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HERA - world’s only high energy e±p collider

HERA operated during 1992 - 2007 with:

e± energy of 27.5 GeV; 
p energies of 920, 820, 575 and 460 GeV.

H1 and ZEUS - two general purpose 
collider experiments at HERA:

~0.5 fb-1 of luminosity were recorded 
by each experiment.

Q2 = �(k � k0)2

xBj =
Q

2

2P · q

y =
P · q
P · k

e+

q

W+

p

q'

Xp

νe

P=(Ep, pp)

k=(Ee, pe)

x∙P

k'



Oleksii Turkot Beyond the Standard Model searches at HERA 3

 (GeV)Xm
210×5 310 310×2 310×3 310×4

0p

-410

-310

-210

-110
σ1 

σ2 

σ3 
, J=0-410×1.4=

Xm
XΓ

Combined
8 TeV
13 TeV

 (GeV)Xm
700 720 740 760 780 800

0p

-410

-310

-210

-110
σ1 

σ2 

σ3 

 (8 TeV)-1 (13 TeV) + 19.7 fb-13.3 fb

CMS

 [GeV]Xm
200 400 600 800 1000 1200 1400 1600 1800 2000

p-
va

lu
e

5−10

4−10

3−10

2−10

1−10

1

ATLAS
-1 = 13 TeV, 3.2 fbs

 = 2 %Xm/XΓ

Spin-0 Selection

Observed

σ0

σ1

σ2

σ3

σ4

~3.5 σ excess of the di-photon events for the 
resonance mass:

mX = 750~760 GeV

observed in both, Atlas and CMS, experiments.

~600 theory papers.

2015 - early 2016:
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2003 - 2004:

𝚯+(1530) 
uudds

𝚵−−(1860) 
ddssu

𝚵+(2070) 
uussd

N(1710)

𝚺(1890)

~4 σ evidence at CERN SPS

~4.5 σ evidence of 𝚯+ at LEPS, 
 followed by ~4 σ reports from  
9 more experiments

Z. Phys. A 359 (1997) 305

https://link.springer.com/article/10.1007/s002180050406
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~4 σ evidence at CERN SPS

~4 σ evidence at HERMES
Phys. Lett. B 585 (2004) 213

~4.5 σ evidence of 𝚯+ at LEPS, 
 followed by ~4 σ reports from  
9 more experiments

Z. Phys. A 359 (1997) 305

http://www-hermes.desy.de/notes/pub/publications/penta_q.v8.7.pdf
https://link.springer.com/article/10.1007/s002180050406
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~4 σ evidence at HERMES
Phys. Lett. B 585 (2004) 213

~4.5 σ evidence of 𝚯+ at LEPS, 
 followed by ~4 σ reports from  
9 more experiments

~5.5 σ evidence at H1
Phys. Lett. B 588 (2004) 17-28

𝚯0c 
uuddc

Z. Phys. A 359 (1997) 305

http://www-hermes.desy.de/notes/pub/publications/penta_q.v8.7.pdf
https://www.sciencedirect.com/science/article/pii/S0370269304004101
https://link.springer.com/article/10.1007/s002180050406
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Z. Phys. A 359 (1997) 305

http://www-hermes.desy.de/notes/pub/publications/penta_q.v8.7.pdf
https://www.sciencedirect.com/science/article/pii/S037026930400615X
https://www.sciencedirect.com/science/article/pii/S0370269304004101
https://link.springer.com/article/10.1007/s002180050406


Oleksii Turkot Beyond the Standard Model searches at HERA

1.45 1.5 1.55 1.6 1.65 1.7
0

50

100

150

200

250

300

350

M (GeV)
1.45 1.5 1.55 1.6 1.65 1.7

C
om

bi
na

tio
ns

 / 
0.

00
5 

G
eV

0

50

100

150

200

250

300

350

ZEUS 96-00
Fit
Gaussian
Background
ARIADNE MC

ZEUS

2>20 GeV2Q

)p p(S
0K

 / ndf =35 / 44 2χ

 1.5 MeV±peak= 1521.5 
 1.6 MeV±width=    6.1 

 48 ±events=221 

1.45 1.5 1.55 1.6 1.65 1.70

20

40

60

80

100

120

140

160

180

200

 pS
0K

p S
0K

8

2003 - 2004:

~4.5 σ evidence of 𝚯+ at LEPS, 
 followed by ~4 σ reports from  
9 more experiments

~4 σ evidence at CERN SPS

~4 σ evidence at HERMES

0

1

2

3

4

5

6

7

1520 1540 1560
Mass value  [MeV]

Se
qu

en
ce

SPring-8

DIANA

CLAS (d)

CLAS (p)

SAPHIR

ITEP (υ,s)

HERMES

FWHM  [MeV]

0

1

2

3

4

5

6

7

0 20 40 60

Phys. Lett. B 585 (2004) 213

0

10

20

30

40

50

60

70 M=1527 ± 2.3(stat) MeV
σ=9.2 ± 2(stat) MeV a)

Ev
en

ts
 / 

(8
 M

eV
)

M=1528 ± 2.6(stat) MeV
σ=8 ± 2(stat) MeV b)

M(π+π-p) [GeV]

0

10

20

30

40

50

60

70

1.45 1.5 1.55 1.6 1.65 1.7

𝚯+(1530) 
uudds

𝚵−−(1860) 
ddssu

𝚵+(2070) 
uussd

N(1710)

𝚺(1890)

~4 σ evidence at ZEUS 
+ evidence for uudds

Phys. Lett. B 591 (2004) 7-22

0

10

20

30

40

3 3.2 3.4 3.6

Signal + bg. fit
Bg. only fit

H1

M(D*p) [ GeV ]

En
tr

ie
s 

pe
r 1

0 
M

eV

D*  p + D*+p

~5.5 σ evidence at H1
Phys. Lett. B 588 (2004) 17-28

𝚯0c 
uuddc

Z. Phys. A 359 (1997) 305

PDG14 set 𝚯+  
the status of ★★★☆

http://www-hermes.desy.de/notes/pub/publications/penta_q.v8.7.pdf
https://www.sciencedirect.com/science/article/pii/S037026930400615X
https://www.sciencedirect.com/science/article/pii/S0370269304004101
https://link.springer.com/article/10.1007/s002180050406
http://pdg.lbl.gov/2004/
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FIG. 1: Signals obtained with the C target from decays
of a) Ξ−→Λπ− and Ξ̄+→Λ̄π+, and b) Λ(1520) → pK− and
Λ̄(1520)→ p̄K+.

riod. For this analysis the information from the sili-
con vertex detector, the main tracking system, the ring-
imaging Cherenkov counter (RICH), and the electromag-
netic calorimeter (ECAL) was used.

