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What we expect DM to look like

2

• DM particles should be in some Z2 symmetry making them 
stable (e.g. R-parity in SUSY) 

• Should be produced in pairs 

• DM is not detectable with a typical collider detector 

• Main signature @FCCee is missing momentum/mass  

• some other object could be radiates (monophoton, 
monojet, mono….) 

• Most likely, DM is part of a new sector, with other particles 
offering an easier path to discovery

https://agenda.infn.it/getFile.py/access?contribId=19&sessionId=7&resId=0&materialId=slides&confId=8830
A. Strumia, talk @ FCCee workshop

Subject of this talk

Not covered today

https://agenda.infn.it/getFile.py/access?contribId=19&sessionId=7&resId=0&materialId=slides&confId=8830


How could DM be produced
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• SM mediator 

• DM couples to SM particles (Z, H, …) 

• Widths to invisible for Z and H play major role 

• New heavy particles coupling both to SM and DM 

• off-shell mediator connect colliding ee to DM pair (s-channel or t-
channel) 

• Effective field theory used in this case (and justified more than in other 
scenarios, e.g. LHC) 

• Nature of the mediator determines the effective operator that rules the 
interaction

De Simone et al. http://arxiv.org/abs/1402.6287

http://arxiv.org/abs/1402.6287


DM mediated by SM 
particles
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The Z portal option
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De Simone et al. http://arxiv.org/abs/1402.6287
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• Direct detection excludes large part of the coupling vs mass plane 

• LHC searches complementary (can probe masses below the recoil threshold of direct 
detection) 

• Bound from Γ(Z→inv) from LEP-SLD stronger than LHC where it applies (mDM<45 GeV)

http://arxiv.org/abs/1402.6287


The H portal option
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De Simone et al. http://arxiv.org/abs/1402.6287
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In both cases the message is that:

• If MDM > 1
2MZ,h LHC cannot improve (signal much below backgrounds).

• If MDM < 1
2MZ,h better measurements of �inv

Z,h can help

• Similar picture for Higgs portal 

• LHC limit from monojet and H→inv 

• Some scenario only probed at colliders

H

http://arxiv.org/abs/1402.6287
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• Γ(Z→inv) measured @LEP from Z lineshape  
• need to know shad precisely 
• need to control luminosity 

• This measurement will be systematic dominated 
@FCCee 

• The alternative would be a monophoton search, for 
which systematics could cancel in a ratio 

• In general, monophoton search is the DM probe 
@FCCee. More in next slides

What can be done @FCCee?
The Lineshape Method

+ At the end of LEP: [Phys.Rept.427:257-454,2006 ]

N⌫ = 2.984 ± 0.008

(Remark: indicate 2� deficit in N⌫)

+ Determined from the Z line shape scan

+ Precision driven by the following errors

‡ dominated by the measurement of the hadronic
cross-section at the Z peak maximum

‡ the dominant systematic error is luminosity
(�L/L ⇠ 0.06%) driven by the theoretical
uncertainty on the Bhabha cross-section

‘ represents an error of �N⌫ ⇠ 0.0046
‘ would require a large e↵ort on improvement

of the Bhabha cross-section calculation!
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The lineshape method is not straightforward at FCCee
as it is systematically limited
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The Neutrino Counting Method

Alternative way for ⌫ counting in
monophoton events

+ Use the radiative return e+e� ! �Z(⌫⌫)

N⌫ =
N(�Zinv)

N(�Zee,µµ)
/
✓�⌫l

�l

◆

SM

‡ (
�⌫l
�l
)SM uncertainty is small

‡ systematics on photon selection,
luminosity, etc cancels out in ratio
due to common � tag

‡ statistically limited (combined LEP)

N⌫ = 2.92 ± 0.05

Photon acceptance:
| cos ✓�| < 0.95 (18�)(Aleph),

86% e�ciency, bkg. unc.  0.1%
(t-channel W exchange ISR)
remove radiative Bhabha and
e+e� ! ��(�) by forward

