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Introduction: Dark Matter

There is Dark Matter:
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There is Dark Matter:
@ WIMPs are still a good candidate....
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There is Dark Matter:
@ WIMPs are still a good candidate....
@ ... but still not seen.
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Introduction: Dark Matter

There is Dark Matter:
@ WIMPs are still a good candidate....
@ ... but still not seen.

@ Other idea: Dark Matter lives in a
Bullet dark, hidden sector = FIPS.
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Introduction: FIPS

Feebly interacting particles is a class of models explaining dark matter
and why it's not yet been seen in a different way.

@ Generically, FIPS are models where rather than having heavy new
particles with sizeable couplings, the new physics might be light,
but much more weakly coupled.

@ So, the reason why the BSM has not yet been seen is not the lack
of energy, but the lack of precision - be it luminosity, background
contamination or detector performance.
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Introduction: FIPS

Types of FIPS, and how to detect them
@ The Higgs Portal: Dark Higgs
@ The fermions Portal: Sterile Neutrinos.
@ The Pseudoscalar Portal: Axions (and ALPS)
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Introduction: FIPS

Types of FIPS, and how to detect them

@ The Higgs Portal: Dark Higgs

@ The fermions Portal: Sterile Neutrinos.

@ The Pseudoscalar Portal: Axions (and ALPS)
and

@ The Vector Portal: Dark photons
which is what we will discuss here.
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The Vector Portal - Dark Photons, Ap

@ Assume that there is a dark sector with a dark U(1) symmetry
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The Vector Portal - Dark Photons, Ap

@ Assume that there is a dark sector with a dark U(1) symmetry
@ The relevant part of the Lagrangian is
Loasge = — 4 By B — 1 25, Z8 + 1 5 25, B, Bis the
ordinary U(1) field-strength tensor, and Zp that of the dark U(1).

@ The Dark Photon might mix with the photon by kinetic mixing - the
ZpBterm -, so that ete™ —Ap — ff is possible.

@ The (arbitrary) mixing parameter e must be small, so the coupling
is weak. There will be few events, but the decay will form a very
narrow peak, or even a displaced vertex.
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The Vector Portal - Dark Photons, Ap

@ Assume that there is a dark sector with a dark U(1) symmetry

@ The relevant part of the Lagrangian is
Loasge = — 4 By B — 1 25, Z8 + 1 5 25, B, Bis the
ordinary U(1) field-strength tensor, and Zp that of the dark U(1).

@ The Dark Photon might mix with the photon by kinetic mixing - the
ZpBterm -, so that ete™ —Ap — ff is possible.

@ The (arbitrary) mixing parameter e must be small, so the coupling
is weak. There will be few events, but the decay will form a very
narrow peak, or even a displaced vertex.

@ Note that the dark photon itself is not the dark matter, since it isn’t
stable ... Something else in the dark sector that is stable is
needed in addition.
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Dark Photon limits from the EPPSU

Current projections form the European Particle Physics Strategy
Update of 2019

@ All experiment, log mass-scale
(from the EPPSU briefing
book) 107

107 107! 1 10 10
My, (GeV)
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Current projections form the European Particle Physics Strategy
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@ Masses upto ~ 1 GeV: LLPs
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Dark Photon limits from the EPPSU

Current projections form the European Particle Physics Strategy
Update of 2019

@ All experiment, log mass-scale
(from the EPPSU briefing o
book.)

@ Masses upto ~ 1 GeV: LLPs
detected in Beam-dump
experiments. Sensitive to very
small couplings A : ‘

@ Beyond that: colliders \/ My, (GoV)

e Upto 10 GeV: B factories -
extremely high luminosity.
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maximum energy
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Dark Photon limits from the EPPSU

Current projections form the European Particle Physics Strategy
Update of 2019

@ All experiment, log mass-scale
(from the EPPSU briefing o
book.)

@ Masses upto ~ 1 GeV: LLPs
detected in Beam-dump
experiments. Sensitive to very
small couplings

@ Beyond that: colliders My, (GoV)

e Upto 10 GeV: B factories -
extremely high luminosity.

e Then: up to their
maximum energy

e ... and beyond that pp

colliders.
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Dark Photon limits from the EPPSU

Current projections form the European Particle Physics Strategy
Update of 2019

@ BELLE II, ILC 250+500 and 2
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Dark Photons

Dark Photon limits from the EPPSU

Current projections form the European Particle Physics Strategy

Update of 2019
@ BELLE I, ILC 250+500 and
HL-LHC on linear mass scale.

