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• Search using 2015 to 2018 dataset ~ 139 fb-1 
• Signal selected using the powerful ATLAS MET triggers: 

Trigger algorithms based on the presence of missing 
transverse momentum, EmissT 

• Probing decays of the Higgs to invisible particles when 
produced through the SM-predicted vector boson fusion 
(VBF) in association with an emitted photon (top) 
• Higgs boson decays to a photon and an invisible dark 

photon with a branching ratio B(H → γγd) 
• This makes it sensible also to probe a dark photon model 

which predicts a massless dark photon (γd) coupled with 
the Higgs boson through a U(1) unbroken dark sector 
(bottom)

ATLAS: Searches for electroweak production of two jets in association with a Higgs 
boson decaying fully or partially to invisible particles, including a final state photon 
using proton-proton collisions at 13 TeV

CONF-2021-004

The ggF Higgs boson production is simulated at next-to-next-to-leading order (NNLO ) accuracy in ↵S using
P����� NNLOPS [41–45], which achieves NNLO accuracy for arbitrary inclusive gg ! H observables
by reweighting the Higgs boson rapidity spectrum of MJ-MiNLO [46–48] to that of HNNLO [49]. The
PDF4LHC15 PDF set [36] and the AZNLO tune of P����� 8 are used. This simulation is interfaced with
P����� 8 for parton shower and non-perturbative hadronization e�ects. The gluon fusion prediction from
the MC samples is normalized to the next-to-NNLO cross-section in QCD plus electroweak corrections at
NLO [50–60]. Photons present in these samples are generated using P����� [61, 62] since no complete
matrix element computation of ggF Higgs boson with a photon is available3.

The 125 GeV ggF Higgs boson simulation described above is used also to model its decay to a photon
and an invisible massless dark photon (�d) again normalized to 100% of the branching fraction. The
VBF production is simulated using up to NLO precision in ↵S with the P����� generator interfaced with
P����� 8 for hadronization and showering and the same ��d decay, as shown in Fig. 1(b). The NLO
electroweak corrections for VBF Higgs boson productions are computed using HAWK [63] and are applied
as a function of the Higgs boson pT. The VBF sample is generated not only for a Higgs boson mass of
125 GeV, but also for lighter and heavier Higgs-like boson mass hypotheses for the interpretation of the
search in the context of other scalar mediators.
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Figure 1: Representative Feynman diagrams corresponding to the dominant signal processes: (a) the signal due to the
invisible Higgs boson decay produced through VBF in association with an emitted photon; (b) the signal due to the
decay of the Higgs boson to a photon-dark photon pair, produced through VBF.
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Figure 2: Representative Feynman diagrams for the dominant background processes: (a) is an example of the order
↵3 diagrams referred to as “strong”; (b) and (c) are examples of the order ↵5 diagrams, which are collectively referred
to as “electroweak” (EW).

3 The P����� sample does not include photons radiating from charged particles running in the Higgs boson production loop.
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Figure 5: Post-fit results of the 10 [mjj,mT] bins constituting the SR defined for the dark-photon search, and the CRs
as defined in Eq. 5 with the B(H ! ��d) signal normalization set to zero. The H ! ��d signal is shown for two
di�erent mass hypotheses (125 GeV, 500 GeV) and scaled to a branching ratio of 2% and 1%, respectively. The
post-fit uncertainties include statistical, experimental, and theoretical contributions. The lower panel shows the
ratio of data and the sum of all the background contributions as well as comparing with the pre-fit to the post-fit
background prediction.

increase in this high mT range, come from the interference of the EW and strong Z (! ⌫⌫)� + jets as well
as comparing M��G����5_aMC@NLO to S����� simulation for the strong Z (! ⌫⌫)� + jets background
contributions. The agreement is overall improved in the fit compared to the pre-fit case, as shown by
the lower panel of Fig. 5; no evidence of new physics contribution is visible on top of the background
prediction.

Fig. 6 reports the distribution of the mT(�, Emiss
T ) in the inclusive SR�d (no mjj split), where it is possible

to see the shape of H ! ��d signal for two di�erent mass hypotheses compared to post-fit background
predictions and data. The reasons for the change in the pre-fit predictions for the highest mT values are
the same as described for Fig. 5. Good agreement between data and background expectations in the
mT(�, Emiss

T ) distribution is observed in the CRs considered as inclusive bins in the statistical analysis.

From a statistical analysis it is possible to set an observed (expected) upper limit on B(H ! ��d) of 0.014
(0.017+0.007

�0.005) at 95% CL when considering both VBF and ggF Higgs boson production mechanisms at
a Higgs boson mass of 125 GeV. If considering only ggF Higgs boson production mode, an observed
(expected) upper limit is set on B(H ! ��d) of 0.15 (0.14+0.07

�0.004) at 95% CL, while an observed (expected)
upper limit on B(H ! ��d) of 0.019 (0.019+0.008

�0.005) at 95% CL is set when considering only the VBF
production mode.

The 95% CL limit on �VBF ⇥ B(H ! ��d) has also been calculated for dominant VBF-produced
SM-like Higgs bosons, which is referred to as a “scalar mediator”, with di�erent mass hypotheses in the
Narrow Width Approximation, ranging from 60 GeV to 2 TeV, as shown in Fig. 7. The cross-section for
VBF-produced SM-like Higgs boson is rapidly decreasing for increasing boson masses, leading to smaller
signal yields in the SR. The signal corresponding to a high-mass scalar mediator is peaking towards high
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• Jacobian peak of H → γγd 
decays signature characterised 
by the use of transverse mass 
• Transverse missing energy 
• Transverse photon momentum 
• Azimuthal angle around the z-

axis 
• Maximum likelihood fit with the 

B(H → γγd) signal normalisation 
floating in the ten [mjj,mT] SR bins 

• Four inclusive CRs as a function 
of mT (γ,EmissT) 
 
S(C)R := Signal (Contro) Region

ATLAS: Searches for electroweak production of two jets in association with a Higgs 
boson decaying fully or partially to invisible particles, including a final state photon

CONF-2021-004

defined as:
mT(�, Emiss

T ) =
q

2p
�
TE

miss
T

f
1 � cos(�� � �Emiss

T
)
g
. (3)

To increase the sensitivity of the search to this semi-visible signal, some of the requirements from the
selections in Sec. 6.1 have been removed to select events entering a dedicated region SR�d . No requirement
on ��(E

miss
T , �) is applied when targeting this specific benchmark and, for mT(�, Emiss

T ) >150 GeV, the
upper bound on the photon pT is relaxed to 0.733 ⇥ mT(�, Emiss

T ). The requirement on ��jj is tightened, so
that all events have |��jj | <2.0. These selections are changed for both the SRs and CRs defined later in
Sec. 6.4. The events satisfying the SR�d requirements are therefore binned based on mT(�, Emiss

T ) value,
with bin boundaries of 0 GeV, 90 GeV, 130 GeV, 200 GeV, 350 GeV, and infinity. The events are further
split according to the value of the dijet invariant mass mjj, into events with mjj <1.0 TeV and mjj�1.0 TeV.
These two mjj regions have di�erent relative contribution of VBF- and ggF-produced Higgs boson signal, so
the separation improves the overall sensitivity to the H ! ��d decay. The acceptance times reconstruction
e�ciency for the VBF H ! ��d production is 0.4% for 125 GeV scalar mediator but increases to 3.1% for
500 GeV scalar mediator.

6.4 Control region definitions

Orthogonal CRs are defined to constrain the normalization and validate the modelling of kinematic
distributions for the two dominant and irreducible backgrounds coming from W (! `⌫)� + jets and
Z (! ⌫⌫)� + jets production, with kinematic features similar to the SR but dominated by the background
processes.

