in the region between the
orange lines. The sensitivity estimates from SHiP and DV searches at ATLAS (dark green, short DV), CMS (brown, long DV)
and LHCb (blue) are shown. Short-dashed brown line below 5 GeV corresponds to the estimate of sensitivity of the long DV
scheme under the assumption of zero background. Left panels shows the estimates for current LHC luminosities; right panels
show the projections for the end of high-luminosity phase. Solid orange lines are for the normal neutrino mass ordering, the
dashed lines are for the inverted ordering. The orange lines are the combination of [42] (mN . 10GeV) and of this work (higher
masses). Bounds from the previous experiments (shaded regions) are from [77].

– Lepton products of HNL decay should have p > 3 GeV
and pT > 0.75 GeV.

Following [44], we estimate the corresponding e�ciency
as ✏ ⇠ 10�2 for all visible decay channels.

The main parameters for the LHCb experiment are
given in Table I. We notice that at the energies of the
LHC for large masses of the HNL (mN ' 3 GeV in the
case of the mixing with ⌫e/µ andmN ' 2 GeV in the case
of the mixing with ⌫⌧ ) the main production channel is the

2-body leptonic decays of the Bc mesons (see, e.g., [86,
92]). This makes possible to probe HNL masses up to
mBc ⇡ 6.3 GeV. The mixing angle U2 at the lower bound
of the sensitivity is given by

U2
lb = 2.6 ·10�6
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– Lepton products of HNL decay should have p > 3 GeV
and pT > 0.75 GeV.

Following [44], we estimate the corresponding e�ciency
as ✏ ⇠ 10�2 for all visible decay channels.

The main parameters for the LHCb experiment are
given in Table I. We notice that at the energies of the
LHC for large masses of the HNL (mN ' 3 GeV in the
case of the mixing with ⌫e/µ andmN ' 2 GeV in the case
of the mixing with ⌫⌧ ) the main production channel is the

2-body leptonic decays of the Bc mesons (see, e.g., [86,
92]). This makes possible to probe HNL masses up to
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– Lepton products of HNL decay should have p > 3 GeV
and pT > 0.75 GeV.

Following [44], we estimate the corresponding e�ciency
as ✏ ⇠ 10�2 for all visible decay channels.

The main parameters for the LHCb experiment are
given in Table I. We notice that at the energies of the
LHC for large masses of the HNL (mN ' 3 GeV in the
case of the mixing with ⌫e/µ andmN ' 2 GeV in the case
of the mixing with ⌫⌧ ) the main production channel is the

2-body leptonic decays of the Bc mesons (see, e.g., [86,
92]). This makes possible to probe HNL masses up to
mBc ⇡ 6.3 GeV. The mixing angle U2 at the lower bound
of the sensitivity is given by
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๏ Flavour-changing neutral currents  
involve top loop (GIM mechanism)
• Scalars prefer heavier quarks, can be 

radiated from virtual top
• Rate and lifetime controlled by θ mixing 

angle with SM Higgs  
 

๏ LHCb has world-record samples of rare 
B→K(*)µµ decays (BR~ )
• search for narrow µµ peak

๏ Allow detached µµ (within VELO)
• small SM mixing can give significant 

lifetime 

b → s

plus signal and the background-only hypotheses are com-
pared using the CLs method [26,27], where the information
from the three decay-time regions is combined. For each
decay-time region, the expected background is obtained by
linear interpolation of the dimuon mass sidebands [17],
while the shape of the mass distribution for the signal is
taken from simulation. No significant signal excess com-
pared to the background-only hypothesis is found.
Several sources of systematic uncertainties are taken into

account in setting upper limits. Deviations from the linear
approximation assumed in the background modeling are
studied by means of pseudoexperiments. This uncertainty is
estimated to be 8% of the statistical uncertainty and is
assigned as a systematic uncertainty on the expected
background yield. Uncertainties affecting the expected
signal yield strongly depend on mðχÞ and τðχÞ. Both the

signal efficiency and the mass resolution are computed
from the simulation and validated on data using the
control modes Bþ → K0

SJ=ψðμþμ−Þ and Bþ → KþJ=
ψðμþμ−Þ. The decays Bþ → Kþψð2SÞðμþμ−Þ and Bþ →
Kþϕðμþμ−Þ are studied in data and the observed yields are
found to be compatible with the expected SM branching
fractions of ð4.9$ 0.6Þ × 10−6 and ð2.5$ 0.3Þ × 10−9,
respectively [18]. The main sources of uncertainty can
be attributed to the uncertainty in the branching fraction of
the normalization channel, contributing 3%, to the limited
sizes of the simulated signal samples, which gives an
uncertainty between 2% and 6% of the expected signal
yield, to the signal mass resolution, which contributes
between 1.5% and 2%, and to the lifetime extrapolation
from the simulation. The last, based on reweighting the
events generated with τðχÞ ¼ 100 ps to match the lifetime
distribution in the studied range, results in uncertainties
between 0% and 20% for τðχÞ > 100 ps. All systematic
uncertainties are added in quadrature, giving a total
uncertainty between 4% and 20% of the expected signal
yield, depending on the signal mass and lifetime. In
general, the systematic uncertainties have a very limited
impact on the measurement. The precision on the upper
limits is dominated by the statistical uncertainties of the
observed yields.
Figure 4 shows the upper limits, at 95% confidence level

(C.L.), on the branching fraction for the decay Bþ →
Kþχðμþμ−Þ as a function of mðχÞ and τðχÞ. The upper
limits vary between 2 × 10−10 and 10−7 and are most
stringent in the region around τðχÞ ¼ 10 ps. For longer
lifetimes the limit becomes weaker as the probability for
the χ to decay within the vertex detector decreases.
Nevertheless, the present analysis improves previous limits
by up to a factor of 20 in the region of long lifetimes
τðχÞ ∼ 1000 ps. The main improvement with respect to the
previous search [8] comes from the optimization of the
three regions of the dimuon decay time and the fact that
the previous analysis studied the mode B0 → K&0χ, which
has in general a smaller branching fraction than the decay
Bþ → Kþχ, and where only the decays of K&0 → Kþπ−

were reconstructed.
Figure 5 shows the excluded region at 95% C.L. of the

parameter space of the inflaton model presented in
Refs. [2–4]. Constraints are placed on the square of the
mixing angle, θ2, which appears in the inflaton effective
coupling to the SM fields via mixing with the Higgs boson.
The inflaton lifetime is predicted to scale as τ ∝ 1=θ2. The
Bþ → Kþχ branching fraction is taken from Ref. [2]. It is
predicted to be between 10−4 and 10−8 in the explored
region and scales as BðBþ → KþχÞ ∝ θ2, while the infla-
ton branching fraction into muons is directly taken from
Fig. 3 of Ref. [4] and is predicted to be between 100% and
slightly less than 1%, depending on the kinematically
allowed decay channels. Figure 5 also presents the theo-
retical and cosmological constraints [4,28] and previous
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FIG. 2. Invariant mass distribution for the normalization chan-
nel Bþ → KþJ=ψðμþμ−Þ with the results of the fit overlaid. The
signal is parametrized with a double-sided crystal ball (dotted red
line) [24] and the background with an exponential function
(dashed green line).
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FIG. 3. Distribution of the mðμþμ−Þ in the first (black) and
second (red) decay-time region of the search. The binning scheme
reflects the dimuon mass scanning procedure and the bin width
corresponds to the mass-dependent dimuon resolution. Empty
regions correspond to the K0

S, J=ψ , ψð2SÞ and ψð3770Þ vetoes
(for both distributions) and to the ϕ and ψð4160Þ vetoes (only for
the prompt decay-time region).
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plus signal and the background-only hypotheses are com-
pared using the CLs method [26,27], where the information
from the three decay-time regions is combined. For each
decay-time region, the expected background is obtained by
linear interpolation of the dimuon mass sidebands [17],
while the shape of the mass distribution for the signal is
taken from simulation. No significant signal excess com-
pared to the background-only hypothesis is found.
Several sources of systematic uncertainties are taken into

account in setting upper limits. Deviations from the linear
approximation assumed in the background modeling are
studied by means of pseudoexperiments. This uncertainty is
estimated to be 8% of the statistical uncertainty and is
assigned as a systematic uncertainty on the expected
background yield. Uncertainties affecting the expected
signal yield strongly depend on mðχÞ and τðχÞ. Both the

signal efficiency and the mass resolution are computed
from the simulation and validated on data using the
control modes Bþ → K0

SJ=ψðμþμ−Þ and Bþ → KþJ=
ψðμþμ−Þ. The decays Bþ → Kþψð2SÞðμþμ−Þ and Bþ →
Kþϕðμþμ−Þ are studied in data and the observed yields are
found to be compatible with the expected SM branching
fractions of ð4.9$ 0.6Þ × 10−6 and ð2.5$ 0.3Þ × 10−9,
respectively [18]. The main sources of uncertainty can
be attributed to the uncertainty in the branching fraction of
the normalization channel, contributing 3%, to the limited
sizes of the simulated signal samples, which gives an
uncertainty between 2% and 6% of the expected signal
yield, to the signal mass resolution, which contributes
between 1.5% and 2%, and to the lifetime extrapolation
from the simulation. The last, based on reweighting the
events generated with τðχÞ ¼ 100 ps to match the lifetime
distribution in the studied range, results in uncertainties
between 0% and 20% for τðχÞ > 100 ps. All systematic
uncertainties are added in quadrature, giving a total
uncertainty between 4% and 20% of the expected signal
yield, depending on the signal mass and lifetime. In
general, the systematic uncertainties have a very limited
impact on the measurement. The precision on the upper
limits is dominated by the statistical uncertainties of the
observed yields.
Figure 4 shows the upper limits, at 95% confidence level

(C.L.), on the branching fraction for the decay Bþ →
Kþχðμþμ−Þ as a function of mðχÞ and τðχÞ. The upper
limits vary between 2 × 10−10 and 10−7 and are most
stringent in the region around τðχÞ ¼ 10 ps. For longer
lifetimes the limit becomes weaker as the probability for
the χ to decay within the vertex detector decreases.
Nevertheless, the present analysis improves previous limits
by up to a factor of 20 in the region of long lifetimes
τðχÞ ∼ 1000 ps. The main improvement with respect to the
previous search [8] comes from the optimization of the
three regions of the dimuon decay time and the fact that
the previous analysis studied the mode B0 → K&0χ, which
has in general a smaller branching fraction than the decay
Bþ → Kþχ, and where only the decays of K&0 → Kþπ−

were reconstructed.
Figure 5 shows the excluded region at 95% C.L. of the

parameter space of the inflaton model presented in
Refs. [2–4]. Constraints are placed on the square of the
mixing angle, θ2, which appears in the inflaton effective
coupling to the SM fields via mixing with the Higgs boson.
The inflaton lifetime is predicted to scale as τ ∝ 1=θ2. The
Bþ → Kþχ branching fraction is taken from Ref. [2]. It is
predicted to be between 10−4 and 10−8 in the explored
region and scales as BðBþ → KþχÞ ∝ θ2, while the infla-
ton branching fraction into muons is directly taken from
Fig. 3 of Ref. [4] and is predicted to be between 100% and
slightly less than 1%, depending on the kinematically
allowed decay channels. Figure 5 also presents the theo-
retical and cosmological constraints [4,28] and previous
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FIG. 2. Invariant mass distribution for the normalization chan-
nel Bþ → KþJ=ψðμþμ−Þ with the results of the fit overlaid. The
signal is parametrized with a double-sided crystal ball (dotted red
line) [24] and the background with an exponential function
(dashed green line).
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corresponds to the mass-dependent dimuon resolution. Empty
regions correspond to the K0

S, J=ψ , ψð2SÞ and ψð3770Þ vetoes
(for both distributions) and to the ϕ and ψð4160Þ vetoes (only for
the prompt decay-time region).
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Light scalar from b→s
Phys Rev Lett 115 161802 (2015) 
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Figure 1: Feynman diagram for the decay B
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⇤0
�, with �! µ
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have either focused on a limited mass range [22], or have been obtained from more general
searches for long-lived particles [23].

