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•  Prospect	  
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Dark	  Ma0er	  
•  	  	  
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Dark	  Ma0er	  
•  One	  of	  the	  BSM	  we	  are	  certain	  of	  	  

	  
	  

	  

•  Its	  nature	  remains	  a	  mystery	  
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Dark	  Ma0er	  Candidates	  
•  One	  possible	  candidate:	  Weakly	  Interac-ng	  Massive	  Par-cle	  (WIMP)	  

–  Naturally	  account	  for	  the	  amount	  of	  dark	  ma0er	  we	  observe	  in	  the	  Universe	  
–  Occurs	  in	  many	  models	  of	  physics	  beyond	  the	  SM	  
–  We	  can	  use	  parAcle	  physics	  experimental	  techniques	  to	  search	  for	  it.	  

•  Three	  approaches	  in	  searching	  for	  WIMP	  
–  Indirect	  experiments	  
–  Direct	  experiments	  
–  Collider	  experiments	  
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Searching	  for	  WIMP	  
•  Indirect	  detecAon	  

–  DM	  annihilaAon	  in	  nearby	  galaxies	  
–  High-‐energy	  cosmic-‐rays,	  γ-‐rays,	  neutrino	  etc	  
–  Challenging	  backgrounds	  
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Searching	  for	  WIMP	  
•  Direct	  detecAon	  

–  Nuclear	  (atomic)	  recoils	  from	  sca0ering	  	  
–  GalacAc	  DM	  in	  solar	  system	  
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Searching	  for	  WIMP	  
•  	  Collider	  searches	  

–  DM	  producAon	  from	  collisions:	  independent	  searches	  	  
–  SensiAve	  to	  small	  mass	  WIMPs	  
–  May	  reveal	  the	  nature	  of	  WIMPs	  
–  Is	  the	  produced	  new	  parAcle	  a	  DM?	  

LHC	  @	  CERN	  
proton-‐proton	  collisions	  
7	  TeV	  in	  2011,	  with	  5	  d-‐1	  
8	  TeV	  in	  2012,	  with	  20	  d-‐1	  

13	  TeV	  in	  2015	  
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DM	  ProducAon	  
•  EffecAve	  field	  theory	  (EFT)	  	  

–  Broad	  coverage	  of	  models	  by	  integraAng	  out	  the	  details	  
–  Free	  parameters:	  mass	  scale	  M*	  and	  dark	  ma0er	  mass	  mχ	  	  
–  Validity	  concerns	  	  

•  Simplified	  model:	  UltraViolet-‐complete	  	  	  
–  Keep	  the	  informaAon	  of	  intermediate	  state	  
–  s-‐channel	  or	  t-‐channel	  
–  Parameters:	  Mediator	  mass	  Mmed,	  width	  Γ,	  	  couplings	  

•  Full	  theory	  model	  
–  	  Compressed	  SUSY	  
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Dark	  Ma0er	  in	  Detector	  
•  Colliders	  may	  produce	  small	  mass	  DM	  
•  DM	  is	  invisible	  to	  our	  detectors	  
•  DM+X	  processes	  –	  co-‐producAon	  of	  DM	  and	  visible	  parAcles	  

–  DM	  +	  Jet,	  photon,	  Z,	  W,	  Higgs	  
–  Large	  missing	  transverse	  energy	  (MET)	  
	  

PRODUCTION OF DARK MATTER AT CMS

• Search%for%evidence%of%pair[produc=on%of%Dark%MaAer%par=cles%(χ)

• Dark%MaAer%produc=on%gives%missing%transverse%energy%(MET)

• Photons%(or%jets%from%a%gluon)%can%be%radiated%from%quarks,%giving%monophoton%
(or%monojet)%plus%MET
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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, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 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
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 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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Direct Detection (t-channel) Collider Searches (s-channel)

Monophoton + MET Monojet + MET

jet, γ, Z, W, Higgs 

V. Ippolito - Monophoton Open Presentation - Sep 22nd, 2014

Backgrounds

6

Standard Model backgrounds
* irreducible !+Z(->vv)   [70%]

* !+W(->µv/"v)   [15%]

* W/Z+jets, diboson, top   [15%]

* !+Z(->ll)   [0.4%]

* !+jets   [<0.1%]

strategy: use data-driven estimates whenever possible

- various background estimation techniques are deployed 
- rely on definition of background-enriched control regions

!MET

� statistical uncertainty is relevant [O(6%) vs O(5%)]

� it’s crucial to define and use optimally these CRs
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DM	  +	  jet	  
•  Jet	  from	  ISR	  gluon	  

–  Strongest	  sensiAvity	  for	  general	  DM	  model	  
•  MET	  >	  150	  GeV	  (trigger)	  
•  At	  least	  one	  energeAc	  jet	  

–  pT	  >	  120	  GeV,	  |η|<2.0	  
–  pT	  /	  MET	  >	  0.5	  
–  Dphi	  (jet,	  MET)	  >	  1.0	  

•  MulAple	  SR	  
–  MET	  >	  150	  –	  700	  GeV	  

•  No	  significant	  excess	  

PRODUCTION OF DARK MATTER AT CMS

• Search%for%evidence%of%pair[produc=on%of%Dark%MaAer%par=cles%(χ)

• Dark%MaAer%produc=on%gives%missing%transverse%energy%(MET)

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

3

4

q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.
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jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
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or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 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
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 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.

