
Overview	

Phantom	update	
	
How	to	compute	processes	with	polarized	vector	bosons	with	
Phantom	
	
Survey	of	recent	results,	most	of	them	work	in	progress,	
all	in	the	SM.	
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	Phantom		
Two	new	versions	in		/afs/cern.ch/work/b/ballest/public/phantom	
	
Phantom_1_3_2												compiles	on		intel/gfortran	as	all	1_3	versions	
	
Phantom_1_5_1_b							beta	version	with	polarization	machinery	
	
Inconsistency	between	mothers	and	color	flow	has	been	solved.	
Integration	for	processes	with	initial	b	and	bbar	improved	

	
Details	of	the	new	features	in	the	readme	file	
Follow	the		r.in		in	the	version	you	are	using.	Read	carefully	the	comments	
to	every	single	input	variable,	especially	the	new	ones.	😉	
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	Phantom	capabilities	

•  All	2	⇾	6	processes	O(𝛼6)	&	O(𝛼4	𝛼s
2)	exactly	in	SM	

•  	v.	1_5_1_b	computes	O(𝛼6)	amplitudes	with	polarized,	
resonant,	final-state,	vector	bosons.	
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Selecting	resonant	contributions	
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•  pS																																																		
•  																																																						Single	Resonant	
	

•  																																																						Double	Resonant	
•  																																																						(also	Single	Resonant)	
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On	shell	projection	
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Channels	
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Channel O(↵6
EM) � (fb) O(↵6

EM)/O(↵4
EM↵2

S)

pp ! jje�⌫eµ+⌫µ 1.75 1

pp ! jje+⌫eµ+⌫µ 1.40 10

pp ! jje+e�µ+⌫µ 0.14 0.5

pp ! jje+e�µ+µ�
0.02 1

LO only. VBS like cuts, slightly di↵erent for di↵erent channels. Lepton

cuts. No b’s in the initial and final state, that is no top contributions.

1

Factor	4	when	summing	over	all	lepton	combinations.	
All	results	for	LHC@13TeV	
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W+W−	➝	e−𝜈	𝜇+𝜈	(2)	
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Validation	and	Results	
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26	

W-	polarized,	W+	unpolarized.	
Variables	which	do	(not)	limit	the	range	of	%.		
Yes	(No)	interference	among	polarizations	
	
The	incoherent	sum	of	OSP	singly	polarized	cross	sections	agrees	well	with	
exact	result!	
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ptW-	 pte	

Longitudinally	polarized	W’s		and	their	decay	leptons	mainly	at	low	pt.	Bad	news		

W-	polarized,	W+	unpolarized	



W+W+	➝	e+𝜈	𝜇+𝜈	(1)	
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𝜎00/𝜎tot	𝜎0T/𝜎tot		decrease	with	MWW	

No		Reconstruction	(?)	

Same	as	W+W+	report	
Eur.Phys.J.C.(2018	)	78:671	

�gµ⌫ +
pµp⌫

M2
! "µR"

⇤⌫
R + "µL"
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L

1

Transverse:	

	
F	
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W+W+	➝	e+𝜈	𝜇+𝜈	(2)	
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W+W+	➝	e+𝜈	𝜇+𝜈	(3)	
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Table 4 Cross sections at NLO QCD i.e. at order O(αsα
6) for the

full computation and two approximations. In addition to the cuts of
Sect. 3.3, the VBS cuts take the values mjj > 200 GeV and |∆yjj| > 2.
The uncertainties shown refer to the estimated statistical errors of the
Monte Carlo programs

Prediction σtot (fb) δ (%)

full 1.733 ± 0.002 -

|t |2 + |u |2 1.6292 ± 0.0001 −6.0

|s|2 + |t |2 + |u |2 1.7780 ± 0.0001 +2.6

non-factorisable QCD corrections, as well as EW corrections
to the order O(αsα

5) are included.
The total cross sections within the above-mentioned kine-

matic cuts are shown in Table 4. The |t |2+|u |2 approximation
for NLO QCD predictions is lower by about 6% than the full
calculation. The inclusion of s-channel diagrams improves
the approximate prediction, leading to an excess at the 3%
level.