The W
�
µ⌫ CR and W

�
e⌫ CR are defined by changing the zero lepton requirement from the SR to require

exactly one lepton, either a muon or an electron, respectively. Data events in the region characterized by
one electron are collected using a single electron trigger algorithm, while those characterized by one muon
are collected using either the same E

miss
T trigger algorithm used to select SR events or a single muon trigger

algorithm. In both cases the leptons are required to have pT >30 GeV in order to be on the single leptons
trigger e�ciency plateau.

In each of these CRs the presence of a single muon (electron) satisfying the medium (tight) particle
identification selection criteria, passing the loose isolation requirement, and surviving the overlap removal
procedure is required. The e�ciency of selecting muons (electrons) integrated over pT>30 GeV and ⌘ is
larger than 96% (80%). To ensure that electron and muon candidates originate from the primary vertex, the
significance of the track’s transverse impact parameter relative to the beam line must satisfy |d0/�(d0) |<3
(5) for muons (electrons), and the longitudinal impact parameter z0, the di�erence between the value of z

at the point of closest approach between the track and the beamline and the longitudinal position of the
primary vertex, is required to satisfy |z0 sin(✓) |<0.5 mm. As it is done in the SR, the looser identification
criteria are applied to define the veto on any additional lepton.

To reduce the contribution from jets faking electrons, E
miss
T > 80 GeV is required, including leptons in

the E
miss
T definition. The Fake�e CR, containing events with E

miss
T <80 GeV, is used to estimate the

jets-faking-electrons background. The requirements on the reconstructed jets and photon are the same as
for the SR, while requirements on the E

miss
T , other than those for the specific Fake�e CR ones mentioned

above, are replaced by equivalent ones on the E
miss,lep-rm
T .

To check the modelling of the invisible Z (! ⌫⌫)� + jets background contribution in this search, a
Z
�
Rev.Cen. CR is defined by applying all the requirements of the SR definition by reversing the photon
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• TOP 
• Post-fit mT (γ,EmissT) distribution in the 

inclusive signal region  
• As before the H → γγd decay signal is 

shown for two different mass hypotheses, 
125 GeV and 500 GeV, and scaled to a  
B(H → γγd) of 2% and 1%, respectively  

• BOTTOM 
• At an observed (expected) upper limit on 

B(H → γγd) 
• 95% CL limit on σV BF * B(H → γγd) 

calculated for dominant VBF-produced 
production mode with different mass 
hypotheses

ATLAS: Searches for electroweak production of two jets 
in association with a Higgs boson decaying fully or 
partially to invisible particles, including a final state photon
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Figure 7: The 95% CL limit on the cross-section times SM-like Higgs boson branching ratio to ��d is shown for
di�erent VBF-produced scalar-mediator-mass hypotheses in the Narrow Width Approximation. The theoretically
predicted cross-section of a SM-like Higgs boson produced via VBF with theB(H ! ��d) =5% case is superimposed
with the ±1� NNLO QCD+NLO EW uncertainty band on the production cross-section.
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Figure 6: Post-fit mT(�, Emiss
T ) distribution in the inclusive signal region for the dark photon search with the 125 GeV

mass B(H ! ��d) signal normalization set to zero. The H ! ��d decay signal is shown for two di�erent mass
hypotheses, 125 GeV and 500 GeV, and scaled to a B(H ! ��d) of 2% and 1%, respectively. The lower panel
shows the ratio of data and the sum of all the background contributions, a comparison with the pre-fit background
prediction, and the signal-to-background ratio shifted by one (to share the same y-axis). Events with mT(�, Emiss

T )
larger than the right most bin boundary are added to that bin.

values of mT(�, Emiss
T ), where the reduced background leads to a good sensitivity despite the small expected

signal.

The impact on the B(H ! ��d) upper limit of di�erent sources of uncertainties is shown in Table 5,
evaluated by fixing nuisance parameters corresponding to such given group of systematic uncertainties
to their best fit values, and evaluating in quadrature the variation in the limit 1� uncertainty band. The
statistical uncertainty on the yields of data in SR�d has the largest impact on the limit determination. A
negligible correlation is observed among the di�erent sources of uncertainty.
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ATLAS: LLPs to light 
hadrons or collimated leptons
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Figure 1: The two processes of the FRVZ model used as benchmarks in the analysis. In the first process (left), the
dark fermion fd2 decays into a �d and an HLSP. In the second process (right), the dark fermion fd2 decays into an
HLSP and a dark scalar sd that in turn decays into a pair of dark photons. The �d decays into SM fermions, denoted
by f

+ and f
�.

The vector portal communication of the hidden sector with the SM is through kinetic mixing of the dark
photon and the standard photon

Lgauge mixing =
✏

2
Bµ⌫b

µ⌫,

where Bµ⌫ and bµ⌫ denote the field strengths of the electromagnetic fields for the SM and dark sector
respectively, and ✏ is the kinetic mixing parameter. A dark photon with a mass m�d up to a few GeV that
mixes kinetically with the SM photon will decay into leptons or light mesons, with branching fractions that
depend on its mass [8, 55, 56].

The mean lifetime ⌧, expressed in seconds, of the �d is related to the kinetic mixing parameter [57] by the
relation

⌧ /
 
10�4

✏

!2  
100 MeV

m�d

!
. (1)

Equation (1) is an approximate expression based on the full relation in Ref. [56].

4 Data and simulation samples

The analysis presented in this paper uses
p

s = 13 TeV pp collision data recorded by the ATLAS detector
during the 2015–2016 data-taking periods. Only runs in which all the ATLAS subdetectors were operating
normally are selected. The total integrated luminosities are 3.2 fb�1 and 32.9 fb�1 for 2015 and 2016
respectively.

Data were collected using a set of dedicated triggers that were active during collision bunch crossings as
well as during empty and unpaired bunch-crossing slots. The LHC configuration for pp collisions contains
3564 bunch-crossing slots per revolution. An empty bunch-crossing is defined as a slot in which neither
beam is filled with protons, and in addition is separated from filled bunches by at least five unfilled bunches
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channel. The muon narrow-scan trigger helps to recover some e�ciency in the µDPJ–hDPJ channel for
these processes.

The observed 95% CL cross-section upper limits in the µDPJ–µDPJ channel for the H ! 2�d + X and
H ! 4�d + X processes are presented in Figure 5 for mH = 125 GeV. The 95% CL exclusion limits
in the µDPJ–µDPJ and hDPJ–hDPJ channels for the process H ! 2�d + X are presented in Figure 6
for mH = 800 GeV. The figures also show the expected limits obtained from the likelihood-based ABCD
method, using the background estimate derived from the background-only fit using data in the four regions.
Excluded c⌧ ranges are summarised in Table 6, assuming B(H ! fd2

¯fd2 ) = 10% for the Higgs boson
with mH = 125 GeV and B(H ! fd2

¯fd2 ) = 100% for the BSM Higgs boson, with subsequent decay of
the fd2 and ¯fd2 giving rise to the production of two or four dark photons.
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Figure 4: Extrapolated signal e�ciencies as a function of proper decay length of the �d for the H ! 2�d + X and
H ! 4�d + X processes and for the three di�erent channels: µDPJ–µDPJ (left), µDPJ–hDPJ (right) and hDPJ–hDPJ
(bottom). The signal e�ciency in the hDPJ–hDPJ channel for mH = 125 GeV H ! 4�d + X process is small
compared with the other channels and is not shown. The vertical bars represent the statistical uncertainties.