@ ... and zoomed to Higgs
factory reach.
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Dark Photon limits from the EPPSU

Current projections form the European Particle Physics Strategy
Update of 2019

@ BELLE I, ILC 250+500 and 10 2
HL-LHC on linear mass scale. © ]

® ... and 20  pgantion |

factory re The “ILC” (and CepC,FCCee ) curves are
very simplistic theory estimates (Kraliner
&al. arxiv:1503.072009), and - as we

will see - are much too optimistic. ~LHC
Zelle 1l
4 i
10 — |LC 250

(theory estimate)
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https://arxiv.org/abs/1503.07209

Future e™e™ colliders - Higgs factories and beyond

Higgs factories and beyond

The Bestiary of proposed future ete~ colliders, and their detectors

ILC CEPC FCC-ee CLIC

- B el e
This talk CEPC Baseline IDEA CLICdp
uses ILD ‘ ! a a

CEPC 4th concept CLD

The circular machines are Higgs (and Z) factories, the linear ones can
extend far beyond in energy.
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Future e™e™ colliders - Higgs factories and beyond

Higgs factories and beyond

The Bestiary of proposed future ete~ colliders, and their detectors

ILC CEPC FCC-ee CLIC
=== Why dark photons at Higgs factories ? ‘
misak ... When LEPII reached almost as high :Licdp
12| energies ? a
SiD )
-y ’

The circular machines are Higgs (and Z) factories, the linear ones can
extend far beyond in energy.
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Future e™e™ colliders - Higgs factories and beyond

Higgs factories and beyond

The Bestiary of proposed future ete~ colliders, and their detectors

ILC CEPC FCC-ee CLIC
Why dark photons at Higgs factories ?
T alk .. when LEPII reached almost as high :Licdp
| energies ?
@ At least 1000 times the luminousity ! ;
) @ and polarisation, triggerless running, |
@ 40 years for detector developnent ... ’

4

The circular machines are Higgs (and Z) factories, the linear ones can
extend far beyond in energy.
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Future e™e™ colliders - Higgs factories and beyond

Higgs factories and beyond

The Bestiary of proposed future ete~ colliders, and their detectors

ILC CEPC FCC-ee CLIC
Why dark photons at Higgs factories ?
T alk .. when LEPII reached almost as high :Licdp
| energies ?
@ At least 1000 times the luminousity ! ;
siD @ and polarisation, triggerless running, |
@ 40 years for detector developnent ... |
k @ = Enormous increase in sensitivity ! 1

4

The circular machines are Higgs (and Z) factories, the linear ones can
extend far beyond in energy.
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Dark Photons at ete~ beyond SuperKEKB

@ Signal process:
ete” —vispAp = 1 1L VISR,
where Egp is such that the
recoil-mass against the ISR is
My

D

Mikael Berggren (DESY) Dark photons at future ete~ colliders EPS-HEP 23 9/18



Dark Photons at ete~ beyond SuperKEKB

@ Signal process:
ete” —vispAp = 1 1L VISR,
where Egp is such that the
recoil-mass against the ISR is
My
@ Both ¢ and I scales with ¢2.

@ One could hope to exclude
o> 0(11b)

D
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Dark Photons at ete~ beyond SuperKEKB

@ Signal process:
ete” —ysrAp — 1 VisRs
where Egp is such that the

recoil-mass against the ISR is
Ma,

@ Both ¢ and I scales with ¢2.
@ One could hope to exclude
o> O(1 fb)
e For the corresponding €2,

INis O(10 keV) to O(10
MeV).
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Dark Photons at ete~ beyond SuperKEKB

@ Signal process:
ete” —vispAp = 1 1L VISR,
where Egp is such that the
recoil-mass against the ISR is
My

@ Both o and I scales with 2.

@ One could hope to exclude
o> 0O(11bh)

e For the corresponding €2,
s O(10 keV) to O(10
MeV).

e = detector resolution will
determine the peak-width

@ = decay is prompt
(et < 1 nm).

D
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Dark Photons at Higgs factories and beyond

Properties of Dark Photon production and decay

Generate events using the UFO files describing the model of Curtin &
al. (arxiv:1412.0018) interfaced to whizard 3.0.

@ Production cross-section o for

fully polarised beams. 0=0.01

o (fb)

1035
10°
10
1? Beam polarisation
F —ez. €
-1l
10 E —e.. e
P N N AN A R
0 50 100 150 200 250

M, (GeV)
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Dark Photons at Higgs factories and beyond

Properties of Dark Photon production and decay

Generate events using the UFO files describing the model of Curtin &
al. (arxiv:1412.0018) interfaced to whizard 3.0.