calorimetry

No need to tune the collider energy
at the Z peak

S.Ganjour Prospects for Number of Neutrino Families at FCCee 5

Neutrino Counting in ZZ/ZH Events

Assume 5 years
p
s = 240 and 350 GeV running with 4 experiments

+ 780000 (144000) e+e� ! ZZ events per year in 1 experiment at 240 (350) GeV

‡ B[Z(ll)Z(inv)] = 3%, l = e, µ

‡ B[Z(bb)Z(inv)] = 6%

+ 70000 e+e� ! ZH(bb̄) events per year in 1 experiment

Expected statistical precision on �N⌫

Mode Ninv(240) Ninv(350) �N⌫ E�ciency

Z(ll)Z(inv) 1.9 · 105 0.4 · 105 0.013 CMS LEP3 [arXiv:1208.1662]
Z(bb)Z(inv) 2.0 · 105 0.4 · 105 0.012 21%, CMS LEP3 [arXiv:1208.1662]
H(bb)Z(inv) 0.6 · 105 0.1 · 105 0.022 21%, same as for Z(bb)Z(inv)

Total 4.5 · 105 0.9 · 105 0.008
�Z(inv) 3.6 · 107 (240+350) 0.001 100% e↵., no bkg.

+ Inclusion of the dijet channel B[Z(qq)Z(inv)] = 28% deserves dedicated MC studies

‡ overall precision can be potentially pinned down to 0.006

Complementary measurements (di↵erent channels and energy) are worthwhile to
cope with systematics and theory uncertainties

S.Ganjour Prospects for Number of Neutrino Families at FCCee 13



What can be done @FCCee?
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• Higgs boson production can be tagged 
from the Z 

• One can then veto known Higgs final 
states  

• mono-Z search 

• Can reach sensitivity ~ 1%

Patrick Janot 
CMG Summer Meeting 

21 June 2013 
25 

TLEP-240  
1 year, 1 detector 

Recoil Mass (GeV) 

e+e� → HZ with Z → e+e� or µ+µ� !

Fig. 9: Distribution of the mass recoiling against the lepton pair in the e+e� ! HZ channel, in the Z ! `+`�

final state (` = e, µ), taken from Ref. [35], for an integrated luminosity equivalent to one year of data taking with
one TLEP detector (assumed to be the CMS detector). The number of Higgs boson events (the red histogram)
obtained from a fit of this distribution is proportional to the inclusive HZ cross section, �HZ.

Table 4: Statistical precision for Higgs measurements obtained from the proposed TLEP programme at
p
s = 240

GeV only (shown in Table 3). For illustration, the baseline ILC figures at
p
s = 250 GeV, taken from Ref. [6], are

also given. The order-of-magnitude smaller accuracy expected at TLEP in the H ! �� channel is the threefold
consequence of the larger luminosity, the superior resolution of the CMS electromagnetic calorimeter, and the
absence of background from Beamstrahlung photons.

TLEP 240 ILC 250
�HZ 0.4% 2.5%

�HZ ⇥ BR(H ! bb̄) 0.2% 1.1%
�HZ ⇥ BR(H ! cc̄) 1.2% 7.4%
�HZ ⇥ BR(H ! gg) 1.4% 9.1%

�HZ ⇥ BR(H ! WW) 0.9% 6.4%
�HZ ⇥ BR(H ! ⌧⌧) 0.7% 4.2%
�HZ ⇥ BR(H ! ZZ) 3.1% 19%
�HZ ⇥ BR(H ! ��) 3.0% 35%
�HZ ⇥ BR(H ! µµ) 13% 100%

Finally, the `+`�H final state and the distribution of the mass recoiling against the lepton pair can
also be used to directly measure the invisible decay width of the Higgs boson, in events where the Higgs
boson decay products escape undetected. With the TLEP data at 240 GeV, the Higgs boson invisible
branching fraction can be measured with an absolute precision of 0.25%. If not observed, a 95% C.L.
upper limit of 0.5% can be set on this branching fraction.

18

TLEP case study
Study based on CMS detector parameters (with a vertex detector 
similar to ILD) 

!

!

!

!

!

Model independent coupling measurements with sub-percent 
level experimental uncertainties 

4

arXiv:1308.6176



DM mediated by New 
Heavy Resonances

9



Effective Field Theory
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• DM produced through a heavy mediator X 

• In the low-energy limit, one expand the propagator (OPE) and describe the 
interaction as a local higher-order operator

• Similar to Fermi’s description of 
β decays 

• Rather than a dimension-full 
operator (GF for Fermi), one 
introduces a new-physics 
scale Λ, where the UV 
completion of the theory (the 
W for Fermi) become relevant  

• Different choices of the nature of 
X result in different effective 
operators



DELPHI Monojet Search Recast
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• Search for monophoton from LEP 
experiments  