4

q

q̄

�

�̄

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, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 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
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 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.

Direct Detection (t-channel) Collider Searches (s-channel)

Monophoton + MET Monojet + MET

gluon	  

Ev
en

ts
 / 

G
eV

-210

-110

1

10

210

310

410
Data 2012
SM uncertainty

)+jetsii AZ(
)+jetsi lAW(

Di-boson
 + single toptt

Multi-jet
 ll)+jetsAZ(

GeV =670*GeV, M M=100D5 
TeV =3Dn=2, MADD 

eV -4=10
G~

TeV, M =1g~,q~M g~/q~+G~

 ATLAS
-1=8 TeV, 20.3 fbs

>150 GeVmiss
TE

 [GeV]miss
TE

200 400 600 800 1000 1200

D
at

a/
SM

0
0.5

1
1.5

2

EPJC	  (2015)	  75:299	  

12	  



Constraints	  on	  Direct	  DetecAon	  
•  Via	  EFT	  model,	  derive	  the	  constrains	  on	  the	  DM-‐nucleon	  sca0ering	  cross	  secAon	  
•  SensiAve	  to	  low	  mass	  DM	  	  
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Simplified	  Model	  
•  Go	  beyond	  EFT	  with	  a	  UV-‐complete	  simplified	  model	  
•  Z’-‐like	  mediator	  with	  vector/axial-‐vector	  interacAon	  

–  Parameter:	  mediator	  mass	  Mmed,	  mediator	  width	  Γ,	  dark	  ma0er	  mass	  mχ	


•  Limits	  are	  set	  on	  	  
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Compressed	  SUSY	  
•  Small	  mass	  splitng	  between	  squark	  and	  LSP	  

–  Quarks	  too	  sov	  to	  be	  reconstructed	  as	  jets	  

•  ISR	  gluon	  gives	  DM	  +	  jet	  signature:	  complementary	  to	  SUSY	  zero-‐lepton	  
search	  
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DM	  +	  heavy	  flavor	  
•  If	  DM	  coupling	  to	  SM	  has	  a	  Yukawa	  term	  

–  EFT	  scalar	  operator	  
	  
•  SR1:	  DM	  +	  b	  
•  SR2:	  DM	  +	  bbbar	  
•  SR3:	  DM	  +	  0bar	  (full	  hadronic)	  
•  SR4:	  DM	  +	  0bar	  (semil-‐leptonic)	  

–  In	  collaboraAon	  with	  SUSY	  stop	  team	  	  
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DM	  +	  heavy	  flavor	  
•  b-‐	  FDM	  model:	  moAvated	  by	  the	  Fermi-‐LAT	  ~	  GeV	  line	  (Hooper)	  
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DM	  +	  photon	  
•  Good	  photon,	  ET	  >	  150	  GeV	  
•  0	  or	  1	  addiAonal	  jet	  
•  Veto	  on	  electron	  and	  muon	  
•  SR:	  ETmiss	  	  >	  150	  GeV	  

•  Complementary	  to	  DM+jet	  
channel	  in	  terms	  of	  EFT	  model	  	  
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DM	  +	  photon	  
•  SensiAve	  to	  dark	  ma0er	  direct	  coupling	  to	  

photon	  

•  MoAvated	  by	  the	  Fermi-‐LAT	  
–  DM	  130	  GeV	  
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U(1)	  and	  SU(2)	  gauge	  sectors	  of	  the	  SM,	  respecAvely.	  
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DM	  +	  W	  (qq)	  
	  
	  
	  
	  
	  
	  
SensiAve	  to	  the	  sign	  of	  DM	  couplings	  to	  up	  
and	  down	  quarks	  
•  C(u)	  =	  -‐	  C(d):	  construcAve	  interference	  
•  C(u)	  =	  C(d):	  destrucAve	  interference	  
	  

d

u +W

r

r

d

u

+W

r

r

 [GeV]miss
TE

0 200 400 600 800 1000 1200 1400 1600 1800 2000

 [f
b]

m

-210

-110

1

10 C(u)=-C(d)

C(u)=C(d)

 1 GeVrM* 1 TeV, m

PRL	  112,	  041802	  (2014)	  

20	  



Searching	  Strategy	  
•  Signature:	  	  

–  Missing	  transverse	  energy	  (MET),	  single	  W	  or	  Z	  with	  hadronic	  decay	  
•  Strategy:	  	  

–  Large	  MET	  
–  Quarks	  from	  boosted	  W	  or	  Z	  tend	  to	  be	  close	  and	  merge	  as	  one	  jet	  
–  Single	  large-‐radius	  jet	  to	  idenAfy	  boosted	  W	  or	  Z	  
–  Signals	  will	  show	  a	  W	  or	  Z	  peak	  in	  jet	  mass	  spectrum	  
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Jet	  Substructure	  (1)	  
•  Large-‐radius	  jet:	  	  	  

