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Interesting models to be discovered

2/25S.Gori

1. Minimal dark photon
2. Inelastic DM
3. Strongly interacting DM …

With a particular focus on a new experiment: SeaQuest @ Fermilab

   visible           invisible 

displaced          prompt

Direct detection 
DM experiments

+ LHC

Based on: Berlin, Blinov, SG, Schuster, Toro   +   Berlin, SG, Schuster, Toro, appearing soon

Complementarity with



Evidence for Dark Matter (DM)
1933 Fritz Zwicky

Coma cluster (of galaxies) Andromeda Galaxy

1970, Vera Rubin

Abell 2218 galaxy cluster. Credit: NASA/ESA

3/25S.Gori

…but we do not yet 
know what it is



Experimental program for WIMPs
   (weakly interacting massive particles)

4/25S.Gori

Dark Matter 
interacts 
with SM…

Coupling

…and then it freezes out



Experimental program for WIMPs

shake it
make it

4/25S.Gori

weakCMB,
Dwarf galaxies,
Cosmic rays, …

make it

EXO-16-037

Evans, SG, Shelton, 1712.03974



Experimental program for WIMPs

shake it
make it

EXO-16-037

4/25S.Gori

weakCMB,
Dwarf galaxies,
Cosmic rays, …

Z-mediated, g~0.1

Evans, SG, Shelton, 1712.03974

At the same time, it is challenging to
probe light (<10GeV) DM with small couplings



Coupling

Region of 

interest

5/25S.Gori

M

A “broader” WIMP WIMP mechanism
can also work for

very different mass scales

“regular WIMP”

(in principle)
mediated by 

the Z or Higgs boson

DM needs
lighter mediators
Dark sector!

(new interactions, new H. bosons, …)

Is the electro-weak 
scale the right scale 

of the problem?



More hidden to 
direct detection 
and collider

Mediating DM interactions
The “most simplified” models

6/25

Dark 
sector

(DM + …)

S.Gori

Pospelov, Ritz, 
Voloshin, 0711.4866

DM

DM

SM

SM
SM

SM

DM can have the measured abundance 
thanks to these interactions only



Even in more “pessimistic” scenarios, there is a 
lower bound on the DM-SM interaction strength.

7/25S.Gori

The “WIMP next door”

Dark

Dark

Dark matter can reach the measured relic 
density via its interactions with the dark sector:

Nevertheless, to achieve thermal contact 
between the SM and the dark sector, a 
minimum interaction strength is required:

This bound will depend on the equilibration 
temperature 

Coupling

Evans, SG, Shelton, 1712.03974

see talk by J.Shelton

Next experimental goal: 
                                                                           thermalization lower bound on the SM-dark sector coupling 



The life time of the dark sector

8/25S.Gori

Depending on the strength of the connection between
the SM and the dark sector, dark particles/mediators can

 decay promptly back to the SM
 be long lived
 be stable (from the collider point of view)



The life time of the dark sector

8/25S.Gori

Depending on the strength of the connection between
the SM and the dark sector, dark particles/mediators can

 decay promptly back to the SM
 be long lived
 be stable (from the collider point of view)

Curtin, Essig, SG, Shelton, 1412.0018

Curtin, Verhaaren, 1506.06141

eg.



The life time of the dark sector

8/25S.Gori

Depending on the strength of the connection between
the SM and the dark sector, dark particles/mediators can

 decay promptly back to the SM
 be long lived
 be stable (from the collider point of view)

Curtin, Verhaaren, 1506.06141

eg.

It is crucial to have an experimental problem looking for both prompt & 
displaced particles in a as broad as possible range of masses

Curtin, Essig, SG, Shelton, 1412.0018



The high-intensity window 
to the dark sector

~10 GeV

9/25S.Gori

Role of Fermilab?



10/25

e/p DM or SM

Beam              Dump            Decay volume  Detector

S.Gori

Fixed target experiment program

The dark particle has to decay after the dump

See eg. 

Bjorken, Essig, 
Schuster, Toro, 
0906.0580

Dark sector community 
report, 1608.08632



Present

Fixed target experiment program

10/25

Past

Future

e/p DM or SM

Beam              Dump            Decay volume  Detector

S.Gori

and many more…

It corresponds to
~100 ab-1 data!