With standard techniques described in [26], signals
from K0

S → π+π−, Λ → pπ− and Λ̄ → p̄π+ decays
are identified above a small background without parti-
cle identification (PID) requirements. Similar clean sig-
nals from Ξ− → Λπ− and c.c. decays (Fig. 1a) are ob-
tained by requesting the Λπ− vertex to be at least 2.5 cm
downstream of the target and the event to exhibit a cas-
cade topology: a further downstream Λ vertex and the
Ξ− pointing back to the target wire (impact parameter
b < 1 mm). Table I summarizes the statistics of these
signals, together with their measured mass resolutions
σ. These resolutions are about 20% larger than those of
the Monte Carlo (MC) simulation, while all mass values
agree within <1MeV/c2 with the nominal masses. For
all particle selections, invariant masses are required to be
within ±3σ of the respective nominal mass.

For the search for Θ+ → pK0
S decays, events with at

least one reconstructed primary vertex were selected.
The proton PID was provided by the RICH. The cut
in proton likelihood of > 0.95 implies a misidentification
probability of less than 1% in the selected momentum
range from 22 to 55 GeV/c [27]. The Λ and Λ̄ contam-
inations [13] were removed [26] in the K0

S sample. The
invariant mass spectrum of the pK0

S pairs is shown in
Fig. 2a) for the p+C data. The solid line represents the
background determined from event mixing after normal-
ization to the data. The spectrum exhibits a smooth
shape in the mass region from 1.45 to 1.7 GeV/c2. Using
the prescription of ref. [28], we have calculated from these
data upper limits at 95% confidence level, UL(95%), for
the inclusive production cross section of a narrow reso-
nance at mid-rapidity, B·dσ/dy|y≈0, (Fig. 2b); the ycm-
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FIG. 2: The pK0
S invariant mass distributions: a) data from

the p+C collisions and the background estimate (continuous
line); b) deduced UL(95%) for the p+C inclusive cross section
at mid-rapidity; the dashed line shows our 95% CL sensitivity;
c,d) same as a) but requiring c) a track multiplicity of <10,
and d) in addition a K− particle in the event. The arrows
mark the masses of 1521, 1530 and 1555 MeV/c2.

interval is ±0.3. The data have been fitted with a Gaus-
sian plus a background of fixed shape. The mean of the
Gaussian was varied in steps of 1 MeV/c2 but fixed in
the fit; its width was fixed to the MC prediction multi-
plied by 1.2 and increased from 2.6 to 6.1 MeV/c2 over
the considered range. At the Θ+ mass, the width was
3.9 MeV/c2. The reconstruction efficiencies have been
determined by MC simulations assuming a flat rapid-
ity distribution and a p2t distribution proportional to
exp(−B · p2t ) with B = 2.1 (GeV/c)−2 [26]. Assuming
an atomic mass dependence of A0.7 for the production
cross section, the UL(95%) of B·dσ/dy varies from 3
to 22 µb/nucleon (N) for a Θ+ mass between 1521 and
1555 MeV/c2. A systematic error of 14% was taken into
account. For the Θ+ mass of 1530 MeV/c2(about the av-
erage of the mass values observed in the pK0

S final state
[16]), our limit is B·dσ/dy< 3.7 µb/N. The ULs from all
target data are within ±30% of these values.

Further search strategies were tried including i) a cut

4

on the track multiplicity of the event (Fig. 2c) which
would otherwise peak at ≈ 13, ii) the request of a tag-
ging particle such as a Λ, Σ or K− in the event, or iii)
both conditions (Fig. 2d). None yielded a statistically
significant structure in Θ+ mass region. Also, the effect
of lowering the cut on the RICH proton likelihood and the
corresponding increase of the proton momentum accep-
tance has been systematically studied without yielding
a Θ+ signal. On the other hand, as shown in Fig. 1b,
when the same proton PID requirement used to produce
Fig. 2 is applied to pK− candidates, a strong Λ(1520)
signal results, further demonstrating the capabilities of
the RICH. The cut in the K− likelihood of > 0.95 im-
plies a selection of kaon momenta from 12 to 55 GeV/c.
With the same cut on the K0

S momenta, and assuming a
branching ratio of B(Θ+→pK0

S) = 0.25, the UL(95%) of
the particle ratio Θ+(1530)/Λ(1520) at ycm ≈ 0 is 2.7%.
Both doubly-charged and neutral Ξ3/2 PQ candidates

as well as their anti-particles have been searched for in
the Ξπ channels. The pion candidates were required
to originate from the primary vertex. The background
was further reduced by weak cuts on the PIDs from
the ECAL and RICH which eliminated all the tracks
with a positive electron, proton, or kaon PID. The his-
tograms of Fig. 3a) show the resulting Ξπ invariant
mass spectra obtained from the C target data. The
smooth lines are the background estimates from event-
mixing normalized to the data. In the neutral chan-
nels the Ξ(1530)0 resonance shows up as a prominent
signal of ≈ 103 events (see Table I). The observed
width (≈9.5 MeV/c2) of the Ξ(1530)0 agrees with MC
simulations which imply an experimental resolution of
2.9 MeV/c2. None of these mass spectra shows evidence
for the narrow, less than 18 MeV/c2 (FWHM) wide PQ
candidates at 1862 MeV/c2 reported by the NA49 col-
laboration [8] nor for any other narrow state at masses
between 1.6 and 2.3 GeV/c2. Fig. 3b) shows the sum
of the four spectra of Fig. 3a) after background subtrac-
tion and can be compared directly to Fig. 3 of ref. [8].
The corresponding ULs(95%) of the production cross sec-
tions B·dσ/dy|y≈0 per carbon nucleus at mid-rapidity
(Fig. 3c) have been obtained in the same way as de-
scribed above for the pK0