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks [24, 25].
The detector includes a high-precision charged-particle tracking system for measuring mo-
menta [26,27]; two ring-imaging Cherenkov detectors for distinguishing charged hadrons [28];
a calorimeter system for identifying photons, electrons, and hadrons; and a system for
identifying muons [29]. The trigger consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a software stage, which applies a
full event reconstruction [30]. The selection of B0

! K⇤0� candidates in the software
trigger requires the presence of a vertex identified by a multivariate algorithm [31] as
being consistent with the decay of a b hadron. Alternatively, candidates may be selected
based on the presence of a displaced dimuon vertex, or the presence of a muon with large
transverse momentum (pT) and large impact parameter (IP), defined as the minimum
track distance with respect to any pp-interaction vertex (PV). Only tracks with segments
reconstructed in the first charged-particle detector, which surrounds the interaction region
and is about 1m in length [26], can satisfy these trigger requirements; therefore, the �
boson is required to decay well within this detector. In the simulation, pp collisions are
generated following Refs. [32–35], and the interactions of the outgoing particles with the
detector are modelled as in Refs. [36, 37].

A search is conducted, following Ref. [38], by scanning the m(µ+µ�) distribution for an
excess of � signal candidates over the expected background. In order to avoid experimenter
bias, all aspects of the search are fixed without examining those B0

! K⇤0� candidates
which have an invariant mass consistent with the known B0 mass [39]. The step sizes
in m(�) are �[m(µ+µ�)]/2, where �[m(µ+µ�)] is the dimuon mass resolution. Signal
candidates satisfy |m(µ+µ�) � m(�)| < 2�[m(µ+µ�)], while the background is estimated
by interpolating the yields in the sidebands starting at 3�[m(µ+µ�)] from m(�). With
m(K+⇡�µ+µ�) constrained [40] to the known B0 mass, �[m(µ+µ�)] is less than 8MeV
over the entire m(µ+µ�) range, and is as small as 2MeV below 220MeV. The statistical
test at each m(�) is based on the profile likelihood ratio of Poisson-process hypotheses with
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limits set by the CHARM [7] and the LHCb [8]
experiments.
In summary, a search for a long-lived scalar particle has

been performed at LHCb using pp collision data corre-
sponding to an integrated luminosity of 3 fb−1. No evi-
dence for a signal over the background-only hypothesis has
been found and upper limits have been placed on
BðBþ → KþχÞ × Bðχ → μþμ−Þ. They are the best upper
limits on this decay to date, improving previous limits by
up to a factor of 20. The results imply stringent constraints
on theories that predict the existence of new light scalar

particles. For the case of the inflaton model studied here, a
large fraction of the theoretically allowed parameter space
has been excluded.
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๏ Constraint on light scalars 
• mixing with SM Higgs
• world-best limits below 2mτ 

 

๏LHCb upgrade II
• 300 fb-1 expected reach

• Phase space unexplored by other 
planned experiments
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plus signal and the background-only hypotheses are com-
pared using the CLs method [26,27], where the information
from the three decay-time regions is combined. For each
decay-time region, the expected background is obtained by
linear interpolation of the dimuon mass sidebands [17],
while the shape of the mass distribution for the signal is
taken from simulation. No significant signal excess com-
pared to the background-only hypothesis is found.
Several sources of systematic uncertainties are taken into

account in setting upper limits. Deviations from the linear
approximation assumed in the background modeling are
studied by means of pseudoexperiments. This uncertainty is
estimated to be 8% of the statistical uncertainty and is
assigned as a systematic uncertainty on the expected
background yield. Uncertainties affecting the expected
signal yield strongly depend on mðχÞ and τðχÞ. Both the

signal efficiency and the mass resolution are computed
from the simulation and validated on data using the
control modes Bþ → K0

SJ=ψðμþμ−Þ and Bþ → KþJ=
ψðμþμ−Þ. The decays Bþ → Kþψð2SÞðμþμ−Þ and Bþ →
Kþϕðμþμ−Þ are studied in data and the observed yields are
found to be compatible with the expected SM branching
fractions of ð4.9$ 0.6Þ × 10−6 and ð2.5$ 0.3Þ × 10−9,
respectively [18]. The main sources of uncertainty can
be attributed to the uncertainty in the branching fraction of
the normalization channel, contributing 3%, to the limited
sizes of the simulated signal samples, which gives an
uncertainty between 2% and 6% of the expected signal
yield, to the signal mass resolution, which contributes
between 1.5% and 2%, and to the lifetime extrapolation
from the simulation. The last, based on reweighting the
events generated with τðχÞ ¼ 100 ps to match the lifetime
distribution in the studied range, results in uncertainties
between 0% and 20% for τðχÞ > 100 ps. All systematic
uncertainties are added in quadrature, giving a total
uncertainty between 4% and 20% of the expected signal
yield, depending on the signal mass and lifetime. In
general, the systematic uncertainties have a very limited
impact on the measurement. The precision on the upper
limits is dominated by the statistical uncertainties of the
observed yields.
Figure 4 shows the upper limits, at 95% confidence level

(C.L.), on the branching fraction for the decay Bþ →
Kþχðμþμ−Þ as a function of mðχÞ and τðχÞ. The upper
limits vary between 2 × 10−10 and 10−7 and are most
stringent in the region around τðχÞ ¼ 10 ps. For longer
lifetimes the limit becomes weaker as the probability for
the χ to decay within the vertex detector decreases.
Nevertheless, the present analysis improves previous limits
by up to a factor of 20 in the region of long lifetimes
τðχÞ ∼ 1000 ps. The main improvement with respect to the
previous search [8] comes from the optimization of the
three regions of the dimuon decay time and the fact that
the previous analysis studied the mode B0 → K&0χ, which
has in general a smaller branching fraction than the decay
Bþ → Kþχ, and where only the decays of K&0 → Kþπ−

were reconstructed.
Figure 5 shows the excluded region at 95% C.L. of the

parameter space of the inflaton model presented in
Refs. [2–4]. Constraints are placed on the square of the
mixing angle, θ2, which appears in the inflaton effective
coupling to the SM fields via mixing with the Higgs boson.
The inflaton lifetime is predicted to scale as τ ∝ 1=θ2. The
Bþ → Kþχ branching fraction is taken from Ref. [2]. It is
predicted to be between 10−4 and 10−8 in the explored
region and scales as BðBþ → KþχÞ ∝ θ2, while the infla-
ton branching fraction into muons is directly taken from
Fig. 3 of Ref. [4] and is predicted to be between 100% and
slightly less than 1%, depending on the kinematically
allowed decay channels. Figure 5 also presents the theo-
retical and cosmological constraints [4,28] and previous
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FIG. 2. Invariant mass distribution for the normalization chan-
nel Bþ → KþJ=ψðμþμ−Þ with the results of the fit overlaid. The
signal is parametrized with a double-sided crystal ball (dotted red
line) [24] and the background with an exponential function
(dashed green line).
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second (red) decay-time region of the search. The binning scheme
reflects the dimuon mass scanning procedure and the bin width
corresponds to the mass-dependent dimuon resolution. Empty
regions correspond to the K0

S, J=ψ , ψð2SÞ and ψð3770Þ vetoes
(for both distributions) and to the ϕ and ψð4160Þ vetoes (only for
the prompt decay-time region).
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uncertainty between 4% and 20% of the expected signal
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impact on the measurement. The precision on the upper
limits is dominated by the statistical uncertainties of the
observed yields.
Figure 4 shows the upper limits, at 95% confidence level
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by up to a factor of 20 in the region of long lifetimes
τðχÞ ∼ 1000 ps. The main improvement with respect to the
previous search [8] comes from the optimization of the
three regions of the dimuon decay time and the fact that
the previous analysis studied the mode B0 → K&0χ, which
has in general a smaller branching fraction than the decay
Bþ → Kþχ, and where only the decays of K&0 → Kþπ−

were reconstructed.
Figure 5 shows the excluded region at 95% C.L. of the

parameter space of the inflaton model presented in
Refs. [2–4]. Constraints are placed on the square of the
mixing angle, θ2, which appears in the inflaton effective
coupling to the SM fields via mixing with the Higgs boson.
The inflaton lifetime is predicted to scale as τ ∝ 1=θ2. The
Bþ → Kþχ branching fraction is taken from Ref. [2]. It is
predicted to be between 10−4 and 10−8 in the explored
region and scales as BðBþ → KþχÞ ∝ θ2, while the infla-
ton branching fraction into muons is directly taken from
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(for both distributions) and to the ϕ and ψð4160Þ vetoes (only for
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๏ Belle II could have better reach 
thanks to lower boost

๏ Searches in displaced ,  
and  can also contribute
• We need to study that in LHCb 

too

๏ Belle II can also do:
•
•

ππ KK
ττ

B → K + invisible
B → Ka( → γγ)

30

4

The current upper bound on invisible Higgs decays,
B(h ! inv) < 0.22 [43] excludes mixing angles larger
than ✓ ⇡ 0.015 at 95% CL. Projections for the HL-
LHC predict an extended reach to ✓ ⇡ 0.005.

Scalar mixing also causes a universal reduction of
all Higgs couplings to visible particles by c✓. This
suppresses the Higgs signal strength defined by

µ =
�h ⇥ B(h ! vis)

�h ⇥ B(h ! vis)SM
= c

2
✓

c
2
✓�

h
SM

c
2
✓�

h
SM + s

2
✓�

h
��̄

, (11)

where �h is the Higgs production rate and B(h ! vis)
the branching ratio to visible final states. Current
global analyses constrain universal modifications of
the Higgs couplings, but without allowing for invisible
decays. For the HL-LHC, such an analysis has been
performed assuming Run-2 systematics [47]. The ex-
pected reach for dark scalars depends on the invisible
decay rate �h

��̄. For y� = 1 we expect that mixing
angles down to ✓ ⇡ 0.008 will be probed. The sensi-
tivity is comparable with the current BaBar bounds
from B ! K /E, but less than predicted at Belle II.

IV. DISPLACED VERTEX SIGNATURES

If invisible decays are kinematically forbidden or ab-
sent, dark scalars leave signatures with visible de-
cay products. Due to the flavor-hierarchical cou-
plings, scalar decays to light leptons or mesons are
suppressed, while scalar production through the top-
quark coupling is sizeable even for small mixing ✓.
The scalar has a nominal lifetime of roughly c⌧S =
c/�S ⇡ s

�2
✓ nm and becomes long-lived at detector

scales for ✓ . 10�2. This leads to signatures with
displaced vertices, which are perfect targets for fla-
vor or beam dump experiments.

At e+e� colliders, light scalars can be abundantly
produced from BB̄ pairs at the ⌥(4S) resonance with
subsequent B ! KS decays. Direct production via
e
+
e
�
! S is strongly suppressed by the tiny electron

coupling. Alternative searches for radiative Upsilon
decays ⌥(n) ! S� through the b-quark coupling at
BaBar exclude strong mixing ✓ & 0.1 [48–50].

Measurements of B ! K
(⇤)

µµ̄ decays by BaBar,
Belle and LHCb exclude scalar mixing down to
✓ ⇡ 10�3 [17]. The event selection is typically re-
stricted to prompt decays. LHCb has performed
dedicated searches for displaced muons from long-
lived scalars [51, 52]. By reinterpreting the search
for B+

! K
+
S(! µµ̄) [52] we exclude scalar mixing

down to ✓ ⇡ 10�4, shown in blue in Fig. 2. Ve-
toed regions around the resonances K

0
S ,  (2S) and

 (3770) are partially excluded by a similar search for
B

0
! K

⇤
S(! µµ̄) decays [51].

FIG. 2: Searches for dark scalars with displaced vertices
at flavor experiments. Shown are 95% CL bounds from
B+ ! K+S(! µµ̄) searches at LHCb [52] (blue) and 90%
CL bounds on B(B ! XsS)B(S ! f) with f = µ+µ�

(yellow) and ⇡+⇡� (orange) from an inclusive search by
BaBar [53]. Regions with 3 or more signal events at
Belle II with 50/ab are shown for B ! KS(! f) with
f = ⇡+⇡� +K+K�, µ+µ� and ⌧+⌧� (green). For com-
parison, we show projections for B ! Kµµ̄ for the high-
luminosity phase of LHCb (blue curve).

To date, the only search for long-lived scalars at
e
+
e
� colliders is an inclusive search for displaced ver-

tices of charged leptons, pions or kaons by BaBar [53].
From this analysis BaBar has derived upper bounds
on the branching ratio B(B ! XsS)B(S ! f) for
di↵erent final states f . In Fig. 2 we show our rein-
terpretation of these bounds for f = µ

+
µ
� (yellow)

and f = ⇡
+
⇡
� (orange). The sensitivity is limited

by hadronic backgrounds from K
0
S , ⇤, K

± and ⇡
±

decays and by the available data set, so that only a
few small parameter regions can be excluded.