The results for the µDPJ–µDPJ channel is also interpreted in terms of the kinetic mixing parameter ✏ and
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and H ! 4�d + X (right) in the µDPJ–µDPJ final states for mH = 125 GeV. The horizontal lines correspond to
the cross section times branching fraction for a value of the branching fraction of the Higgs boson decay into dark
fermions of 10%.

Table 6: Ranges of �d c⌧ excluded at 95% CL for H ! 2�d + X and H ! 4�d + X . A branching fraction value
of B(H ! fd2

¯fd2 ) = 10% is assumed for DPJ production in the decay of a mH = 125 GeV Higgs boson. For DPJ
production in the decay of a mH = 800 GeV BSM scalar boson, a value of B(H ! fd2

¯fd2 ) = 100% and a production
cross section of � = 5 pb are assumed.

Excluded c⌧ [mm] Excluded c⌧ [mm] Excluded c⌧ [mm] Excluded c⌧ [mm]
Model mH = 125 GeV mH = 125 GeV mH = 800 GeV mH = 800 GeV

H ! 2�d + X H ! 4�d + X H ! 2�d + X H ! 4�d + X

µDPJ–µDPJ 1.5  c⌧  307 3.7  c⌧  178 5.0  c⌧  1420 10.5  c⌧  312
µDPJ–hDPJ – – 7.2  c⌧  1234 14.5  c⌧  334
hDPJ–hDPJ – – 7.3  c⌧ 1298 13.6  c⌧  231

�d mass, shown in Figure 7 as exclusion contours. These limits assume four possible values of the Higgs
boson decay branching fractions into �d, ranging from 1% to 20%, and the NNLO gluon–gluon fusion
Higgs boson production cross section. The �d detection e�ciency for a �d mass of 0.4 GeV is used for
the mass interval 0.25–2 GeV, as the detection e�ciency is constant throughout this interval [11]. The
decay branching fraction variations as a function of the �d mass are estimated and included in the 90% CL
exclusion region evaluations [56]. The low sensitivity in the hDPJ–hDPJ channel prevents the exclusion of
the mass regions where the �d decays into hadronic resonances: �d mass regions around 0.8 and 1.0 GeV,
where the �d decays into the ⇢, !, and � resonances. Figure 7 also shows previous exclusions for a Higgs
boson decay branching fractions into �d of 10% from a search for displaced dark-photon jets [11] and
prompt dark-photon jets [14] at ATLAS. The search of Ref [11], which explored the same region probed by
this analysis, is slightly more sensitive in the region of high �d mass and low ✏ . This is due to inclusion of
dark-photon jets with both muon and hadron constituents, which are not used in the current analysis. The
search of Ref. [14] excluded high ✏ values (shorter lifetimes), a region complementary to this analysis.
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• Collimated groups of leptons and light hadrons 
in a jet-like structure == Dark photon jets (DPJs)  

• μDPJ or hDPJ (e and pions) 
• ABCD used and not excess measured
• Extrapolated signal efficiency for the 

• H → 2γd + X  
(HLSP: hidden lightest stable particle) 

• H → 4γd + X (Sd: dark scalars) 
• as a function of cτ of the dark 

photon in the  
• μDPJ–μDPJ 
• μDPJ–hDPJ 
• hDPJ–hDPJ channels
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ATLAS: Reinterpretation of the ATLAS 
Search for Displaced Hadronic Jets with 
the RECAST Framework
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• An ATLAS search for displaced jets in 
the HCAL is reinterpreted and 
used to constrain three NP 
models ⊄ of the original paper 

• Original signal φ→ss→fff′f’ 
• Heavy neutral boson: φ; Neutral scalar boson: 

s 
• RECAST is a framework designed to 

reuse estimates of backgrounds, 
systematic uncertainties and 
observations in the data from the 
original search to test alternative 
signal hypotheses 

• Diff from previous analysis since using 
pairs of displaced jets in the HCAL

Table 12: Extension of the �d proper decay lengths excluded at 95% CL assuming �H ⇥ BH!N�d+X = 5 pb for the
FRVZ model with mH = 800 GeV following the reinterpretation of the CalRatio displaced jets search. The existing
minimum and maximum decay lengths excluded using the hDPJ-hDPJ selection are denoted by c⌧old

min
and c⌧max .

The maximum decay lengths excluded are unchanged following the reinterpretation, but the extended minimum decay
lengths are indicated by c⌧new

min
.

Process �H ⇥ BH!N�d+X [pb] c⌧new
min

[m] c⌧old
min

[m] c⌧max [m]

H ! 2�d + X 5 0.00046 0.0073 1.298
H ! 4�d + X 5 0.0006 0.0136 0.231

3−10 2−10 1−10 1
) [m]τc proper decay length (

d
γ

1−10
1

10

210

310

410

510

610

710

810

 [p
b]

B × 
σ

95
%

 C
L 

Up
pe

r L
im

it 
on

 

 + Xdγ 2→H  = 0.04923 mgenτc = [125,0.4] GeV, 
dγ

,mHm

 ]-1 selection [33.0 fbTERECAST result, high-

genτc

ATLAS Preliminary  = 13 TeVs

Obs.

σ, 2σ 1±Exp. 

(100%) + X dγ 2 →H B  × SMσ

(10%) + X dγ 2 →H B  × SMσ

2−10 1−10 1 10
) [m]τc proper decay length (

d
γ

1
10

210

310

410

510

610

710

810

 [p
b]

B × 
σ

95
%

 C
L 

Up
pe

r L
im

it 
on

 

 + Xdγ 4→H  = 0.0824 mgenτc = [125,0.4] GeV, 
dγ

,mHm

 ]-1 selection [33.0 fbTERECAST result, high-

genτc

ATLAS Preliminary  = 13 TeVs

Obs.

σ, 2σ 1±Exp. 

(100%) + X dγ 4 →H B  × SMσ

(a) mH = 125 GeV

3−10 2−10 1−10 1 10
) [m]τc proper decay length (

d
γ

3−10
2−10
1−10
1

10
210
310
410
510
610
710
810

 [p
b]

B × 
σ

95
%

 C
L 

Up
pe

r L
im

it 
on

 

 + Xdγ 2→H  = 0.01176 mgenτc = [800,0.4] GeV, 
dγ

,mHm

 ]-1Displaced lepton-jets result [36 fb

 ]-1 selection [33.0 fbTERECAST result, high-

genτc

ATLAS Preliminary  = 13 TeVs

Obs.

σ, 2σ 1±Exp. 

(100%) = 5 + X dγ 2 →H B × σ

3−10 2−10 1−10 1 10
) [m]τc proper decay length (

d
γ

2−10

1−10
1

10
210

310

410

510

610

710

810

 [p
b]

B × 
σ

95
%

 C
L 

Up
pe

r L
im

it 
on

 

 + Xdγ 4→H  = 0.02104 mgenτc = [800,0.4] GeV, 
dγ

,mHm

 ]-1Displaced lepton-jets result [36 fb

 ]-1 selection [33.0 fbTERECAST result, high-

genτc

ATLAS Preliminary  = 13 TeVs

Obs.

σ, 2σ 1±Exp. 

(100%) = 5 + X dγ 4 →H B × σ

(b) mH = 800 GeV

Figure 16: The constraints from the newly preserved CalRatio jet analysis [5] (compared to those in Ref. [41] for the
hDPJ-hDPJ selection, where applicable) for two values of mH for the two dark photon final state (left) and the four
dark photon final state (right). The dashed blue lines indicate �H ⇥ BH!N�d+X with 100% or 10% branching ratios
and the SM Higgs gluon-gluon fusion production cross-section �H = 48.58 pb [35] assumed for mH = 125 GeV, and
�H ⇥ BH!N�d+X (100%) = 5 pb assumed for mH = 800 GeV.