–  Cambridge-‐Aachen	  (C/A)	  jet	  with	  radius	  of	  1.2	  
•  Mass-‐drop/filtering:	  	  

–  IdenAfying	  relaAvely	  symmetric	  sub-‐jets	  	  

•  This	  groomed	  jet	  is	  able	  to	  reconstruct	  the	  W	  boson,	  as	  shown	  in	  	  	  	  	  	  	  control	  region.	  	  
–  It	  includes	  a	  W	  peak	  and	  a	  tail	  due	  to	  the	  inclusion	  of	  (part	  of)	  the	  b	  jet	  from	  top	  decay	  
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2

LHC run, results in a data sample with a time-integrated
luminosity of 20.3 fb�1. The systematic uncertainty on
the luminosity is derived, following the same method-
ology as that detailed in Ref. [21], from a preliminary
calibration of the luminosity scale obtained from beam-
separation scans performed in November 2012.

Jet candidates are reconstructed using the Cambridge–
Aachen algorithm [22] with a radius parameter of 1.2, and
selected using a mass-drop filtering procedure [23, 24],
referred to as large-radius jets. These large-radius
jets are supposed to capture the hadronic products of
both quarks from W or Z boson decay. The inter-
nal structure of the large-radius jet is characterized in
terms of the momentum balance of the two leading
subjets, as

p
y = min(p

T1

, p
T2

)�R/m
jet

where �R =p
(��

1,2)2 + (�⌘
1,2)2 and m

jet

is the calculated mass of
the jet. Jet candidates are also reconstructed using the
anti-kt clustering algorithm [25] with a radius parameter
of 0.4, referred to as narrow jets. The inputs to both
algorithms are clusters of energy deposits in calorime-
ter cells seeded by those with energies significantly above
the measured noise and calibrated at the hadronic en-
ergy scale [26]. Jet momenta are calculated by perform-
ing a four-vector sum over these clusters, treating each
topological cluster [26] as an (E, ~p) four vector with zero
mass. The direction of ~p is given by the line joining the
reconstructed interaction point with the energy cluster.
Missing transverse momentum Emiss

T

is measured using
all clusters of energy deposits in the calorimeter with
|⌘| < 4.5. Electrons, muons, jets, and Emiss

T

are recon-
structed as in Refs [26–29], respectively. The reconstruc-
tion of hadronic W boson decays with large-radius jets
is validated in a tt̄-dominated control region with one
muon, one large-radius jet (p

T

> 250 GeV, |⌘| < 1.2),
two additional narrow jets (p

T

> 40 GeV, |⌘| < 4.5) sep-
arated from the leading large-radius jet, at least one b
tag, and Emiss

T

> 250 GeV (Fig. 2).
Candidate signal events are accepted by an inclusive

Emiss

T

trigger that is more than 99% e�cient for events
with Emiss

T

> 150 GeV. Events with significant detector
noise and noncollision backgrounds are rejected as de-
scribed in Ref. [3]. In addition, events are required to
have at least one large-radius jet with p

T

> 250 GeV,
|⌘| < 1.2, m

jet

between 50 GeV and 120 GeV, and
p
y >

0.4 to suppress background without hadronic W or Z bo-
son decays. Two signal regions are defined by two thresh-
olds in Emiss

T

: 350 and 500 GeV. To suppress the tt̄ back-
ground and multijet background, events are rejected if
they contain more than one narrow jet with p

T

> 40 GeV
and |⌘| < 4.5 which is not completely overlapping with
the leading large-radius jet by a separation of �R > 0.9,
or if any narrow jet has ��(Emiss

T

, jet) < 0.4. Finally, to
suppress contributions from W ! `⌫ production, events
are rejected if they have any electron, photon, or muon
candidates with p

T

> 10 GeV and |⌘| < 2.47, 2.37, or
2.5, respectively.

The dominant source of background events is Z ! ⌫⌫̄
production in association with jets from initial-state ra-
diation. A secondary contribution comes from produc-
tion of jets in association with W or Z bosons with
leptonic decays in which the charged leptons fail iden-
tification requirements or the ⌧ leptons decay hadron-
ically. These three backgrounds are estimated by ex-
trapolation from a common data control region in which
the selection is identical to that of the signal regions
except that the muon veto is inverted and W/Z+jets
with muon decays are the dominant processes. In this
muon control region dominated by W/Z+jets with muon
decays, the combined W and Z boson contribution is
measured after subtracting other sources of background
that are estimated using MC simulation [30] based on
geant4 [31]. Two extrapolation factors from the contri-
bution of W/Z+jets in the muon control region to the
contributions of Z ! ⌫⌫+jets and W/Z+jets with lep-
tonic decays in the muon-veto signal region, respectively,
are derived as a function of m

jet

from simulated sam-
ples of W and Z boson production in association with
jets that are generated using sherpa1.4.1 [32] and the
CT10 [33] parton distribution function (PDF) set. A
second control region is defined with two muons and
Emiss

T

> 350 GeV, which has limited statistics and is used
only for the validation of the Z boson contribution. The
W boson contribution is validated in a low-Emiss

T

control
region with the same selection as the signal region but
250 GeV < Emiss

T

< 350 GeV.
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FIG. 2: Distribution of mjet in the data and for the predicted
background in the top control region (CR) with one muon,
one large-radius jet, two narrow jets, at least one b tag, and
E

miss
T > 250 GeV, which includes a W peak and a tail due to

the inclusion of (part of) the b jet from top decay. Uncertain-
ties include statistical and systematic sources.

