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Sca3ering	among	longitudinally	polarized	on-shell	VB	play	a	
central	role	in	tes*ng	EWSB	
	
	
What	are	the	conceptual	issues	to	be	addressed	when	taking	
into	account	VB	decay	in	a	realis*c	environment?	
	
	
Our	proposal	for	defining	and	measuring	VB	polariza*ons	in	VBS	
at	the	LHC	
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	W	polariza*on	vs	charged	lepton	angular	distribu*on	
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defines	polarized	amplitudes	

The	subs*tu*on:	

No	need	to	be	on-shell	



Single	W→	lv		differen*al	cross	sec*on	

	
T	
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BLUE	TERMS	cancel	ONLY	WHEN	INTEGRATED	OVER		φ.	In	prac*ce	NEVER.	

Interference	among		pols.	for	any	W	produc?on	channel,	even	in	Narrow	Width	Approx.	

Polariza*on	frac*ons	extracted	projec*ng		cosϑ	distribu*on	on	first	3	Legendre	polynomials	
Does	not	work	with	cuts.	

In	this	
	case:	



VBS:	more	vector	bosons,	more	fun	
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Two	resonant	W	propagators	

No	resonant	propagator.	
Cannot	be	interpreted	
as	W	produc*on.		

Necessary	for	gauge	
invariance!	

Numerically	relevant	in	
some	phase	space	regions	

To	define	an	amplitude	
in	which	a	W	is	polarized	
an	approxima*on	which	
considers	only	resonant	
diagrams	is	NECESSARY	
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On	Shell	Projec*on	(OSP)	
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Is	it	possible	to	devise	an	APPROXIMATION	which	
•	uses	only	doubly	resonant	diagrams	
•	reproduces	well	the	exact	results	over	most	of	phase	space?	

Not	uniquely	defined.	To	fully	specify	conserve:	

Applicable	only	for	MWW	>	2	MW	

Gauge	invariant	provided	

Similar	to	DPA		Denner,Di3maier,Roth,Wakeroth		NP	B587(2000)67	



PHANTOM	
Unitary	gauge,	Complex	Mass	scheme	
Can	compute	singly	or	doubly	polarized	amplitudes	
Public	version	in	prepara*on	
	
	
	
W+W-	leptonic			W	CM	not	reconstructable	
	
	
	
	
MWW	>	300	GeV	
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Valida*on	and	Results	

	
F	
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W-	polarized,	W+	unpolarized.	
Variables	which	do	not	limit	the	range	of	𝜑.		
No	interference.		
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Exact	cross	sec*on													1.748  o	
Sum	of	polarized	OSP									1.731	o	
Diff	≃	1%	
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Valida*on	and	Results	2	
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Variables	which	do	limit	the	range	
of	𝜑.	Interference	among	polariza*ons.	
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Different	polariza*ons	have	different	kinema*cal	distribu*ons	



Polariza*on	frac*ons	
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Polariza*on	content	through	Legendre	analysis	
and	through	direct	computa*on	of	polarized	
cross	sec*on	agree!	
Consistent	predic*on!	
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Introducing	Lepton	Cuts:	Results	
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Exact	cross	sec*on													1.412  o	
Sum	of	polarized		OSP								1.378	o	
Diff	≃	2%	
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Introducing	Lepton	Cuts:	Results	2	

	
	

29/06/17	 Ezio	Maina	–	VBSCan,	Split,	28-30/06/2017	 12	

 (GeV)e-
t

p
0 50 100 150 200 250 300 350 400

  (
pb

/G
eV

)
e- t

 / 
dp

σd

0

2

4

6

8

10

12

14

6−10×

unpolarized (full) 
longit. (OSP res.)
left (OSP res.)
right (OSP res.)
sum of polarized (OSP res.)

  (pb/GeV)e-
t

 / dpσd

e-φ
3− 2− 1− 0 1 2 3

  (
pb

)
e-φ

 / 
d

σd

0.05

0.1

0.15

0.2

0.25

0.3

0.35

3−10×

unpolarized (full) 
longit. (OSP res.)
left (OSP res.)
right (OSP res.)
sum of polarized (OSP res.)

  (pb) e-φ / dσd



Polariza*on	frac*ons	with	cuts	
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No	Lep	Cuts	
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Pols	are	affected	differently	by	cuts	
Mainly	at	𝛝=𝛑	
	
Legendre	expansion	fails	
	
Interference	among	pols	is	small	
	
Sum	of	singly	polarized	distribu*ons	
reproduces	within	few	%	the	exact	result	
	
Interference	terms	can	be	extracted	from	MC	
	
Different	kinema*cal	distribu*ons	can	be	
exploited	for	fit		
	



Conclusions	
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For	the	first	*me	we	have	a	consistent	framework	to	describe	VB	polariza*ons	in	
VBS	
	
OSP	provides	a	gauge	invariant,	good	approxima*on	to	exact	VBS	which	allows	
to	predict	Vector	Bosons	polariza*on	frac*ons	
	
	
Works	very	well	for	variables	which	do	not	restrict	the	lepton	decay	angles	
	
	
Singly	polarized	distribu*ons	provide	templates	for	measuring	the	polariza*on	
frac*ons	of	the	W’s	in	the	presence	of	reasonable	acceptance	cuts	
	



Spares	
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Longitudinal	polariza*on,	gauge	invariance,	unitarity	
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EWSB	gives	mass	to	W,	Z.	Massive	vector	bosons	have	three	physical	polariza*on	states.	



Model	(in)dependence	
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Higgsless	model:	SM	with	mh→∞,	no	cancella*on	of	terms	∝	s	in	VBS	
Unphysical	but	maximizes	differences	compared	to	SM	
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Exact	cross	sec*on						1.543  o	
Sum	of	polarized										1.501		o	

Do	we	have	to	repeat	the	analysis	for	each	model	separately?	



Fivng	the	noH	model	using	SM	shapes	
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Black:	exact	noH	
	
Light	colours:	singly	polarized	noH	
	
Dark	colours:	fit	of	exact	noH	using		
SM	shapes	
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Fit	uses	SM	shapes	



Fivng	the	Singlet	model	using	SM	shapes	
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Singlet	model:	one	extra	Higgs,	mH	=	600	GeV,	𝚪H	=	6.5	GeV,	sin𝛂	=	0.2	
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< 620 GeVww distributions, 580 GeV < Me-θSM fit of cos

Black:	exact	Singlet	
	
Light	colours:	singly	polarized	Singlet	
	
Dark	colours:	fit	of	exact	Singlet	using		
SM	shapes	



W	polariza*on	in	other	processes		
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Bern	et	al.,	PhysRevD.84.034008;	arXiv:1103.5445								W+jets,	no	lepton	cuts	
S*rling,	Vryonidou,	JHEP07(2012)124;	arXiv:1204.6427		W+jets	,	top	→	W,	WW,	WZ,	WH	
																																																																																																					both	with	and	without	lepton	cuts	

Bern	et	al.	



W	pol	with	selec*on	cuts	in	W+Jets	
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S*rling,	Vryonidou	



Experimental	results	CMS			
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CMS,	PhysRevLe3.107.021802;	arXiv:1104.3829					W+jets,	7	TeV,	35	pb-1	

CMS	



Experimental	results	ATLAS	
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