23

3−10 2−10 1−10
) [m]τc  proper decay length (

d
γ

7−10

6−10

5−10

4−10

3−10

2−10

1−10

Si
gn

al
 e

ffi
ci

en
cy

 + X dγ 2→H 
 = [125,0.4] GeV 

dγ
,mHm

 = 0.04923 m genτc
Displaced lepton-jets result 

 selection)TERECAST result (low-
 selection)TERECAST result (high-

genτc

ATLAS Preliminary  = 13 TeVs

2−10 1−10 1
) [m]τc  proper decay length (

d
γ

7−10

6−10

5−10

4−10

3−10

Si
gn

al
 e

ffi
ci

en
cy

 + X dγ 4→H 
 = [125,0.4] GeV 

dγ
,mHm

 = 0.0824 m genτc selection)TERECAST result (low-
 selection)TERECAST result (high-

genτc

ATLAS Preliminary  = 13 TeVs

(a) mH = 125 GeV

3−10 2−10 1−10 1
) [m]τc  proper decay length (

d
γ

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

10

Si
gn

al
 e

ffi
ci

en
cy

 + X dγ 2→H 
 = [800,0.4] GeV 

dγ
,mHm

 = 0.01176 m genτc
Displaced lepton-jets result 

 selection)TERECAST result (low-
 selection)TERECAST result (high-

genτc

ATLAS Preliminary  = 13 TeVs

3−10 2−10 1−10 1
) [m]τc  proper decay length (

d
γ

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

Si
gn

al
 e

ffi
ci

en
cy

 + X dγ 4→H 
 = [800,0.4] GeV 

dγ
,mHm

 = 0.02104 m genτc
Displaced lepton-jets result 

 selection)TERECAST result (low-
 selection)TERECAST result (high-

genτc

ATLAS Preliminary  = 13 TeVs

(b) mH = 800 GeV

Figure 15: A comparison of the extrapolated e�ciency from the newly preserved CalRatio jet analysis [5] for two
values of mH for the two dark photon final state (left) and the four dark photon final state (right). Where applicable,
these e�ciencies are compared to those from the hDPJ-hDPJ selection in Ref. [41]. The shaded region represents the
statistical uncertainty on the e�ciency (calculated at c⌧gen extrapolated to other lifetimes).

Table 11: The �d proper decay lengths excluded at 95% CL for �H ⇥ BH!N�d+X assuming 100% branching ratio
for the FRVZ model with mH = 125 GeV, where �H = 48.58 pb is the SM Higgs gluon-gluon fusion production
cross-section [35], following the reinterpretation of the CalRatio displaced jets search. The minimum and maximum
decay lengths excluded are denoted by c⌧min and c⌧max .

Process B c⌧min [m] c⌧max [m]

H ! 2�d + X 100% 0.001 0.05
H ! 4�d + X 100% 0.02 0.1
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1. Introduction 1

1 Introduction
Cosmological evidence points to the existence of dark matter [1–4], whose origin remains one
of the outstanding problems in particle physics and cosmology. Dark matter is expected to in-
teract very weakly with standard model (SM) particles, if at all. This introduces the possibility
of a hidden (dark) sector of matter [5, 6]. Particles in the dark sector would only be able to
interact with the SM ones via weakly interacting mediators whose mass and lifetime are not
strongly constrained.

One compelling scenario involves a spontaneously broken dark U(1)D gauge symmetry, me-
diated by a dark photon, ZD [6]. In this scenario, the only renormalizable interaction with the
SM is through kinetic mixing with the hypercharge gauge boson. In addition, if a dark Higgs
mechanism is responsible for the spontaneous breaking of the U(1)D gauge symmetry, then
the dark Higgs boson has a renormalizable coupling to the 125 GeV SM-like Higgs boson, re-
sulting in mixing between the two physical scalar states. Thus, the hidden sector may interact
with the SM either through the hypercharge portal, via the kinetic mixing coupling (denoted
as e), or through the Higgs portal, via the Higgs mixing (denoted as k). The dark photon ZD
may also mix with the SM photon (g) and the Z boson through the hypercharge portal. In the
absence of hidden-sector states below the ZD mass, this mixing causes the ZD to decay exclu-
sively to SM particles, with sizable branching fraction to leptons, with the coupling of the SM
fermions to ZD being proportional to e. If e . 10�4, then ZD may be long-lived. Diagrams
in Fig. 1 illustrate the production of one or two ZD from a Higgs boson (h). Constraints have

Figure 1: Diagrams illustrating a SM-like Higgs boson (h) decay to four leptons via one or
two intermediate ZD [6]: (left) h ! ZZD ! 4`, through the hypercharge portal; (right) h !
ZDZD ! 4`, through the Higgs portal.

been placed on the visible dark photon decays by previous beam-dump [7], fixed-target [8],
collider [9], and rare-meson-decay experiments [10], by the LHCb experiment [11–13] and by
the CMS experiment [14].

Other scenarios may produce a low-mass long-lived resonance decaying into a dimuon pair.
For instance, one of the most minimal extensions to the SM adds a singlet scalar field f, which
mixes with the SM-like Higgs boson and couples to all SM fermions [15]. Such a scalar reso-
nance may be produced in the decay of a B hadron, B ! fX, as illustrated in Fig. 2. Constraints
on this model have been previously placed by the CHARM [16] and LHCb [17, 18] experiments.

We describe a search for narrow long-lived dimuon resonances using the dimuon scouting data
collected with the CMS experiment during the CERN LHC Run-2, in 2017 and 2018, using
a dedicated dimuon trigger stream with low transverse momentum thresholds, recorded at
high rate by retaining a reduced amount of trigger-level information. The scouting triggers
allow searching for dimuon resonances across mass and lifetime ranges otherwise inaccessible,
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been placed on the visible dark photon decays by previous beam-dump [7], fixed-target [8],
collider [9], and rare-meson-decay experiments [10], by the LHCb experiment [11–13] and by
the CMS experiment [14].

Other scenarios may produce a low-mass long-lived resonance decaying into a dimuon pair.
For instance, one of the most minimal extensions to the SM adds a singlet scalar field f, which
mixes with the SM-like Higgs boson and couples to all SM fermions [15]. Such a scalar reso-
nance may be produced in the decay of a B hadron, B ! fX, as illustrated in Fig. 2. Constraints
on this model have been previously placed by the CHARM [16] and LHCb [17, 18] experiments.

We describe a search for narrow long-lived dimuon resonances using the dimuon scouting data
collected with the CMS experiment during the CERN LHC Run-2, in 2017 and 2018, using
a dedicated dimuon trigger stream with low transverse momentum thresholds, recorded at
high rate by retaining a reduced amount of trigger-level information. The scouting triggers
allow searching for dimuon resonances across mass and lifetime ranges otherwise inaccessible,
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• NEW: Available on CERN CDS information server: search for displaced dimuon 
resonances (also as a preliminary public page) 

• 2017 and 2018 which is 101 fb-1 scouting data 
• Sensitive to DP (Zd)  

• via the Higgs mixing (denoted as κ)  
• via the kinetic mixing coupling (denoted as ε)  

• And a singlet scalar field (φ)

CMS: Search for long-lived particles decaying into two muons  
in pp collisions at √s = 13 TeV using data collected with high rate triggers 
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Figure 2: Diagram illustrating the production of a scalar resonance f via a B hadron decay.

because of the looser requirements with respect to those of the standard triggers. Note that data
colected in the 2016 Run-2 data period are not used, as the event content differs from that of the
2017 and 2018 periods. The selected data correspond to a total integrated luminosity of 101 fb�1

(41.5 fb�1 collected in 2017 and 59.7 fb�1 collected in 2018). Additional details on the data sets
and triggers in use are provided in Sections 2 and 3. The search targets narrow low-mass
long-lived resonances decaying into a pair of oppositely charged muons, where the lifetime of
the long-lived particle (LLP) is such that its decay vertex lies in a fiducial volume defined by a
transverse displacement from the interaction point of 0–11 cm. The signal is expected to appear
as a narrow peak on top of the dimuon mass continuum.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron
calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters extend
the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons are mea-
sured in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid.
A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [19]. The pixel tracker
consists of four concentric barrel layers at radii of 29, 68, 109, and 160 mm, and three disks on
each end at distances of 291, 396, and 516 mm from the center of the detector [20].