Other sources of background are diboson produc-
tion, top quark pair production, and single-top produc-
tion, which are estimated using simulated events. The
mc@nlo4.03 generator [34] using the CT10 PDF with
the AUET2 [35] tune, interfaced to herwig6.520 [36] and
jimmy4.31 [37] for the simulation of underlying events,
is used for the productions of tt̄ and single-top processes,



Jet	  Substructure	  (2)	  
•  Discriminants	  against	  jets	  not	  from	  W/Z	  decay.	  

–  Jet	  mass:	  mjet 

–  Two	  sub-‐jets	  momentum	  balance:	  √y = min(pT1, pT2) x dR12 / mjet  
•  There	  are	  other	  boson-‐tagging	  techniques	  under	  development.	  Not	  used	  here	  yet.	  
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DM	  +	  W	  (qq)	  
•  Reconstruct	  W/Z	  with	  central	  large-‐R	  jet	  

–  pT	  >	  250	  GeV,	  mjet	  [50,	  120]GeV	  
•  0	  or	  1	  extra	  small-‐R	  jet,	  veto	  lepton/γ	

•  SR1	  and	  SR2:	  ETmiss	  >	  350,	  500	  GeV	  
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DM	  +	  W	  (qq)	  
•  Improve	  the	  collider	  constraints	  on	  WIMP-‐nucleon	  cross	  secAon	  at	  low	  mχ by	  one	  
order	  of	  magnitude	  
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DM	  +	  Z(ll)	  
•  Z(ll)+ETmiss	  

–  ETmiss	  >	  90	  GeV,	  Δφ(ETmiss,	  pTmiss)	  <	  0.2	  
•  SensiAve	  to	  Higgs-‐portal	  DM	  

–  Higgs	  invisible	  BR	  	  

PRL	  112,	  201802	  (2014)	  

26	  



DM	  +	  Z(ll)	  
•  Derive	  limits	  on	  DM-‐nucleon	  sca0ering	  cross	  secAon.	  

–  Vector,	  scalar,	  fermion	  DM	  parAcles	  
–  SensiAve	  to	  DM	  with	  mχ	  <	  mH/2	  
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DM	  +	  Higgs	  
•  Higgs	  discovery:	  new	  window	  to	  DM	  search	  	  
•  Two	  isolated	  Aght	  photons	  

–  pT	  >	  0.35mγγ,	  0.25mγγ	


–  105	  GeV	  <	  mγγ	  <	  160	  GeV	  
–  MET	  >	  90	  GeV	  
–  pT	  (γγ)	  >	  90	  GeV	  

H

χ

χ

q, g

q, g

H, Z, γ,
Z ′, S, ...

SubmiMed	  to	  PRL	  
arXiv:1506.01081	  
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DM	  +	  Higgs	  
•  Derive	  limits	  for	  both	  EFT	  and	  simplified	  models	  	  
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Di-‐jet	  Channel	  
•  Search	  for	  DM	  producAon	  mechanism	  directly	  	  

2

matter in Sec. III. We continue in Sec. IV with the com-
parision of limits on the e↵ective couplings and show that
at the Lhc contact interaction bounds lead to more strin-
gent limits. Di↵erent fundamental theories may be ex-
pected to have di↵erent bounds on the underlying cou-
plings and we address these questions in Sec. V. We con-
clude the paper in Sec. VI.

II. EFFECTIVE COUPLINGS FROM A
FUNDAMENTAL MODEL

We start with a simple formulation of an example
model to describe the interaction of a new dark matter
particle � with Standard Model quarks q. We choose � to
be a Dirac fermion and analyze pair production qq ! ��
from initial state quarks, via a heavy vector mediator V
from an U(1) gauge theory. A particle X is assumed to
have mass MX . We consider the following Lagrangian
for this model,

LUV = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

+
1

2
M2

V VµV
µ � 1

4
V µ⌫Vµ⌫

� gq q̄�
µPLqVµ � g��̄�

µPL�Vµ, (1)

where we have used the projection operator

PL ⌘ (1� �5)

2
. (2)

The first four terms include both kinematic and mass
terms for all the fields (with the standard Abelian field
strength tensor V µ⌫ ⌘ @µV ⌫�@⌫V µ for the vector medi-
ator). The last terms describe chiral interactions of the
vector particle V µ with both fermions � and q via di-
mensionless coupling strengths gq and g�. The particular
choice of a chiral interaction leads to e↵ective operators
that are commonly analysed in experimental studies, e.g.
[32, 34]. We consider di↵erent operators in section V.

