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Goals	  of	  this	  brainstorming	  
•  LPNHE	  is	  not	  (yet)	  involved	  in	  direct	  search	  for	  dark	  maHer	  but	  we	  feel	  it	  is	  important	  

to	  understand	  if	  we	  have	  the	  will/forces	  to	  enter	  in	  this	  relevant	  domain	  for	  HEP	  
physics	  in	  the	  next	  decade.	  

•  DM	  direct	  search	  fits	  well	  between	  current	  projects	  (LHC,	  Auger,	  T2K,	  …)	  and	  (very)	  
future	  ones	  like	  :	  HL-‐LHC	  –	  LSST	  –	  ILC	  –	  LBNF	  …	  	  

	  

•  We	  started	  an	  overview	  of	  the	  current/future	  projects	  which	  could	  match	  our	  lab	  
skills	  and	  exper/se	  in	  detector	  R&D.	  

•  We	  feel	  construc/ve/s/mula/ng	  to	  discuss	  this	  lab	  wide.	  
•  This	  first	  mee/ng	  was	  not	  a	  comprehensive	  panorama	  but	  a	  good	  star/ng	  point	  to	  

keep	  going	  in	  our	  collec/ve	  reflec/on.	  
•  A	  good	  /meline	  would	  be	  to	  produce	  roadmap	  for	  the	  end	  of	  the	  year.	  
•  @	  today’s	  meeCng	  :	  updated	  reviews	  and	  ongoing	  discussions	  

on	  the	  op/ons	  already	  discussed	  :	  
–  Ship	  :	  Heavy	  Neutral	  Lepton	  search	  at	  SPS	  
–  HPS	  :	  Heavy	  Photon	  searches	  at	  beam	  dumps	  
–  CCD	  :	  Low	  mass	  Wimp	  &	  axionic	  DM	  search	  	  
–  Noble	  gas	  TPC	  :	  	  
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2014	  à	  ~	  2018	   ~	  2025	  …	  à	  

2015	  à	  ~	  2025	   Dark	  MaHer	  searches	  



DM	  searches	  complementari/es	  
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SNOWMASS “COMPLIMENTARITY” REPORT

• Snowmass:#USIbased#decadal#prioriCzaCon#exercise#for#High#Energy#Physics

• ColliderIbased#searches#for#DM#flagged#as#one#of#the#four#pillars#of#the#field

17

[arxiv:1305.1605]

...aLer)only)two)years,)on)equal)foo2ng)with)direct)and)indirect)searches!

DM INTERACTIONS WITH ORDINARY MATTER

• Dark#MaSer#interacCons;#important#to#get#the#right#relic#abundance

• Then#why#not##

• Dark#MaSer#as#a#parCcle#hints#at#many#interacCons#with#ordinary#maSer
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Dark	  MaHer	  searches	  at	  LHC	  
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PRODUCTION OF DARK MATTER AT THE LHC

• Search#for#evidence#of#pairIproducCon#of#Dark#MaSer#parCcles#(χ)

• Dark#MaSer#producCon#gives#missing)transverse)energy)(MET)

• Photons#(or#jets#from#a#gluon)#can#be#radiated#from#quarks,#giving#
monophoton#(or#monojet)#plus#MET

19
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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q

Production at Colliders
(s-channel)

χ

χ

EFFECTIVE FIELD THEORY: PHENOMENOLOGY

• EffecCve#Field#Theory#(EFT)
– Assume*heavy*parAcle*mediaAng*interacAon:*contact******************************************************

interacAon*(integrate*out*mediator)*

– For*M*➝*~40*TeV,*where***************************

• Simple#model#for#comparison
✓Only*a*few*parameters;*dark*ma{er*mass*mχ*and*cut,off*scale*Λ

✓Much*easier*than*e.g.*a*full*SUSY*model

✓Easy*comparison*to*direct*or*indirect*DM*experiments

✓DM*can*be*fermion*(Dirac*or*Majorana)*or*scalar*(complex*or*real)

✗ LimitaAons*on*model*validity

✗ Probe*only*one*interacAon*at*a*Ame

41
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≈ Λ-4E2  

• PairTproducOon&of&χ&characterised&by&a&contact&interacOon&with&operators&&

• Cross&secOon&depends&on&the&mass&(mχ)&and&the&scale&Λ&(for&couplings&gχ, gq)

EFFECTIVE FIELD THEORY: PHENOMENOLOGY

42

[Bai,&Fox&and&Harnik,&JHEP&1012:048&(2010),&
Goodman,&Ibe,&Rajaraman,&Shepherd,&Tait,&Yu,&
Phys.Rev.D82:116010&(2010),&Beltran,&Hooper,&
Kolb,&Krusberg,&Tait,&JHEP&1009:037&(2010)]

axialIvector))II>))spinIdependent)(SD)

vector))II>))spin)independent)(SI))

spinIindependent)
and)spinIdependent)
cross)sec2ons

à Missing	  Transverse	  Energy	  
+	  mono-‐everything	  (W,Z,	  …)	  
	  
à  translate	  search	  limit	  into	  x-‐sec	  

with	  Effec/ve	  Field	  Theory	  

à assume	  mediator	  mass	  M	  large	  
(contact	  interac/on)	  

PHENOMENOLOGY REVISITED

• Many&operators/interacOons&can&contribute
– Typically&pick&a&few&expected&to&be&dominant
– Gradually&expanding&to&look&at&more

44

Spin zero WIMPs

Majorana WIMP

Dirac WIMPs

develop	  in	  terms	  of	  
operator	  expansion	  	  

• PairTproducOon&of&χ&characterised&by&a&contact&interacOon&with&operators&&

• Cross&secOon&depends&on&the&mass&(mχ)&and&the&scale&Λ&(for&couplings&gχ, gq)