The fact that BaBar probes very small mixing
without optimizing their analysis for dark scalars sug-
gests that Belle II can reach a better sensitivity with
a dedicated search. We suggest to search for dis-
placed vertices from exclusive B ! KS(! f) decays
at Belle II, where K stands for either K0, K+, or K⇤

excitations. Promising final states are f = µ
+
µ
� and

⇡
+
⇡
�, K+

K
� for scalar masses mS . 2GeV, as well

as ⌧�⌧+, D+
D

� or 4⇡ for heavier scalars.
Let us first focus on displaced muon pairs, which

probe a large range of scalar masses 2mµ < mS <

mB � mK . The signal is defined by a displaced
muon vertex and a kaon, which together reconstruct

arXiv:1911.03490



Searches beyond B decays

31

๏ B-physics experiments can contribute beyond B decays
• In general sensitive to new particles of few-GeV with 

small production rates (and displaced vertices)

๏ A priori expect LHCb and Belle II to be very different
• LHCb gets LHC  collisions at 13 TeV
• Belle II gets  collisions at 10 GeV

pp
e+e−
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Dark photons pheno

๏ Dark photon ( ) mediates dark matter ( ) interaction
• If  then invisible decay  dominant

• If  then visible decay  dominant

๏ Production from mixing with virtual photon
• Can oscillate to a dark photon with probability 

๏ Dark photon lifetime proportional to 
• Light, rarely produced dark photons are displaced

A′ χ
m(A′ ) > 2mχ A′ → χχ
m(A′ ) < 2mχ A′ → ℓ+ℓ−

ϵ2

1/(ϵ2mA′ )

32

A A’

Kinetic mixing
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Visible  → B-factoriesA′ 

๏ Search for bump in  
spectrum

๏ Avoid SM resonances

๏ Large irreducible  
continuum background

๏ BaBar placed world-leading 
bounds

๏ Belle II will need few years 
of data to lead sensitivity

m(ℓ+ℓ−)

γ* → ℓ+ℓ−

33

Dark Sectors at Low Energy Colliders (Torben Ferber) �17

A: Visible Dark Photon searches
• Bump hunt for ee and μμ over smooth, 

but large SM backgrounds, avoid SM 
resonances. 

• Hadronic final states are more 
challenging, analysed at KLOE 

• ττ channels have not been analysed 
yet (missing energy from neutrinos) 

• So far all searches at low energy 
colliders hunt prompt A’ decays:  
τA’ ~ 1/(ε2 mA’)
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FIG. 1: Distribution of the final dielectron (top) and reduced
dimuon invariant masses (bottom), together with the predic-
tions of various simulated SM processes and ISR production
of J/ , (2S), ⌥ (1S), and ⌥ (2S) resonances (collectively la-
beled as R). The fit to the ratio between data and simulated
events is described in the text.

cumulative mass distributions [36]. An uncertainty of
5%-10% in this procedure is assessed by taking the next-
to-closest instead of the closest simulated mass points to
interpolate the signal shape. Samples of simulated and
reconstructed e+e� ! �J/ , J/ ! l+l� events indi-
cate that the simulation underestimates the signal width
by 8% (4%) for the dielectron (dimuon) channel. We
assume that this di↵erence is independent of the dark
photon mass, and we increase the signal pdf width by
the corresponding amount for all mass hypotheses. We
propagate half of these correction factors as systematic
uncertainties on the fitted signal yields.

The radiative Bhabha background below 0.1GeV is de-
scribed by a fourth order polynomial, and elsewhere by
a third order polynomial. The radiative dimuon back-
ground is parametrized by a third order polynomial, con-
strained to pass through the origin for fits in the re-
gion below 0.05GeV. Peaking contributions from the

J/ ,  (2S), ⌥ (1S), and ⌥ (2S) resonances for both final
states are included where appropriate. Their shapes are
modeled as Crystal Ball or Gaussian functions with pa-
rameters extracted from fits to the corresponding Monte
Carlo samples. Similarly to the signal pdf, we increase
their width by 8% (4%) for the dielectron (dimuon) final
states. The interference between vector resonances with
radiative dilepton production is observed for the ! and �
mesons, and is fit with the following empirical function:

f(m) = (a+bm+cm2+dm3)

�����1�Q
m!/��

s�m2
!/� � im!/��

�����

2

where m!/� (�) denotes the mass (width) of the reso-
nance, Q the resonant fraction, and a, b, c, d are free pa-
rameters. We fix the masses and widths to their nom-
inal values [37], and let their fractions float. We ex-
clude the resonant regions from the search, vetoing ranges
of ±30MeV around the nominal mass of the ! and �
resonances, and ±50MeV around the J/ ,  (2S), and
⌥ (1S, 2S) resonances (approximately ±5�R, where �R
denotes the experimental resolution of the resonances).
An alternative signal extraction fit, using parametric pdfs
for signal [21] and a di↵erent background parametriza-
tion has been performed for the µ+µ� channel. The re-
sults of both methods are statistically consistent with
each other. The uncertainty on the background mod-
eling is estimated by using an alternative description of
the radiative Bhabha and dimuon contributions based on
a second or fourth order polynomial, depending on the
mass hypothesis. This uncertainty is almost as large as
the statistical uncertainty near the dielectron threshold,
and can be as large as 50% of the statistical uncertainty
in the vicinity of the ⌥ (1S, 2S) resonances. Outside these
regions, the uncertainty varies from a few percent at low
masses to ⇠ 20% of the statistical uncertainty in the high
mass region. In addition we propagate half of the correc-
tions applied to the signal width, as well as the uncer-
tainties on the ! and � masses and widths, as systematic
uncertainties on the fitted signal yields.
The e+e� ! �A0, A0

! e+e� and e+e� ! �A0, A0
!

µ+µ� cross-sections as a function of the dark photon
mass are obtained by combining the signal yields of each
data sample, divided by the e�ciency and luminosity.
The cross-sections as a function of mA0 are shown in
Fig. 2; the distributions of the statistical significances
of the fits are displayed in Fig. 3. The statistical signif-
icance of each fit is taken as S =

p
2 log (L/L0), where

L and L0 are the likelihood values for fits with a free
signal and the pure background hypothesis, respectively.
We estimate trial factors by generating a large sample of
Monte Carlo experiments. The largest local significance
is 3.4� (2.9�), observed near mA0 = 7.02GeV (6.09GeV)
for the dielectron (dimuon) final state. Including trial
factors, the corresponding p-value is 0.57 (0.94), consis-
tent with the null hypothesis.
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but large SM backgrounds, avoid SM 
resonances. 

• Hadronic final states are more 
challenging, analysed at KLOE 

• ττ channels have not been analysed 
yet (missing energy from neutrinos) 
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FIG. 1: Distribution of the final dielectron (top) and reduced
dimuon invariant masses (bottom), together with the predic-
tions of various simulated SM processes and ISR production
of J/ , (2S), ⌥ (1S), and ⌥ (2S) resonances (collectively la-
beled as R). The fit to the ratio between data and simulated
events is described in the text.

cumulative mass distributions [36]. An uncertainty of
5%-10% in this procedure is assessed by taking the next-
to-closest instead of the closest simulated mass points to
interpolate the signal shape. Samples of simulated and
reconstructed e+e� ! �J/ , J/ ! l+l� events indi-
cate that the simulation underestimates the signal width
by 8% (4%) for the dielectron (dimuon) channel. We
assume that this di↵erence is independent of the dark
photon mass, and we increase the signal pdf width by
the corresponding amount for all mass hypotheses. We
propagate half of these correction factors as systematic
uncertainties on the fitted signal yields.

The radiative Bhabha background below 0.1GeV is de-
scribed by a fourth order polynomial, and elsewhere by
a third order polynomial. The radiative dimuon back-
ground is parametrized by a third order polynomial, con-
strained to pass through the origin for fits in the re-
gion below 0.05GeV. Peaking contributions from the

J/ ,  (2S), ⌥ (1S), and ⌥ (2S) resonances for both final
states are included where appropriate. Their shapes are
modeled as Crystal Ball or Gaussian functions with pa-
rameters extracted from fits to the corresponding Monte
Carlo samples. Similarly to the signal pdf, we increase
their width by 8% (4%) for the dielectron (dimuon) final
states. The interference between vector resonances with
radiative dilepton production is observed for the ! and �
mesons, and is fit with the following empirical function:

f(m) = (a+bm+cm2+dm3)

�����1�Q
m!/��

s�m2
!/� � im!/��

�����

2

where m!/� (�) denotes the mass (width) of the reso-
nance, Q the resonant fraction, and a, b, c, d are free pa-
rameters. We fix the masses and widths to their nom-
inal values [37], and let their fractions float. We ex-
clude the resonant regions from the search, vetoing ranges
of ±30MeV around the nominal mass of the ! and �
resonances, and ±50MeV around the J/ ,  (2S), and
⌥ (1S, 2S) resonances (approximately ±5�R, where �R
denotes the experimental resolution of the resonances).
An alternative signal extraction fit, using parametric pdfs
for signal [21] and a di↵erent background parametriza-
tion has been performed for the µ+µ� channel. The re-
sults of both methods are statistically consistent with
each other. The uncertainty on the background mod-
eling is estimated by using an alternative description of
the radiative Bhabha and dimuon contributions based on
a second or fourth order polynomial, depending on the
mass hypothesis. This uncertainty is almost as large as
the statistical uncertainty near the dielectron threshold,
and can be as large as 50% of the statistical uncertainty
in the vicinity of the ⌥ (1S, 2S) resonances. Outside these
regions, the uncertainty varies from a few percent at low
masses to ⇠ 20% of the statistical uncertainty in the high
mass region. In addition we propagate half of the correc-
tions applied to the signal width, as well as the uncer-
tainties on the ! and � masses and widths, as systematic
uncertainties on the fitted signal yields.
The e+e� ! �A0, A0

! e+e� and e+e� ! �A0, A0
!

µ+µ� cross-sections as a function of the dark photon
mass are obtained by combining the signal yields of each
data sample, divided by the e�ciency and luminosity.
The cross-sections as a function of mA0 are shown in
Fig. 2; the distributions of the statistical significances
of the fits are displayed in Fig. 3. The statistical signif-
icance of each fit is taken as S =

p
2 log (L/L0), where

L and L0 are the likelihood values for fits with a free
signal and the pure background hypothesis, respectively.
We estimate trial factors by generating a large sample of
Monte Carlo experiments. The largest local significance
is 3.4� (2.9�), observed near mA0 = 7.02GeV (6.09GeV)
for the dielectron (dimuon) final state. Including trial
factors, the corresponding p-value is 0.57 (0.94), consis-
tent with the null hypothesis.

5

Phys. Rev. Lett. 113, 201801 (2014)



Martino Borsato - Heidelberg U.

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. 