The DM particle � is assumed to interact with the
Standard Model only by exchanging the new mediator
V , i.e. it is uncharged under any Standard Model gauge
group and neither couples to the respective gauge bosons
nor the Higgs particle.

The new mediator leads to new interaction channels for
the Standard Model quarks, which are shown in Fig. 1.
At a hadron collider, an o↵-shell mediator that is created
by two initial state quarks can either produce a pair of
quarks, describing elastic quark scattering, or produce a
pair of the new particle �. Since both processes depend
on the strength of the initial state coupling gq, their cross
sections are related.

If we now assume that the mass of the mediator, MV ,
lies far beyond the accessible center of mass energy

p
ŝ of

the partons in any scattering process we want to analyse
at a hadron collider, we can integrate out the vector field
and expand the remainder of the e↵ective Lagrangian up

q

q̄

q

q̄

gq gq
V

(a) Elastic quark scattering
(plus a corresponding

t-channel contribution).

q

q̄

�

�̄

gq g�
V

(b) Pair production of �.

FIG. 1. New interaction modes for quarks in the initial state,
given by the model introduced in (3).

to leading order in ŝ/M2
V (see e.g. [36]),

Le↵ = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

�
g2q

2M2
V

q̄L�
µqLq̄L�µqL � gqg�

M2
V

q̄L�
µqL�̄L�µ�L

�
g2�

2M2
V

�̄L�
µ�L�̄L�µ�L, (3)

with the left–handed component of the quark field qL ⌘
PLq. The last term describes the scattering of the dark
matter particle � with itself, which is of no interest in this
analysis and is therefore omitted henceforth. We combine
the pre-factors of the two remaining e↵ective vertices by
defining the e↵ective couplings Gq ⌘ g2q/M

2
V , describing

a contact interaction (CI) between four Standard Model
quarks, and G� ⌘ gqg�/M2

V , which gives the scattering
strength between quarks and the DM particle �.
To be consistent with the perturbative approach of us-

ing tree-level diagrams only, the dimensionless couplings
g must not be larger than

p
4⇡. Thus, in addition to the

restriction M2
V � ŝ demanded for the e↵ective approx-

imation to be valid, only the limited parameter space
0 < Gi < 4⇡/ŝ is allowed for both e↵ective couplings Gi.

III. EXPERIMENTAL LIMITS ON THE
EFFECTIVE COUPLINGS

The two e↵ective couplings we derived have to be
probed di↵erently at a hadron collider. Firstly, Gq de-
scribes the elastic scattering of quarks and can be anal-
ysed by looking for deviations compared to Standard
Model predictions for high energy di-jet production. This
analysis has been performed by both the Atlas [32] and
Cms [34] collaborations at the Lhc. Since there also ex-
ist Standard Model diagrams for this type of scattering,
limits on Gq depend on how the Standard Model terms
interfere with the new contribution of the e↵ective oper-
ator. We conservatively take the lowest limits given for
destructive interference, which Cms quotes as,

Gq  4⇡(7.5 TeV)�2 (4)

at 95% CL, determined with an integrated luminosity of
2.2 fb�1 at 7 TeV center of mass energy.
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matter in Sec. III. We continue in Sec. IV with the com-
parision of limits on the e↵ective couplings and show that
at the Lhc contact interaction bounds lead to more strin-
gent limits. Di↵erent fundamental theories may be ex-
pected to have di↵erent bounds on the underlying cou-
plings and we address these questions in Sec. V. We con-
clude the paper in Sec. VI.
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FUNDAMENTAL MODEL

We start with a simple formulation of an example
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particle � with Standard Model quarks q. We choose � to
be a Dirac fermion and analyze pair production qq ! ��
from initial state quarks, via a heavy vector mediator V
from an U(1) gauge theory. A particle X is assumed to
have mass MX . We consider the following Lagrangian
for this model,
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where we have used the projection operator
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The first four terms include both kinematic and mass
terms for all the fields (with the standard Abelian field
strength tensor V µ⌫ ⌘ @µV ⌫�@⌫V µ for the vector medi-
ator). The last terms describe chiral interactions of the
vector particle V µ with both fermions � and q via di-
mensionless coupling strengths gq and g�. The particular
choice of a chiral interaction leads to e↵ective operators
that are commonly analysed in experimental studies, e.g.
[32, 34]. We consider di↵erent operators in section V.

The DM particle � is assumed to interact with the
Standard Model only by exchanging the new mediator
V , i.e. it is uncharged under any Standard Model gauge
group and neither couples to the respective gauge bosons
nor the Higgs particle.

The new mediator leads to new interaction channels for
the Standard Model quarks, which are shown in Fig. 1.
At a hadron collider, an o↵-shell mediator that is created
by two initial state quarks can either produce a pair of
quarks, describing elastic quark scattering, or produce a
pair of the new particle �. Since both processes depend
on the strength of the initial state coupling gq, their cross
sections are related.