S channel; here the ycm-interval
is ±0.7, the experimental resolution increases from 2.9
to 10.6 MeV/c2 in the considered mass range, and is
6.6 MeV/c2 at 1862 MeV/c2. At this Ξ−π− mass, the
UL(95%) of B·dσ/dy is 2.5 µb/N; the corresponding lim-
its in the Ξ−π+, Ξ̄+π+, and Ξ̄+π−channels are 2.3, 0.85,
and 3.1 µb/N. With an A0.7 dependence, the ULs from
all targets are 2.7, 3.2, 0.94, and 3.1 µb/N, respectively.
Table II lists our ULs(95%) of various relative yields

for the Θ+ and Ξ−−. Reference states for the Θ+ are
the Λ and the Λ(1520), and for the Ξ−−, the Ξ− and
the Ξ(1530)0. The Θ+ and Ξ−− widths are assumed
to be equal to our experimental mass resolution and
their momentum distributions are assumed to be the
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FIG. 3: The Ξπ invariant mass distributions: a) data from
the p+C collisions in indicated neutral and doubly-charged
channels and the background estimates (continuous lines); b)
sum of all four Ξπ spectra with the background subtracted,
and c) deduced UL(95%) for the p+C inclusive cross section
at mid-rapidity. The dashed line shows our 95% CL sensitiv-
ity. The arrows mark the mass of 1862 MeV/c2.

same as those of the reference states. Table II lists
also predictions of various statistical hadronization mod-
els for the respective ratios. We note that these ra-
tios show no significant variation between 17 <

√
s <

40 GeV, nor is there a significant difference between pre-
dictions for pp and AA collisions. We find our UL for
Θ+/Λ(1520)<2.7% to be more than one order of mag-
nitude lower than the model predictions. Also, the UL
of Θ+/Λ< 0.92% is lower than all predictions including
the model which uses the Gribov-Regge approach for de-
scribing the Θ+ production and its

√
s dependence in

pp collisions [25]. Our UL of the Ξ−−/Ξ− yield ratio is

No 𝚯+ or 𝚵−− observed by HERA-B
Phys. Rev. Lett. 93, 212003 (2004)

Z. Phys. A 359 (1997) 305

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.212003
https://link.springer.com/article/10.1007/s002180050406


Oleksii Turkot Beyond the Standard Model searches at HERA 10

𝚯+(1530) 
uudds

𝚵−−(1860) 
ddssu

𝚵+(2070) 
uussd

N(1710)

𝚺(1890)

2004 - 2005:
𝚯+

3

0

500

1000

1500

2000

1.3 1.325 1.35

a)

co
un

ts
 / 

0.
5 

M
eV

/c
2

mass, GeV/c2

Λπ- + Λ–π+

600

700

800

900

1000

1100

1.4 1.6

b)

co
un

ts
 / 

4 
M

eV
/c
2 pK- + p–K+

FIG. 1: Signals obtained with the C target from decays
of a) Ξ−→Λπ− and Ξ̄+→Λ̄π+, and b) Λ(1520) → pK− and
Λ̄(1520)→ p̄K+.

riod. For this analysis the information from the sili-
con vertex detector, the main tracking system, the ring-
imaging Cherenkov counter (RICH), and the electromag-
netic calorimeter (ECAL) was used.

With standard techniques described in [26], signals
from K0

S → π+π−, Λ → pπ− and Λ̄ → p̄π+ decays
are identified above a small background without parti-
cle identification (PID) requirements. Similar clean sig-
nals from Ξ− → Λπ− and c.c. decays (Fig. 1a) are ob-
tained by requesting the Λπ− vertex to be at least 2.5 cm
downstream of the target and the event to exhibit a cas-
cade topology: a further downstream Λ vertex and the
Ξ− pointing back to the target wire (impact parameter
b < 1 mm). Table I summarizes the statistics of these
signals, together with their measured mass resolutions
σ. These resolutions are about 20% larger than those of
the Monte Carlo (MC) simulation, while all mass values
agree within <1MeV/c2 with the nominal masses. For
all particle selections, invariant masses are required to be
within ±3σ of the respective nominal mass.

For the search for Θ+ → pK0
S decays, events with at

least one reconstructed primary vertex were selected.
The proton PID was provided by the RICH. The cut
in proton likelihood of > 0.95 implies a misidentification
probability of less than 1% in the selected momentum
range from 22 to 55 GeV/c [27]. The Λ and Λ̄ contam-
inations [13] were removed [26] in the K0

S sample. The
invariant mass spectrum of the pK0

S pairs is shown in
Fig. 2a) for the p+C data. The solid line represents the
background determined from event mixing after normal-
ization to the data. The spectrum exhibits a smooth
shape in the mass region from 1.45 to 1.7 GeV/c2. Using
the prescription of ref. [28], we have calculated from these
data upper limits at 95% confidence level, UL(95%), for
the inclusive production cross section of a narrow reso-
nance at mid-rapidity, B·dσ/dy|y≈0, (Fig. 2b); the ycm-
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FIG. 2: The pK0
S invariant mass distributions: a) data from

the p+C collisions and the background estimate (continuous
line); b) deduced UL(95%) for the p+C inclusive cross section
at mid-rapidity; the dashed line shows our 95% CL sensitivity;
c,d) same as a) but requiring c) a track multiplicity of <10,
and d) in addition a K− particle in the event. The arrows
mark the masses of 1521, 1530 and 1555 MeV/c2.

