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Motivation
• Search	for	DM-SM	mediator	

– Many	BSM	predict	mediators	connecting	SM	and	DM
– The	mediator	may	have	heavy	quark	coupling

• Spin-1:	vector	Z’,	axial-vector	Z’
• Spin-0:	Yukawa	coupling
• Spin-2:	KK	graviton

– Disturbing	the	QCD	di-jet	production

• Signature	
– two	jet	resonance	with	one	or	both	b-tagged	
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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
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(plus a corresponding

t-channel contribution).
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(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]),
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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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Previous	Results
• 2015	data,	3.2	fb-1:	PLB 759 (2016) 229-246 (contact	editor)	and	ATLAS-

CONF-2016-031
– single	jet	trigger	(pT threshold	360	GeV	in	2015),	mjj >	1.1	TeV
– di-bjet trigger:	600	GeV	<	mjj <	1.1	TeV

• 2015+2016	data,	13.3	fb-1:	ATLAS-CONF-2016-060
– single	jet	trigger	(pT threshold	380	GeV	in	2016),	mjj >	1.38	TeV

• Sensitivity	continues	improving	with	more	data	statics	and	better	b-
tagging	performance

2015	3.2fb-1

2015+2016	
13.3fb-1
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Signal	and	Search	Strategy
• 2015+2016	data:	36	fb-1

• Dijet	invariant	mass	spectrum
• Signal	resonance	on	top	of	QCD	background
• One	or	two	b-tagging	to	suppress	the	background

b* Vector SSM	Z’	(leptofobic) Axial-vector,	DM-Z’

Pythia8,	LO	x-sec Pythia8,	NLO	x-sec MadGraph+Pythia8

>=	1	b-tag 2	b-tag 2	b-tag
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High	Mass	and	Low	Mass	Regions
• Selection	and	mass	range	are	defined

– Trigger	efficiency,	signal	significance

Low Mass High	Mass

Di-bjet trigger	j150_j50 Single	jet	trigger	j380

24.3 fb-1 36.1	fb-1

Leading jet	pT >	200	GeV Leading jet	pT >	430	GeV

Both	jets |h|<2.0,	sub-leading	jet	pT >	80	GeV

|y*=(y1-y2)/2|	<	0.6	 |y*|<0.8

566 GeV	<	mjj <	1.5	TeV mjj >	1.2	TeV

B-tagging:	70% OP B-tagging:	85%	OP

2 b-tag >= 1	b-tag	and	2	b-tag
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B-tagging	Optimization
• B-tagging	working	point	

– Degrading	performance	with	higher	pT

b-tag	efficiencies

c-jet	Mistag	rate light-jet	Mistag	rate

High	mass
Low	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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QCD	Background
• MC	Pythia8	QCD	spectra	are	normalized	to	the	>=1	b-tag	and	2	b-tag	
separately.		
• The	MC-calculated	spectrum	shapes	agree	with	the	data.
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Background	Global	Fitting
• In	the	previous	searches,	the	QCD	
background	is	estimated	by	fitting	the	
data	spectrum	globally

• Fitting	function

• Up	to	13.3	fb-1,	the	global	fitting	worked	
well.		
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Background	Global	Fitting
• However,	with	the	growing	statistics,	the	global	fitting	fails

– Wilks	p-value	unstable	over	increasing	luminosity
– Visible	spurious	signal	in	Data/MC	comparisonN

ot
re

vi
ew

ed
,f

or
in

te
rn

al
ci

rc
ul

at
io

n
on

ly

February 2, 2018 – 14 : 01 DRAFT 33

5.6.2 Low Mass600

Figure 17 shows the 3, 4 and 5 parameter di-jet function fitted to smooth fitting control region m j j spec-601

trum using the global fit strategy.602
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Figure 17: The smooth fitting control region m j j fitted to using the 3, 4 and 5 parameter global fits. The
lower plots shows the fit significance.
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Figure 18: This figure shows the global 4 and 5 parameter fit and BUMPHUNTER algorithm procedure
run on the smooth distribution from the fitting control region in the low-mass category. The upper panel
shows the data compared to the background estimate and the low panel shows the significance of the
difference between the two. The most discrepant excess as found by the BUMPHUNTER algorithm is
indicated by the vertical blue lines and the p-value of this excess is printed on the plot.