• interpreted as SUSY searches 

• Recast in EFT limit for different 
operators 

•  reproduce DELPHI selection and 
plot 

• simulated DM sample for different 
EFT 

• Interpreted result as limit on Λ vs mDM

P. Fox et al. http://arxiv.org/abs/1103.0240

http://arxiv.org/abs/1103.0240
http://arxiv.org/abs/1103.0240


Limit on nucleon-DM scattering

12

~LHC ff

~LHC

• When the result was presented, bound was relevant at small 
values of mDM 

• Limit less stringent than the LHC  

• Need to push to exotic scenarios (DM coupling only to leptons) to 
cover unexplored territory

P. Fox et al. http://arxiv.org/abs/1103.0240

http://arxiv.org/abs/1103.0240
http://arxiv.org/abs/1103.0240


A MonoPhoton Search 
@FCCee

13



Samples
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• Generated events with pythia8 at different √s 

• WW(160 GeV), HZ(240 GeV), and tt (350 GeV) 

• No detector effects at this stage 

• Only applied acceptance cut (see next slide) 

• Simulated relevant SM processes and a prototype of DM 
signal (neutralino pair production) to derive plausible 
signal shapes

• For signal, used χ0χ0 production with other SUSY 
particles decoupled (essentially a Z-portal model) 

• To be extended to the models in the future  (t-
cannel, heavy mediator, etc) 

• No kinematic discrimination vs ννγ for 2mχ<mZ
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Figure 1: Chargino (upper row) and neutralino (lower row) production graphs at tree level. Note that t- and
u-channel selectron/sneutrino exchange graphs are negligible in our scenario due to a small Yukawa coupling
between sleptons and higgsinos.

sizeable photon component from back-scattered synchrotron radiation in the ILC beams [31, 32]. Therefore,
the initial states can be e+e−, but also γγ, or γe±. For e+e− and γγ, the final state has an even number of
fermions: 2f, 4f, 6f, ... , while the γe± initial state gives rise to final states with an odd number of fermions:
1f, 3f, 5f, ... In this notation, γ can represent both real beam photons or virtual ones. For initial virtual
photons, the final state is understood to also contain the electron and/or positron that emitted the photon
(the “beam-remnant”), in addition to the fermion(s).

The signal comprises events with a few low-energy charged particles and no other activity. Possible SM
processes giving this topology are of two types. Either (i) events with large amounts of energy in invisible
neutrinos, or (ii) events where a large fraction of the energy escapes with particles going in un-instrumented
regions of the detector; in an ILC detector, the only such regions are the holes in the low-angle calorimeter
through which the beam pipes enter the detector.

The first background type mainly contains events with two τs, possibly together with additional neutrinos,
i.e. the subset of the classes e+e− → 2f and e+e− → 4f where one of the fermion pairs are τ leptons, and
the other one (if present) is a neutrino pair. These channels do not have cross sections much larger than the
signal. In addition, only a small fraction of the τs will decay to the very soft visible system which is typical
for the signal. Hence, while it is not negligible, this background type is expected to be manageable without
too strong cuts on the event-topology.

The potentially most severe background processes are of type (ii), and are expected to be the high cross
section multi-peripheral process e+e− → e+e−γ∗γ∗ → e+e−f f̄ , i.e. the γγ → 2f class. In such events,
the final beam-remnant electrons and positrons carry nearly the full beam energy in most cases, have low
transverse momentum, and therefore leave the detector unseen through the outgoing beam pipe. The f f̄ -
pair, on the other hand, can be emitted at any angle, and tends to have low momentum. In other words, these
events have a large resemblance to the signal. However, if one of the incoming electrons emits an ISR photon
at an angle and energy high enough to be detected, this electron will recoil against the photon, changing its
direction sufficiently to deflect it into the acceptance of the detector. In order to reduce this background to
acceptable levels, we therefore require that the accepted signal candidate events should contain a detected
ISR photon. Also the other component of the γγ → 2f class, where the initial photons are real photons from
the photon component of the beams, is suppressed by this requirement. This is simply due to the fact that,
in this case, there are no initial charged particles that could emit an ISR photon.