Dimuon spectrum from trigger output

Visible  → LHCbA′ 

๏ Started inclusive  searches in Run 2
• Leveraging the online-analysis capabilities introduced in 2015 
→ no pre-scale down to threshold 

•Great prospects for upcoming upgrade

๏ First  search published with 2016 dataset

๏Now updated with full Run 2 dataset (factor 3x luminosity)
•Also greatly improved software trigger efficiency

A′ → μ+μ−

2mμ

A′ → μ+μ−

34

PRL 120 (2018) no.6, 061801

PRL 120 (2018) no.6, 061801

PRL 124 (2020) 041801
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Visible  → LHCbA′ 

35

Analysis strategy:

๏ inherits production mode of off-shell photon 
→ Can normalise to  continuum 
→ just need to separate non  background

‣ No need for efficiencies from simulation  
(only if displaced vertex)

γ* → μμ
γ*

γ*/A'

γ*/A'

The possibility that dark matter particles may interact via unknown forces, felt only1

feebly by Standard Model (SM) particles, has motivated substantial e↵ort to search for2

dark-sector forces (see Ref. [1] for a review). A compelling dark-force scenario involves3

a massive dark photon, A0, whose coupling to the electromagnetic current is suppressed4

relative to that of the ordinary photon, �, by a factor of ". In the minimal model, the5

dark photon does not couple directly to charged SM particles; however, a coupling may6

arise via kinetic mixing between the SM hypercharge and A0 field strength tensors [2–7].7

This mixing provides a potential portal through which dark photons may be produced8

if kinematically allowed. If the kinetic mixing arises due to processes whose amplitudes9

involve one or two loops containing high-mass particles, perhaps even at the Planck10

scale, then 10�12 . "2 . 10�4 is expected [1]. Fully exploring this few-loop range of11

kinetic-mixing strength is an important goal of dark-sector physics.12

Constraints have been placed on visible A0 decays by previous beam-dump [7–21],13

fixed-target [22–24], collider [25–27], and rare-meson-decay [28–37] experiments. The14

few-loop region is ruled out for dark photon masses m(A0) . 10MeV (c = 1 throughout15

this Letter). Additionally, the region "2 & 5⇥10�7 is excluded for m(A0) < 10.2GeV, along16

with about half of the remaining few-loop region below the dimuon threshold. Many ideas17

have been proposed to further explore the [m(A0), "2] parameter space [38–49], including18

an inclusive search for A0
!µ+µ� decays with the LHCb experiment, which is predicted19

to provide sensitivity to large regions of otherwise inaccessible parameter space using data20

to be collected during Run 3 of the LHC (2021–2023) [50].21

A dark photon produced in proton-proton, pp, collisions via �–A0 mixing inherits the22

production mechanisms of an o↵-shell photon with m(�⇤) = m(A0); therefore, both the23

production and decay kinematics of the A0
!µ+µ� and �⇤

!µ+µ� processes are identical.24

Furthermore, the expected A0
!µ+µ� signal yield is given by [50]25

nA0

ex [m(A0), "2] = "2
"
n�⇤

ob[m(A0)]

2�m

#
F [m(A0)] ✏A0

�⇤ [m(A0), ⌧(A0)], (1)

where n�⇤

ob[m(A0)] is the observed prompt �⇤
! µ+µ� yield in a small ±�m window26

around m(A0), the function F [m(A0)] includes phase-space and other known factors, and27

✏A0
�⇤ [m(A0), ⌧(A0)] is the ratio of the A0

!µ+µ� and �⇤
!µ+µ� detection e�ciencies, which28

depends on the A0 lifetime, ⌧ (A0). If A0 decays to invisible final states are negligible, then29

⌧(A0) / [m(A0)"2]�1 and A0
!µ+µ� decays can potentially be reconstructed as displaced30

from the primary pp vertex (PV) when the product m(A0)"2 is small. However, when ⌧ (A0)31

is small compared to the experimental resolution, A0
!µ+µ� decays are reconstructed as32

prompt-like and are experimentally indistinguishable from prompt �⇤
!µ+µ� production33

resulting in ✏A0
�⇤ [m(A0), ⌧(A0)] ⇡ 1. This facilitates a fully data-driven search and the34

cancelation of most experimental systematic e↵ects, since the observed A0
!µ+µ� yields,35

nA0
ob[m(A0)], can be normalized to nA0

ex [m(A0), "2] to obtain constraints on "2.36

This Letter presents searches for both prompt-like and long-lived dark photons produced37

in pp collisions at a center-of-mass energy of 13TeV, using A0
!µ+µ� decays and a data38

sample corresponding to an integrated luminosity of 1.6 fb�1 collected with the LHCb39

detector in 2016. The prompt-like A0 search is performed from near the dimuon threshold40

up to 70GeV, above which the m(µ+µ�) spectrum is dominated by the Z boson. The41

long-lived A0 search is restricted to the mass range 214 < m(A0) < 350MeV, corresponding42

to where the data sample provides potential sensitivity.43

1

off-shell photon
phase-space A’/γ* eff ratio,

𝜖=1 for prompt

PRL 120 (2018) no.6, 061801 
and PRL 124 (2020) 041801
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Prompt-like A′ → μ+μ−

๏  dark photons expected
• Peak hunt on top of large background
• Remove regions with QCD resonances

O(107 − 1011) × ϵ2

36

PRL 120 (2018) no.6, 061801 
and PRL 124 (2020) 041801

dependence on mass for each source of dimuon candidates.
The prompt-dimuon PDFs are taken directly from the data
at mðJ=ψÞ and mðZÞ, where prompt resonances are
dominant. Small corrections are applied to obtain these
PDFs at all othermðA0Þ, which are validated near threshold,
at mðϕÞ, and at m½ϒð1SÞ$, where the data predominantly
consist of prompt-dimuon pairs. Based on these validation
studies, a shape uncertainty of 2% is applied in each
min½χ2IPðμ%Þ$ bin. Same-sign μ%μ% candidates provide
estimates for the PDF and yield of the sum of the hh and
hμQ contributions, where each involves misidentified
prompt hadrons. The μ%μ% yields are corrected to account
for the difference in the production rates of πþπ− and π%π%,
which are determined precisely from the data using dipion
candidates weighted to account for the kinematic depend-
ence of the muon misidentification probability, since the hh
background largely consists of πþπ− pairs where both pions
are misidentified. The uncertainty due to the finite size of the
μ%μ% sample in each bin is included in the likelihood.
Simulated Q-hadron decays are used to obtain the μQμQ
PDFs, where the dominant uncertainties are from the relative
importance of the various Q-hadron decay contributions at
each mass. Example min½χ2IPðμ%Þ$ fits are provided in
Ref. [97], while the resulting promptlike candidate categori-
zation versus mðμþμ−Þ is shown in Fig. 1. Finally, the
nγ

'

ob½mðA0Þ$ yields are corrected for bin migration due to
bremsstrahlung, which is negligible except near the low-
mass tails of the J=ψ and ϒð1SÞ, and the small expected
Bethe-Heitler contribution is subtracted [76], resulting in the
nA

0
ex½mðA0Þ; ε2$ values shown in Fig. S2 of Ref. [97].
The promptlike nA

0

ob½mðA0Þ$ mass spectrum is scanned in
steps of σ½mðμþμ−Þ$=2 searching for A0 → μþμ− contribu-
tions [97] using the strategy from Ref. [83]. At each mass, a
binned extended maximum likelihood fit is performed in a
%12.5σ½mðμþμ−Þ$ window around mðA0Þ. The profile
likelihood is used to determine the p value and the upper
limit at 90% confidence level (C.L.) on nA

0

ob½mðA0Þ$. The
signal is well modeled by a Gaussian distribution whose
resolution is determined with 10% precision using a
combination of simulated A0 → μþμ− decays and the

observed pT-dependent widths of the large resonance peaks
in the data. The mass-resolution uncertainty is included in
the profile likelihood. The method of Ref. [98] selects the
background model from a large set of potential compo-
nents, which includes all Legendre modes up to tenth order
and dedicated terms for known resonances, by performing a
data-driven process whose uncertainty is included in the
profile likelihood following Ref. [99]. No significant
excess is found in the promptlike mðA0Þ spectrum after
accounting for the trials factor due to the number of signal
hypotheses.
Dark photons are excluded at 90% C.L. where the upper

limit on nA
0

ob½mðA0Þ$ is less than nA
0

ex½mðA0Þ; ε2$. Figure 2
shows that the constraints placed on promptlike dark
photons are the most stringent for 214 < mðA0Þ ≲
740 MeV and 10.6 < mðA0Þ≲ 30 GeV. The low-mass
constraints are the strongest placed by a promptlike A0

search at any mðA0Þ. These results are corrected for
inefficiency and changes in the mass resolution that arise
due to τðA0Þ no longer being negligible at such small values
of ϵ2. The high-mass constraints are adjusted to account for
additional kinetic mixing with the Z boson [84,85], which
alters Eq. (1). Since the LHCb detector response is
independent of which qq̄ → A0 process produces the dark
photon above 10 GeV, it is straightforward to recast the
results in Fig. 2 for other models [100,101].
For the long-lived A0 search, contamination from prompt

particles is negligible due to a stringent criterion applied in
the trigger on min½χ2IPðμ%Þ$ that requires muons be incon-
sistent with originating from any PV. Therefore, the dom-
inant background contributions are as follows: photons that
convert into μþμ− in the silicon-strip vertex detector that
surrounds the pp interaction region known as the VELO
[103], b-hadron decay chains that produce two muons, and
the low-mass tail from K0

S → πþπ− decays, where both
pions are misidentified as muons (all other strange decays
are negligible). A p value is assigned to the photon-
conversion hypothesis for each long-lived A0 → μþμ− can-
didate using properties of the decay vertex and muon tracks,
along with a high-precision three-dimensional material map
produced from a data sample of secondary hadronic
interactions [104]. An mðA0Þ-dependent requirement is
applied to these p values that results in conversions having

FIG. 1. Promptlike mass spectrum, where the categorization of
the data as prompt μþμ−, μQμQ, and hhþ hμQ is determined using
the min½χ2IPðμ%Þ$ fits described in the text (examples of these fits
are provided in the Supplemental Material [97]). The anti-kT-
based isolation requirement is applied for mðA0Þ > 1.1 GeV.

FIG. 2. Regions of the ½mðA0Þ; ε2$ parameter space excluded at
90% C.L. by the promptlike A0 search compared to the best
published [35,38,83] and preliminary [102] limits.

PHYSICAL REVIEW LETTERS 124, 041801 (2020)
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Displaced A′ → μ+μ−

๏ Displaced µµ in Vertex Locator (  cm)

๏ Only region m(A') < 350 MeV is sensitive 

๏ Even looser online requirements on pT(µ)

๏ Main background from γ conversions in the 
VELO (material map is key to reduce it)

๏ Fit in bins of mass and lifetime

๏ No significant excess is found

๏Excluded region of phase space (𝛆2, m) 
significantly larger than 2016

๏These are the only displaced limits not 
coming from beam-dump experiments!

d ≲ 20
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Figure 3: Expected reconstructed and selected long-lived A0
!µ+µ� yield.

misidentified as muons. A p-value is assigned to the photon-conversion hypothesis for each
long-lived A0

!µ+µ� candidate using properties of the decay vertex and muon tracks,
along with a high-precision three-dimensional material map produced from a data sample
of secondary hadronic interactions [101]. A m(A0)-dependent requirement is applied to
these p-values to reduce conversions to a negligible level. The remaining backgrounds are
highly suppressed by the decay topology requirement applied in the trigger. Furthermore,
since muons produced in b-hadron decays are often accompanied by additional displaced
tracks, events are rejected if they are selected by the inclusive heavy-flavor software
trigger [102,103] independently of the presence of the A0

!µ+µ� candidate. In addition,
boosted decision tree classifiers are used to reject events containing tracks consistent with
originating from the same b-hadron decay as the signal muon candidates [104].

The long-lived A0 search is also normalized using Eq. (1); however, ✏A0
�⇤ [m(A0), ⌧(A0)] is

not unity, in part because the e�ciency depends on the decay time, t. The kinematics are
identical for A0

!µ+µ� and prompt �⇤
!µ+µ� decays for m(A0) = m(�⇤); therefore, the

t dependence of ✏A0
�⇤ [m(A0), ⌧(A0)] is obtained by resampling prompt �⇤

!µ+µ� candidates
as long-lived A0

!µ+µ� decays, where all t-dependent properties, e.g. min[�2
IP(µ

±)], are
recalculated based on the resampled decay-vertex locations (the impact of background
contamination in the prompt �⇤

!µ+µ� sample is negligible). This approach is validated
using simulation, where prompt A0

!µ+µ� decays are used to predict the properties of
long-lived A0

!µ+µ� decays. The relative uncertainty on ✏A0
�⇤ [m(A0), ⌧(A0)] is estimated

to be 5%, which arises largely due to limited knowledge of how radiation damage a↵ects
the performance of the VELO as a function of the distance from the pp interaction
region. The looser kinematic, muon-identification, and hardware-trigger requirements
applied to long-lived A0

!µ+µ� candidates, cf. prompt-like candidates, also increase the
e�ciency. This t-independent increase in e�ciency is determined using a control data
sample of dimuon candidates consistent with originating from the PV, but otherwise
satisfying the long-lived criteria. The nA0

ex [m(A0), "2] values obtained using these data-
driven ✏A0

�⇤ [m(A0), ⌧(A0)] values, along with the expected prompt-like A0
!µ+µ� yields in

Fig. 1, are shown in Fig. 3.
The long-livedm(A0) spectrum is also scanned in discrete steps of �[m(µ+µ�)]/2 looking

for A0
! µ+µ� contributions [95]; however, discrete steps in ⌧(A0) are also considered

5
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Figure 4: Ratio of the observed upper limit on nA0
ob[m(A0), "2] at 90% CL to the expected dark-

photon yield, nA0
ex [m(A0), "2], where regions less than unity are excluded. The only constraints in

this region are from (hashed) the previous LHCb search [81].

here. Binned extended maximum likelihood fits are performed to the three-dimensional
feature space of m(µ+µ�), t, and the consistency of the decay topology as quantified in the
decay-fit �2

DF, which has three degrees of freedom. The photon-conversion contribution
is derived in each [m(µ+µ�), t,�2

DF] bin from the number of dimuon candidates that
are rejected by the conversion criterion. Both the b-hadron and K0

S contributions are
modeled in each [t,�2

DF] bin by second-order polynomials of the energy released in the decay,p
m(µ+µ�)2 � 4m(µ)2. These contributions are validated using the following large control

data samples: candidates that fail the b-hadron suppression requirements; and candidates
that fail, but nearly satisfy, the stringent muon-identification requirements. The profile
likelihood is used to obtain the p-values and confidence intervals on nA0

ob[m(A0), ⌧(A0)]. No
significant excess is observed in the long-lived A0

!µ+µ� search (the three-dimensional
data distribution and the background-only pull distributions are provided in Ref. [95]).