One would expect that if this was an appropriate strategy we would see excellent fit quality due to604

the enhanced errors on the smooth distribution. In Figure 17 it is shown that the 3 parameter fit function605

has a c2/n.d.f. >> 1 , demonstrating a particularly extreme mis-modelling of the data. Hence, the 3606

parameter fit is rejected as a fit function option. Further to this, it is observed that for all fit functions one607
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From the high statistics fitting control regions, we can obtain two types of m j j spectrum to which tests572

are performed.573

574

Firstly a ‘smooth’ spectrum, in which the errors are inflated to be the same of those expected in our575

final data-set. However, the smooth spectrum does not contain these kind of large fluctuations, as it is576

taken straight from the high precision estimate, hence the reason it is called smooth.577

578

Secondly is a ‘data-like’ spectrum, where Poisson fluctuations are applied to the smooth data-set to579

mimic the fluctuations we expect to see in our final spectrum. This can be done many times to create580

many data-like distributions, which are referred to as seeds, according to the seed of the random value581

generator used in each case.582

583

5.5 Fitting procedure determination584

As described in Section 5.4, the final fitting procedure is determined in several steps as shown in the585

diagram 13. Details for global fit are summarized in Section 5.6. The SWiFt fit function and window586

selection strategy are discussed in Section 5.7. The SWiFt spurious signal test and signal injection test587

are documented in Section 5.8 and 5.9 respectively.588

5.6 Global Fit Tests589

5.6.1 High Mass590

Figure 16 shows the behavior of Wilks’ p-value as the luminosity varies. Because the maximum number591

of the degree of freedom is 6, not comparison can be made between 6 parameter fit and 7 parameter fit.592

Thus, 5 parameter fit is the highest one consider for the global fit. For the inclusive one b-tagged sample,593

although the highest luminosity points have a Wilks’ p-value above the threshold for the test of 5 versus594

6 parameter, for some luminosity points the p-value is well below threshold indicating a non-stable fit.595

For the two b-tagged sample, several p-values from the test of 5 versus 6 parameter are below the critical596

level including the final luminosity point.597
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Figure 16: The Wilks’ p-value as a function of luminosity for data sample collected in 2015 and 2016.
The dash line (red) represent 0.05 of rejection level for the test of nominal vs alternate function.

Therefore, up to the 5 parameter fit, all the global fits are rejected by the Wilks’ test for both inclusive598

one b-tag and two b-tag cases.599
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Background	Sliding	Window	Fit
• For	the	background	yield	in	each	bin,	local	fit	within	a	window
• Iterate	window	selection	to	obtain

– Window	width	(largest	possible	window	size)
– Function	form	(fewest	number	of	parameters	)
– Fit	criteria:	p-value>0.05

• Passing	signal	injection	tests
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Bump-Hunter	Results
• No	significant	excesses	are		
observed.
• P-values	are	~0.6	in	three	
categories.

13
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Systematics
• Background	modeling

– Fit	function:	from	alternate	function
– Fit	parameter:	from	1000	pseudo-experiments	

• Signal	modeling
– Luminosity:	2.2%	for	2016,	2.1%	for	2015+2016
– JES/bJES/JER:	<5%
– B-tagging:		5%-30%

14



Exclusion	Limits	on	b*
• Bayesian	approach	to	set	95%	upper	limit	on	cross	section.
• Exclusion	on	b*	mass	reaches	2.6	TeV (previously	2.3	TeV)

 [TeV]b*m
1.5 2 2.5 3 3.5 4 4.5 5 5.5

 [p
b]

s

-210

-110

1

10
 bg) = 85%®LO b*, B(b*

Observed 95% CL
Expected 95% CL

s 1 ±
s 2 ±

-1 = 13 TeV,  36.1 fbsATLAS

1 b-tag³

15



Exclusion	Limits	on	Z’
• Excluded	mass	@	95%	C.L.

– SSM	Z’:	2.0	TeV
– Leptophobic Z’:	2.1	TeV

• DM	Z’	depends	on	decay	
mode	and	g_SM
– Z’->bb,	g_SM=0.25:	2.1	TeV
– Z’->udcsb,	g_SM=0.1:	1.03	TeV
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Exclusion	Limits	on	Gaussian	Peak
• General	limits	for	narrow	Gaussian	resonance	
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Summary
• Search	for	resonances	in	the	dijet final	state	with	b-tagging	has	been	
performed	at	the	ATLAS	with	36	fb-1.
– Single	jet	trigger	for	high	mass	selection
– Di-bjet trigger	to	reach	low	mass	region

• B-tagging	non-flat	efficiency	or	fake	rate	introduces	complexity	in	the	
background	estimation.
• No	significant	excesses	in	the	data.
• Strong	constraints	on	the	SSM	Z’,	DM-SM	mediator	and	b*	are	
obtained.
• Next:	2015+2016+2017	data	analysis (80	fb-1)	is	starting.
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