Instead, the most severe remaining background is expected to arise from the eγ → 3f class, in particular
from the t-channel diagram with incoming real photons. This process is similar to Compton scattering,
with the difference that the scattered photon is virtual, and gives rise to an f f̄ -pair. In this case, the hard
ISR photon does not recoil against the beam electron, but against the f f̄ -system, like in the signal events.
However, in the event as a whole, a large amount of energy is carried away by the exchanged electron once it
has been brought back on-shell by the beam-photon. This electron will receive most of the photon’s energy,
and closely follow its direction in the lab frame, i.e. along the beam pipe. As the second incoming particle
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direction sufficiently to deflect it into the acceptance of the detector. In order to reduce this background to
acceptable levels, we therefore require that the accepted signal candidate events should contain a detected
ISR photon. Also the other component of the γγ → 2f class, where the initial photons are real photons from
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sizeable photon component from back-scattered synchrotron radiation in the ILC beams [31, 32]. Therefore,
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photons, the final state is understood to also contain the electron and/or positron that emitted the photon
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processes giving this topology are of two types. Either (i) events with large amounts of energy in invisible
neutrinos, or (ii) events where a large fraction of the energy escapes with particles going in un-instrumented
regions of the detector; in an ILC detector, the only such regions are the holes in the low-angle calorimeter
through which the beam pipes enter the detector.

The first background type mainly contains events with two τs, possibly together with additional neutrinos,
i.e. the subset of the classes e+e− → 2f and e+e− → 4f where one of the fermion pairs are τ leptons, and
the other one (if present) is a neutrino pair. These channels do not have cross sections much larger than the
signal. In addition, only a small fraction of the τs will decay to the very soft visible system which is typical
for the signal. Hence, while it is not negligible, this background type is expected to be manageable without
too strong cuts on the event-topology.

The potentially most severe background processes are of type (ii), and are expected to be the high cross
section multi-peripheral process e+e− → e+e−γ∗γ∗ → e+e−f f̄ , i.e. the γγ → 2f class. In such events,
the final beam-remnant electrons and positrons carry nearly the full beam energy in most cases, have low
transverse momentum, and therefore leave the detector unseen through the outgoing beam pipe. The f f̄ -
pair, on the other hand, can be emitted at any angle, and tends to have low momentum. In other words, these
events have a large resemblance to the signal. However, if one of the incoming electrons emits an ISR photon
at an angle and energy high enough to be detected, this electron will recoil against the photon, changing its
direction sufficiently to deflect it into the acceptance of the detector. In order to reduce this background to
acceptable levels, we therefore require that the accepted signal candidate events should contain a detected
ISR photon. Also the other component of the γγ → 2f class, where the initial photons are real photons from
the photon component of the beams, is suppressed by this requirement. This is simply due to the fact that,
in this case, there are no initial charged particles that could emit an ISR photon.

Instead, the most severe remaining background is expected to arise from the eγ → 3f class, in particular
from the t-channel diagram with incoming real photons. This process is similar to Compton scattering,
with the difference that the scattered photon is virtual, and gives rise to an f f̄ -pair. In this case, the hard
ISR photon does not recoil against the beam electron, but against the f f̄ -system, like in the signal events.
However, in the event as a whole, a large amount of energy is carried away by the exchanged electron once it
has been brought back on-shell by the beam-photon. This electron will receive most of the photon’s energy,
and closely follow its direction in the lab frame, i.e. along the beam pipe. As the second incoming particle
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Analysis Selection

• Require less than 
1GeV of additional 
energy within the 
acceptance (θ>14o) 

• Require no energy in 
the fwd part of the 
detector (2o<θ<14o)

15

FWD CAL
|cosθ|<0.999 (~2o)

BARREL+ENDCAP CAL 
|cosθ|<0.96 (~14o)

TRACKER 
|cosθ|<0.96
(~14o)

• Used the ALEPH analysis as a reference, simplifying the detector 
geometry  

• Required one photon within acceptance and pT>0.00357√s (θ>2o) 

• Veto on tracks within acceptance  (θ>14)



Selection Efficiency
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240 GeV mDM = 15 GeV mDM = 35 GeV mDM = 55 GeV
>1 γ and no track 15% 12% 3%

 1 γ 15% 12% 3%
Etot<1 GeV 12% 10% 3%

No Efwd 10% 8% 2%

Used higgsino-like DM as a benchmark (too low xsec for Bino or Wino) 
Efficiency computed wrt all events, i.e. not all events have a photon