If we now assume that the mass of the mediator, MV ,
lies far beyond the accessible center of mass energy

p
ŝ of

the partons in any scattering process we want to analyse
at a hadron collider, we can integrate out the vector field
and expand the remainder of the e↵ective Lagrangian up
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FIG. 1. New interaction modes for quarks in the initial state,
given by the model introduced in (3).

to leading order in ŝ/M2
V (see e.g. [36]),
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with the left–handed component of the quark field qL ⌘
PLq. The last term describes the scattering of the dark
matter particle � with itself, which is of no interest in this
analysis and is therefore omitted henceforth. We combine
the pre-factors of the two remaining e↵ective vertices by
defining the e↵ective couplings Gq ⌘ g2q/M

2
V , describing

a contact interaction (CI) between four Standard Model
quarks, and G� ⌘ gqg�/M2

V , which gives the scattering
strength between quarks and the DM particle �.
To be consistent with the perturbative approach of us-

ing tree-level diagrams only, the dimensionless couplings
g must not be larger than

p
4⇡. Thus, in addition to the

restriction M2
V � ŝ demanded for the e↵ective approx-

imation to be valid, only the limited parameter space
0 < Gi < 4⇡/ŝ is allowed for both e↵ective couplings Gi.

III. EXPERIMENTAL LIMITS ON THE
EFFECTIVE COUPLINGS

The two e↵ective couplings we derived have to be
probed di↵erently at a hadron collider. Firstly, Gq de-
scribes the elastic scattering of quarks and can be anal-
ysed by looking for deviations compared to Standard
Model predictions for high energy di-jet production. This
analysis has been performed by both the Atlas [32] and
Cms [34] collaborations at the Lhc. Since there also ex-
ist Standard Model diagrams for this type of scattering,
limits on Gq depend on how the Standard Model terms
interfere with the new contribution of the e↵ective oper-
ator. We conservatively take the lowest limits given for
destructive interference, which Cms quotes as,

Gq  4⇡(7.5 TeV)�2 (4)

at 95% CL, determined with an integrated luminosity of
2.2 fb�1 at 7 TeV center of mass energy.

Gq ≡
gq
2

MV
2 ≡

1
Λ2

2

matter in Sec. III. We continue in Sec. IV with the com-
parision of limits on the e↵ective couplings and show that
at the Lhc contact interaction bounds lead to more strin-
gent limits. Di↵erent fundamental theories may be ex-
pected to have di↵erent bounds on the underlying cou-
plings and we address these questions in Sec. V. We con-
clude the paper in Sec. VI.
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PLq. The last term describes the scattering of the dark
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III. EXPERIMENTAL LIMITS ON THE
EFFECTIVE COUPLINGS

The two e↵ective couplings we derived have to be
probed di↵erently at a hadron collider. Firstly, Gq de-
scribes the elastic scattering of quarks and can be anal-
ysed by looking for deviations compared to Standard
Model predictions for high energy di-jet production. This
analysis has been performed by both the Atlas [32] and
Cms [34] collaborations at the Lhc. Since there also ex-
ist Standard Model diagrams for this type of scattering,
limits on Gq depend on how the Standard Model terms
interfere with the new contribution of the e↵ective oper-
ator. We conservatively take the lowest limits given for
destructive interference, which Cms quotes as,
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at 95% CL, determined with an integrated luminosity of
2.2 fb�1 at 7 TeV center of mass energy.
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Angular	  DistribuAon	  
•  Mediator	  too	  heavy	  to	  be	  produced	  on	  shell	  
•  New	  physics	  process	  

–  Contact	  interacAon	  

•  Large	  difference	  in	  angular	  distribuAon	  

Angular analysis overview

Dijet angular analysis at
p
s = 8 TeV paper (Link)

ATLAS-EXOT-2014-15-002 - Public reading was yesterday!

Complementary to resonance analyses:
Sensitive to non-resonant new physics e.g. a slow turn on e↵ect
Benchmark model: quark contact interactions
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1

In theories of physics beyond the standard model, it has been proposed that quarks are com-
posite particles and are bound states of more fundamental entities [1, 2]. Models of quark com-
positeness may explain the number of quark generations, quark charges, and quark masses,
which are not predicted in the standard model. A common signature of quark compositeness
models is the appearance of new interactions between quark constituents at a characteristic
scale L that is much larger than the quark masses. At energies well below L, these interactions
can be approximated by a contact interaction (CI) characterized by a four-fermion coupling. In
this Letter, flavor-diagonal color-singlet couplings between quarks are studied. These can be
described by the effective Lagrangian [1, 3]

Lqq =
2p

L2

⇥
hLL(qLgµqL)(qLgµqL) + hRR(qRgµqR)(qRgµqR) + 2hRL(qRgµqR)(qLgµqL)

⇤
,

where the subscripts L and R refer to the chiral projections of the quark fields and hLL, hRR, and
hRL can be 0, +1, or �1. The various combinations of hLL, hRR, and hRL correspond to different
CI models. The following CI scenarios are investigated:

L = L±
LL for (hLL, hRR, hRL) = (±1, 0, 0),

L = L±
RR for (hLL, hRR, hRL) = (0,±1, 0),

L = L±
VV for (hLL, hRR, hRL) = (±1,±1,±1),

L = L±
AA for (hLL, hRR, hRL) = (±1,±1,⌥1),

L = L±
(V�A) for (hLL, hRR, hRL) = (0, 0,±1).