Since the relationship between ⌧(A0) and "2 is known at each mass [74], the upper
limits on nA0

ob[m(A0), ⌧(A0)] are easily translated into limits on nA0
ob[m(A0), "2]. Regions

of the [m(A0), "2] parameter space where the upper limit on nA0
ob[m(A0), "2] is less than

nA0
ex [m(A0), "2] are excluded at 90% CL. Figure 4 shows that sizable regions of [m(A0), "2]

parameter space are excluded, which are much larger than those excluded by LHCb in
Ref. [81]. Furthermore, most of the parameter space shown in Fig. 4 would have been
accessible if the data sample was roughly three times larger. The expected number of
recorded A0

!µ+µ� decays should increase by a factor O(100) in the data sample to be
collected in Run 3 by the upgraded LHCb detector.

In summary, searches are performed for prompt-like and long-lived dark photons
produced in pp collisions at a center-of-mass energy of 13TeV. Both searches look for
A0

! µ+µ� decays using a data sample corresponding to an integrated luminosity of
5.5 fb�1 collected with the LHCb detector during 2016–2018. The three-fold increase
in integrated luminosity, improved trigger e�ciency during 2017–2018 data taking, and
improvements in the analysis result in the searches presented in this Letter achieving
much better sensitivity to dark photons than the previous LHCb results [81]. The prompt-
like A0 search achieves a factor of 5 (2) better sensitivity to "2 at low (high) masses than

6

PRL 120 (2018) no.6, 061801 
and PRL 124 (2020) 041801
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Visible  limitsA′ 
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Figure S5: Comparison of the results presented in this Letter to existing constraints from previous
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prompt in LHCb∼

PRL 124 (2020) 041801

First displaced exclusion not 
from beam dump experiments

๏ Easy to recast to other vector models JHEP 06 (2018) 004

๏ In Run 3 can also use   PRD 92, 115017 (2015) D* → D0A′ (e+e−)

https://inspirehep.net/record/1648160
https://inspirehep.net/literature/1394543
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Visible  prospectsA′ 
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Dark Photons
✏2

⌘
↵
0 ↵

mA0 [GeV]

Move to a triggerless detector readout in Run 3 will have a huge impact on 
low-mass BSM searches, including dark photons (predictions assume 15/fb).

Inclusive A’ →μμ @ LHCb
Ilten, Soreq, Thaler, MW, Xue 

[1603.08926]
Radiative Charm Decays @ LHCb

Ilten, Thaler, MW, Xue 
[1509.06765]

See talk by W.Xue 
on Tu evening

Inclusive A’→µµ at LHCb
Ilten, Soreq, Thaler, Williams, Xue [1603.08926]

Radiative D Decays at LHCb
Ilten, Thaler, Williams, Xue [1509.06765] 
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Run 3 reach for dark photons

Scales as √L

Could strengthen 
bound with 

downstream dimuons

Could cover this gap with 
η→γA’(ee) or inclusive A’(ee)
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Dark Photons below 2mµ

๏ Can cover region below 2mµ using 
charm decays D*0 → D0A’(ee)
๏Requires upgraded trigger to select  

efficiently soft final state
๏Get 300⨉109 D*0 → D0γ per fb-1

๏Can use D(*) mass constraint to correct 
bremsstrahlung losses

๏At these p electrons emit light in RICH 
while pions don’t → excellent PID

๏Both displaced and prompt searches

40

2

FIG. 1. Current bounds on dark photons with visible decays
to SM states, adapted and updated from Ref. [19]. The upper
bounds are from prompt-A0 searches while the wedge-shaped
bounds are from beam-dump searches and supernova consid-
erations. The LHCb search region in Fig. 2 covers most of the
gap between these bounds for mA0 . 100 MeV, with a reach
extending to mA0 . 140 MeV. Anticipated limits from other
planned experiments are shown in Fig. 9.

The range of mA0 values that is in principle accessible
in this search is mA0 2 [2me,�mD], where [50]

�mD ⌘ mD⇤0 �mD0 = 142.12± 0.07 MeV. (3)

The proximity of �mD to m⇡0 leads to phase-space sup-
pression of the decay D⇤0

! D0⇡0, which results in a
sizable branching fraction of about 38% for the decay
D⇤0

! D0�.4 The small value of �mD, however, also
leads to typical electron momenta of O(GeV) within the
LHCb acceptance. Therefore, the planned upgrade to
a triggerless-readout system employing real-time calibra-
tion at LHCb in Run 3 [51]—which will permit identi-
fication of relatively low-momentum e+e� pairs online
during data taking—will be crucial for carrying out this
search.

To cover the desired dark photon parameter space, we
employ two di↵erent search strategies, shown in Fig. 2.
The displaced search, relevant at smaller values of ✏2,
looks for an A0

! e+e� decay vertex that is significantly
displaced from the pp collision. This search benefits from
the sizable Lorentz boost factor of the produced dark

4 This explains why we choose the decay D⇤0 ! D0A0 instead of
D⇤(2010)+! D+A0, since the corresponding branching fraction
D⇤+! D+� is only 1.6%.
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(g � 2)µ > 5�(g � 2)e

FIG. 2. Potential bounds from LHCb after Run 3, for both
the displaced (pre-module, solid blue) and resonant (dashed
blue) searches. Also shown is an alternative displaced search
strategy (post-module, dotted blue) that looks for A0 vertices
downstream of the first tracking module.

photons and the excellent vertex resolution of LHCb.
Our main displaced search looks for A0 decays within
the beam vacuum upstream of the first tracking mod-
ule (i.e. pre-module), where the dominant background
comes from misreconstructed prompt D⇤0

! D0e+e�

events.5 Because the A0 gains a transverse momentum
kick from pp collisions, the A0 flight trajectory intersects
the LHCb detector, making it possible to identify dis-
placed e+e� pairs with smaller opening angles than the
HPS experiment [52]. We also present an alternative dis-
placed search for A0 decays downstream of the first track-
ing module (i.e. post-module), where the dominant back-
ground comes from D⇤0

! D0� events with � ! e+e�

conversion within the LHCb material.
The resonant search, relevant at larger values of ✏2,

looks for an A0
! e+e� resonance peak over the con-

tinuum SM background. This search benefits from the
large yield of D⇤0

! D0A0 decays during LHC Run 3,
which is larger than the A0 yield in fixed-target exper-
iments like MAMI/A1 [30, 31] and APEX [32]. Fur-
thermore, the narrow width of the D⇤0 meson, which
is less than the detector invariant-mass resolution, pro-
vides kinematical constraints that can be used to im-
prove the resolution on me+e� . This resonant search can
also be employed for non-minimal dark photon scenarios

5 We thank Natalia Toro for extensive discussions regarding this
background.

Ilten, Thaler, Williams, Xue PRD 92 no.11, 115017 (2015) 
Future 

Prosp
ect
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Inclusive  searchX → μ+μ−

๏ Probe additional dark sectors in µµ
• Using same trigger as dark photon search
• Drop assumption of kinetic mixing with 
• Minimise assumptions on production mechanism 

(tight fiducial regions and results in kinematic bins)

γ*

41

μ+

μ−

Inclusive prompt

• No isolation requirements
• Non-zero width considered

μ+

μ−

Displaced pointing

μ+

μ−

Prompt + b-jet

b-jet

μ+

μ−

Displaced non-pointing

• Non-zero width considered

LHCb JHEP10(2020)156

https://inspirehep.net/literature/1805777
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Inclusive  searchX → μ+μ−
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Inclusive prompt

Prompt + b-jet

pointing

non-pointing

Martino Borsato - Heidelberg U.

LHCb JHEP10(2020)156

https://inspirehep.net/literature/1805777
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Inclusive  interpretationX → μμ
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Theoretical model from:  
Phys. Rev. D97 (2018) 095033 
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2HDM type IV, tan � = 0.5LHCb Run 1:     JHEP 09 (2018) 147
LHCb Run 2:     LHCb-PAPER-2020-013 in preparation 
CMS Run 1:       Phys. Rev. Lett. 109 (2012) 121801  
CMS Run 2:       Phys. Rev. Lett. 124 (2020) 131802
BaBar :  Phys. Rev. D 87 (2013) 031102 Υ → γX
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Invisible  → Belle IIA′ 

๏ Signature is only ISR mono-
energetic photon 

๏ Implemented single-photon trigger
• Only 50/fb from BaBar available

๏ Belle II has better calorimeter 
hermeticity than Belle/BaBar

๏ SM backgrounds from
•  for low 
•  for high  

Eγ = (E2
CM − m2

A′ )/(2ECM)

ee → γγ mA′ 

ee → eeγ mA′ 

44
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Conclusions

45

๏ Well motivated dark sectors with multiple portals
• Light masses, small couplings, displaced vertices

๏ B-physics detectors can contribute to the hunt for dark sector particles!
• Produced in B decays (virtual W, Z, top) and directly in collisions

๏ Lots of space for ideas to implement in LHCb Upgrade and Belle II

SHiP physics case Rept.Prog.Phys. 79 (2016) no.12, 124201

Seminar at University of Berlin, Germany, June 6, 2014 R. Jacobsson

What about solutions to (some) these questions below Fermi scale?

ÎMust have very weak couplings Î Hidden Sector

9

Known physics 

Unknown physics 

Energy Frontier 
SUSY, extra dim. 
Composite Higgs 
Î LHC, FHC 

Intensity Frontier 
Hidden Sector 
Î Fixed target facility
�����DQG�/+&E� 

Figure 1.1: New physics that can be explored at intensity frontier experiments and its compli-
mentarily with the energy frontier

Alternatively, some of the new particles, responsible for the resolution of the BSM puzzles, can be
heavy or do not interact directly with the SM sector. These “hidden sectors” may nevertheless be
accessible to the intensity frontier experiments via few su�ciently light particles, which are cou-
pled to the Standard Model sectors either via renormalizable interactions with small dimensionless
coupling constants (“portals”) or by higher-dimensional operators suppressed by the dimensionful
couplings ⇤�n, corresponding to a new energy scale of the hidden sector.

For the Standard Model, renormalizable portals can be classified into the following 3 types,
depending on the mass dimension of the SM singlet operator.

Dimension GeV2, Vector portal: new particles are Abelian fields, A0
µ

with the field strength
F 0

µ⌫
, that couple to the hypercharge field Fµ⌫

Y
via

LVector portal = ✏F 0
µ⌫

Fµ⌫

Y
, (1.0.1)

where ✏ is a dimensionless coupling characterising the mixing between the new vector field with the
Z-boson and the photon. The phenomenology of the vector portal is discussed in Section 2.

Dimension GeV2, Scalar portal: new particles are neutral singlet scalars, Si that couple to
the square of the Higgs field |�|

2:

LScalar portal = (�iS
2
i

+ giSi)(�
†�) , (1.0.2)

where �i are dimensionless and gi are dimensionful couplings. The phenomenology of the scalar
portal is discussed in Section 3.

Dimension GeV
5
2 , Neutrino portal: the singlet operators (L̄↵ ·�̃) couple to new neutral singlet

fermions NI

LNeutrino portal = F↵I(L̄↵ · �̃)NI .