These differences are more evident in differential distribu-
tions. In Fig. 6, we show the differential distributions in the
di-jet invariant mass mjj and rapidity separation |∆yjj|. For
large mjj and large |∆yjj|, as expected, the VBS approxima-
tion is performing well and its s-channel extension agrees
with the full calculation within 10%. This is in contrast
with the regions 200 GeV < mjj < 500 GeV and 2 <

|∆yjj| < 2.5, where the difference between the |t |2 + |u |2
approximation and the full computation can be above 30%.
The inclusion of s-channel contributions cures partly this
behaviour by improving the approximation to about 10%.
This tends to indicate that interference contributions and/or
non-factorisable QCD corrections play a non-negligible role
in this phase-space region.

In order to investigate further the jet-pair kinematics, we
study the double-differential distribution in the variables mjj
and |∆yjj|. In particular, in Fig. 7, we compute in each bin the
ratios of the approximated cross sections over the full ones
[σ (|t |2 + |u |2)/σ (full) and σ (|s|2 + |t |2 + |u |2)/σ (full)].
As expected, in the low invariant-mass and low rapidity-
separation region of the jet pair (200 GeV < mjj < 500 GeV,
2 < |∆yjj| < 2.5) the VBS approximation fails significantly
(by more than 40%). Including the s-channel contributions
leads to a difference of less than 10% in this very region.
However, in the region of large di-jet invariant mass and
low rapidity separation of the jets, the |s|2 + |t |2 + |u |2
approximation overestimates the full computation by more
than 40%.9 Again, this seems to support the fact that interfer-
ences and non-factorisable corrections can be non-negligible
in this region. On the other hand, in the typical VBS region,

9 The bin in the top-left corner of the right-hand-side plot of Fig. 7
suffers from large uncertainty (30%) while the other errors are at the
per-cent level.

the VBS approximation shows a good agreement with the
full computation as documented in detail in Sect. 5.2.

In Fig. 8, the distributions in the transverse momentum of
the hardest jet and its rapidity are shown. At low transverse
momentum, |t |2 + |u |2 and |s|2 + |t |2 + |u |2 approxima-
tions are lower and higher than the full computation by about
20%, respectively. At high transverse momentum, they have
a similar behaviour. They both diverge from the full com-
putation towards larger transverse momentum (about 10%
at 1000 GeV). Regarding the rapidity of the hardest jet, the
two approximations have opposite behaviours. In the central
region, the |t |2 + |u |2 approximation differs by 12% with
respect to the full computation, while the |s|2 + |t |2 + |u |2
one is good within 5%. In the peripheral region, the |t |2+|u |2
approximation is rather close to the full computation (5%),
while the |s|2 + |t |2 + |u |2 one differs by 10%.

Concerning leptonic observables, we show in Fig. 9 the
distributions in the di-lepton invariant mass and in the Zep-
penfeld variable of the electron, defined as

ze+ = ye+ − yj1+yj2
2

|∆y j j |
. (12)

Analogous definitions are later also used for the Zep-
penfeld variable of the muon and of the third jet. The
|s|2+|t |2+|u |2 predictions forme+µ+ agree rather well with
the full curve, obtained from MoCaNLO+Recola. The pre-
diction from Bonsay is about 10% lower around 1000 GeV.
The Zeppenfeld variable of the positron ze is more strongly
affected by the exclusion of s-channel contributions. For
increasing ze, the |t |2+|u |2 approximation diverges from the
full computation to reach a difference of about 25% at 1.5.
On the other hand, including s-channel contributions leads to
a better approximation, staying within 10% difference over
the whole range.

In conclusion, both the loose minimum di-jet invariant-
mass cut and the inclusion of QCD radiative corrections
render the s-channel contributions less suppressed than at
LO, making their inclusion mandatory, in order to provide
trustworthy predictions at NLO accuracy. In the inclusive
region studied here, neglecting s-channel contributions, non-
factorisable corrections, and EW corrections can lead to dis-
crepancies of up to 30% with respect to the full computa-
tion. Nevertheless, the VBS approximation at NLO provides
a good approximation of full calculations in the kinematic
region where mjj ! 500 GeV and |∆yjj| ! 2.5), for both
total cross section and differential distributions. This more
exclusive region is studied in more detail in the next section.