@ Production cross-section o for
fully polarised beams. 020

@ BR(Ap — up)

0=0.01

0.18
0 0.16F

Br(A_ - Hp)

0.14-
0120
01F
0.08
0.061
0,04
.02k

Lo o b b e b ey by
0 50 100 150 200 250
M, (GeV)
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Dark Photons at Higgs factories and beyond

Properties of Dark Photon production and decay

Generate events using the UFO files describing the model of Curtin &
al. (arxiv:1412.0018) interfaced to whizard 3.0.

@ Production cross-section o for

. 0=0.01
fully polarised beams. 10
2 E
@ BR(Ap — up) b
@ “Effective” o x BR (meaning: S
Nevents = Oeff X IL) for 10?
o ILC expected polarisations, 1;
and
. § e
@ unpolarised beams. 10 oA PSR 03
F — €:-08,¢:403
10—2 = —— Unpolarised
0 B0 100 10 200 250

M, (GeV)
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Properties of Dark Photon production and decay

Generate events using the UFO files describing the model of Curtin &
al. (arxiv:1412.0018) interfaced to whizard 3.0.

@ Production cross-section o for
. 0=0.01
fully polarised beams.

S
@ BR(Ap — np) 8
@ “Effective” o x BR (meaning: & 102
Nevents = oefr X IL) for
o |LC expected polarisations, 107
and F
e unpolarised beams. il
1074
@ [iot :
10-57\\\\\\\\\\\\\\\\\\\\\\\\\\
0 50 100 150 200 250
M, (GeV)
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Dark Photons in a real detector

Dark Photons in a real detector

Pass such generated events through the full Geant 4-based simulation
(ddsim) and reconstruction (Mar1in) of ILD.

@ Select events with two muons,
and possibly an isolated _ f
photon - nothing else.
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Dark Photons in a real detector

Pass such generated events through the full Geant 4-based simulation
(ddsim) and reconstruction (Mar1in) of ILD.

@ Select events with two muons,
and possibly an isolated

photon - nothing else. o U
@ Include all (fully simulated) SM v/Z
background. FISR
et i
(a)
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Dark Photons in a real detector

Pass such generated events through the full Geant 4-based simulation

(ddsim) and reconstruction (Mar1in) of ILD.

@ Select events with two muons,
and possibly an isolated
photon - nothing else. -

@ Include all (fully simulated) SM I
background.
JF
o
et et
e e
V/Z
<« €+
Y v/Z n
et 4444«1»44441y\/\AJ\AJ\AJ\AA(’
ut
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Dark Photons in a real detector

Dark Photons in a real detector

Pass such generated events through the full Geant 4-based simulation
(ddsim) and reconstruction (Mar1in) of ILD.

@ Select events with two muons,
and possibly an isolated
photon - nothing else.

== other (REC)
@ Include all (fully simulated) SM N\ 2l etonic (20
% 4f_singleZee_leptonic (REC)
baCkgrou nd $EL 150GeV (REC)
@ Look for an arbltrarlly srnalll LD FullSim
peak in the M(uu) distribution, (prel.)
with natural width << dqe:(M),

over the SM background

@ ... which varies with My, and is
notonly ete™ —utu~ + ISR

A

100 150 200 250
InvMass /GeV
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Dark Photons in a real detector

Dark Photons in a real detector

Pass such generated events through the full Geant 4-based simulation
(ddsim) and reconstruction (Mar1in) of ILD.

@ Select events with two muons,

and possibly an isolated z ' ' '
photon - nothing else. S5oof.

@ Include all (fully simulated) SM = |
background. 200l

@ Look for an arbitrarily small 3
peak in the M(upu) distribution, 100}
with natural width << dqe:(M),
over the SM background 0 AMMMMIMHIMIMIMIIMNINY

o .. which varies with Ma, andis o s 100 jhiMess b L
notonly ete~ —utu~ + ISR nviiass Gev

@ The target.
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Dark Photons in a real detector

Dark Photons in a real detector

@ Efficiency to find two muons.