– 9 –
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https://inspirehep.net/record/1362180
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Belle II detector
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Prospects for long-lived particle searches at Belle II (Torben Ferber) 3

Super B-factory detector: Belle II

positrons e+

electrons e-

KL and muon detector (KLM): 
Resistive Plate Counters (RPC) (outer barrel) 
Scintillator + WLSF + MPPC (endcaps, inner barrel)

Particle Identification (PID): 
Time-Of-Propagation counter (TOP) (barrel) 
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals 
waveform sampling (energy, time, pulse-shape)

Vertex detectors (VXD): 
2 layer DEPFET pixel detectors (PXD) 
4 layer double-sided silicon strip detectors (SVD)

Central drift chamber (CDC): 
He(50%):C2H6 (50%), small cells,  
fast electronics

Magnet: 
1.5 T superconducting

Trigger: 
Hardware: < 30 kHz 
Software: < 10 kHz

DEPFET: depleted p-channel field-effect transistor 
WLSF: wavelength-shifting fiber 
MPPC: multi-pixel photon counter
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Dark Bosons from s→d
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s
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u

u

X0

d

u

µ+

µ�

⌃+ p

๏ LHCb can search even in rare s→d
• Motivated by HyperCP anomaly at  

mX = 214.3 ± 0.5 MeV
• Various interpretations related to DM

๏ LHCb got evidence for SM Σ+→pµµ at 4.0 σ 
⇒ searched in µµ spectrum

๏ No HyperCP anomaly observed:

๏ For comparison HyperCP observed:
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Figure 4(a) compares the dimuon mass distribution of
the three signal candidates with that expected in the SM
with the form factors described below. The reconstructed
dimuon masses for the three candidates, 214.7, 214.3, and
213:7 MeV=c2, all lie within the expected dimuon mass
resolution of ! 0:5 MeV=c2. The dimuon mass distribu-
tion for !"

p!! decays is expected to be broad unless the
form factor has a pole in the kinematically allowed range
of dimuon mass.

The expected SM distribution was used to estimate the
probability that the dimuon masses of the three signal
candidates be within 1 MeV=c2 of each other anywhere
within the kinematically allowed range. The probability is
0.8% for the form-factor decay model and 0.7% for the
uniform phase-space decay model. The unexpectedly nar-
row dimuon mass distribution suggests a two-body decay,
!" ! pP0; P0 ! !"!# (!"

pP!!), where P0 is an un-
known particle with mass 214:3$ 0:5 MeV=c2. The di-
muon mass distribution for the three signal candidates is
compared with MC !"

pP!! decays in Fig. 4(b), and good
agreement is found. Distributions of hit positions and
momenta of the proton, !", and !# of the three candidate
events were compared with MC distributions, and were
found to be consistent with both decay hypotheses.

To extract the !"
p!! branching ratio, the !" !

p"0;"0 ! e"e## (!"
pee#) decay was used as the normal-

ization mode, where the # was not detected. (HyperCP had
no # detectors.) The trigger for the !"

pee# events was the
Left-Right trigger prescaled by 100. The proton and two
unlike-sign electrons were required to come from a single
vertex, as were the three tracks of the signal mode.

The proton was selected to be the positively-charged
track with the greatest momentum, and the event was
discarded if the proton candidate did not have at least
66% of the total three-track momentum, as determined
by a MC simulation of !"

pee# decays. The reconstructed
mass for the 3" hypothesis was required to be outside
$10 MeV=c2 of the K" mass. The cuts on $2=ndf,
DCA, and the total momentum were the same as for the

signal mode. However, the decay vertex had to be more
than 168 cm downstream of the entrance of the vacuum
decay region and more than 32 cm upstream of its exit.
Since the # momentum was not measured, the x and y
positions of the !" trajectory at the target were determined
using only the three charged tracks, and those positions had
to be consistent with that expected from a MC simulation
of !"

pee# decays. To significantly reduce contamination
from photon-conversion events, the dielectron mass was
required to be between 50 and 100 MeV=c2. After appli-
cation of the above selection criteria, a total of 211 events
remained, as shown in Fig. 5. We performed a binned
maximum-likelihood fit for the mass distributions for
data and three MC samples: !"

pee# decays, K" ! """0,
"0 ! e"e## (K"

"ee#) decays, and uniform background.
From the fit, the number of observed !"

pee# decays was
Nobs

nor % 189:7$ 27:4 events, where the uncertainty is sta-
tistical. To extract the total number of normalization
events, values of &51:57$ 0:30'% and &1:198$ 0:032'%
were used, respectively, for the !" ! p"0 and "0 !
e"e## branching ratios [6].

The kinematic parameters for !" production at the
target were tuned to match the data and MC !"

pee# mo-
mentum distributions. The MC !"

pee# decays were gener-
ated using the decay model in Ref. [7] for "0 ! e"e##
("0

ee#) decays, and the "0 electromagnetic form-factor
parameter a % 0:032$ 0:004 was taken from Ref. [6].
After tuning of the parameters, comparisons of the distri-
butions of the MC events with the data for !"

pee# decays,
the decay vertex positions, momentum spectra, recon-
structed mass, hit positions of each charged particle, etc.
showed good agreement.

In the simulation of the !"
p!! decays, we used the form-

factor model of Bergström et al. [1], although we found
little difference between results using it and a uniform
phase-space decay model. The form-factor model uses

FIG. 4. Real (points) and MC (histogram) dimuon mass dis-
tributions for (a) !"

p!! MC events (arbitrary normalization) with
a form-factor decay (solid histogram) and uniform phase-space
decay (dashed histogram) model, and (b) !"

pP!! MC events
normalized to match the data.

FIG. 5. The reconstructed pe"e# mass distribution for the
normalization mode after all cuts. The histogram is the sum of
MC samples of !"

pee#, K"
"ee# decays and a uniform background,

where the relative amounts of each were determined by a fit, and
the number of MC events was normalized to match the number
of data events. The hatched area shows the main background
source (uniform background).

PRL 94, 021801 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
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021801-3
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Dark Bosons from ggF
๏ Spin-0 particles copiously produced in 

ggF  ⇒  Extensive searches at the LHC

๏ m~10 GeV difficult for γγ or ττ searches

‣ Use µµ: mass resolution is key

๏ Analysis features:
• Mass-independent efficiency  

(using uniform BDT technique)
• Bins of kinematics to maximise sensitivity 

model independently
• Fit run in GPU to speed-up CLs method
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idea: light NMSSM Higgs
๏ Spin-0 particle coupling mainly to third 

generation may have escaped detection in 
[10, 50] GeV mass region 

๏ Well motivated in NMSSM and by  
Fermi-LAT excess as scalar off-shell  
mediator of DM annihilation 

๏ LHCb has unique potential! 
‣ Best di-muon mass resolution 
‣ Forward acceptance 
‣ Very soft di-muon trigger 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Constraints on universal κP
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• For mP  ∈ [8.6, 11.5] GeV recast of LHCb ϒ data allows to set first 
O(1) limits on |κP |. Above 11.5 GeV CMS dimuon search superior
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Figure 1: E�ciency-corrected dimuon mass distributions for (left)
p
s = 7TeV and

(right)
p
s = 8TeV samples in the region 3 < pT < 4GeV/c, 3.0 < y < 3.5. The thick dark

yellow solid curves show the result of the fits, as described in the text. The three peaks, shown
with thin magenta solid lines, correspond to the ⌥(1S), ⌥(2S) and ⌥(3S) signals (left to right).
The background component is indicated with a blue dashed line. To show the signal peaks clearly,
the range of the dimuon mass shown is narrower than that used in the fit.

the mass distribution of the ⌥(1S) meson are free fit parameters. For the ⌥(2S) and
⌥(3S) mesons the mass di↵erences m(⌥(2S))�m(⌥(1S)) and m(⌥(3S))�m(⌥(1S)) are
fixed to the known values [42], while the resolutions are fixed to the value of the reso-
lution of the ⌥(1S) signal, scaled by the ratio of the masses of the ⌥(2S) and ⌥(3S) to
the ⌥(1S) meson. The tail parameters of the Crystal Ball function describing the radiative
tail are fixed from studies of simulated samples.

The fits are performed independently on the e�ciency-corrected dimuon mass dis-
tributions in each (pT,y) bin. As an example, Fig. 1 shows the results of the fits in
the region 3 < pT < 4GeV/c and 3.0 < y < 3.5. For each bin the position and the res-
olution of the ⌥(1S) signal is found to be consistent between

p
s = 7 and 8TeV data

sets. The resolution varies between 33MeV/c2 in the region of low pT and small rapidity
and 90MeV/c2 for the high pT and large y region, with the average value being close
to 42MeV/c2. The total signal yields are obtained by summing the signal yields over all
(pT, y) bins and are summarised in Table 1.

4 Systematic uncertainties

The systematic uncertainties are summarised in Table 2, separately for the measurement
of the cross-sections and of their ratios.

The uncertainty related to the mass model describing the shape of the dimuon
mass distribution is studied by varying the fit range and the signal and background
parametrisation used in the fit model. The fit range is varied by moving the upper edge
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Figure 1: The dimuon invariant-mass distribution in the vicinity of the U(nS) resonances for
|yU| < 2.4 (left) and for the subset of events where the rapidity of the U(nS) satisfies |yU| < 0.4
(right). The solid lines represent the results of the fits to the signal-plus-background functions
described in the text.

section is determined from the efficiency-corrected signal yield within the kinematic region
defined in Eq. (1).

5 Acceptance
The U ! µ+µ� acceptance of the CMS detector is the product of two terms. The first is, for
a given p

U
T and y

U, the fraction of dimuon decays in which both muons are within the phase
space specified in Eq. (1). The second is the probability that when there are only two muons in
the event both can be reconstructed in the tracker without requiring the quality criteria. Both
components are evaluated by simulation and parametrized as a function of p

U
T and y

U. The
second component is close to unity, as verified in simulation and data.

Following Ref. [6], the acceptance is defined by the ratio

A
⇣

p
U
T

, y
U
⌘
=

N
reco �

p
U
T, y

U
�� Si tracks satisfying Eq. (1)

�

Ngen
�

p
U
T, yU

� , (3)

and is computed in small bins in (p
U
T, y

U). The parameter N
gen is the number of U particles gen-

erated within a given (p
U
T, y

U) bin, while N
reco is the number of U particles with reconstructed

(p
U
T, y

U) values within that bin, and having the silicon tracks satisfying Eq. (1). The (p
U
T, y

U)
values represent the generated and reconstructed values, respectively in the denominator and
the numerator, thus accounting also for the effect of detector resolution in the definition of A.
In addition the numerator requires the two tracks to be reconstructed with opposite charges
and have an invariant mass within the U mass-fit range of 7–14 GeV/c

2.

The acceptance is evaluated with a signal MC simulation sample in which the U decay to two
muons is generated with the EVTGEN [19] package, including FSR. There are no particles in
the event besides the U, its daughter muons, and the FSR photons. The U mesons are gener-
ated uniformly in p

U
T and y

U. This sample is then simulated and reconstructed with the CMS
detector simulation software to assess the effects of multiple scattering and finite resolution of
the detector. An acceptance map with the assumption of zero U polarization can be found in
Ref. [6]. Systematic uncertainties arising from the dependence of the cross section measurement
on the MC simulation description of the pT spectrum and resolution are evaluated in Section 7.
The acceptance is calculated as a two-dimensional grid in p

U
T and |yU| using bin sizes of 0.1 in

[PLB727(2013)101-125] [JHEP 1511(2015)103]

µ+

µ�
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Figure 1: E�ciency-corrected dimuon mass distributions for (left)
p
s = 7TeV and

(right)
p
s = 8TeV samples in the region 3 < pT < 4GeV/c, 3.0 < y < 3.5. The thick dark

yellow solid curves show the result of the fits, as described in the text. The three peaks, shown
with thin magenta solid lines, correspond to the ⌥(1S), ⌥(2S) and ⌥(3S) signals (left to right).
The background component is indicated with a blue dashed line. To show the signal peaks clearly,
the range of the dimuon mass shown is narrower than that used in the fit.

the mass distribution of the ⌥(1S) meson are free fit parameters. For the ⌥(2S) and
⌥(3S) mesons the mass di↵erences m(⌥(2S))�m(⌥(1S)) and m(⌥(3S))�m(⌥(1S)) are
fixed to the known values [42], while the resolutions are fixed to the value of the reso-
lution of the ⌥(1S) signal, scaled by the ratio of the masses of the ⌥(2S) and ⌥(3S) to
the ⌥(1S) meson. The tail parameters of the Crystal Ball function describing the radiative
tail are fixed from studies of simulated samples.