5.2 Comparison in the fiducial region

In Table 5, the cross sections of the various tools at NLO-
QCD accuracy are presented. The order considered is again

123

ze	

 (GeV)e+
t

p
20 40 60 80 100 120 140 160 180 200

  (
pb

/G
eV

)
e+ t

 / 
dp

σd

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02
FULL,     unpolarized

OSP res., unpolarized

OSP res., longit-longit

OSP res., longit-transv

OSP res., transv-longit

OSP res., transv-transv

OSP res., sum of pol

  (fb/GeV)e+
t

 / dpσd

pte	

Legends:	first	polarization	refers	to	W	➝e𝜈	
																																													second	to	W	➝𝜇𝜈	
	

Zeppenfeld	variable	 Pte	not	descrbed	as	well	as	other	variables	by		
the	incoherent	sum	of	polarized	cross	sections	
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with polarization flip, e.g., WTWT ! WLWL, are typically
3 orders of magnitude smaller than the polarization-
conserving ones and cannot influence the overall angular
characteristics.

As discussed above, jet pT distributions depend on the
emittedW polarization and, in particular,WT rejection can
be improved by requiring smallness of the transverse mo-
menta of both jets. Any Higgsless or non-SM Higgs sce-
nario will modify the angular distributions of outgoing
longitudinalW’s by making themmore central with respect
to the incoming WL direction. Requirement of a large
vector boson pT measured in the lab frame combines the
effects of a largeW scattering angle and smallW emission
angle from the parent quark line, both of which favor
longitudinal over transverse W’s. In search for the most
efficient selection criterion that would combine low jet pT

and large vector boson pT , we notice that in the small j!W j
region the MWW value strongly correlates with the product
of the two transverse momenta, pW1

T ! pW2
T . In the leptonic

W decay channels, where we do not know the exact kine-
matics of the two decaying W’s, the pT values of the
leptons and, in particular, their product are the best prac-
tical measures of MWW . Consequently, a large value of the
product pl1

T ! pl2
T is an approximate experimental signature

of the kinematic region which is most sensitive to the
actual mechanism of electroweak symmetry breaking
and offers the best capabilities to separate longitudinal
from transverse WW scattering processes in any scenario
that enhances the WLWL cross section for large MWW .
Correlation between high pl1

T ! pl2
T and high MWW is

stronger if one additionally asks for large ratios of
pl
T=p

j
T . For high pseudorapidity jets this means removing

events with very large jet energies and little energy left for
the W.

The above considerations make it clear that a large value
of the following ratio RpT

of the four transverse momenta

RpT
¼ pl1

T ! pl2
T

pj1
T ! pj2

T

; (9)

where l1 and l2 denote the two leptons in no particular
order, and j1 and j2 denote the two most energetic jets in
the event is bound to have a large efficiency in isolating
hardWLWL scattering from the SM background. Such ratio
automatically accounts for the correlations that are likely
to be satisfied by the signal, but not by the background, and
thus work more efficiently than a collection of uncorrelated
cuts on the individual variables.

In the rest of the paper we discuss the impact of using the
new variable as a selection criterion and the resulting
perspectives for the observation of WLWL scattering at
the LHC. In particular, in Sec. V we compare the selection
efficiencies with and without the variable RpT

in the analy-
sis of the same-signWW channel and demonstrate that the
new criterion can significantly improve the (S/B) figures
for this process.

The kinematics of signal and background for the
opposite-sign channel differs from that of the same-sign
channel in several significant ways. Apart from the residual
QCD background which softens the average jet pT and
worsens its separation from the signal, pure EW back-
ground receives additional contributions from t-channel
processes in which both the Wþ and the W$ originate
from the same parent quark line. This is another source
of softening of the average jet pT for jets accompanying
Wþ

T W
$
T pairs and a class of processes not covered in the

EWA approach. On top of that, both signal and background
receive contributions from s-channel processes with a
Wþ W$ pair being produced from a Z or a Higgs boson.
Finally, parton distribution functions also play some role,
since the two valence u quarks of the proton favor Wþ Wþ

production. All these effects change the overall kinematics
of the signal and, most importantly, of the irreducible
background. In Sec. VI we show that these features indeed
reduce the practical usefulness of the RpT

variable in the
analysis of the opposite-sign channel.