See eg. 

Bjorken, Essig, 
Schuster, Toro, 
0906.0580

Dark sector community 
report, 1608.08632



Present

Fixed target experiment program

10/25

Past

Future

Present
Past

e/p DM or SM

Beam              Dump            Decay volume  Detector

S.Gori

and many more…

Future

Generically
higher 
mass reach

See eg. 

Bjorken, Essig, 
Schuster, Toro, 
0906.0580

Dark sector community 
report, 1608.08632



Present

Fixed target experiment program

10/25

Past

Future

Present
Past

e/p DM or SM

Beam              Dump            Decay volume  Detector

S.Gori

and many more…

visible

Signature

visible, scattering

visible

visible
visible, inv.
visible, inv.Future

scale of 
displacement

visible, scattering

See eg. 

Bjorken, Essig, 
Schuster, Toro, 
0906.0580

Dark sector community 
report, 1608.08632



Present

10/25

Past

Future

Present
Past

e/p DM or SM

Beam              Dump            Decay volume  Detector

S.Gori

and many more…

Other experiments to probe dark sector models?

Future

Fixed target experiment program

visible

Signature

visible, scattering

visible

visible
visible, inv.
visible, inv.

visible, scattering

See eg. 

Bjorken, Essig, 
Schuster, Toro, 
0906.0580

Dark sector community 
report, 1608.08632



Fermilab intensity frontier

Proton Improvement Plan
to get very high intensity (PIP, PIP II, PIP III)
Final goal: ~2 MW of proton beam power
(now ~700 KW)

11/25S.Gori

Fermilab has a very high 
intensity proton beam!

120 GeV 
high-intensity 
proton beam



Fermilab intensity frontier

5% main
injector 
beam

11/25S.Gori

Fermilab has a very high 
intensity proton beam!
Proton Improvement Plan
to get very high intensity (PIP, PIP II, PIP III)
Final goal: ~2 MW of proton beam power
(now ~700 KW)

             Dump            Decay 
volume Detector

120 GeV 
high-intensity 
proton beam

The SeaQuest experiment (nuclear physics)



Fermilab intensity frontier
120 GeV 

high-intensity 
proton beam

First data taking 
in April 2017!

11/25S.Gori

Proton Improvement Plan
to get very high intensity (PIP, PIP II, PIP III)
Final goal: ~2 MW of proton beam power
(now ~700 KW)

Fermilab has a very high 
intensity proton beam!

             Dump            Decay 
volume Detector

The SeaQuest experiment (nuclear physics)

5% main
injector 
beam



2. KMAG separating even 
very forward muons
      (                       ) 

SeaQuest in a nutshell

12/25S.Gori

1. Compact geometry

Sensitivity to slightly 
displaced dark particles 
with d > 5m

Identification of very light 
dark particles/squeezed spectra

3. Opportunity to insert a EMCAL
(from the Phenix experiment)

Sensitivity to electron signatures

First approved particle physics run for ~1018 POT.
Future runs with larger luminosities?



A huge dark particle production

13/25

For example, for a kinetically mixed dark photon:

if we take the 120 GeV Fermilab proton beam:

bremsstrahlung

Much larger rates than at 
electron fixed target experiments

meson decay

Berlin, SG, Schuster, Toro

S.Gori

(@ 1018 POT)

Even larger rates at experiments 
like NA62, ShiP (400 GeV protons)



What are the interesting dark matter models 
                    that we can test at these experiments?

Complementarity with DM direct detection?

1. Minimal dark photon model
2. Inelastic Dark Matter (IDM)
3. Strongly Interacting Dark Matter (SIMP)

14/25S.Gori

Visible and semi-visible signatures

Work in collaboration with Berlin, Blinov, Schuster, Toro. All preliminary!



