
Probing	Dark	Ma-er	Proper0es	Using	Dilepton	
Distribu0ons	at	the	LHC	

Rodolfo	M.	Capdevilla	
University	of	Notre	Dame	
Par1cle	Physics	Group	

Adam	Mar1n	
Assistant	Professor	

University	of	Notre	Dame	

Antonio	Delgado	
Associate	Professor	

University	of	Notre	Dame	
Nirmal	Raj	

Postdoctoral	Research	Associate	
University	of	Notre	Dame	

(Arxiv:1706.XXXX)	

1	



Conclusions	

Ø  Besides	jet+MET:	Search	for	DM	from	interference	effects	e.g.	
Dilepton	 kinema1cal	 distribu1ons	 (models	 with	 t-channel	
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degenerate	DM-mediators).	

•  Dilepton	 angular	 distribu1on:	 SM	 chirali1es	 (mediators’	 quantum	
numbers).	

Ø  Dilepton	distribu1ons	provide	compe11ve	bounds	with	those	
from	jets+MET	and	Direct	Detec1on	searches.	
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The	LHC:	

•  Energy	Fron1er:	
						(ECM	=	13	TeV)	
•  Sensi1vity	Fron1er:	
						(		σ		≈	10-4	pb)	
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What	can	the	LHC	tell	us	about	Dark	
Ma5er?		

1.	Can	we	discover	DM?	

2.	Can	we	learn	something	about	DM	proper<es?	
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Jets	+	MET	Searches	

If	DM	is	produced,	
we	have	Missing	
Transverse	Energy	

(MET)		
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But,	what	happens	when	DM	is	produced	
with	low	energy	(low	MET)?	

Jets	+	MET	Searches	
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e.g.	
Intermediate	
state	nearly	

degenerate	with	
DM	

Jets	+	MET	Searches	
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Can	we	perform	other	types	of	searches?	

How	about	interference	effects?	
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Can	we	perform	other	types	of	searches?	

How	about	interference	effects?	
Very	well	understood	

final	states!	
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Can	we	perform	other	types	of	searches?	

How	about	interference	effects?	

Same	final	states!	
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Dilepton	Produc0on	

High	rates,	low	
uncertain<es	

(Historically	important	
discovery	mode!)	
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•  DM	with	t-channel	mediators:	

Lepton	portal	–	uncolored	mediator	Quark	portal	–	colored	mediator	

How	can	DM	produce	dilepton	signals?	

DM	produc<on	in	pp	collider	 Dilepton	produc<on	
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•  Drell-Yan	produc1on	
Partonic	scaLering	

amplitude	

Dilepton	Distribu0ons	at	the	LHC	
(what	do	we	measure?)	
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1)	Dilepton	Invariant	Mass	

Dilepton	invariant	
mass	=	C.M.	energy	

Rodolfo	M.	Capdevilla,	University	of	Notre	Dame	
17	



2)	Dilepton	Angular	Distribu0on	

θ	

Incoming	quark	

Outgoing	lepton	
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Dilepton	Angular	Distribu0on	

θ	

But,	in	pp	collisions	
we	do	not	know	the	direc<on	of	the	

incoming	quark!	
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Dilepton	Angular	Distribu0on	

θ	

parton	level	proton	level	 parton	distribu<on	
func<ons	(PDF)	
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Parton	Distribu0on	Func0ons	

IMPORTANT!	the	PDF	
are	higher	for	q	than	for	

q-bar	
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Collin-Soper	Frame	

*	

*	

*	

boost	

*	

*	

LHC	

*	

*	

θCS	
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Collin-Soper	Frame	

*	

*	

*	

boost	

*	

*	

This	is	a	
forward	event!	*	

*	

θCS	
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Collin-Soper	Frame	

*	

*	

*	

boost	

*	

*	

This	is	a	
backward	event!	

*	

*	
θCS	
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How	can	we	calculate							?	

θ	

Split	integra<on:	
(X1	>	X2)		and		(X1	<	X2)	

Here	quark	carries	
X1	

Here	quark	carries	
X2	

θCS	
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Lepton	Angular	Distribu0on	

Forward	events	Backward	events	
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Models	to	Study:	

•  Two	DM	par1cles									and						

•  If	same	masses									Dirac,				if	mixing									Majorana	
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DM	eigenstates	almost	
degenerate	(1	MeV)	

Mass	spectrum	
(GeV)	
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Models	to	Study:	

•  Two	DM	par1cles									and						

•  If	same	masses									Dirac,				if	mixing									Majorana	

Vary	DM-mediator	
Spli[ng	(10-100%)	

Mass	spectrum	
(GeV)	

Rodolfo	M.	Capdevilla,	University	of	Notre	Dame	
29	

DM	eigenstates	almost	
degenerate	(1	MeV)	



Discussion:	

•  For	a	given	DM	spin,	what	happens	if	we	change	the	
lepton’s	chirality?	