IV. REDUCIBLE BACKGROUND

Among the many potential sources of reducible back-
ground, inclusive t!t production appears to be most difficult
to suppress. Having this background under control is of
course most critical in the jjWþ W$ channel where top
decays can directly fake the signal. It turns out however
that also in the jjWþ Wþ channel due to the huge initial
cross section for t!t production, even tiny detector effects
cannot be completely disregarded and can contaminate the
signal to measurable amounts, necessary to estimate and
subtract. The two main mechanisms for a t!t pair to fake the
same-sign WW scattering signal are: lepton sign misiden-
tification and leptonic B decays.
We have developed and implemented two independent

methods to estimate the magnitude of the inclusive top-pair
production. The first method relies on an analysis of two
separate samples generated with MadGraph: one of pp !
t!t and another of pp ! t!tq (top pair production with an
associated light quark). Both samples were then processed
with PYTHIA to account for the effects of initial- and final-
state radiation, top decay, hadronization, and jet formation.
Since the respective sets of Feynman diagrams, which are
included in the calculation of the two samples are mutually
exclusive, the procedure does not involve any event double
counting and the events can be simply added at the end.
The caveat of this method is that it does not encompass all
possible processes leading to top-pair production with one
or two additional jets, since diagrams involving gluon
emission off an internal quark line are neglected here.
However, our cross section calculation for

ffiffiffi
s

p ¼ 7 TeV
gives a total of 198 pb, which is in fair agreement with
already published CMS and ATLAS data [18].
In the second method we generate three samples using

MadGraph: pp ! t!t, pp ! t!tj and pp ! t!tjj, with

KRZYSZTOF DOROBA et al. PHYSICAL REVIEW D 86, 036011 (2012)

036011-8
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Pz,𝜈		Reconstruction	in	single	W	proc.	(1)		
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• 4 jets with pj
T > 30 GeV/c

• pµ
T > 20 GeV/c

• E/T > 30 GeV

• E/T/HT > 0.07

W → µν reconstruction: between the remaining muons after the preselection cut, the most central one (with
smallest absolute value of pseudorapidity) is chosen; the transverse momentum of the neutrino is approximated to
the transverse missing energy.
The reconstructed muon is then used as reference for the neutrino pZ reconstruction imposing that the invariant
mass of the two leptons must be equal to theW boson nominal mass:

(pµ + pν)2 = M2
W (3)

This equation has two solutions:

pν
z =

αpµ
z ±

√

α2pµ2
z −

(

Eµ2 − pµ2
z

)

(Eµ2pν2
T − α2)

Eµ2 − pµ2
z

(4)

with

α =
M2

W

2
+ pµ

xpν
x + pµ

ypν
y . (5)

The solution for which the neutrino and the muon pZ have the same sign is chosen. If both the solution have the
same sign then the one which gives the minimum ∆R between the muon and the neutrino is selected. There are
also cases (about one third of all the signal events) where the discriminant of Eq.4 is negative so there are not
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If	Δ	<	0		set		Δ	=	0;		
If	Δ	>	0	:	
																If	the	two	solutions	have	opposite	sign,	select	pz,ν		with	same	sign	of	pz,e	
																	If	the	two	solutions	have	same	sign,	select	pz,ν		with	smaller	ΔR(eν)	
	
CMS	AN	2007/005		

Novak	tomorrow	



Pz,𝜈		Reconstruction	in	single	W	proc.	(2)	
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The on shell condition for reconstructing the z component of the neutrino
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The only unknown is �y which depends on p⌫,z. Since this expression is
symmetrical in �y $ ��y, if there are two solutions they are related by a
change of sign of �y.
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When	there	are	two	solutions,	they	are	related		by		Δy	⟺		-	Δy,		Δy	=	yl-y𝜈.	
The	two	ΔR	are	equal.	
	
Try	selecting		pz,ν		for	which	the	total	mass	of	the	event	is	smaller.		



Pz,𝜈		Reconstruction	in	single	W	proc.	(3)	
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Only	events	with	Δ	>	0		and	two	solutions	with	same	sign		

select	pz,ν		with	smaller	ΔR(eν)	 select		pz,ν		with	smaller	event	mass	
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Z	W+	➝	e+e−	𝜇+𝜈	(2)	
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production with no initial state gluons the two outgoing jets are gluon jets of QCD origin.

On the other hand, in the W + Z case the two jets are quark jets that originate from an

electroweak interaction that also distinguishes fermion helicities through the right-handed

and left-handed couplings.