interval is ±0.3. The data have been fitted with a Gaus-
sian plus a background of fixed shape. The mean of the
Gaussian was varied in steps of 1 MeV/c2 but fixed in
the fit; its width was fixed to the MC prediction multi-
plied by 1.2 and increased from 2.6 to 6.1 MeV/c2 over
the considered range. At the Θ+ mass, the width was
3.9 MeV/c2. The reconstruction efficiencies have been
determined by MC simulations assuming a flat rapid-
ity distribution and a p2t distribution proportional to
exp(−B · p2t ) with B = 2.1 (GeV/c)−2 [26]. Assuming
an atomic mass dependence of A0.7 for the production
cross section, the UL(95%) of B·dσ/dy varies from 3
to 22 µb/nucleon (N) for a Θ+ mass between 1521 and
1555 MeV/c2. A systematic error of 14% was taken into
account. For the Θ+ mass of 1530 MeV/c2(about the av-
erage of the mass values observed in the pK0

S final state
[16]), our limit is B·dσ/dy< 3.7 µb/N. The ULs from all
target data are within ±30% of these values.

Further search strategies were tried including i) a cut

4

on the track multiplicity of the event (Fig. 2c) which
would otherwise peak at ≈ 13, ii) the request of a tag-
ging particle such as a Λ, Σ or K− in the event, or iii)
both conditions (Fig. 2d). None yielded a statistically
significant structure in Θ+ mass region. Also, the effect
of lowering the cut on the RICH proton likelihood and the
corresponding increase of the proton momentum accep-
tance has been systematically studied without yielding
a Θ+ signal. On the other hand, as shown in Fig. 1b,
when the same proton PID requirement used to produce
Fig. 2 is applied to pK− candidates, a strong Λ(1520)
signal results, further demonstrating the capabilities of
the RICH. The cut in the K− likelihood of > 0.95 im-
plies a selection of kaon momenta from 12 to 55 GeV/c.
With the same cut on the K0

S momenta, and assuming a
branching ratio of B(Θ+→pK0

S) = 0.25, the UL(95%) of
the particle ratio Θ+(1530)/Λ(1520) at ycm ≈ 0 is 2.7%.
Both doubly-charged and neutral Ξ3/2 PQ candidates

as well as their anti-particles have been searched for in
the Ξπ channels. The pion candidates were required
to originate from the primary vertex. The background
was further reduced by weak cuts on the PIDs from
the ECAL and RICH which eliminated all the tracks
with a positive electron, proton, or kaon PID. The his-
tograms of Fig. 3a) show the resulting Ξπ invariant
mass spectra obtained from the C target data. The
smooth lines are the background estimates from event-
mixing normalized to the data. In the neutral chan-
nels the Ξ(1530)0 resonance shows up as a prominent
signal of ≈ 103 events (see Table I). The observed
width (≈9.5 MeV/c2) of the Ξ(1530)0 agrees with MC
simulations which imply an experimental resolution of
2.9 MeV/c2. None of these mass spectra shows evidence
for the narrow, less than 18 MeV/c2 (FWHM) wide PQ
candidates at 1862 MeV/c2 reported by the NA49 col-
laboration [8] nor for any other narrow state at masses
between 1.6 and 2.3 GeV/c2. Fig. 3b) shows the sum
of the four spectra of Fig. 3a) after background subtrac-
tion and can be compared directly to Fig. 3 of ref. [8].
The corresponding ULs(95%) of the production cross sec-
tions B·dσ/dy|y≈0 per carbon nucleus at mid-rapidity
(Fig. 3c) have been obtained in the same way as de-
scribed above for the pK0

S channel; here the ycm-interval
is ±0.7, the experimental resolution increases from 2.9
to 10.6 MeV/c2 in the considered mass range, and is
6.6 MeV/c2 at 1862 MeV/c2. At this Ξ−π− mass, the
UL(95%) of B·dσ/dy is 2.5 µb/N; the corresponding lim-
its in the Ξ−π+, Ξ̄+π+, and Ξ̄+π−channels are 2.3, 0.85,
and 3.1 µb/N. With an A0.7 dependence, the ULs from
all targets are 2.7, 3.2, 0.94, and 3.1 µb/N, respectively.
Table II lists our ULs(95%) of various relative yields

for the Θ+ and Ξ−−. Reference states for the Θ+ are
the Λ and the Λ(1520), and for the Ξ−−, the Ξ− and
the Ξ(1530)0. The Θ+ and Ξ−− widths are assumed
to be equal to our experimental mass resolution and
their momentum distributions are assumed to be the
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FIG. 3: The Ξπ invariant mass distributions: a) data from
the p+C collisions in indicated neutral and doubly-charged
channels and the background estimates (continuous lines); b)
sum of all four Ξπ spectra with the background subtracted,
and c) deduced UL(95%) for the p+C inclusive cross section
at mid-rapidity. The dashed line shows our 95% CL sensitiv-
ity. The arrows mark the mass of 1862 MeV/c2.

same as those of the reference states. Table II lists
also predictions of various statistical hadronization mod-
els for the respective ratios. We note that these ra-
tios show no significant variation between 17 <

√
s <

40 GeV, nor is there a significant difference between pre-
dictions for pp and AA collisions. We find our UL for
Θ+/Λ(1520)<2.7% to be more than one order of mag-
nitude lower than the model predictions. Also, the UL
of Θ+/Λ< 0.92% is lower than all predictions including
the model which uses the Gribov-Regge approach for de-
scribing the Θ+ production and its

√
s dependence in

pp collisions [25]. Our UL of the Ξ−−/Ξ− yield ratio is
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Λ̄(1520)→ p̄K+.

riod. For this analysis the information from the sili-
con vertex detector, the main tracking system, the ring-
imaging Cherenkov counter (RICH), and the electromag-
netic calorimeter (ECAL) was used.