	

•  For	a	given	lepton’s	chirality,	what	happens	if	we	change	
DM	spin?	
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Contribu0ons	to	dilepton	produc0on	
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Contribu0ons	to	dilepton	produc0on	

Drell-Yan,	SM	
domina<ng	
background	
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Contribu0ons	to	dilepton	produc0on	

New	physics	
contribu<ons	
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Drell-Yan,	SM	
domina<ng	
background	



Results:	Invariant	Mass	
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Results:	Invariant	Mass	

Fermionic	DM;	
Monocline	feature	

N.	Raj	et	al	Phys.	Rev.	D	91,	
115006	(2015)	
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Results:	Invariant	Mass	

No	Monocline	for	
scalar	DM	
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Results:	Invariant	Mass	

Monocline	appears	for	
very	compress	
spectrum!	

For	large	spli[ng	the	
distribu<ons	look	the	same	
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Results:	Invariant	Mass	

The	invariant	mass	iden<fies:	
•  The	MASS	(fermion	case)	
•  the	SPIN	(very	compressed	

spectrum)	
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Results:	Angular		
Distribu0on	
The	chirality	choice	RR	
produces	more	forward	

events	
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Results:	Angular		
Distribu0on	

Choosing	RL	produces	
more	backward	events	
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The	chirality	choice	RR	
produces	more	forward	

events	



Results:	Angular		
Distribu0on	

The	angular	distribu<on	
dis<nguishes	rela<ve	

chirality	of	SM	par<cles!	
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Choosing	RL	produces	
more	backward	events	

The	chirality	choice	RR	
produces	more	forward	

events	



•  Direct	Detec1on	of	DM	

Region	Excluded	by	
Direct	Detec<on	

Bounds	disappear	for	
100%	spli[ng!	

Other	Bounds:	
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•  Searches	for	jets+MET	at	the	LHC	

Other	Bounds:	
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•  Jets	+	MET	
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•  Jets	+	MET	

Excluded	
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•  Bounds	for	Fermionic	DM	cases	

Bounds:	
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Bounds:	
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Conclusions	
•  Dilepton	 distribu1ons	 can	 give	 bounds	 for	 DM	

simplified	 models	 with	 t-channel	 mediators.	 These	
bounds	 are	 compe11ve	 with	 those	 from	 jets+MET	
and	direct	detec1on	searches.	

•  The	dileptonic	invariant	mass	distribu1on	can	provide	
informa1on	 about	 the	 mass	 and	 spin	 of	 DM	 in	 the	
limit	of	almost	degenerate	DM-mediator	masses.	

•  The	 dileptonic	 angular	 distribu1on	 can	 provide	
informa1on	 about	 the	 rela1ve	 chirality	 of	 the	 SM	
fermions	 that	 interact	with	DM	(Telling	us	something	
about	the	quantum	numbers	of	the	mediators	).	
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What	can	the	LHC	tell	us	about	Dark	
Ma5er?		

1.	Can	we	discover	DM?	

2.	Can	we	learn	something	about	DM	proper<es?	

Yes,	we	
can!!!	
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Yes,	we	
can!!!	



THANK	YOU!	
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•  Jets	+	MET	
Similar	bounds;	

As	mediator	is	heavier,	the	cross	sec<on	
drops	but	bounds	also	decrease	
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1)	Threshold	Effects	
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Resonant	produc<on	of	the	Z	boson	
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Op0cal	theorem	
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Op0cal	theorem	

60	



61	



62	



63	



64	



65	



66	



67	



2)	Numeric	of	Box	
Diagrams	
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Scalar	vs.	Fermion	Boxes	
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Scalar	vs.	Fermion	Boxes	
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Scalar	vs.	Fermion	Boxes	

For	degenerate	
DM-mediator	
masses,	this	
contribu<on	
vanishes!	
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Scalar	vs.	Fermion	Boxes	

Scalar	case	
presents	log	vs.	
log-squared	

cancella<ons	at	
the	threshold	
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3)	Forward-Backward	
Asymmetry	
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