EFFECTIVE FIELD THEORY: PHENOMENOLOGY

42

[Bai,&Fox&and&Harnik,&JHEP&1012:048&(2010),&
Goodman,&Ibe,&Rajaraman,&Shepherd,&Tait,&Yu,&
Phys.Rev.D82:116010&(2010),&Beltran,&Hooper,&
Kolb,&Krusberg,&Tait,&JHEP&1009:037&(2010)]
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vector))II>))spin)independent)(SI))

spinIindependent)
and)spinIdependent)
cross)sec2ons
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Dark	  MaHer	  searches	  at	  LHC	  
PHENOMENOLOGY REVISITED

• Many&operators/interacOons&can&contribute
– Typically&pick&a&few&expected&to&be&dominant
– Gradually&expanding&to&look&at&more

44

Spin zero WIMPs

Majorana WIMP

Dirac WIMPs
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Spin zero WIMPs

Majorana WIMP

Dirac WIMPs

PHENOMENOLOGY REVISITED

• Many&operators/interacOons&can&contribute
– Typically&pick&a&few&expected&to&be&dominant
– Gradually&expanding&to&look&at&more
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Spin zero WIMPs

Majorana WIMP

Dirac WIMPs

-‐  model	  independent	  approach	  but	  validity	  limita/ons	  
	  
-‐	  	  	  	  test	  only	  one	  interac/on	  at	  a	  /me	  (D5,	  D8	  …	  )	  
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Dark	  MaHer	  searches	  at	  LHC	  

DARK MATTER AND MONOJETS

• Derived#EFT#limits#then#compared#to#directIdetecCon#experiments

• CMS#results#improved#with#8#TeV#(higher#E,#more#data)
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[CMS EXO-12-048]

MONO W/Z (HADRONIC)

• ATLAS&analysis&looks&for&a&radiated&
hadronic&W&or&Z&(boosted&topology)

• Also&sensiOve&to&WH&and&ZH,&where&
H&�&DM&DM

52

[ATLAS arXiv1309.4017v2]
mono-‐jets	  

mono-‐W	  and	  
mono-‐Z	  
with	  W/Z	  à	  jj	  
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complementari/es,	  another	  example	  :	  
Heavy	  Leptons	  at	  LHC	  and	  e+e-‐	  colliders	  

CMS/ATLAS sensitivity estimation
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Sensitivity assuming zero background
Assuming zero background in the region 10cm and 1m with 1012 Z0

HNL mass (GeV)
1 10

2 τ
 +

 U
2 µ

 +
 U

2 e
U

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

BAU

Seesaw

BBN

nuTeVPS191

CHARM Delphi

inverted hierarchy

SHiP

TLEP

HNL mass (GeV)
1 10

2 τ
 +

 U
2 µ

 +
 U

2 e
U

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

BAU

Seesaw

BBN

nuTeV

PS191

CHARM
Delphi

normal hierarchy

SHiP

TLEP

More configurations in the backup slides

15

Sensitivity assuming zero background
Assuming zero background in the region 10cm and 1m with 1012 Z0

HNL mass (GeV)
1 10

2 τ
 +

 U
2 µ

 +
 U

2 e
U

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

BAU

Seesaw

BBN

nuTeVPS191

CHARM Delphi

inverted hierarchy

SHiP

TLEP

HNL mass (GeV)
1 10

2 τ
 +

 U
2 µ

 +
 U

2 e
U

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

BAU

Seesaw

BBN

nuTeV

PS191

CHARM
Delphi

normal hierarchy

SHiP

TLEP

More configurations in the backup slides

15

TLEP	   LHC	  

from	  N.	  Serra	  talk	  at	  TLEP	  workshop	  last	  week	  at	  LPNHE	  

N	  produced	  through	  Zàνν	  with	  a	  ν	  mixing	  with	  the	  sterile	  

Experimental Signatures

PV
⌫

PV
⌫

⌫
PV

⌫

⌫
`

`(0)

q

q

`
q

q(0)

• Empty event with only the sterile neutrino decay

• Good vertex

• Isolated vertex

• detached from the PV
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What do we know about dark matter?
The mass range spans merely 90 orders of magnitude

Annika Peter, GoodSense 2014

In this talk I will focus on the weak scale, and on direct detection

µeV        meV           eV                 keV            MeV               GeV              TeV 
Radio photon                                                  electron         proton         buckyball 
      MASS

IN
TE

RA
CT

IO
N

 S
TR

EN
G

TH
  W

IT
H

 S
TA

N
D

A
RD

 M
O

D
EL

neutrino

10-6 neutrino

10-12 neutrino

10-18 neutrino

gravity

WIMP 
(neutralino, 
KK photon) 

Super WIMP 
(gravitino, axino, KK 

graviton)

axion
Sterile neutrino

Hidden sector
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How to directly detect it in 
the lab?

By searching for collisions of 
invisibles particles with atomic 
nuclei => Evis  (q ~ tens of MeV) 

Need very low energy thresholds 

Need ultra-low backgrounds, good 
background understanding (no 
“beam off” data collection mode) 
and discrimination 

Need large detector masses 
(remember neutrino detectors)

Evis
N

N

X X 

ER =
q2

2mN
< 100 keV

v/c ~10-3
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The WIMP landscape in 2014
“Anomalies” at low 

WIMP masses

Sensitivity to 
masses up to 10 TeV 

and above!
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MONOJET PREDICTED LIMITS

• The&theorists&think&we&will&do&much&beLer&at&14&TeV!

57