With standard techniques described in [26], signals
from K0

S → π+π−, Λ → pπ− and Λ̄ → p̄π+ decays
are identified above a small background without parti-
cle identification (PID) requirements. Similar clean sig-
nals from Ξ− → Λπ− and c.c. decays (Fig. 1a) are ob-
tained by requesting the Λπ− vertex to be at least 2.5 cm
downstream of the target and the event to exhibit a cas-
cade topology: a further downstream Λ vertex and the
Ξ− pointing back to the target wire (impact parameter
b < 1 mm). Table I summarizes the statistics of these
signals, together with their measured mass resolutions
σ. These resolutions are about 20% larger than those of
the Monte Carlo (MC) simulation, while all mass values
agree within <1MeV/c2 with the nominal masses. For
all particle selections, invariant masses are required to be
within ±3σ of the respective nominal mass.

For the search for Θ+ → pK0
S decays, events with at

least one reconstructed primary vertex were selected.
The proton PID was provided by the RICH. The cut
in proton likelihood of > 0.95 implies a misidentification
probability of less than 1% in the selected momentum
range from 22 to 55 GeV/c [27]. The Λ and Λ̄ contam-
inations [13] were removed [26] in the K0

S sample. The
invariant mass spectrum of the pK0

S pairs is shown in
Fig. 2a) for the p+C data. The solid line represents the
background determined from event mixing after normal-
ization to the data. The spectrum exhibits a smooth
shape in the mass region from 1.45 to 1.7 GeV/c2. Using
the prescription of ref. [28], we have calculated from these
data upper limits at 95% confidence level, UL(95%), for
the inclusive production cross section of a narrow reso-
nance at mid-rapidity, B·dσ/dy|y≈0, (Fig. 2b); the ycm-
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FIG. 2: The pK0
S invariant mass distributions: a) data from

the p+C collisions and the background estimate (continuous
line); b) deduced UL(95%) for the p+C inclusive cross section
at mid-rapidity; the dashed line shows our 95% CL sensitivity;
c,d) same as a) but requiring c) a track multiplicity of <10,
and d) in addition a K− particle in the event. The arrows
mark the masses of 1521, 1530 and 1555 MeV/c2.

interval is ±0.3. The data have been fitted with a Gaus-
sian plus a background of fixed shape. The mean of the
Gaussian was varied in steps of 1 MeV/c2 but fixed in
the fit; its width was fixed to the MC prediction multi-
plied by 1.2 and increased from 2.6 to 6.1 MeV/c2 over
the considered range. At the Θ+ mass, the width was
3.9 MeV/c2. The reconstruction efficiencies have been
determined by MC simulations assuming a flat rapid-
ity distribution and a p2t distribution proportional to
exp(−B · p2t ) with B = 2.1 (GeV/c)−2 [26]. Assuming
an atomic mass dependence of A0.7 for the production
cross section, the UL(95%) of B·dσ/dy varies from 3
to 22 µb/nucleon (N) for a Θ+ mass between 1521 and
1555 MeV/c2. A systematic error of 14% was taken into
account. For the Θ+ mass of 1530 MeV/c2(about the av-
erage of the mass values observed in the pK0

S final state
[16]), our limit is B·dσ/dy< 3.7 µb/N. The ULs from all
target data are within ±30% of these values.

Further search strategies were tried including i) a cut

4

on the track multiplicity of the event (Fig. 2c) which
would otherwise peak at ≈ 13, ii) the request of a tag-
ging particle such as a Λ, Σ or K− in the event, or iii)
both conditions (Fig. 2d). None yielded a statistically
significant structure in Θ+ mass region. Also, the effect
of lowering the cut on the RICH proton likelihood and the
corresponding increase of the proton momentum accep-
tance has been systematically studied without yielding
a Θ+ signal. On the other hand, as shown in Fig. 1b,
when the same proton PID requirement used to produce
Fig. 2 is applied to pK− candidates, a strong Λ(1520)
signal results, further demonstrating the capabilities of
the RICH. The cut in the K− likelihood of > 0.95 im-
plies a selection of kaon momenta from 12 to 55 GeV/c.
With the same cut on the K0

S momenta, and assuming a
branching ratio of B(Θ+→pK0

S) = 0.25, the UL(95%) of
the particle ratio Θ+(1530)/Λ(1520) at ycm ≈ 0 is 2.7%.
Both doubly-charged and neutral Ξ3/2 PQ candidates

as well as their anti-particles have been searched for in
the Ξπ channels. The pion candidates were required
to originate from the primary vertex. The background
was further reduced by weak cuts on the PIDs from
the ECAL and RICH which eliminated all the tracks
with a positive electron, proton, or kaon PID. The his-
tograms of Fig. 3a) show the resulting Ξπ invariant
mass spectra obtained from the C target data. The
smooth lines are the background estimates from event-
mixing normalized to the data. In the neutral chan-
nels the Ξ(1530)0 resonance shows up as a prominent
signal of ≈ 103 events (see Table I). The observed
width (≈9.5 MeV/c2) of the Ξ(1530)0 agrees with MC
simulations which imply an experimental resolution of
2.9 MeV/c2. None of these mass spectra shows evidence
for the narrow, less than 18 MeV/c2 (FWHM) wide PQ
candidates at 1862 MeV/c2 reported by the NA49 col-
laboration [8] nor for any other narrow state at masses
between 1.6 and 2.3 GeV/c2. Fig. 3b) shows the sum
of the four spectra of Fig. 3a) after background subtrac-
tion and can be compared directly to Fig. 3 of ref. [8].
The corresponding ULs(95%) of the production cross sec-
tions B·dσ/dy|y≈0 per carbon nucleus at mid-rapidity
(Fig. 3c) have been obtained in the same way as de-
scribed above for the pK0

