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Dark	
  matter	
  production:	
  from	
  EFT	
  to	
  simplified	
  model
• Keep	
  the	
  mediator	
  information

– Mass,	
  spin,	
  coupling,	
  width,	
  etc

• Simplified	
  model:
– Starting	
  point	
  to	
  build	
  complete	
  theories
– Colliders	
  can	
  search	
  for	
  the	
  mediator	
  directly
– Benchmark	
  model	
  @	
  Run	
  II
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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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.

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
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q
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gq gq
V

(a) Elastic quark scattering
(plus a corresponding

t-channel contribution).

q
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�
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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�
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M2
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µqL�̄L�µ�L

�
g2�
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V
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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.
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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
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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

• Search	
  for	
  DM-­‐SM	
  mediator	
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Search	
  for	
  DM-­‐SM	
  Mediator
•
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Di-­‐jet	
  resonance	
  with	
  b-­‐tagging
• Search	
  for	
  mediator	
  itself

– Many	
  BSM	
  predicts	
  mediator	
  connecting	
  SM	
  and	
  DM
– The	
  mediator	
  may	
  couple	
  to	
  heavy	
  quarks

• Signature	
  
– two	
  jet	
  resonance	
  with	
  one	
  or	
  both	
  b-­‐tagged	
  

• Main	
  Updates	
  at	
  Run	
  II
– Di-­‐bjet resoannce search	
  in	
  High	
  mass	
  region	
  (above	
  1.1TeV)	
  with	
  2015	
  data.

• Analysis	
  divided	
  into	
  inclusive	
  one	
  b-­‐tag	
  (>=1	
  b-­‐tag)	
  and	
  2	
  b-­‐tag	
  categories
• Moriond paper	
  in	
  Phys.	
  Lett.	
  B.759	
  (2016)	
  229-­‐246	
  (with	
  3.2	
  fb-­‐1	
  of	
  2015	
  data)

– Di-­‐bjet resonance	
  search	
  in	
  Low	
  mass	
  region	
  (600	
  GeV-­‐ 1.1	
  TeV)	
  with	
  2015	
  data
• 2	
  b-­‐tag	
  category	
  (using	
  di-­‐bjet trigger)
• ATLAS-­‐CONF-­‐2016-­‐031 note	
  in	
  LHCP	
  (with	
  3.2	
  fb-­‐1	
  of	
  2015	
  data)

– Di-­‐bjet resonance	
  search	
  in	
  High	
  mass	
  region	
  with	
  2015+2016	
  data	
  (13.3	
  fb-­‐1)
• Inclusive	
  one	
  b-­‐tag	
  and	
  2	
  b-­‐tag
• ATLAS-­‐CONF-­‐2016-­‐060	
  note	
  in	
  ICHEP	
  (with	
  3.2	
  fb-­‐1	
  of	
  2015	
  +	
  10.1fb-­‐1	
  of	
  2016	
  data)6



Event	
  Selection
• High	
  Mass	
  analysis:	
  1	
  b-­‐tag	
  and	
  2	
  b-­‐tag	
  categories

• Single	
  jet	
  trigger: HLT_j380

• Jet	
  Selection:	
  Anti-­‐kT EM	
  Topo	
  Jets,	
  R=0.4
– Leading	
  jet	
  pT >	
  430	
  GeV
– Sub-­‐leading	
  jet	
  pT >	
  60	
  GeV
– Both	
  jets	
  |ƞ|	
  <	
  2.4

• Event	
  Selection:
– |y*|	
  <	
  0.6	
  ,	
  y*	
  =	
  0.5	
   ∆y
– mjj >1.38	
  TeV

• Offline	
  b-­‐tagging:	
  b-­‐tagging	
  fix	
  cut	
  85%	
  OP	
  MV2c10
7



B-­‐tagging	
  Performance
• B-­‐jet	
  tagging

– 85%	
  fixed	
  b-­‐jet	
  efficiency	
  WP
– Use	
  recommended	
  tagger:	
  MV2c10	
  

• Tagging	
  efficiency	
  study
– Using	
  ttbar,	
  b*	
  and	
  Z’	
  samples
– Efficiency	
  drops	
  at	
  high	
  pT
– Systematics	
  studies
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R(B-hadron,b-jet)∆

0 0.05 0.1 0.15 0.2 0.25 0.3

b
-t

a
g

g
in

g
 e

ff
ic

ie
n

cy

0.2

0.4

0.6

0.8

1

1.2

1.4

 > 0.918MV1w
= 8 TeVs
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Jet p

b-­‐tag	
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  Mistag	
  rate light-­‐jet	
  Mistag	
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B-­‐tag	
  syst
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Signal	
  Shape
• Resonance	
  in	
  di-­‐jet	
  invariant	
  mass	
  

Per-­‐event	
  tagging	
  efficiency	
  as	
  a	
  
function	
  of	
  reconstructed	
  mass
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Background	
  Composition
• Background	
  is	
  dominated	
  by	
  mis-­‐tagged	
  light-­‐jet	
  
• Dijet	
  mass	
  spectrum	
  is	
  affected	
  by	
  the	
  non-­‐flat	
  tagging	
  efficiency
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Background	
  Estimation
•

The 3 parameter fit function is found to 
describe accurately the present amount 
of data.