The fits are performed independently on the e�ciency-corrected dimuon mass dis-
tributions in each (pT,y) bin. As an example, Fig. 1 shows the results of the fits in
the region 3 < pT < 4GeV/c and 3.0 < y < 3.5. For each bin the position and the res-
olution of the ⌥(1S) signal is found to be consistent between

p
s = 7 and 8TeV data

sets. The resolution varies between 33MeV/c2 in the region of low pT and small rapidity
and 90MeV/c2 for the high pT and large y region, with the average value being close
to 42MeV/c2. The total signal yields are obtained by summing the signal yields over all
(pT, y) bins and are summarised in Table 1.

4 Systematic uncertainties

The systematic uncertainties are summarised in Table 2, separately for the measurement
of the cross-sections and of their ratios.

The uncertainty related to the mass model describing the shape of the dimuon
mass distribution is studied by varying the fit range and the signal and background
parametrisation used in the fit model. The fit range is varied by moving the upper edge

4

4 5 Acceptance

)2 invariant mass (GeV/c-µ+µ
7 8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.0
5 

G
eV

/c

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

)2 invariant mass (GeV/c-µ+µ
7 8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.0
5 

G
eV

/c

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

 = 7 TeVsCMS, 
| < 2.4Υ, |y-1L = 36 pb

)2 invariant mass (GeV/c-µ+µ
7 8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.0
5 

G
eV

/c

0

500

1000

1500

2000

2500

3000

3500

4000

)2 invariant mass (GeV/c-µ+µ
7 8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.0
5 

G
eV

/c

0

500

1000

1500

2000

2500

3000

3500

4000

 = 7 TeVsCMS, 
| < 0.4Υ, |y-1L = 36 pb

Figure 1: The dimuon invariant-mass distribution in the vicinity of the U(nS) resonances for
|yU| < 2.4 (left) and for the subset of events where the rapidity of the U(nS) satisfies |yU| < 0.4
(right). The solid lines represent the results of the fits to the signal-plus-background functions
described in the text.

section is determined from the efficiency-corrected signal yield within the kinematic region
defined in Eq. (1).

5 Acceptance
The U ! µ+µ� acceptance of the CMS detector is the product of two terms. The first is, for
a given p

U
T and y

U, the fraction of dimuon decays in which both muons are within the phase
space specified in Eq. (1). The second is the probability that when there are only two muons in
the event both can be reconstructed in the tracker without requiring the quality criteria. Both
components are evaluated by simulation and parametrized as a function of p

U
T and y

U. The
second component is close to unity, as verified in simulation and data.

Following Ref. [6], the acceptance is defined by the ratio

A
⇣

p
U
T

, y
U
⌘
=

N
reco �

p
U
T, y

U
�� Si tracks satisfying Eq. (1)

�

Ngen
�

p
U
T, yU

� , (3)

and is computed in small bins in (p
U
T, y

U). The parameter N
gen is the number of U particles gen-

erated within a given (p
U
T, y

U) bin, while N
reco is the number of U particles with reconstructed

(p
U
T, y

U) values within that bin, and having the silicon tracks satisfying Eq. (1). The (p
U
T, y

U)
values represent the generated and reconstructed values, respectively in the denominator and
the numerator, thus accounting also for the effect of detector resolution in the definition of A.
In addition the numerator requires the two tracks to be reconstructed with opposite charges
and have an invariant mass within the U mass-fit range of 7–14 GeV/c

2.

The acceptance is evaluated with a signal MC simulation sample in which the U decay to two
muons is generated with the EVTGEN [19] package, including FSR. There are no particles in
the event besides the U, its daughter muons, and the FSR photons. The U mesons are gener-
ated uniformly in p

U
T and y

U. This sample is then simulated and reconstructed with the CMS
detector simulation software to assess the effects of multiple scattering and finite resolution of
the detector. An acceptance map with the assumption of zero U polarization can be found in
Ref. [6]. Systematic uncertainties arising from the dependence of the cross section measurement
on the MC simulation description of the pT spectrum and resolution are evaluated in Section 7.
The acceptance is calculated as a two-dimensional grid in p

U
T and |yU| using bin sizes of 0.1 in
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๏ First limits in 8.7-11.5 GeV region
๏ Competitive with CMS elsewhere

CMS PRL 109(2012)121801

• Precise modelling of Υ(nS) tails 
to search as close as possible

D.Martinez Santos et al NIM A764(2014)150 

LHCb, arXiv:1805.09820

https://inspirehep.net/record/1120142
https://inspirehep.net/record/1272680
https://lhcbproject.web.cern.ch/lhcbproject/Publications/p/LHCb-PAPER-2018-008.html
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Search for W+ → μ+μ±jet
๏ Target is a heavy neutrino 
• Using Run 1 dataset (3/fb)
• Searching both  and 
• Limits not yet competitive (ATLAS, CMS, LEP) 
→ interesting sensitivity in Upgrade

N → μ±jet

μ+μ+jet μ+μ−jet
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HNL in W → µµ+jet

• search for a prompt heavy neutrino in 
the decay of a W boson 

• mass range: 5-50 GeV 
• dataset: run I (1+2 fb-1) 
• final state: µµ+jet (both same and 

opposite sign muons) 
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letter a search for lepton number violating decays of the
type B+! h�µ+µ+, where h� represents a K� or a ⇡�,
is presented. The inclusion of charge conjugated modes
is implied throughout. A search for any lepton number
violating process that mediates the B+ ! h�µ+µ+ de-
cay is made. A specific search for B+! h�µ+µ+ decays
mediated by an on-shell Majorana neutrino (Fig. 1) is
also performed. Such decays would give rise to a nar-
row peak in the invariant mass spectrum of the hadron
and one of the muons [3], m⌫ = mhµ, if the mass of the
neutrino is betweenmK(⇡)+mµ andmB�mµ. The previ-
ous best experimental limit on the B+! K�(⇡�)µ+µ+

branching fraction is 1.8(1.2) ⇥ 10�6 at 90% confidence
level (CL) [4].

The search for B+! h�µ+µ+ is carried out with data
from the LHCb experiment at the Large Hadron Collider
at CERN. The data corresponds to 36 pb�1 of integrated
luminosity of proton-proton collisions at

p
s = 7TeV

collected in 2010. The LHCb detector is a single-arm
spectrometer designed to study b-hadron decays with an
acceptance for charged tracks with pseudorapidity be-
tween 2 and 5. Primary proton-proton vertices (PVs),
and secondary B vertices are identified in a silicon strip
vertex detector. Tracks from charged particles are re-
constructed by the vertex detector and a set of tracking
stations. The curvature of the tracks in a dipole magnetic
field allows momenta to be determined with a precision
of �p/p = 0.35–0.5%. Two Ring Imaging CHerenkov
(RICH) detectors allow kaons to be separated from pi-
ons/muons over a momentum range 2 < p < 100GeV/c.
Muons with momentum above 3GeV/c are identified on
the basis of the number of hits left in detectors inter-
leaved with an iron muon filter. Further details about
the LHCb detector can be found in Ref. [5].

The search for B+ ! h�µ+µ+ decays is based on
the selection of B+ ! h±µ+µ⌥ candidates. The B+ !
J/ K+ decay with J/ ! µ+µ� is included in the same
selection. It is subsequently used as a normalisation
mode when setting a limit on the branching fraction of
the B+! h�µ+µ+ decays. The selection is designed to
minimise and control the di↵erence between decays with
same- and opposite-sign muons and thus cancel most of

u

b̄
µ+

µ+

s (d)

ū
⌫MW+

W�

B+

K� (⇡�)

⇥
⇥

FIG. 1. s-channel diagram for B+ ! K�µ+µ+

(B+! ⇡�µ+µ+) where the decay is mediated by an on-shell
Majorana neutrino.

the systematic uncertainty from the normalisation. The
only di↵erences in e�ciency between the signal and nor-
malisation channels are due to the decay kinematics and
the presence of a same-sign muon pair, rather than an
opposite-sign pair, in the final state.
In the trigger, the B+ ! h±µ+µ⌥ candidates are re-

quired to pass the initial hardware trigger based on the
pT of one of the muons. In the subsequent software trig-
ger, one of the muons is required to have a large impact
parameter (IP) with respect to all the PVs in the event
and to pass requirements on the quality of the track fit
and the compatibility of the candidate with the muon
hypothesis. Finally, the muon candidate combined with
another track is required to form a vertex displaced from
the PVs.
Further event selection is applied o✏ine on fully recon-

structed B decay candidates. The selection is designed
to reduce combinatorial backgrounds, where not all the
selected tracks come from the same decay vertex; and
peaking backgrounds, where a single decay is selected
but with some of the particle types misidentified. The
combinatorial background is smoothly distributed in the
reconstructed B-candidate mass and the level of back-
ground is assessed from the sidebands around the signal
window. Peaking backgrounds fromB decays to hadronic
final states, final states with a J/ and semileptonic final
states are also considered.
Proxies are used in the optimisation of the selection for

both the signal and the background to avoid a selection
bias. The B+! J/ K+ decay is used as a proxy for the
signal. The background proxy comprises opposite-sign
B+! h+µ+µ� candidates with an invariant mass in the
upper mass sideband and with muon pairs incompatible
with a J/ or a  (2S) hypothesis. The bias introduced
by using B+ ! J/ K+ for both optimisation and as
a normalisation mode is insignificant due to the large
number of candidates.
The combinatorial background is reduced by requiring

that the decay products of the B have pT > 800MeV/c.
Tracks are selected which are incompatible with origi-
nating from a PV based on the �2 of the tracks’ impact
parameters (�2

IP > 45). The direction of the candidate
B+ momentum is required to be within 8mrad of the
reconstructed B+ line of flight. The B+ vertex is also
required to be of good quality (�2 < 12 for three degrees
of freedom) and significantly displaced from the PV (�2

of vertex separation larger than 144).
The selection uses a range of particle identifica-

tion (PID) criteria, based on information from the RICH
and muon detectors, to ensure the hadron and the muons
are correctly identified. For example, DLLK⇡ is the dif-
ference in log-likelihoods between the K and ⇡ hypothe-
ses. For theB+! K�µ+µ+ final state, DLLK⇡ > 1 is re-
quired to select kaon candidates. For the B+! ⇡�µ+µ+

final state the selection criterion is mirrored to select
pions with DLLK⇡ < �1. The B+ ! K�µ+µ+ and
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HNL in W → µµ+jet

• fit to the µ+jet mass distribution to get the signal yield 

same-sign muons opposite-sign muons
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Figure 7: Expected (dashed line) and observed (solid line) upper limit on B(N ! µjet) |VµN |2
at 95% C.L. for (left) the same-sign muons sample and (right) the opposite-sign muons sample.
No lifetime correction is applied. The bands of di↵erent shades of green indicate, from light to
dark, the 1�, 2� and 3� uncertainties on the expected upper limits.
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Strategy for prompt-like A′ → μ+μ−
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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.