A two-level trigger system is used to select events of potential physics interest. The first level
of the CMS trigger system (L1T), composed of custom hardware processors, uses information
from the calorimeters and muon detectors to select the most interesting events in a fixed time
interval of less than 4 µs. The high-level trigger (HLT) processor farm further decreases the
event rate from around 100 kHz to about 1 kHz, before data storage. A more detailed descrip-
tion of the CMS trigger system can be found in Ref. [21].

In addition to the standard HLT selection streams, a dedicated set of triggers exists that allows
to explore otherwise inaccessible phase space. This approach is referred to as data scouting [14,
22]. The scouting trigger algorithms used in this search are aimed at selecting events containing
dimuon pairs with a mass mµµ & 200 MeV, at a rate of about 3 kHz. In order to compensate
for the large rate, the event size is reduced by up to a factor of 1000 by only retaining limited
information, as reconstructed at HLT level.

https://lphe-web.epfl.ch
http://cdsweb.cern.ch/record/2767659
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-014/index.html
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• Importance of scouting trigger (like TURBO in 
LHCb) 

• Efficiency of such triggers measured as a 
function of the dimuon transverse 
displacement lxy from the interaction point and 
of the minimum pTμ of the pair, using events 
with at least two muons selected with 
orthogonal standard triggers 

• CMS pixel tracker geometry used for an lxy 
categorisation plus bins of dimuon transverse 
momentum brings maximisation of the 
sensitivity to different signal topologies  

• A search for a resonant dimuon peak in each 
mass window is performed

CMS: Search for long-lived particles 
decaying into two muons
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Figure 5: The dimuon invariant mass distribution is shown in a mass window around 5 GeV,
in one of the dimuon search bins (0.2 < lxy < 1.0 cm, p

µµ
T < 25 GeV, with two isolated muons).

The result of the background-only fit to data is also shown together with the dimuon invariant
mass distribution expected for a representative signal model (green), with mLLP = 5 GeV and
ctLLP

0 = 1 mm.

efficiency (see Section 5.1) on top of the trigger selections (Section 3). The resulting systematic
uncertainty in the signal yield is then between 25% and 45%, depending on the signal mass
and lifetime. The uncertainty in the trigger efficiency ranges betwee 3% and 30%, depending
on the pT and displacement of the muons. It is derived from studies of data collected with
different triggers and also accounts for differences between the measurement and the simu-
lation. Additionally, we assess a systematic uncertainty on the expected signal yields arising
from the uncertainty in the luminosity measurement of 2.3% for 2017 and 2.5% for 2018 data,
respectively [49, 50]. Finally, we account for the limited size of the simulated signal samples.
Uncertainties arising from the choice of the PDF and of the renormalization (µR) and factoriza-
tion (µF) scales used in the event generator are negligible compared to others. Uncertainties
in the trigger efficiency and luminosity are treated as correlated across search bins. Other un-
certainties are taken as uncorrelated. Since we find no significant difference between 2017 and
2018 data and simulations, all uncertainties are treated as correlated across data taking periods.

7.2 Constraints on models of BSM physics

We set upper limits at 95% CL on the branching fractions for the B ! fX and h ! ZDZD
signal models. For the B ! fX model, Fig. 6 shows the upper limits on the branching fraction
B(B ! fX)⇥ B(f ! µµ) as a function of the signal mass hypothesis, for a few representative
lifetime hypotheses. For the h ! ZDZD model, the upper limits on the branching fraction
B(h ! ZDZD)⇥ B(ZD ! µµ) as a function of the signal mass are shown in Fig. 7. Figure 8
shows the upper limits on the branching fraction B(h ! ZDZD), using values of B(ZD ! µµ)
from the model of Ref. [6]. The upper limits shown in Figs. 6 and 7 are obtained using the
combination of all dimuon event categories. For the limits shown in Fig. 8, the four-muon
event category is added to the combination.

8

Figure 4: The dimuon invariant mass distribution is shown in bins of lxy as obtained from
selected dimuon events in data where both muons are isolated with p

µµ
T � 25 GeV: (upper left)

0.0 < lxy < 0.2 cm; (upper right) 0.2 < lxy < 1.0 cm; (middle left) 1.0 < lxy < 2.4 cm; (middle
right) 2.4 < lxy < 3.1 cm; (lower left) 3.1 < lxy < 7.0 cm; (lower right) 7.0 < lxy < 11.0 cm.
The distribution expected for representative signal models is overlaid. The vertical gray bands
indicate mass ranges containing known SM resonances, which are masked for the purpose of
this search.
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• Very competitive constraints on models of BSM physics 
• Theorists will have access to a state-of-the-art dataset 

for reinterpretation 
• Bonus: Exclusion limits at 95% CL on the branching 

fraction B(B → φX) * B(φ → μμ) as a function of the 
signal mass (mφ) hypothesis for a given lifetime: 
LHCb, careful!  
• Not easy to compare since CMS limits are on the 

inclusive B → φX branching ratio, while the LHCb 
limits are on the exclusive B0 → φK* and B+ → φK+ 
branching ratios 

• Exclusion limits at 95% CL on the branching fractions for 
h → ZDZD 

• B(h → ZDZD) and as B(h → ZDZD) × B(ZD → μμ) 

CMS: Search for long-lived particles 
decaying into two muons
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Figure 7: Exclusion limits at 95% CL on the branching fraction B(h ! ZDZD)⇥ B(ZD ! µµ)

as a function of the signal mass (mZD
) hypothesis for (upper left) ct

ZD
0 = 1 mm, (upper right)

ct
ZD
0 = 10 mm and ct

ZD
0 = 100 mm, for the h ! ZDZD signal model. The solid (dashed)

black line represents the observed (median expected) exclusion. The inner green (outer yellow)
band indicates the region containing 68 (95)% of the distribution of limits expected under the
background-only hypothesis. The vertical gray bands indicate mass ranges containing known
SM resonances, which are masked for the purpose of this search.
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Figure 8: Exclusion limits at 95% CL on the branching fraction B(h ! ZDZD) as a function of
the signal mass (mZD

) hypothesis for (upper left) ct
ZD
0 = 1 mm, (upper right) ct

ZD
0 = 10 mm

and ct
ZD
0 = 100 mm, for the h ! ZDZD signal model. The solid (dashed) black line represents

the observed (median expected) exclusion. The inner green (outer yellow) band indicates the
region containing 68 (95)% of the distribution of limits expected under the background-only
hypothesis. The vertical gray bands indicate mass ranges containing known SM resonances,
which are masked for the purpose of this search.
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the signal mass (mZD

) hypothesis for (upper left) ct
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the observed (median expected) exclusion. The inner green (outer yellow) band indicates the
region containing 68 (95)% of the distribution of limits expected under the background-only
hypothesis. The vertical gray bands indicate mass ranges containing known SM resonances,
which are masked for the purpose of this search.