0.8

ILD full simulation |
0.6 B

0.4

|

0.2

0 AP B B B IR |
50 100 150 200 250
Invm,.. [GeV]

o
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Dark Photons in a real detector

Dark Photons in a real detector

@ Efficiency to find two muons.
@ Why so low ? ILD track-finding

is 100 % efficient down to :12 T
pr ~ 300 MeV and angles to : T ]
the beam above ~ 10° 1? osf - ]
0 6:— - ILD full simulation
0.4F ]
0.2f ]

0: Il Il Il Il

150 200 250
Invm,.. [GeV]

0 50 100
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Dark Photons in a real detector

Dark Photons in a real detector

@ Efficiency to find two muons.

@ Why so low ? ILD track-finding
is 100 % efficient down to
pr ~ 300 MeV and angles to
the beam above ~ 10° 1?

ILD FullSim (prel.)

6,.[deg]

@ Here’s why: Angular e L, e b

150
6, [deg]

distribution of the muons - we ®)

need to see both to get a pair, % -
. 150
obviously! 2 s
20 j00f 20
15 15
10 50+ 10
s 5
0 of, o

150
ew[deg]
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Dark Photons in a real detector

@ Mass resolution:
M = pypo(1 — cosbq2), and the

. > L AL O . .
ISR is along the beam and & 1 MCDiMuon RECDIMuon
. F ntries ntries 1
o(1/pr) vs. pis constant, so S Flvean 100 Mean 1409 |]
error_propagatlon glves O'lo_lg Std Dev  0.19967 Std Dev 0.375122
2 right ? = ILD full simulation
opm x M=, r|ght P A, u S|muat|on7
S0 F
H*
°©
o
g FSR tail !
g™ E
c 1 1 PR I« IO TR 1]

149 1495 150 1505 151
Inv m,,- [GeV]
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Dark Photons in a real detector

Dark Photons in a real detector

@ Mass resolution:

M = P4 p2(1 — Cos 012)! and the Momentum Resolution

ISR is along the beam and =
. > 10
o(1/pr) vs. pis constant, so
error-propagation gives \-é:o*
om o< M2, right ? R
@ Wrong.

e Due to M.S,, for
p 2 100 GeV, o(1/pr) is not
constant, rather oc p~'.
Strong dependence on 6 in

the forward region. 10°° _

Mikael Berggren (DESY)

10°% ¢

T
£
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ILD FullSim

L4

¥
v
v

wl™

il 4

%5
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Dark Photons in a real detector

Dark Photons in a real detector

@ Mass resolution:

M = P ,02(1 — cos 912)’ and the | ILD FullSim (Prel.?

3 >250F 3
ISR is along the beam and % wor | Sonf
o(1/pr) vs. pis constant, so % | Ee
error-propagation gives 10| o
om o< M2, right ? 5:’ R
@ Wrong. N A T
e Dueto M.S., for - o,
p =100 GeV, o(1/pr) is not =

constant, rather oc p~'. 2200
Strong dependence on 6 in
the forward region.

e and most muons are below 9 ;
100 GeV

1001
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Dark Photons in a real detector

Dark Photons in a real detector

@ Mass resolution:

ILD FullSim(prel.)
M = pypo(1 — cosbq2), and the =

deg]

ISR is along the beam and S 1] S8 =
o(1/pr)vs. p is copstant, 1o) w s
error-propagation gives sof w g 12
om o< M2, right ? o - Z" . :
o Wrong_ 0 50 100 és,?deg]

@ Due to M.S., for
p = 100 GeV, o(1/pr) is not
constant, rather oc p~'.
Strong dependence on 6 in
the forward region. L

e and most muons are below S
100 GeV

e and are not in the barrel

e and are not on the curve for
ISR at zero angle
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Dark Photons in a real detector

Dark Photons in a real detector

@ Bottom line: None of the
assumptions on the
mass-resolution - the red
curve - used for the EPPSU
curve are valid. The correct
full simulation values are the
blue curve.

S

Q L

O o4
£

o

0.3F ILD FullSim (prel.)

0.1F
[ NP B BRI ]
00 50 100 150 200 250
m, [GeV]
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Dark Photons in a real detector

Dark Photons in a real detector

@ Bottom line: None of the
assumptions on the
mass-resolution - the red
curve - used for the EPPSU
curve are valid. The correct
full simulation values are the

S
Q L
O o4
£
o

0.3F ILD FullSim (prel.)

blue curve. g
@ The resolution will vary a lot 02f
event-by-event - with angle a
and momentum of the muons, 01

and the angle of the ISR.
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Dark Photons in a real detector

Dark Photons in a real detector

@ Bottom line: None of the
assumptions on the
mass-resolution - the red
curve - used for the EPPSU
curve are valid. The correct
full simulation values are the

s>

Q L

O o4
£

o

0.3F ILD FullSim (prel.)

blue curve. g
@ The resolution will vary a lot 02f
event-by-event - with angle a
and momentum of the muons, 01

and the angle of the ISR.