S channel; here the ycm-interval
is ±0.7, the experimental resolution increases from 2.9
to 10.6 MeV/c2 in the considered mass range, and is
6.6 MeV/c2 at 1862 MeV/c2. At this Ξ−π− mass, the
UL(95%) of B·dσ/dy is 2.5 µb/N; the corresponding lim-
its in the Ξ−π+, Ξ̄+π+, and Ξ̄+π−channels are 2.3, 0.85,
and 3.1 µb/N. With an A0.7 dependence, the ULs from
all targets are 2.7, 3.2, 0.94, and 3.1 µb/N, respectively.
Table II lists our ULs(95%) of various relative yields

for the Θ+ and Ξ−−. Reference states for the Θ+ are
the Λ and the Λ(1520), and for the Ξ−−, the Ξ− and
the Ξ(1530)0. The Θ+ and Ξ−− widths are assumed
to be equal to our experimental mass resolution and
their momentum distributions are assumed to be the
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FIG. 3: The Ξπ invariant mass distributions: a) data from
the p+C collisions in indicated neutral and doubly-charged
channels and the background estimates (continuous lines); b)
sum of all four Ξπ spectra with the background subtracted,
and c) deduced UL(95%) for the p+C inclusive cross section
at mid-rapidity. The dashed line shows our 95% CL sensitiv-
ity. The arrows mark the mass of 1862 MeV/c2.

same as those of the reference states. Table II lists
also predictions of various statistical hadronization mod-
els for the respective ratios. We note that these ra-
tios show no significant variation between 17 <

√
s <

40 GeV, nor is there a significant difference between pre-
dictions for pp and AA collisions. We find our UL for
Θ+/Λ(1520)<2.7% to be more than one order of mag-
nitude lower than the model predictions. Also, the UL
of Θ+/Λ< 0.92% is lower than all predictions including
the model which uses the Gribov-Regge approach for de-
scribing the Θ+ production and its

√
s dependence in

pp collisions [25]. Our UL of the Ξ−−/Ξ− yield ratio is
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Figure 6: Fit to the cos ✓
Pc

-weighted m
J/ p

distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+

c

states. The mass thresholds for the ⌃+
c

D0 and ⌃+
c

D⇤0 final states are
superimposed.

to form bound states [29–31]. The masses of the P

c

(4312)+ and P

c

(4457)+ states are
approximately 5MeV and 2MeV below the ⌃

+
c

D

0 and ⌃

+
c

D

⇤0 thresholds, respectively, as
illustrated in Fig. 6, making them excellent candidates for bound states of these systems.
The P

c

(4440)+ could be the second ⌃

c

D

⇤ state, with about 20MeV of binding energy, since
two states with J

P = 1/2� and 3/2� are possible. In fact, several papers on hidden-charm
states created dynamically by charmed meson-baryon interactions [32–34] were published
well before the first observation of the P

+
c

structures [1] and some of these predictions
for ⌃+

c

D

0 and ⌃

+
c

D

⇤0 states [29–31] are consistent with the observed narrow P

+
c

states.
Such an interpretation of the P

c

(4312)+ state (implies JP = 1/2�) would point to the
importance of ⇢-meson exchange, since a pion cannot be exchanged in this system [10].

8

is Gaussian with a standard deviation (�
m

) given by

�

m

(m
J/ p

) =
⇥
2.71� 6.56 · 10�6(m

J/ p

/MeV� 4567)2
⇤
MeV. (S1)

2 Example fit with interference

Figure S2 shows an example fit with interfering resonances.
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Figure S2: Fit to the cos ✓
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distribution with four BW amplitudes and a linear
background. The broad P+
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state is added coherently to the P
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(4312)+ amplitude. In this fit
model, the magnitude of the P

c

(4312)+ peak in the data is dominated by its interference with
the broad P+

c

state. Each P+
c

contribution is displayed as the BW amplitude squared (the
interference contributions are not shown individually).
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In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c

, irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�
p invariant mass m

Kp

as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P

+
c

state, and when that was not su�cient we included a second state. The
two P

+
c

states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity J

P values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both m

Kp

and the peaking structure in m

J/ p

are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) m
Kp

and (b) m
J/ p

for the reduced ⇤

⇤ model with two P

+
c

states
(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the P

c

(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the P

c

(4380)+ state. Each ⇤

⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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2015 - present:

Discovery of the P+c (ccuud) 
pentaquark states at LHCb

Introduction and summary

The prospect of hadrons with more than the minimal quark content (qq or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2], followed by a quantitative model for two
quarks plus two antiquarks developed by Ja↵e in 1976 [3]. The idea was expanded upon [4]
to include baryons composed of four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of pentaquark states have been shown to
be spurious [6], although there is at least one viable tetraquark candidate, the Z(4430)+

observed in B

0 !  

0
K

�
⇡

+ decays [7–9], implying that the existence of pentaquark baryon
states would not be surprising. States that decay into charmonium may have particularly
distinctive signatures [10].

Large yields of ⇤0
b

! J/ K

�
p decays are available at LHCb and have been used for

the precise measurement of the ⇤0
b

lifetime [11]. (In this Letter mention of a particular
mode implies use of its charge conjugate as well.) This decay can proceed by the diagram
shown in Fig. 1(a), and is expected to be dominated by ⇤⇤ ! K

�
p resonances, as are

evident in our data shown in Fig. 2(a). It could also have exotic contributions, as indicated
by the diagram in Fig. 1(b), that could result in resonant structures in the J/ p mass
spectrum shown in Fig. 2(b).

Figure 1: Feynman diagrams for (a) ⇤0
b

! J/ ⇤

⇤ and (b) ⇤0
b

! P

+
c

K

� decay.