Bump-­‐Hunter:
• Background	
  estimated	
  from	
  fitting	
  

the	
  data	
  spectrum	
  directly
• Looking	
  for	
  the	
  most	
  significant	
  

deviation	
  from	
  the	
  background
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Bump-­‐Hunter	
  Results

• No	
  3sigma	
  excess,	
  p-­‐value	
  with	
  10k	
  pseudo-­‐experiments:	
  0.44	
  and	
  
0.6	
  for	
  1	
  b-­‐tag	
  and	
  2-­‐btag	
  categories	
  respectively.	
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Systematics
•
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Exclusion	
  Limits
•

b* 1 b-tag

Bayesian	
  approach	
  to	
  set	
  95%	
  
upper	
  limit	
  on	
  Acceptance	
  ×∈ x	
  
cross	
  section:
✤b* model excluded up to 2.3 

TeV for >= 1 b-tag

Gaussian with different
width to set 95% C.L.
upper limits:

Exclude Gaussian
contributions with effective
cross sections ranging
from approximately 0.2 –
0.001 pb in the mass range
1.4 – 5.5 TeV

2 b-tag
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Search	
  for	
  DM+W/Z(jj)
•

15
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DM	
  +	
  W/Z	
  
• Mono-­‐V	
  (jj)	
  channel:

– Search	
  for	
  dark	
  matter	
  production	
  in	
  association	
  with	
  a	
  hadronically decaying	
  
W	
  or	
  Z	
  boson

• Merged	
  analysis
– High	
  MET	
  region:	
  MET	
  >	
  250	
  GeV

• Resolved	
  analysis	
  
– Low	
  MET	
  region:	
  150	
  <	
  MET	
  <	
  250	
  GeV

• B-­‐tag	
  splitting	
  to	
  improve	
  signal	
  sensitivity
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                                                Signal Models 

Signal Models considered for this analysis are: 
 
- EFT models with different DM mass points 
- Vector mediated Simplified Dark Matter Model with different DM/Mediators mass points 

Dark Matter particle (ꭕ) production via a VVꭕ ꭕ   vertex in 
EFT approach. 

Dark Matter particle production via a vector 
mediator, V, between the dark sector and the SM 
in association with a W/Z boson in Simplified 
Model. 

15th December 2016 
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      Introduction: Mono-V Search 

  Bibhuti Parida 

Mono-V:  Search for dark matter produced in association with a hadronically decaying  
W or Z boson 
 
- The topology of this search is a boosted boson recoiling against a pair-produced dark matter particles, 

producing a large-radius jet and MET 
 

 -   Merged Analysis (Search for events with large MET and identify the boosted boson) 
 
 -  Application of  novel jet substructure techniques 

Main Backgrounds and control regions: 
- Z+ jets : 2leptons   
- W+ jets : 1 lepton & 0 b-tags 
- ttbar : 1 lepton & 1,2 b-tags 

Final observables for getting yield and 
sensitivity. 
- MET and the leading Large-R jet (fat jet) mass 

High pT (W/Z)  

       Large R Jet  
        Application of  
       Jet Substructure techniques 



Signal	
  region	
  and	
  control	
  region
• Dominant	
  backgrounds:	
  Z(vv)+jets,	
  W(lv)+jets,	
  ttbar

17
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- The main backgrounds: W+jets, Z+jets and ttbar process 
 
- We define leptonic control regions to separate W+ jet, Z(µ+µ-)+jets and ttbar events 
 
- Define 0 lepton sideband validation region to separate Z(vv)+jets events 
 
 
 
 
 
 
 
 
 

                                Signal and Control region 

¾  Data Driven Studies 
 
- QCD estimation based on 0-lepton sideband region with QCD 

enriching cuts have been applied for better describe the QCD 
distributions in signal region 
 

- Will study more explicitly on the large-R jet pT reweighting 
method  based on 1-lepton control region to cover the 
possible mismodelling on large R jet 

7th December 2016 



Data/MC	
  
•

18
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                       Data/MC Plots 0-Lepton (SR) 0tag 

Merged 

Resolved 

15th December 2016 



Strategy	
  and	
  Plan
• Global	
  fitting	
  the	
  SR	
  and	
  CRs	
  to	
  constrain	
  the	
  background	
  estimation

• Currently	
  analyzing	
  the	
  ICHEP	
  dataset	
  of	
  13.2	
  fb-­‐1

• Plan	
  to	
  look	
  at	
  full	
  2015+2016	
  dataset	
  of	
  36.5	
  fb-­‐1	
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Summary
• Collider	
  search	
  may	
  tell	
  us	
  about	
  the	
  nature	
  of	
  WIMP

– Trying	
  to	
  cover	
  every	
  possibility

• We	
  are	
  performing	
  searches	
  from	
  dijet final	
  states	
  (w	
  and	
  w/o	
  MET,	
  w	
  
and	
  w/o	
  b-­‐tagging)

• Mediator	
  search:	
  dijet with	
  b-­‐tagging

• WIMP	
  production:	
  mono-­‐W/Z(jj)

• Stay	
  tuned!
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