In pp collisions these models result in the same limits for L±
LL and L±

RR, and at tree level for
L±

VV and L±
AA as well as for L+

(V�A) and L�
(V�A).

High energy proton-proton collisions with large momentum transfers predominantly produce
events containing two jets with high transverse momenta (dijets). Such events probe the scatter-
ing partons at the shortest distance scales and provide a fundamental test of quantum chromo-
dynamics (QCD). The angular distribution of these two jets with respect to the beam direction
is directly sensitive to the underlying dynamics of the parton-parton scattering and does not
strongly depend on the parton distribution functions (PDFs). Distributions of the polar scat-
tering angle q⇤ in the parton-parton center-of-mass frame from QCD processes are peaked in
the forward and backward directions, whereas contact interactions give rise to more isotropic
distributions in q⇤.

Previous searches for quark compositeness at hadron colliders have been reported at the SppS
by the UA1 [4] collaboration, at the Tevatron by the D0 [5, 6] and CDF [7] collaborations, and
at the Large Hadron Collider (LHC) by the ATLAS [8, 9] and CMS [10, 11] collaborations. The
limits on quark compositeness at the LHC [8–11] have been reported only for a color- and
isospin-singlet CI model, L±

LL/RR , where L+
LL/RR(L

�
LL/RR) corresponds to destructive (con-

structive) interference between the CI and QCD terms. In this Letter, our previous searches are
extended to higher CI scales using a data sample corresponding to an integrated luminosity of
2.2 fb�1 at

p
s = 7 TeV, exploring for the first time at the LHC a wide range of CI models. Also,

this is the first use of a recent CI prediction that includes next-to-leading-order (NLO) QCD
corrections [12].
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Run	  I	  Data	  
•  Searching	  for	  angular	  
distribuAon	  deviaAon	  in	  
high	  mass	  region	  

•  No	  significant	  excess	  
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Results	  
•  Convert	  the	  cross	  secAon	  limits	  into	  the	  lower	  limits	  on	  energy	  scale	  

of	  contact	  interacAon.	  
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DM	  +	  jet	  (14	  TeV)	  
•  LHC	  has	  restarted:	  7/8	  TeV	  =>	  13/14	  TeV	  
•  Various	  milestones	  of	  14	  TeV	  data-‐taking:	  	  

–  25	  d-‐1	  (1st	  year),	  300	  d-‐1	  (end	  of	  Run-‐II),	  3000	  d-‐1	  (HL-‐LHC)	  
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DM	  +	  jet	  (14	  TeV)	  
•  Significantly	  enhance	  the	  signal	  sensiAvity	  
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Summary	  
•  LHC	  may	  be	  able	  to	  produce	  DM	  and	  detect	  it.	  
•  Advantages	  on	  small	  mass	  DM	  candidates	  
•  From	  ATLAS	  Run-‐I	  intensive	  dark	  ma0er	  searches	  (including	  SUSY	  
dark	  ma0er	  candidates),	  we	  have	  not	  discovered	  a	  dark	  ma0er	  
candidate	  yet.	  
•  LHC	  Run-‐II	  data	  with	  unprecedented	  collision	  energy	  open	  a	  new	  
window!	  
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Hugely increased potential for discovery of heavy particles at 13 TeV 
But life may also become harder for states lighter than tt 

Thou shall not forget: the LHC 
was not build to produce limits.    
The LHC is a discovery machine ! 
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LHC	  Run	  II	  
•  	  	  

04/02/15! T.!Golling,!K.!Terashi! 3!

Run II Timeline 

MC15 production: samples and accompanying information will appear here: 
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/AtlasProductionGroupMC15a  Exotics walkthroughs

~3

Dijets, BH,… Many Exotics results ~All Exotics

37	  



Run	  I	  Results	  
•  Convert	  the	  cross	  secAon	  limits	  into	  the	  lower	  limits	  on	  M*	  for	  

different	  DM	  mass	  mχ.	  
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EFT	  validity	  
•  EFT	  being	  a	  valid	  approximaAon	  requires	  Qtr	  <	  mV	  (mediator)	  

–  Not	  all	  the	  events	  generated	  from	  EFT	  are	  valid.	  
–  cut	  off	  those	  invalid	  events	  (truncaAon)	  
–  Depending	  on	  the	  couplings	  and	  DM	  mass	  
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Constraints	  on	  Direct	  DetecAon	  
•  	  	  
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Contact	  InteracAon	  (CI)	  
•  Here	  flavor-‐diagonal	  color-‐singlet	  couplings	  between	  quarks	  are	  
considered	  

•  For	  ΛLL	  ,	  posiAve	  value	  results	  in	  destrucAve	  interference	  between	  
QCD	  and	  CI,	  while	  negaAve	  value	  gives	  construcAve	  interference.	  