Figure 2: Invariant mass of (a) K

�
p and (b) J/ p combinations from ⇤

0
b

! J/ K

�
p decays.

The solid (red) curve is the expectation from phase space. The background has been subtracted.

1

2015
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Isolated Leptons

In case of events excess, some of the possible interpretations:

Isolated high-PT lepton, 
high PTmiss and PTX anomalous single-top production

e+

u

𝛄/Z0

t
κtu𝛄

b

q/ν

q/𝒍

stop production in the  
R-parity breaking SUSY

d

e+

t
~

W+

b
~

d

q/ν

q/𝒍

νe

e+

q

𝛄

W

q(X)

e/μ/τ

ν
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Isolated Leptons

Bin-to-bin combination of the data from H1 and ZEUS - 1 fb-1 of data.

In total, 23 events with PTX > 25 GeV observed, 14.0 ± 1.9 expected.JHEP 1003 (2010) 035

e+

q

𝛄

W

q(X)

e/μ/τ

ν

Isolated high-PT lepton, 
high PTmiss and PTX

Events with an Isolated Lepton and Pmiss

T
at HERA
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Figure 2: Distributions of the hadronic transverse momentum PX
T of events with an isolated

electron or muon and missing transverse momentum for the e+p (a) and e−p (b) HERA data.
The data (points) are compared to the SM expectation (open histogram). The signal component
of the SM expectation, dominated by singleW production, is shown as the hatched histogram.
The total uncertainty on the SM expectation is shown as the shaded band.
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Single W Production at HERA
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Figure 3: The single W production cross section as a function of the hadronic transverse mo-
mentum, PX

T , measured using the combined H1 and ZEUS data at a centre–of–mass energy
of

√
s = 317 GeV. The inner error bar represents the statistical error and the outer error bar

indicates the statistical and systematic uncertainties added in quadrature. The shaded band rep-
resents the uncertainty on the SM prediction.
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The data (points) are compared to the SM expectation (open histogram). The signal component
of the SM expectation, dominated by singleW production, is shown as the hatched histogram.
The total uncertainty on the SM expectation is shown as the shaded band.
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https://link.springer.com/article/10.1007/JHEP03(2010)035
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Multi-Leptons
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Multi-Leptons at HERA
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Multi-Leptons at HERA
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Bin-to-bin combination of the data from H1 and ZEUS - 1 fb-1 of data.

0 events with ∑PT > 100 GeV observed,  
1.19 ± 0.12 expected.

7  events with ∑PT > 100 GeV observed, 
1.94 ± 0.17 expected.
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JHEP 0910 (2009) 013

At least 2 high-PT leptons

https://iopscience.iop.org/article/10.1088/1126-6708/2009/10/013
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• 2927 data point combined to 1307

• up to 8 data points combined to 1

• impressive improvement of precision due to:

- increased statistics 
- better understanding of systematics 
- cross-calibration of the data from two experiments

H1 and ZEUS
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NC e+p

HERA inclusive DIS data combination

Eur. Phys. J. C75 (2015), No. 12, 580
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https://link.springer.com/article/10.1140/epjc/s10052-015-3710-4
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Parton Density Functions 

Parameterised at the starting scale of 
Q20 = 1.9 GeV2:

Evolve to any Q2 > Q20 with DGLAP.

fixed or calculated by the 
sum-rules
set equal

xg(x) = Agx
Bg (1� x)Cg �A

0
gx

B0
g (1� x)C

0
g

xdv(x) = Advx
Bdv (1� x)Cdv

xŪ(x) = AŪx
BŪ (1� x)CŪ (1 +DŪx)

xD̄(x) = AD̄x

BD̄ (1� x)CD̄

xuv(x) = Auvx
Buv (1� x)Cuv

�
1 + Euvx

2
�

QCD analysis of the combined DIS data

Eur. Phys. J. C75 (2015), No. 12, 580

➤  BSM signal in the data could affect 
the PDF fit and result in biased PDFs.

➤  This could affect all available high-
precision PDFs (MMHT2014, NNPDF 
3.0, etc.) - they all include HERA DIS 
data in the fit. 

➤  Proper procedure for a BSM analysis 
of the HERA data - global QCD analysis 
which includes a possible 
contribution from BSM processes.

https://link.springer.com/article/10.1140/epjc/s10052-015-3710-4
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Simultaneous PDF + Rq analysis
Wide kinematic range of the HERA data allows determination 
of PDFs simultaneously with BSM searches.

e

q

𝛄/Z0

Rq

e

q

For example - quark form-factor:
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dQ2
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Frequentist analysis - generate MC replicas and 
simultaneously fit PDFs and Rq:
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Phys. Lett. B757 (2016), 468-472

95% C.L. limits (H1 + ZEUS data, 1 fb-1):  
-[0.47 ∙ 10-16 cm]2 ≤ R2q ≤ [0.43 ∙ 10-16 cm]2

Previous results:

H1 (446 pb-1): ZEUS (128 pb-1):

Rq ≤ 0.85 ∙ 10-16 cm
Phys. Lett. B591 (2004) 23

Rq ≤ 0.65 ∙ 10-16 cm
Phys. Lett. B705 (2011) 52

https://www.sciencedirect.com/science/article/pii/S0370269316300776
https://www.sciencedirect.com/science/article/pii/S0370269304005660
https://www.sciencedirect.com/science/article/abs/pii/S0370269311012093
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➤  BSM signal in the data affects the 
PDF fit and results in biased PDFs.

➤  Use of the biased PDFs in the 
BSM analysis results in 
overestimated limits.