8. Summary 11

Constraints for signals with mass above the B hadron mass are more stringent since the back-
ground from displaced muons from B decays is completely eliminated. The constraints also
tend to get weaker at longer lifetime because of the loss of acceptance due to decays beyond
the scouting trigger acceptance which is determined by the radial coverage of the pixel detec-
tor. Note that our limits on the model with a long-lived scalar emitted in B decays cannot be
directly compared to similar limits from the LHCb experiment [11–13], since our limits are on
the inclusive B ! fX branching ratio, while the LHCb limits are on the exlusive B0 ! fK⇤

and B+ ! fK+ branching ratios.
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Figure 6: Exclusion limits at 95% CL on the branching fraction B(B ! fX) ⇥ B(f ! µµ)

as a function of the signal mass (mf) hypothesis for (upper left) ct
f
0 = 1 mm, (upper right)

ct
f
0 = 10 mm and (lower) ct

f
0 = 100 mm, for the B ! fX signal model. The solid (dashed)

black line represents the observed (median expected) exclusion. The inner green (outer yellow)
band indicates the region containing 68 (95)% of the distribution of limits expected under the
background-only hypothesis. The vertical gray bands indicate mass ranges containing known
SM resonances, which are masked for the purpose of this search.

We set the most stringent constraints to date on the BSM signal models under study in a wide
range of signal mass and lifetime hypotheses.

8 Summary
We presented a search for displaced dimuon resonances using proton-proton collision at a
center-of-mass energy of 13 TeV, collected by the CMS experiment at the LHC in 2017�2018,
corresponding to an integrated luminosity of 101 fb�1. The data sets used in this search were
collected using a dedicated dimuon trigger stream with low transverse momentum thresholds,
recorded at high rate by retaining a reduced amount of trigger-level information, in order to
explore otherwise inaccessible phase space at low dimuon mass and non-zero displacement
from the interaction point. We found no significant excess, and used the data to set constraints
on a wide range of mass and lifetime hypotheses for models of physics beyond the standard
model where a Higgs boson decays to a pair of long-lived dark photons, or where a long-lived
scalar resonance arises from the decay of a B hadron.

CMS PAS EXO-20-014

https://lphe-web.epfl.ch
http://cdsweb.cern.ch/record/2767659
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• Search for a narrow resonance decaying to a pair of 
oppositely charged muons 

• The search looks for a narrow resonance in the 11.5–
200 GeV mass range, omitting the 75–110 GeV range 
where Z boson production dominates 

• For dimuon resonance masses below ∼40 GeV scouting! 
• E.g. “barrel” (|η| < 0.9) search for a 25 GeV resonance (TOP) 
• In order to extract the signal from data, a simultaneous binned 

maximum likelihood fit is performed to the mµµ distributions in 
the “barrel” and “forward” (0.9 < |η| < 1.9) event categories 

• Expected and observed upper limits at 95% CL on the 
product of the signal cross section (σ) for a narrow resonance, 
branching fraction to a pair of muons (B), and acceptance (A) 
as a function of the mass of a narrow resonance (BOTTOM)

CMS: Search for a narrow resonance lighter than 
200 GeV decaying to a pair of muons  
in proton-proton collisions at √s=13 TeV

Phys. Rev. Lett. 124 (2020) 131802

https://lphe-web.epfl.ch
http://dx.doi.org/10.1103/PhysRevLett.124.131802
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• Search using 2016 to 2018 datasets (analysed 
independently) ~ 139 fb-1 

• Signal topology: two oppositely charged same-
flavour high pT isolated leptons, electrons or 
muons, compatible with a Z boson decay, large p 
miss T , an isolated high pT photon, and little jet 
activity 

• Expected and observed upper limits at 95% CL  

13

• Search using 2016 to 2018 datasets (analysed 
independently) ~ 130 fb-1 

• Similar to what previously present for ATLAS (but 
this published before) 

• Expected and observed upper limits at 95% CL

CMS: Search for dark photons in Higgs 
boson production via vector boson fusion 
in proton-proton collisions at √s = 13 TeV

1

1 Introduction
Following the observation of a Higgs boson by the ATLAS and CMS collaborations [1–3], an
important focus of the CERN LHC physics program has been the study of the properties of
this particle. The observation of a sizable branching fraction of the Higgs boson to invisible
or almost invisible final states [4–7] would be a strong sign of physics beyond the standard
model (BSM). Studies of the new boson at a mass of about 125 GeV [8, 9] show no significant
deviation from the standard model (SM) Higgs boson hypothesis, and measurements of its
couplings constrain its partial decay width to undetected decay modes [10, 11]. Assuming that
the couplings of the Higgs boson to W and Z bosons are not larger than the SM values, an
upper limit of 38% has been obtained at 95% confidence level (CL) on the branching fraction
of the 125 GeV Higgs boson to BSM particles by the CMS collaboration using data collected in
2016 [11, 12].

This paper presents a search for a scalar Higgs boson H produced via vector boson fusion (VBF)
and decaying to an undetected particle and a photon g. Such Higgs boson decays are predicted
by several BSM models [7, 13, 14]. In this search, the target channel is qqH(! ggD), where the
final-state quarks (q) arise from the VBF process and gD is a massless dark photon that couples
to the Higgs boson through a dark sector [15–18]. The dark photon escapes undetected. A
Feynman diagram for this process is shown in Fig. 1. The branching fraction for a Higgs boson
decaying to such an invisible particle and a photon, B(H ! inv. + g), could be as large as
5% and still be consistent with current experimental constraints [16]. While the main focus of
this search is on production via VBF, the additional contribution from gluon fusion production
(ggH) is sizable if initial-state gluon radiation mimics the experimental signature of VBF. Thus,
the ggH process is also considered for the SM Higgs boson. Additionally, a model-independent
search for VBF production is performed for heavy neutral Higgs bosons with masses between
125 and 1000 GeV [19], since similar decays are also possible for potential non-SM scalar bosons.

V

V

H

q

�D

�

q

Figure 1: A Feynman diagram for the VBF production of the qqH(ggD) final state.

In the VBF production mode, a Higgs boson is accompanied by two jets that exhibit a large
separation in pseudorapidity (|Dhjj|) and a large dijet mass (mjj). This characteristic signature
allows for the suppression of SM backgrounds, making the VBF channel a very sensitive mode
in the search for exotic Higgs boson decays. The invisible particle together with the photon
produced in the Higgs boson decay can recoil with high transverse momentum (pT) against
the VBF dijet system, resulting in an event with a large missing transverse momentum (p

miss
T )

which can be used to select signal-enriched samples.

The analysis summarized in this paper uses proton-proton (pp) collision data collected at

13

200 400 600 800 1000
 [GeV]Hm

2−10

1−10

1

10

) [
pb

]
γ

 in
v.

+
→

(H
 

Β × 
VB

F
σ

 (13 TeV)-1130 fb

CMS

γ+miss
T

VBF+p

 Observed
 68% expected
 95% expected

VBFσ × 0.05 

Figure 4: Expected and observed upper limits at 95% CL on the product of sVBF and B(H !
inv. + g) as a function of mH. The dot-dashed line shows the predicted signal corresponding
to 0.05sVBF, assuming SM couplings. A linear interpolation is performed between the values
obtained for the probed mH values.