160 GeV mDM = 15 GeV mDM = 35 GeV mDM = 55 GeV
>1 γ and no track 16% 13% 2%

 1 γ 15% 12% 2%
Etot<1 GeV 13% 11% 2%

No Efwd 11% 9% 2%

350 mDM = 15 GeV mDM = 35 GeV mDM = 55 GeV
>1 γ and no track 15% 12% 4%

 1 γ 14% 12% 4%
Etot<1 GeV 12% 10% 3%

No Efwd 10% 8% 3%
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ννγ 160 GeV 240 GeV 350 GeV
>1 γ and no track 39% 32% 28%

 1 γ 38% 32% 28%
Etot<1 GeV 33% 26% 23%

No Efwd 27% 22% 19%

Background Efficiency

Other backgrounds (qqγ, γγ,llγ) have <10-6 efficiency (neglected for now) 
Very loose selection on Eγ: expected large bkg to be reduced  

(due to shape separation)

H(γγ)Z(νν) 160 GeV 240 GeV 350 GeV
>1 γ and no track 92% 94% 94%

 1 γ 4% 7% 8%
Etot<1 GeV 0.03% 0.1% 0.08%

No Efwd 0.03% 0.1% 0.06%
H(γZ)Z Z→νν 160 GeV 240 GeV 350 GeV

>1 γ and no track 93.0% 91.3% 84.1%
 1 γ 92.8% 90.8% 81.4%

Etot<1 GeV 87% 79.4% 66.5%
No Efwd 71% 64.3% 54.1%



Expected Background
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Ebeam Run time 
[year] # IPs ∫L·dt Nννγ NH(γZ)Z Z→νν

160 GeV 1 4 42 ab-1 8.9E+05 -

240 GeV 5 4 11 ab-1 7.3E+04 134

350 GeV 5 4 3 ab-1 8.3E+03 22

2mDM>mZ
Different kinematic properties 

allows shape analysis

2mDM>mZ
No kinematic handle 

Only probe: ννγ / llγ ratio



Adding the t-channel

19

• Allow for selections (eL and eR) at 500 GeV 
• No impact on Higgsino-like DM  
• Large xsec increase for Wino-like DM 
• t-channel provides for extra kinematic separation 
• Small efficiency at small masses 
• Shape barely depends on DM mass
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Figure 1: Chargino (upper row) and neutralino (lower row) production graphs at tree level. Note that t- and
u-channel selectron/sneutrino exchange graphs are negligible in our scenario due to a small Yukawa coupling
between sleptons and higgsinos.

sizeable photon component from back-scattered synchrotron radiation in the ILC beams [31, 32]. Therefore,
the initial states can be e+e−, but also γγ, or γe±. For e+e− and γγ, the final state has an even number of
fermions: 2f, 4f, 6f, ... , while the γe± initial state gives rise to final states with an odd number of fermions:
1f, 3f, 5f, ... In this notation, γ can represent both real beam photons or virtual ones. For initial virtual
photons, the final state is understood to also contain the electron and/or positron that emitted the photon
(the “beam-remnant”), in addition to the fermion(s).

The signal comprises events with a few low-energy charged particles and no other activity. Possible SM
processes giving this topology are of two types. Either (i) events with large amounts of energy in invisible
neutrinos, or (ii) events where a large fraction of the energy escapes with particles going in un-instrumented
regions of the detector; in an ILC detector, the only such regions are the holes in the low-angle calorimeter
through which the beam pipes enter the detector.

The first background type mainly contains events with two τs, possibly together with additional neutrinos,
i.e. the subset of the classes e+e− → 2f and e+e− → 4f where one of the fermion pairs are τ leptons, and
the other one (if present) is a neutrino pair. These channels do not have cross sections much larger than the
signal. In addition, only a small fraction of the τs will decay to the very soft visible system which is typical
for the signal. Hence, while it is not negligible, this background type is expected to be manageable without
too strong cuts on the event-topology.

The potentially most severe background processes are of type (ii), and are expected to be the high cross
section multi-peripheral process e+e− → e+e−γ∗γ∗ → e+e−f f̄ , i.e. the γγ → 2f class. In such events,
the final beam-remnant electrons and positrons carry nearly the full beam energy in most cases, have low
transverse momentum, and therefore leave the detector unseen through the outgoing beam pipe. The f f̄ -
pair, on the other hand, can be emitted at any angle, and tends to have low momentum. In other words, these
events have a large resemblance to the signal. However, if one of the incoming electrons emits an ISR photon
at an angle and energy high enough to be detected, this electron will recoil against the photon, changing its
direction sufficiently to deflect it into the acceptance of the detector. In order to reduce this background to
acceptable levels, we therefore require that the accepted signal candidate events should contain a detected
ISR photon. Also the other component of the γγ → 2f class, where the initial photons are real photons from
the photon component of the beams, is suppressed by this requirement. This is simply due to the fact that,
in this case, there are no initial charged particles that could emit an ISR photon.