The prompt-like A0 search strategy involves determining the observed A0
!µ+µ� yields91

from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints92

on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood93

fits are performed using the dimuon vertex-fit quality, �2
VF(µ

+µ�), and min[�2
IP(µ

±)]94

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

VF(PV) when the PV is95

reconstructed with and without the muon track. The �2
VF(µ

+µ�) and min[�2
IP(µ

±)] fits96

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

ob[m(A0)] results used97

as the nominal value and half the di↵erence assigned as a systematic uncertainty.98

Both fit quantities are built from features that approximately follow �2 probability99

density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are100

taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant101

(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other102

masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the103

data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,104

which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±
105

candidates that satisfy all of the prompt-like criteria. A correction is applied to the106

observed µ±µ± yield at each mass to account for the di↵erence in the production rates107

of ⇡±⇡⌥ and ⇡±⇡±, since double misidentified ⇡±⇡⌥ pairs are the dominant source of108

the hh background. This correction, which is derived using a prompt-like dipion data109

sample weighted by pT-dependent muon-misidentification probabilities, is as large as a110

factor of two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ111

background, which involves muons produced displaced from the PV and rarely at the112

same spatial point, are obtained from simulation. Example min[�2
IP(µ

±)] fit results are113

provided in Ref. [59], while Fig. 1 shows the resulting data categorizations. Finally, the114

n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small115

expected Bethe-Heitler contribution is subtracted [50].116

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for117

A0
!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is118

performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).119

The profile likelihood is used to determine the p-value and the confidence interval for120

nA0
ob[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The signal121

PDFs are fixed using a combination of simulated A0
!µ+µ� decays and the widths of the122
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Figure 7: Mass spectrum selected by the prompt-like A0
!µ+µ� trigger.
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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.
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same spatial point, are obtained from simulation. Example min[�2
IP(µ

±)] fit results are113

provided in Ref. [59], while Fig. 1 shows the resulting data categorizations. Finally, the114

n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small115

expected Bethe-Heitler contribution is subtracted [50].116

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for117

A0
!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is118

performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).119

The profile likelihood is used to determine the p-value and the confidence interval for120

nA0
ob[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The signal121

PDFs are fixed using a combination of simulated A0
!µ+µ� decays and the widths of the122

3

→ from data at m(J/ψ) and m(Z) 
→ from min[χ2IP] template fit  
→ from same-sign  (corrected)μ+μ+

(µQ is a muon from a heavy-flavour decay)

m(A') = 50 GeVm(A') = 0.5 GeV m(A') = 5 GeV
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Figure 4: Three-dimensional distribution of �2
DF versus t versus m(µ+µ�), which is fit to

determine the long-lived signal yields. The data are consistent with being predominantly due to
b-hadron decays at small t, and due to K0

S decays for large t and m(µ+µ�) & 280MeV. The
largest signal-like excess occurs at m(A0) = 239MeV and ⌧(A0) = 0.86 ps.
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Figure 5: E�ciency ratio ✏A0
�⇤ [m(A0), ⌧(A0)] for long-lived dark photons, integrated over decay

time. The sharp decrease at larger values of "2 is due to the stringent min[�2
IP(µ

±)] criterion
applied in the 2016 trigger.
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 fiducial regionsX → μ+μ−

Comments:

๏  so that 
• This is rarely satisfied at 

๏ Formed b-jets with anti-  using 

๏  results in minimal  dependence

๏ Split in  bins for  to better model 
efficiency and resolution 

α(μ+μ−) > 1(3) mrad ε(μ+μ−) ≃ ε(μ+)ε(μ−)
pT > 50 GeV

kT R = 0.5

12 < ρT < 30 mm ε(ρT)

pT m(χ) < 20 GeV
m(χ)

53

Table 1: Fiducial regions of the searches for prompt-like and displaced X!µ
+
µ
� decays.

all searches
pT(µ) > 0.5GeV, 10GeV<p(µ)<1TeV, 2<⌘(µ)<4.5,

p
pT(µ+)pT(µ�) > 1GeV

5  ncharged(2<⌘<4.5, p>5GeV)<100 (from same PV as X!µ
+
µ
�)

prompt-like X!µ
+
µ
� decays

1 < pT(X) < 50GeV, X proper decay time < 0.1 ps, ↵(µ+
µ
�) > 1mrad

20 < pT(b-jet) < 100GeV, 2.2 < ⌘(b-jet) < 4.2 (X + b only)

displaced X!µ
+
µ
� decays

2 < pT(X) < 10GeV, 2<⌘(X)<4.5, ↵(µ+
µ
�) > 3mrad, 12 < ⇢T(X) < 30mm

20 < pT(jet) < 100GeV and a pseudorapidity in the range 2.2 < ⌘(jet) < 4.2 so that the47

b-tagging e�ciency is nearly uniform within the fiducial region. Finally, the displaced48

X!µ
+
µ
� secondary vertex (SV) is required to be transversely displaced from the PV49

in the range 12 < ⇢T < 30mm, which results in minimal dependence on the SV location50

distribution. For example, this requirement leads the e�ciency being nearly independent51

of the X lifetime, ⌧(X); however, the probability that the X boson decays in this region52

is strongly dependent on ⌧(X).53

This article is structured as follows. The LHCb detector, trigger, and simulation are54

described in Sec. 2, while the o✏ine selections used in each of the searches are discussed55

in Sec. 3. Section 4 presents the searches for both prompt-like and displaced X!µ
+
µ
�

56

decays. Section 5 discusses the e�ciencies and luminosity. The model-independent cross-57

section results, along with interpretations of these results within the context of specific58

models, are described in Sec. 6. Section 7 provides a summary and discussion of all results.59

2 Detector and simulation60

The LHCb detector [16, 17] is a single-arm forward spectrometer covering the61

pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or c62

quarks. The detector includes a high-precision tracking system consisting of a silicon-strip63

vertex detector surrounding the proton-proton interaction region (VELO), a large-area64

silicon-strip detector located upstream of a dipole magnet with a bending power of about65

4Tm, and three stations of silicon-strip detectors and straw drift tubes placed downstream66

of the magnet. The tracking system provides a measurement of the momentum of charged67

particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at68

200GeV. The minimum distance of a track to a PV, the impact parameter, is measured69

with a resolution of (15 + 29/pT)µm, where pT is in GeV. Di↵erent types of charged70

hadrons are distinguished using information from two ring-imaging Cherenkov detec-71

tors. Photons, electrons and hadrons are identified by a calorimeter system consisting of72

scintillating-pad and preshower detectors, an electromagnetic and a hadronic calorimeter.73

Muons are identified by a system composed of alternating layers of iron and multiwire74

proportional chambers.75

The online event selection is performed by a trigger, which consists of a hardware76

2
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 systematicsX → μ+μ−

54

Table 2: Summary of systematic uncertainties. ⇤The luminosity and e�ciency uncertainties are
highly correlated, which is accounted for when obtaining the total uncertainties.

source relative uncertainty

signal model 5%
background model data driven, see Sec. 4

trigger, reconstruction, selection 2–5% (bin dependent)
charged-particle multiplicity 5%
X kinematics 10–30% (bin dependent)
b-jet selection 11% (X + b only)
SV selection 5% (SV-based only)
X SV distribution 10% (SV-based only)

luminosity 6%⇤

total 11–30% (bin dependent)
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Figure 7: Upper limits at 90% confidence level on �(X!µ
+
µ
�) at each m(X) < 20GeV for the

(top) inclusive and (bottom) associated beauty prompt-like X!µ
+
µ
� searches.
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 in [your model here]X → μ+μ−

55

m(X) [ GeV ]
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Example: UL at 90% CL on  for prompt-like σ(X → μ+μ−) X → μ+μ−

pT(µ) > 0.5GeV
10<p(µ)<1000GeV

All searches 2<⌘(µ)<4.5p
pT(µ+)pT(µ�) > 1GeV

5  ncharged(2<⌘<4.5, p>5GeV)<100 (from same PV as X )

1 < pT(X) < 50GeV
Prompt-like X decay time < 0.1 ps

X!µ+µ� decays ↵(µ+µ�) > 1mrad
20 < pT(b-jet) < 100GeV, 2.2 < ⌘(b-jet) < 4.2 (X + b only)

2 < pT(X) < 10GeV
Displaced 2<⌘(X)<4.5

X!µ+µ� decays ↵(µ+µ�) > 3mrad
12 < ⇢T(X) < 30mm

๏ Anyone is encouraged to 
reinterpret the results:
• Get numbers from the 

supplementary material
• Fiducial regions, plots and 

details in the paper

Corresponding fiducial region
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2HDM type IV, tan � = 0.5

 in 2HDM+SX → μ+μ−

56

๏ Use prompt search to place limits on 2HDM + complex scalar singlet
• World-best upper limit on mixing angle with SM Higgs 
• In this scenario,  excess seen by CMS (JHEP 11 (2018) 161) excluded 

with 20 times lower cross section

sin(θH)
X + bb̄

PRD 93 (2016) 055047

LHCb Run 1:     JHEP 09 (2018) 147
LHCb Run 2:     LHCb-PAPER-2020-013 in preparation 
CMS Run 1:       Phys. Rev. Lett. 109 (2012) 121801  
CMS Run 2:       Phys. Rev. Lett. 124 (2020) 131802
BaBar :  Phys. Rev. D 87 (2013) 031102 Υ → γX

LHCb JHEP10(2020)156
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 in Hidden ValleyX → μ+μ−

๏ Example: use displaced search results to place limits on Hidden 
Valley model with “dark showers” of light hidden hadrons
• 90% upper limits on kinetic mixing between  and heavy 
• Results depend on hidden hadron multiplicity (here )
• World-first constraints below unity for this mixing strength

γ ZHV

< NHV > ≃ 10

57
Theoretical model from:  

Phys. Rev. D97 (2018) 095033 

log10(ϵ)

LHCb JHEP10(2020)156

https://inspirehep.net/literature/1805777
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Searches in displaced quarks

๏ Run 1 searches with displaced dijet or jet+
• Competitive with ATLAS/CMS for  

low mass and short lifetime

๏ Now moving to pairs of hadrons
• Large BR for low mass 
• Can exploit LHCb execellent mass  

resolution and hadron PID

ℓ±

K+K−

58

EUR. PHYS. J. C76 (2016) 664
EUR. PHYS. J. C77 (2017) 224
EUR. PHYS. J. C77 (2017) 812  
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Regions where B(H0 ! ºV ºV ) > 50% is excluded at 95% CL

ATLAS 20.3 fb°1 at 8 TeV
LHCb 2.0 fb°1 at 7-8 TeV
CMS 18.5 fb°1 at 8 TeV

Will push in  
this direction⇡v
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LLP Backgrounds in VELO
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๏ Heavy Flavour displaced decays
• τ(B)~1.5 ps, βγ~10 ⇒ few mm

๏ Thin VELO envelope (RF foil)
• < 5 mm: background mainly 

from heavy-flavour background
• > 5 mm: background mainly 

from material interaction
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Figure 6. Example comparisons between the (filled bins) reconstructed SV locations and (red lines) the ma-
terial map for: (top) x versus z near y= 0 mm; (middle) same as the top but zoomed in on the 0 < z < 100 mm
region; (bottom left) x versus y near the left-half r sensor at z = 34.4 mm; and (bottom right) x versus y near
the right-half f sensor at z = 49.3 mm. For visual clarity: in the top panel, the red vertical lines denote the
center of each sensor, while in the bottom panels only the edges of the sensors are shown; and in all panels,
only the nominal RF-foil position is shown; i.e. the red RF-foil curves do not display its thickness.
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๏ VELO material map 
• Based on material interactions from 

hadrons produced in beam-gas 
collisions

• Can assign p-value to material 
interaction hypothesis

• Very effective in vetoing photons 
conversions in the material 1
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where the 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.

good quality. Futhermore, the SVs are required to be inconsistent with originating from the beam-67

spot in the xy-plane, and only events with exactly one SV are used. In total, 14M and 38M SVs are68

used to build the Run 1 and Run 2 maps, respectively. Figures 2 and 3 presents some displays of69

the reconstructed SV locations.70

3. Material Maps71

Separate VELO material maps are constructed for Run 1 and Run 2. The z positions of the sensors72

are determined by fitting the observed SV z distributions near each nominal module location. In73

these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm (x < 1.5 mm) for the left74

(right) VELO half. These requirements highly suppress contributions from material interactions75

in the RF-foil and from beam-induced backgrounds. Since the manufacturing tolerance of the76

sensor wafers is only 0.05 mm, the nominal wafer shapes in the transverse plane are used for the77

sensors. The x and y positions of each sensor, which are nominally at the xbeam and 0, are fitted78

simultaneously to the observed xy positions using SVs near each sensor in z. Only SVs that are79

inconsistent with originating from an interaction in the RF-foil are used in these fits. Figure 480

shows the shifts with respect to the nominal positions of each module. The largest shifts observed81

in z are ⇡ 0.6 mm in two of the pile-up sensors, while all standard sensors are consistent with82

their expected nominal positions to . 0.3 mm. Furthermore, the fitted z positions are found to be83

consistent in Run 1 and Run 2. The y positions are all found to be consistent with the expected84

values in both run periods; however, the modules are found to be shifted by O(0.1 mm) in x.85

The shape of the RF-foil in the xy-plane is roughly a semi-circle about the origin that transi-86

tions into straight lines that extend out away from the origin at fixed x values. The parametrization87

employed here describes these transitions using additional semi-circles (interpolation using bicubic88

splines was also tried, but found to provide a worse description of the data). The xy distributions89

of SVs are fit in 1 mm wide slices in z, where SVs consistent with originating from a module are90

removed, and in each of the 1066 slices four parameters are determined. The z dependence of each91
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