Also related to the underlying interaction in the process producing the W boson is the

similarity in the shapes of the results for W +H associated production and H → W+W−

Higgs decay. In both cases the W boson is predominantly longitudinal at high pT which is

related to the spin-0 nature of the Higgs boson involved in the interaction. The difference

between the two is the absence of an asymmetry between left and right polarisation for W

from Higgs decay. The asymmetry observed in WH production at small pT is related to

the initial state quark–anti-quark distributions producing a preferentially left-handed W .

As already stressed above, these are complicated processes and it is not straightforward

to predict the results in a simple analysis such as that performed in [5] for W + 1 jet

production. One region for which we do have some intuition is the region of high W pT for

W +Z, W +H and single top production using a simple angular momentum conservation

argument. For W+H production, by considering that only left-handed quarks are involved

and that the Higgs is a scalar, we expect the W to be predominantly longitudinal. On the

other hand, for W + Z production we expect the fL and fR polarisation fractions to be

the same. This can be seen by drawing angular momentum conservation diagrams with

the momentum and spin vectors of each particle, similar to those used in [5] for W + 1 jet

production.

We also note that f0 → 0 at large pWT except for W plus Higgs and W + Z. This is

related to the equivalence theorem which states that at high energies the longitudinally

polarised gauge boson states can be replaced by the corresponding Goldstone bosons which

do not couple to light quarks. For the processes involving only light quarks this implies

that f0 → 0 at high energies.

5. Z boson polarisation

The methods defined and employed for W bosons can in principle also be used to measure

the polarisation of Z bosons produced at the LHC. In the case of the Z boson decaying to

two charged leptons, the shape of the positively and negatively charged lepton distributions

cannot be used as a probe of polarisation in the same way as for the W boson, because

the Z couples to both right- and left-handed fermions. Therefore the SM leptonic couplings

need to be taken into account and the equivalent of Eq. (2.1) for Z decay to a pair of

fermions is:

1

σ

dσ

dcosθ∗
=

3

8

(

1 + cos2θ∗ −
2(c2L − c2R)

(c2L + c2R)
cosθ∗

)

fL +
3

8

(

1 + cos2θ∗ +
2(c2L − c2R)

(c2L − c2R)
cosθ∗

)

fR

+
3

4
sin2θ∗f0, (5.1)

with cR and cL the right- and left-handed couplings of the fermion to the Z and θ∗ the

angle measured in the Z rest frame between the antiparticle and the Z flight direction
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Antiparticle	decay	distribution:	
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Z	Z	➝	e+e−	𝜇+𝜇−	(3)	
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pte-	



Conclusions	

Full	VBS	processes	are	reproduced	at	the	%	level	by	the	sum	of	
polarized	on	shell	reactions+decay	with	Breit-Wigner	modulation	
	
Long-Long	cross	sections	are	small	
Long-Transv	are	larger	
Transv-Transv	are	largest	
	
Besides	decay	angles,	a	number	of	kinematic	distribution	help	
separating	the	vector	polarizations		
	
Phantom	provides	a	flexible	and	convenient	tool	for	polarization	
studies	in	VBS.	
	
																																											Ce	n’est	qu’un	début	…	
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Spares	
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Single	W→	lv		differential	cross	section	

	
T	
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INTERFERENCE	TERMS	cancel	ONLY	WHEN	INTEGRATED	OVER		φ.	In	practice	NEVER.	

Interference	among		pols.	are	present	for	any	W	production	channel	

Polarization	fractions	extracted	projecting		cosϑ	distribution	on	first	3	Legendre	polynomials	
Does	not	work	with	cuts.	

In	this	
	case:	



W+W−	➝	e−𝜈	𝜇+𝜈	(3)	

Ezio	Maina	–	VBS	Polarization	Workshp,	LLR	
Palaiseau,	10-12/10/2018	 25	

-wη
6− 4− 2− 0 2 4 6

  (
pb

)
-

w η
 / 

d
σd

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45
3−10×

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

  (pb)
-wη / dσd

 (GeV)llm
0 100 200 300 400 500 600

  (
pb

/G
eV

)
ll

 / 
dm

σd

0

1

2

3

4

5
6−10×

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

  (pb/GeV)ll / dmσd

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

mll	 𝜂W-	

𝜙e	

Z.	Bern	et	al.,		
Phys.	Rev.	D	84	(2011)	034008	
	[arXiv:1103.5445].	

Not	all	variables	are	reproduced	well	