(5-6)m

1. The minimal dark photon model
In the case of a di-electron 
signature, the signature is 
~ background free

Berlin, SG, Schuster, Toro

15/25S.Gori

~1018POT

~1020POT

(*) 3possible decay regions: 
(5-6)m, (5-9)m, (5-12)m

(*)

(5-9)m
(5-12)m

See also Gardner et al.,
1509.00050



1. The minimal dark photon model
In the case of a di-electron 
signature, the signature is 
~ background free

Berlin, SG, Schuster, Toro

15/25

Curtin, Essig, SG, Shelton, 1412.0018

S.Gori

~1018POT

~1020POT (*)

“slightly” displaced

(*) 3possible decay regions: 
(5-6)m, (5-9)m, (5-12)mSee also Gardner et al.,

1509.00050



2. Inelastic DM
Inelastic DM (IDM) models were initially proposed to explain 
the DAMA anomaly, while being consistent with Dark Matter 
direct detection bounds from CDMS Tucker-Smith, Weiner, 0101138

2-component Weyl spinors
with opposite charge under U(1)’

The only relevant interaction is inelastic:

The elastic piece is very small                   :

Two states close in mass:
Easy to get it small 
since it is a U(1)’  
breaking effect

16/25S.Gori



High-intensity probes of IDM

17/25

with

Copiously produced at 
fixed target experiments

Displaced decays

Berlin, SG, Schuster, Toro

S.Gori



IDM @ past fixed target experiments

Relic 
line

Good coverage for 
sizable mass splittings (            )

18/25

Berlin, SG, Schuster, Toro

S.Gori

see also Izaguirre et al. 1703.06881



Relic 
line

 Babar (inv.)

not detected

 E137 (dec.)
’80 @ SLAC
20 GeV electron beam

electrons from      decay

Bjorken et al. (1988)

Berlin, SG, Schuster, Toro

S.Gori

’90 @ Los Alamos
900 MeV proton beam LSND (dec.)

visible

see also Izaguirre et al. 1703.06881

Good coverage for 
sizable mass splittings (            )

IDM @ past fixed target experiments

18/25



Relic 
line

 Babar (inv.)

not detected

 E137 (dec.)
’80 @ SLAC
20 GeV electron beam

electrons from      decay

Bjorken et al. (1988)

Berlin, SG, Schuster, Toro

S.Gori

’90 @ Los Alamos
900 MeV proton beam LSND (dec.)

visible

see also Izaguirre et al. 1703.06881

Less coverage for smaller
 mass splittings (               )

IDM @ past fixed target experiments

18/25



The SeaQuest reach

Full coverage for 
smaller mass splittings (              )
between few tens of MeV 
and a few GeV

S.Gori 19/25

Relic 
line

Berlin, SG, Schuster, Toro

S.Gori

~1018POT
~1020POT

(5-6)m
(5-9)m

(5-12)m



Relic 
line

Berlin, SG, Schuster, Toro

~1018POT
~1020POT

The SeaQuest reach

Full coverage for 
smaller mass splittings (              )
between few tens of MeV 
and a few GeV

19/25

Here future missing momentum
fixed target experiments (LDMX) will 
be able to probe additional parameter space 
S.Gori



Complementarity (LHC & direct detection)

20/25S.Gori

At higher masses possible
displaced searches to be

performed by the LHC

(same decay mode, 
but with a ISR jet)

Lepton-jet signature

Proposed search utilizes mono-jet trigger.
What about a “combined” jet+soft object trigger?

Izaguirre, Krnjaic, Shuve, 1508.03050

The analysis of higher recoil 
events can capture this diagram 
if very small splittings (per-mille) 

Direct detection: very suppressed signals

Bramante, Kribs, Fox, 
Martin, 1608.02662



Hochberg, Kuflik, Volansky, 
Wacker, 1402.5143, 

Hochberg, Kuflik, Murayama, 
Volansky, Wacker, 1411.3727

3. Strongly interacting DM

WIMP                                                SIMP

21/25S.Gori

A new scale for DM?



Hochberg, Kuflik, Volansky, 
Wacker, 1402.5143, 

Hochberg, Kuflik, Murayama, 
Volansky, Wacker, 1411.3727

3. Strongly interacting DM

WIMP                                                SIMP

21/25S.Gori

A new scale for DM?

Possibly realized in a QCD-like theory SU(Nc) with

A not too small value of    can lead to a thermal DM

Light pions



Feasible at silicon or germanium semiconductor 
detector with a kg·year of exposure?

Direct detection of SIMPs

22/25S.Gori

Scattering of dark pions on electrons:

Xenon10
now sensitive to
~ 10-35 cm2

Hochberg, Kuflik, Muyarama, 1512.07917.