9 Summary
A search has been presented for a Higgs boson that is produced via vector boson fusion (VBF)
and that decays to an undetected particle and a photon. This is the first analysis for such decays
in the VBF channel. The search has been performed by the CMS Collaboration using a data set
corresponding to an integrated luminosity of 130 fb�1 recorded at a center-of-mass energy of
13 TeV in 2016-2018. No significant excess of events above the expectation from the standard
model background is found. The results are used to place limits on the product of the signal
cross section sVBF for VBF production and the branching fraction for such decays of the Higgs
boson, in the context of a theoretical model where the undetected particle is a massless dark
photon. Allowing for deviations from standard model VBF production, the upper limit on
the product of sVBF and B(H ! inv. + g) ranges from ⇡160 to ⇡2 fb, for mH from 125 GeV
to 1000 GeV. The observed (expected) upper limit at 95% confidence level at mH = 125 GeV
assuming standard model production rates on B(H ! inv. + g) is 3.5 (2.8)% for this channel.
Combining with an existing analysis targeting associated Z boson production, and assuming
the standard model rates, the observed (expected) upper limit at 95% confidence level at mH =
125 GeV on B(H ! inv. + g) is 2.9 (2.1)%.
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LHCb: is CMS so much different?

15

Link 1 and 2LHCb's B

https://lphe-web.epfl.ch
https://cds.cern.ch/record/1463546
https://lhcb.web.cern.ch/speakersbureau/html/bb_ProductionAngles.html
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Recap: Dark photons

5

Prompt results

5

[PRL 120 (2018) 061801]
[PRL 124 (2020) 041801]

Displaced results

❑ Searching for a prompt-like and long-lived dark 
photon 𝐴′:

• mass (prompt): dimuon threshold to 70 GeV
• mass (displaced): 214 to 350 MeV
• lifetime: prompt and O(1) ps
• dataset: run 2 (5.5 fb-1)

• 𝐴′ → μ+μ− can be normalized to 𝛾∗ → μ+μ−
• simulation is not used - no systematics from it
• spectrum is scanned by steps, a binned extended 

maximum likelihood fit in each step

LHCb: Searching for Dark Photons

• Search for dark photons decaying into a pair of muons 

• Used 5.5 fb-1 of Run 2 LHCb data (13 TeV) 

• Kinetic mixing of the dark photon (A′) with off-shell photon (γ∗) 
by a factor ε: 

• A′ inherits the production mode mechanisms from γ∗ 

• A′ → μ+μ− can be normalised to γ∗ → μ+μ− 

• No use of MC → no systematics from MC → fully  
data-driven analysis 

• Separate γ∗ signal from background and measure its fraction 

• Prompt-like search (up to 70 GeV/c2) → displaced search 
(214-350 MeV/c2) 

• A′ is long-lived only if the mixing factor is really small 

• No significant excess found - exclusion regions at 90% C.L.
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PRL 120 (2018) 061801 
PRL 124 (2020) 041801Recap: Dark photons

5

Prompt results

5

[PRL 120 (2018) 061801]
[PRL 124 (2020) 041801]

Displaced results

❑ Searching for a prompt-like and long-lived dark 
photon 𝐴′:

• mass (prompt): dimuon threshold to 70 GeV
• mass (displaced): 214 to 350 MeV
• lifetime: prompt and O(1) ps
• dataset: run 2 (5.5 fb-1)

• 𝐴′ → μ+μ− can be normalized to 𝛾∗ → μ+μ−
• simulation is not used - no systematics from it
• spectrum is scanned by steps, a binned extended 

maximum likelihood fit in each step

https://lphe-web.epfl.ch
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LHCb: Low-mass dimuon resonances / 1

17

Low-mass dimuon resonances

6

Inclusive Prompt Displaced pointing

Prompt + b-jet Displaced non-pointing

+ non-zero width 
considered

+ no isolation 
requirement

+ non-zero width 
considered

❑Non-minimal searches, example signatures:

[JHEP10 (2020) 156]

Taken from one of Martino's talks

JHEP 10 (2020) 156

https://lphe-web.epfl.ch
https://cds.cern.ch/record/2747335
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LHCb: Low-mass dimuon resonances / 2
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Taken from I. Kostiuk's talk

JHEP 10 (2020) 156Low-mass dimuon resonances: prompt and displaced

7

[JHEP10 (2020) 156]

Beauty associated prompt    Beauty associated displaced     

Inclusive displaced     Inclusive prompt    

❑Upper limits at 90% CL on σ(X → μμ)

https://lphe-web.epfl.ch
https://cds.cern.ch/record/2744873/
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LHCb: Low-mass dimuon resonances / 3

• A complex scalar singlet is added to the two-Higgs doublet (2HDM) potential  
• E.g. a scenario where the pseudoscalar boson acquires all of its couplings to SM fermions through 

its mixing with the Higgs doublets; the corresponding X–H mixing angle is denoted as θH

19

Low-mass dimuon resonances: 2HDM scenario

8
8

[JHEP10 (2020) 156]

❑ 2HDM Higgs 𝜃𝐻 → world best limits:
• LHCb R1 [JHEP 09 (2018) 147]

• CMS R1 [PRL 109 (2012) 121801]

• CMS R2 [PRL 124, 131802 (2020)]

• Belle Υ → 𝑋𝛾 [PRD 87 (2013) 031102]

❑ The future: cover dielectron final states 
in 𝐷∗0 → 𝐷0𝐴′(𝑒𝑒) decays

JHEP 10 (2020) 156

https://lphe-web.epfl.ch
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Conclusions

• Plenty of results, really hard to cover everything in 15 minutes, so sorry to the people whose 
analyses I have missed! 

• The days of “guaranteed" discoveries or of no-lose theorems in particle physics are over, at least 
for the time being... 

• ... but the big questions of our field remain wild [SIC] open (hierarchy problem, flavour, neutrinos, 
DM, BAU,... ) 

• This simply implies that, more than for the past 30 years, future HEP’s progress is to be driven 
by experimental exploration, possibly renouncing/reviewing deeply rooted theoretical bias

20

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

LS2 RUN 3 LS3 RUN 4

LHCb 40 MHz 
Upgrade Ia L = 2x1033 LHCb Upgrade Ib L = 2x1033; 50 fb-1

2031

LS4 RUN 5

LHCb Upgrade II 
(proposed)

L = 2x1034;  
300 fb-1 

(proposed)

203?
ASPEN2014 Theoretical summary - M. Mangano

https://lphe-web.epfl.ch
https://indico.cern.ch/event/276476/contributions/1620133/attachments/501948/693157/Mangano_summary.pdf
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Il segreto di Majorana. Riccioni & Rocchi
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Figure 20: Event display is shown for 13 TeV centre-of-mass energy with large E
miss
T , a photon and two jets with large

invariant mass. The photon and E
miss
T have mT(�, Emiss

T ) within the expected range of the mH = 125 GeV Higgs
boson hypothetical decay to a photon and a dark photon.

36

CONF-2021-004

https://lphe-web.epfl.ch
http://cdsweb.cern.ch/record/2758212
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The LHCb detector

23

• LHCb is a dedicated flavour experiment in  
the forward region at the LHC  
( 1.9 < η < 4.9 ) (~1°-15°) 

• Precise vertex reconstruction < 10 μm vertex  
resolution in transverse plane. 