Instead, the most severe remaining background is expected to arise from the eγ → 3f class, in particular
from the t-channel diagram with incoming real photons. This process is similar to Compton scattering,
with the difference that the scattered photon is virtual, and gives rise to an f f̄ -pair. In this case, the hard
ISR photon does not recoil against the beam electron, but against the f f̄ -system, like in the signal events.
However, in the event as a whole, a large amount of energy is carried away by the exchanged electron once it
has been brought back on-shell by the beam-photon. This electron will receive most of the photon’s energy,
and closely follow its direction in the lab frame, i.e. along the beam pipe. As the second incoming particle
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Figure 1: Chargino (upper row) and neutralino (lower row) production graphs at tree level. Note that t- and
u-channel selectron/sneutrino exchange graphs are negligible in our scenario due to a small Yukawa coupling
between sleptons and higgsinos.

sizeable photon component from back-scattered synchrotron radiation in the ILC beams [31, 32]. Therefore,
the initial states can be e+e−, but also γγ, or γe±. For e+e− and γγ, the final state has an even number of
fermions: 2f, 4f, 6f, ... , while the γe± initial state gives rise to final states with an odd number of fermions:
1f, 3f, 5f, ... In this notation, γ can represent both real beam photons or virtual ones. For initial virtual
photons, the final state is understood to also contain the electron and/or positron that emitted the photon
(the “beam-remnant”), in addition to the fermion(s).

The signal comprises events with a few low-energy charged particles and no other activity. Possible SM
processes giving this topology are of two types. Either (i) events with large amounts of energy in invisible
neutrinos, or (ii) events where a large fraction of the energy escapes with particles going in un-instrumented
regions of the detector; in an ILC detector, the only such regions are the holes in the low-angle calorimeter
through which the beam pipes enter the detector.

The first background type mainly contains events with two τs, possibly together with additional neutrinos,
i.e. the subset of the classes e+e− → 2f and e+e− → 4f where one of the fermion pairs are τ leptons, and
the other one (if present) is a neutrino pair. These channels do not have cross sections much larger than the
signal. In addition, only a small fraction of the τs will decay to the very soft visible system which is typical
for the signal. Hence, while it is not negligible, this background type is expected to be manageable without
too strong cuts on the event-topology.

The potentially most severe background processes are of type (ii), and are expected to be the high cross
section multi-peripheral process e+e− → e+e−γ∗γ∗ → e+e−f f̄ , i.e. the γγ → 2f class. In such events,
the final beam-remnant electrons and positrons carry nearly the full beam energy in most cases, have low
transverse momentum, and therefore leave the detector unseen through the outgoing beam pipe. The f f̄ -
pair, on the other hand, can be emitted at any angle, and tends to have low momentum. In other words, these
events have a large resemblance to the signal. However, if one of the incoming electrons emits an ISR photon
at an angle and energy high enough to be detected, this electron will recoil against the photon, changing its
direction sufficiently to deflect it into the acceptance of the detector. In order to reduce this background to
acceptable levels, we therefore require that the accepted signal candidate events should contain a detected
ISR photon. Also the other component of the γγ → 2f class, where the initial photons are real photons from
the photon component of the beams, is suppressed by this requirement. This is simply due to the fact that,
in this case, there are no initial charged particles that could emit an ISR photon.

Instead, the most severe remaining background is expected to arise from the eγ → 3f class, in particular
from the t-channel diagram with incoming real photons. This process is similar to Compton scattering,
with the difference that the scattered photon is virtual, and gives rise to an f f̄ -pair. In this case, the hard
ISR photon does not recoil against the beam electron, but against the f f̄ -system, like in the signal events.
However, in the event as a whole, a large amount of energy is carried away by the exchanged electron once it
has been brought back on-shell by the beam-photon. This electron will receive most of the photon’s energy,
and closely follow its direction in the lab frame, i.e. along the beam pipe. As the second incoming particle
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Figure 1: Chargino (upper row) and neutralino (lower row) production graphs at tree level. Note that t- and
u-channel selectron/sneutrino exchange graphs are negligible in our scenario due to a small Yukawa coupling
between sleptons and higgsinos.

sizeable photon component from back-scattered synchrotron radiation in the ILC beams [31, 32]. Therefore,
the initial states can be e+e−, but also γγ, or γe±. For e+e− and γγ, the final state has an even number of
fermions: 2f, 4f, 6f, ... , while the γe± initial state gives rise to final states with an odd number of fermions:
1f, 3f, 5f, ... In this notation, γ can represent both real beam photons or virtual ones. For initial virtual
photons, the final state is understood to also contain the electron and/or positron that emitted the photon
(the “beam-remnant”), in addition to the fermion(s).