@ = Event-by-event simulation
is essential.
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Dark Photons in a real detector

@ However, the uncertainty is
known, event-by-event, since
the track-fit covariance matrix
is output from the fit |

nEvents / 0.1 GeV

other (REC)
X 21 leptonic (REC)

A 4f_singleZee jeptonic (i

poxx: i
EREXK 150GV (REC
PRRSS 150GeV (REC)

150 1505 151
M [GeV]

Mikael Berggren (DESY) Dark photons at future ete~ colliders EPS-HEP '23 15/18



Dark Photons in a real detector

@ However, the uncertainty is
known, event-by-event, since
the track-fit covariance matrix
is output from the fit |

@ Use this to optimise the
search:
o Define the signal-window as
a factor times the
event-specific op,.
o factors are different above
and below the tested mass, DA 1
because of FSR. 9% 1495 150 1505 151
M [GeV]

nEvents / 0.1 GeV

other (REC)

X 21 leptonic (REC)
4f_singleZee Jeptonic

V7, H-singlezee jep

8085 i
%% 150GeV (REC)‘
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Dark Photons in a real detector

@ However, the uncertainty is

. ILD FullSim (prel.)
known, event-by-event, since

s 3 - T T
the track-fit covariance matrix 3 2s; :
is output from the fit ! R,
@ Use this to optimise the £ ]
search: ost i
o Define the signal-window as 0550100 150 200 250
a factor times the M, [eeV]
event-specific op. E T
o factors are different above EYL e el
and below the tested mass, £ B
because of FSR.
e Optimise these factors for osp ]
sensitivity at each tested N
mass 0 50 100 150 rTi?DO[GeZ\S/?
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Dark Photons in a real detector

@ Compared to the theory curve ...
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Dark Photons in a real detector

@ Compared to the theory curve ...

@ ... this is the (current) result with 2
full simulation. w10
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Dark Photons in a real detector

@ Compared to the theory curve ...

@ ... this is the (current) result with 2

full simulation. w10

@ At the highest mass, the correct
limit is a factor two higher, a factor

four at 100 GeV. 0 3

@ This is due to the correct estimate
of the error.
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Dark Photons in a real detector

Dark Photons in a real detector

@ Compared to the theory curve ...

@ ... this is the (current) result with
full simulation.

@ At the highest mass, the correct
limit is a factor two higher, a factor
four at 100 GeV.

@ This is due to the correct estimate
of the error.

@ Below My, the difference is larger,
and HL-LHC limits are expected
to be stronger.

@ Here, the reason is both the
correct error-estimate, but also
the much larger background from
non-Z — pu Processes.

w10

10

10 ¢

-2

Belle Il

ILC 250
ILD FullSim (prel.)

Mikael Berggren (DESY) Dark photons at future ete ~ colliders

750 100 150 200

m, (GeV)

EPS-HEP '23 16/18



Conclusion and outlook

Uptake:
@ Even for - or maybe in particular for - the most simple topology full
simulation is needed.
@ Because in these cases, precision is the most important aspect.
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Conclusion and outlook

Uptake:
@ Even for - or maybe in particular for - the most simple topology full
simulation is needed.
@ Because in these cases, precision is the most important aspect.
@ Even though the correctly evaluated reach is significantly less
than the theory estimate, e e~ colliders will probe lower dark
photon couplings than HL-LHC, at least for masses above M.
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Conclusion and outlook

Uptake:
@ Even for - or maybe in particular for - the most simple topology full
simulation is needed.
@ Because in these cases, precision is the most important aspect.
@ Even though the correctly evaluated reach is significantly less
than the theory estimate, e e~ colliders will probe lower dark
photon couplings than HL-LHC, at least for masses above M.
Outlook:
@ Several non-trivial ameliorations are possible
o LR weighting of the samples with different polarisations.
@ Include Ap — e"e: Need methods to compensate for
brems-strahlung to get good enough mass-resolution.
o No use of the ISR photon made. Can it be used ? Background
reduction at low My, or even better resolution?
o Use event-by-event error better: un-binned Maximum Likelihood.
@ Spend some running-time scanning Ecys.
o ...
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Conclusion and outlook

Thank You !
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