• Lifetime resolution of  

• ~ 50 fs for a J/ψ  

• ~ 0.2 ps for long lived neutral particle of m = 3 GeV and τ = 100 ps 

• Muons clearly identified and triggered: ~ 90% μ± efficiency 

• Great mass resolution: e.g. 15 MeV for J/ψ 

• Low pT trigger means low masses accessible. Ex: pTμ > 1.5 GeV

VELO 

Tracking 

RICH 

Calorimeter 

Muon system 

JINST3(2008)S08005  
Int J Mod Phys  

A30(2015)1530022  
JHEP 1511 (2015) 103

2010 to 2018

https://lphe-web.epfl.ch
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LHCb: Trigger

24

• Lower luminosity (and low pile-up) 
• ~1/8 of ATLAS/CMS in Run 1 
• ~1/20 of ATLAS/CMS in Run 2  

• Run 2:  
• Full real-time reconstruction (since 

2015) for all charged particles with pT > 
0.5 GeV 

• We go from 1 TB/s (post zero 
suppression) to 0.6 GB/s (mix of full + 
partial events)  

• Run 3:  
• LHCb will move to a hardware-less  

readout system for LHC Run 3 
(2022-2024), and process 5 TB/s in  
real time to get 10 GB/s to storage

Martino Borsato - USC

The LHCb detector

๏ Lower luminosity (and low pile-up)
• ~1/8 of ATLAS/CMS in Run 1
• ~1/20 of ATLAS/CMS in Run 2

๏ Capable of very soft triggers!
• At hardware level (L0):
‣Muons with pT > 1.5 GeV
‣Calo deposits with ET > 3 GeV

• At Software level (HLT):
‣Topological triggers on 

detached vertices

Present trigger Upgraded trigger

[LHCB-TDR-016]

3

๏ “Trigger-less” upgrade (2021)
• Read-out detector in real time
• Can trigger on detached vertices 

and particle ID at first level!

CERN-LHCC-2014-016 
LHCB-TDR-016

30 MHz inelastic event rate 
(full rate event building)

Software High Level Trigger

10 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections 

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment
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LHCb track types
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Upstream track
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VELO
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T track

VELO track
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Downstream track
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Figure 14: A schematic illustration of the various track types [15] : long, upstream, downstream,
VELO and T tracks. For reference the main B-field component (By) is plotted above as a
function of the z coordinate.

have p > 1 GeV/c. They are therefore used to understand backgrounds in the542

particle-identification algorithm of the RICH.543

• Downstream tracks: traverse only through the TT and T stations. They are544

important for the reconstruction of K
0

S and ⇤ particles that decay outside the VELO545

acceptance.546

• VELO tracks: traverse only through the VELO and are typically large-angle or547

backward tracks, which are useful for the primary vertex reconstruction.548

• T tracks: traverse only through the T stations. They are typically produced in549

secondary interactions, but are still useful for the global pattern recognition in550

RICH2.551

22

Figure 16: Schematic diagram of track types in the LHCb detector with reference to the VELO,
TT and tracking stations one, two, and three. This analysis focuses on particles decaying into a
pair of long tracks.

5 Selection374

Figure 16 shows how di↵erent tracks are categorized in LHCb. In the case of the decay375

�! µ
+
µ
�, the candidate dark boson could be reconstructed using long (L) or downstream376

(D) tracks. This analysis uses only the LL case, due to the fact that the trigger e�ciency377

is low (by a factor of at least 5, relative to that of LL) for cases using D tracks (see Sec. B378

and Table 20).379

5.1 Reconstruction and Stripping380

The o✏ine selection begins using the B2KpiX2MuMuDarkBosonLine stripping line for LL381

candidates from Stripping20r0p3 (Stripping20r1p3 for 2011 data). The selection cri-382

teria applied in these lines are outlined in Table 8. The variable DOCA is defined as the383

distance of closest approach between any two pairs of tracks in the candidate. Also used is384

the variable �
2

FD
, which is the change in vertex �

2 when the signal candidate tracks are asso-385

ciated with the PV in the vertex fit. Candidates are reconstructed using DecayTreeFitter,386

where daughter particles are constrained such that the reconstructed K
+
⇡
�
µ

+
µ
� invariant387

mass, m(K+
⇡
�
µ

+
µ
�), is equal to the nominal B

0 mass. All references to m(�), m(K⇤)388

or ⌧(�) are to the values after this vertex fit has been performed.389

5.2 Triggering390

The triggers used are given in Table 9. All trigger lines with non-negligible e�ciency are391

used. Only TOS candidates are used in this analysis for two reasons: (1) the ratio of trigger392

e�ciency for the SM B
0
! K

⇤0
µ

+
µ
� to that of (possibly displaced) � mode enters into393

the limits and, thus, must be precisely determined and (2) the use of TIS events would394

22
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LHCb data

26

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 7: Mass spectrum selected by the prompt-like A0
!µ+µ� trigger.
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±)]1/2 distributions with fit results overlaid for prompt-like candi-
dates near (left) m(A0) = 0.5, (middle) 5, and (right) 50GeV. The square root of min[�2

IP(µ
±)]

is used in the fits to increase the bin occupancies at large min[�2
IP(µ

±)] values.
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Figure 9: Comparison of the results presented in this Letter to existing constraints from previous
experiments (see Ref. [1] for details about previous experiments).
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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. 

• Precise knowledge of the location of the 
material in the LHCb VELO is essential to 
reduce the background in searches for 
long-lived exotic particles 

• LHCb data calibration process can align 
active sensor elements, an alternative 
approach is required to fully map  
the VELO material 

• Real-time calibration in 
Run 2 (Turbo Stream) 

• Hardware trigger is still there,  
and only ~10% efficient at  
low pT Phys. Rev. Lett. 120, 061801 (2018)
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where a
positive (negative) r value denotes that the SV is closest to material in the right (left) half of the VELO. The
bins are 0.1 mm⇥1 mm in size. N.b., the inner-most RF-foil region is nearly semi-circular in the xy plane,
which results in sharp edges at smaller r values; however, at large |y| values, the RF-foil is flat producing
SVs at larger values of r which can easily be mistaken as background in the zr projection shown here.

in this study. The data sets were collected using minimum bias triggers.
Since the particles produced in secondary interactions in beam-gas events do not necessarily

originate from near the interaction point or the beam line, the tracks used in this analysis are
reconstructed using a modified tracking configuration that makes no assumptions about the origins
along z of the particles. All reconstructed tracks are required to be of good quality and to have hits
in at least 3 r–f sensor pairs. The SVs are reconstructed from 3 or more tracks and are required
to be of good quality. Futhermore, the SVs are required to be inconsistent with originating from
a primary beam-gas collision, and only events with exactly one SV are used. In total, the Run 1
and Run 2 data samples contain 14M and 38M SVs, respectively. Figures 2 and 3 present some
displays of the reconstructed SV locations.

3. Material Maps

The VELO closes around the beams at the beginning of each fill with a precision of O(0.01 mm) [1].
As stated above, the location of the pp-collision region (beam spot) changes by O(0.1 mm) from
year to year, and changed by ⇡ 0.5 mm between Run 1 and Run 2. Separate VELO material maps
are constructed for Run 1 and Run 2 to also allow for shifts of the VELO module locations relative
to each other or relative to the RF-foil; however, it is found that the VELO material is consistent
with having only moved globally by the amount expected due to the change in the beam spot lo-
cation, and only a single map is presented below. This map must be adjusted for the beam-spot
location of each data-taking period when used in an LHCb analysis.

The z positions of the sensors are determined by fitting the observed SV z distributions near
each module location. In these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm
(x < 1.5 mm) for the left (right) VELO half. These requirements highly suppress contributions
from material interactions in the RF-foil and from beam-induced backgrounds. The fits estimate

– 4 –
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Exploring the dark sector / 2

• Decaying in the detector 
• Reconstruction of decay vertex 

• Not decaying in the detector 
• Missing energy technique 
• Scattering technique: electron or nuclei scattered by DM...

27

p-beamProduction of HS particle

Decay to SM particles
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Exploring the dark sector / 3

• Decaying in the detector 
• Reconstruction of decay vertex 

• Not decaying in the detector 
• Missing energy technique 
• Scattering technique: electron or nuclei scattered by DM  

28

Production of HS particle

p-beam or e-beam

e or nuclei scattered
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