The signal comprises events with a few low-energy charged particles and no other activity. Possible SM
processes giving this topology are of two types. Either (i) events with large amounts of energy in invisible
neutrinos, or (ii) events where a large fraction of the energy escapes with particles going in un-instrumented
regions of the detector; in an ILC detector, the only such regions are the holes in the low-angle calorimeter
through which the beam pipes enter the detector.

The first background type mainly contains events with two τs, possibly together with additional neutrinos,
i.e. the subset of the classes e+e− → 2f and e+e− → 4f where one of the fermion pairs are τ leptons, and
the other one (if present) is a neutrino pair. These channels do not have cross sections much larger than the
signal. In addition, only a small fraction of the τs will decay to the very soft visible system which is typical
for the signal. Hence, while it is not negligible, this background type is expected to be manageable without
too strong cuts on the event-topology.

The potentially most severe background processes are of type (ii), and are expected to be the high cross
section multi-peripheral process e+e− → e+e−γ∗γ∗ → e+e−f f̄ , i.e. the γγ → 2f class. In such events,
the final beam-remnant electrons and positrons carry nearly the full beam energy in most cases, have low
transverse momentum, and therefore leave the detector unseen through the outgoing beam pipe. The f f̄ -
pair, on the other hand, can be emitted at any angle, and tends to have low momentum. In other words, these
events have a large resemblance to the signal. However, if one of the incoming electrons emits an ISR photon
at an angle and energy high enough to be detected, this electron will recoil against the photon, changing its
direction sufficiently to deflect it into the acceptance of the detector. In order to reduce this background to
acceptable levels, we therefore require that the accepted signal candidate events should contain a detected
ISR photon. Also the other component of the γγ → 2f class, where the initial photons are real photons from
the photon component of the beams, is suppressed by this requirement. This is simply due to the fact that,
in this case, there are no initial charged particles that could emit an ISR photon.

Instead, the most severe remaining background is expected to arise from the eγ → 3f class, in particular
from the t-channel diagram with incoming real photons. This process is similar to Compton scattering,
with the difference that the scattered photon is virtual, and gives rise to an f f̄ -pair. In this case, the hard
ISR photon does not recoil against the beam electron, but against the f f̄ -system, like in the signal events.
However, in the event as a whole, a large amount of energy is carried away by the exchanged electron once it
has been brought back on-shell by the beam-photon. This electron will receive most of the photon’s energy,
and closely follow its direction in the lab frame, i.e. along the beam pipe. As the second incoming particle
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For any mDM
Different kinematic properties 

allows shape analysis



Benchmark Needed

20

• At this point, any statement on DM sensitivity would be premature 

• strong dependence on the model 

• strong dependence on the rest of NP spectrum (heavy mediator, 
heavy (s)leptons, etc) 

• We need to establish a minimal set of simplified models to work with 

• Follow the work happening between ATLAS and CMS 

• Work on obvious minimal models (Z and H portals) requiring no extra 
BSM particle 

• This work could then be pushed beyond DM itself (SUSY simplified 
models, etc)



Summary

21

• Dark Matter could be produced at colliders 

• through some new heavy mediator which also couples to SM particles 

• coupling directly to SM particles (e.g. Z or H portals) 

• Existing bounds from LEP put interesting bounds already 

• Measurement of Γ(Z→invisible) 

• Monophoton search 

• Improved sensitivity @FCCee, thanks to large target ∫Lumi 

• Γ(Z→invisible)/Γ(Z→ll) @ Z pole 

• σ(ννγ)/σ(llγ) above Z pole with monophoton (Z portal) 

• Study photon spectrum for monophoton events (other DM models) 

• Add extra sensitivity with H→invisible search 

• Quantitative conclusions are model dependent: need to establish benchmark 
simplified models