Conclusions from simultaneous analysis

0 0.05 0.1 0.15 0.2 0.25

0

0.05

0.1

0.15

0.2

0.25

)2 cm)-16 ((10q
2 TrueR

)2
 c

m
)

-1
6

 ((
10

q2 
Fi

t
R

 + PDF fitq
2R

-only fit after SM PDF fitq
2R

0 0.05 0.1 0.15 0.2 0.25
0

1

2

3

4

5

6

)2 cm)-16 ((10q
2 TrueR

2 χ

 scan2χ + PDF q
2R

 scan2χ-only q
2R

Pseudodata generated for 
values of R2q = R2qTrue

Pseudodata generated for 
value of R2q = 0

R2q+PDF procedure provides 
unbiased results of R2qFit

R2q-only procedure results in 
too strong limits
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General contact interactions and leptoquarks

23

Low-energy effects due to physics at much higher 
energy scales can be described with the four-fermion 
contact interactions (CI):

LCI =
∑

k,j=L,R
q=u,d,s,c,b

ηeqkj(ēkγ
µek)(q̄jγµqj)

ηeqkj = ϵeqkj
g2

Λ2

ϵeqkj = ±1; 0

All up- or down-type quarks were assumed 
to have the same contact-interaction 
couplings:

ηeukj = ηeckj = ηetkt

ηedkj = ηeskj = ηebkt

In the limit of heavy leptoquarks (MLQ ≫ √s), the effect 
of s- and t-channel LQ exchange is equivalent to a 
vector-type eeqq CI with the coupling of:

ηeqkj = aeqkj
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General contact interactions
95% C.L. lower coupling limits (TeV-2)

H1 + ZEUS data (1 fb-1) H1(446 pb-1) ZEUS (128 pb-1)
Coupling structure pSM Measured Expected Measured Measured

Model [εLL, εLR, εRL, εRR] (%) Λ− Λ+ Λ− Λ+ Λ− Λ+ Λ− Λ+

LL [+1,   0,   0,   0] 7.0 12.8 4.5 5.9 6.3 4.0 4.2 1.7 2.7
RR [   0,   0,   0,+1] 5.9 14.7 4.4 5.7 6.1 3.9 4.4 1.8 2.7
LR [   0,+1,   0,   0] 34 4.7 5.5 5.7 6.3 3.7 4.8 2.4 3.6
RL [   0,   0,+1,   0] 42 5.0 5.3 5.6 6.5 3.8 4.8 2.7 3.5
VV [+1,+1,+1,+1] 25 13.9 9.0 11.2 11.4 7.2 5.6 6.2 5.4
AA [+1,−1,−1,+1] 0.6 15.7 4.2 7.9 7.8 5.1 4.4 4.7 4.4
VA [+1,−1,+1,−1] 2.5 (5.8) 3.6 3.5 4.2 4.2 3.6 3.8 3.3 3.2
X1 [+1,−1,   0,   0] 0.4 − 3.2 5.4 5.5 3.6 2.6
X2 [+1,   0,+1,   0] 24 10.4 6.4 7.8 8.3 3.9 4.0
X3 [+1,   0,   0,+1] 7.3 17.9 6.2 8.3 8.7 5.1 5.3 3.7 3.6
X4 [   0,+1,+1,   0] 39 7.2 7.5 8.0 8.6 4.8 5.4 5.1 4.8
X5 [   0,+1,   0,+1] 27 9.5 6.4 7.7 7.7 4.0 4.0
X6 [   0,   0,+1,−1] 0.3 3.1 − 5.3 5.5 2.5 3.5

Phys. Rev. D 99 (2019) 092006 Phys.Lett.B705 (2011) 52 Phys. Lett. B 591 (2004) 23-41

For AA, VA, X1 and X6 models QCD+CI fits provide improved description of the data, with up to 2.7σ difference. 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.092006
https://www.sciencedirect.com/science/article/abs/pii/S0370269311012093
https://www.sciencedirect.com/science/article/pii/S0370269304005660
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Leptoquarks
Phys. Rev. D 99 (2019) 092006 Phys.Lett.B705 (2011) 52 Phys. Lett. B 591 (2004) 23-41

95% C.L. λLQ/MLQ upper limits (TeV-1)
pSM H1 + ZEUS data (1 fb-1) H1(446 pb-1) ZEUS (128 pb-1)

Model Coupling structure (%) Measured Expected Measured Measured
9.0 0.28 0.56 0.91 1.64
5.5 1.03 0.72 0.91 1.79
1.8 − 1.71 2.44 3.70
43 0.83 0.76 1.15 1.20
39 1.04 0.92 1.69 1.89
38 1.66 1.39 1.52 2.33

<0.01 1.18 0.62 1.41 1.92
0.5 − 0.44 0.94 1.82
1.8 1.47 0.99 1.10 2.13
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For S1L and V0R models the difference from SM predictions is about 4σ and 2σ, respectively. 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.092006
https://www.sciencedirect.com/science/article/abs/pii/S0370269311012093
https://www.sciencedirect.com/science/article/pii/S0370269304005660
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BSM weak couplings
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Scale dependance of ρ'NC, κ'NC and ρ'CC 
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For the first time the scale dependence of ρ'NC, κ'NC and ρ'CC has been studied:

Eur.Phys.J.C78 (2018), 777No significant deviation from the SM expectation is observed  

https://link.springer.com/article/10.1140/epjc/s10052-018-6236-8
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Summary

➤  Experiments at HERA have a rich history of BSM searches.

 [GeV]T PΣ
0 20 40 60 80 100 120 140 160 180

Ev
en

ts

-210

-110

1

10

210

310

 [GeV]T PΣ
0 20 40 60 80 100 120 140 160 180

Ev
en

ts

-210

-110

1

10

210

310 SM
SM Pair Prod.

)-1H1+ZEUS (0.56 fbp+e

Multi-Leptons at HERA
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➤  Standard Model provides a good description 
of the HERA data, though some interesting

effects are seen and studied.

➤  Wide kinematic range of the 
HERA data provides an unique 
opportunity to perform the 
simultaneous BSM and PDF 
analyses.