1

In theories of physics beyond the standard model, it has been proposed that quarks are com-
posite particles and are bound states of more fundamental entities [1, 2]. Models of quark com-
positeness may explain the number of quark generations, quark charges, and quark masses,
which are not predicted in the standard model. A common signature of quark compositeness
models is the appearance of new interactions between quark constituents at a characteristic
scale L that is much larger than the quark masses. At energies well below L, these interactions
can be approximated by a contact interaction (CI) characterized by a four-fermion coupling. In
this Letter, flavor-diagonal color-singlet couplings between quarks are studied. These can be
described by the effective Lagrangian [1, 3]

Lqq =
2p

L2

⇥
hLL(qLgµqL)(qLgµqL) + hRR(qRgµqR)(qRgµqR) + 2hRL(qRgµqR)(qLgµqL)

⇤
,

where the subscripts L and R refer to the chiral projections of the quark fields and hLL, hRR, and
hRL can be 0, +1, or �1. The various combinations of hLL, hRR, and hRL correspond to different
CI models. The following CI scenarios are investigated:

L = L±
LL for (hLL, hRR, hRL) = (±1, 0, 0),

L = L±
RR for (hLL, hRR, hRL) = (0,±1, 0),

L = L±
VV for (hLL, hRR, hRL) = (±1,±1,±1),

L = L±
AA for (hLL, hRR, hRL) = (±1,±1,⌥1),

L = L±
(V�A) for (hLL, hRR, hRL) = (0, 0,±1).

In pp collisions these models result in the same limits for L±
LL and L±

RR, and at tree level for
L±

VV and L±
AA as well as for L+

(V�A) and L�
(V�A).

High energy proton-proton collisions with large momentum transfers predominantly produce
events containing two jets with high transverse momenta (dijets). Such events probe the scatter-
ing partons at the shortest distance scales and provide a fundamental test of quantum chromo-
dynamics (QCD). The angular distribution of these two jets with respect to the beam direction
is directly sensitive to the underlying dynamics of the parton-parton scattering and does not
strongly depend on the parton distribution functions (PDFs). Distributions of the polar scat-
tering angle q⇤ in the parton-parton center-of-mass frame from QCD processes are peaked in
the forward and backward directions, whereas contact interactions give rise to more isotropic
distributions in q⇤.

Previous searches for quark compositeness at hadron colliders have been reported at the SppS
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limits on quark compositeness at the LHC [8–11] have been reported only for a color- and
isospin-singlet CI model, L±
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LL/RR) corresponds to destructive (con-

structive) interference between the CI and QCD terms. In this Letter, our previous searches are
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2.2 fb�1 at
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s = 7 TeV, exploring for the first time at the LHC a wide range of CI models. Also,
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described by the effective Lagrangian [1, 3]

Lqq =
2p

L2

⇥
hLL(qLgµqL)(qLgµqL) + hRR(qRgµqR)(qRgµqR) + 2hRL(qRgµqR)(qLgµqL)

⇤
,
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RR for (hLL, hRR, hRL) = (0,±1, 0),

L = L±
VV for (hLL, hRR, hRL) = (±1,±1,±1),

L = L±
AA for (hLL, hRR, hRL) = (±1,±1,⌥1),

L = L±
(V�A) for (hLL, hRR, hRL) = (0, 0,±1).
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(V�A) and L�
(V�A).
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strongly depend on the parton distribution functions (PDFs). Distributions of the polar scat-
tering angle q⇤ in the parton-parton center-of-mass frame from QCD processes are peaked in
the forward and backward directions, whereas contact interactions give rise to more isotropic
distributions in q⇤.

Previous searches for quark compositeness at hadron colliders have been reported at the SppS
by the UA1 [4] collaboration, at the Tevatron by the D0 [5, 6] and CDF [7] collaborations, and
at the Large Hadron Collider (LHC) by the ATLAS [8, 9] and CMS [10, 11] collaborations. The
limits on quark compositeness at the LHC [8–11] have been reported only for a color- and
isospin-singlet CI model, L±

LL/RR , where L+
LL/RR(L
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LL/RR) corresponds to destructive (con-

structive) interference between the CI and QCD terms. In this Letter, our previous searches are
extended to higher CI scales using a data sample corresponding to an integrated luminosity of
2.2 fb�1 at

p
s = 7 TeV, exploring for the first time at the LHC a wide range of CI models. Also,

this is the first use of a recent CI prediction that includes next-to-leading-order (NLO) QCD
corrections [12].
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Di-‐jet	  Channel	  
•  Mediator	  mass	  too	  large	  to	  be	  produced	  on-‐shell	  

–  Non-‐resonance	  signature	  
–  Change	  di-‐jet	  angular	  distribuAon	  
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