Essig, Fernandez-Serra, Mardon, Soto, Volansky, Yu, 1509.01598



Invisible 
A’ decay

Visible 
A’ decay

U(1)D is gauged and 
the corresponding gauge boson:

23/25

The vectors are 
generically long-lived

Berlin, Blinov, SG, Schuster, Toro

S.Gori

SIMPs @ fixed target experiments

generically the dark vectors have 
a mass close to the pion mass



24/25

SIMP reach

3-body 
decay

2-body 
decay

Berlin, Blinov, SG, Schuster, Toro

S.Gori



Conclusions & Outlook
 Past, present & future fixed target 

experiments play a crucial role in testing 
interesting dark sector models
A special role can be covered by Fermilab
(SeaQuest (nuclear physics) experiment)

 Important complementarity with direct 
 detection experiments as well as the LHC

Inelastic DM and Strongly-interacting DM
models can be broadly explored

25/25S.Gori

   visible       vs.      invisible 
displaced     vs.       prompt



Computing the efficiency at SeaQuest

BackupS.Gori

For the minimal dark photon model:
Total efficiency=

(and not

Berlin, SG, 
Schuster, Toro

! )

average boost



Dark vectors in SIMP models

annihilation
semi-annihilation 

23/27

Larger parameter space!

Berlin, Blinov, SG, Schuster, Toro

S.Gori

se
lf-

int
er

ac
tio

n

DM candidates: U(1)D charged pions
 Cosmology depends heavily 

on the mass of the dark vectors (VD)



SIMP @ fixed target experiments
Berlin, Blinov, SG, Schuster, Toro

S.Gori

Babar
Only 2-body decays

Backup



Details on the SIMP model

BackupS.Gori

From the anomalous chiral current: 

From the covariant derivative:

pions vectors



Direct detection of IDM

Bramante, Kribs, Fox, 
Martin, 1608.02662

dominant process
larger recoil 
energy

Data is not 
analyzed!

loop suppressed

Proposal: 
extend Xenon and Tungsten 
experiment analysis to high recoils data

S.Gori

Direct detection signals are suppressed even for EW-scale DM
Hall, Moroi, Murayama, 9712515

Backup



LHC searches of mediators

from CMS di-muon spectrum 
measurement in 1310.7291 

Hoenig, Samach, Tucker-Smith, 1408.1075

p

p

An, Ji, Wang, 1202.2894

…or to SM particles

Thanks to the several portal operators, 
the mediator can be produced at the LHC.
Impressive limits for masses above ~ few 100 GeV and also…

S.Gori

mX=5GeV

LHC DM 
working group

It will decay either invisibly…

Backup



The Higgs route
If the dark sector is light, 
it will be produced from 
the Higgs decays

The constraints on the 
exotic Higgs width are very mild
(and model dependent)

Expectation for the HL-LHC:
bounds at the 5-10% level

ATLAS-CONF-2015-044
CMS-PAS-HIG-15-002

For an overview paper
Curtin et al., 1312.4992 +
LHC Higgs cross section 
working group (WG3)

Large set of new
signatures!

~107 Higgs bosons!
S.Gori Backup



In the minimal dark photon model…

Our proposed search
(displaced decays)

H

A’

l
l
l
l

A’ The A’ width is 
suppressed by  2

Curtin, Essig, SG, 
Shelton,1412.0018

CMS PAS EXO-14-012

S.Gori

~0.1% BRs!
For the future:
What about the signatures 
coming from IDM or SIMP?

SeaQuest

Backup



From nuclear to particle physics

3-dimensional proton tomography in momentum space
through the precise measurement of Drell-Yan production.

More in particular:  understanding the origin of the nucleon spin
Non-vanishing sea angular momentum distribution? 

Nuclear physics goal of the experiment:

The experiment can also be used for particle physics!
   Recent (April 2017) installation of a displaced trigger
   Searches for displaced dark sectors decaying after the dump

   In the near future, possibility of inserting a EMCAL close to 
   Station III          sensitivity to electrons

A particle physics program to be written!
S.Gori

SeaQuest started in 2010 as a nuclear  physics experiment

Backup


