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Vector	Boson	Scattering
• Vector	Boson	Scattering	(VBS)	is	
an	interaction	of	the	kind	
VV’→VV’,	where	V	designates	the	
electroweak	bosons	of	the	SM,	
i.e.	V	=		W,	Z,	&	γ
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Example:	WW	→WW	scattering

The core processes WW → WW, etc., at LO

Recall high-energy asymptotics of longitudinal massive vector bosons:
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µ Ẽ≫MV

kµ

MW
TWL···

µ = Mφ···

| {z }

EW Ward identity (gauge invariance)

Stefan Dittmaier, Electroweak gauge-boson scattering at the LHC Universität Dresden, 4.7.2013 – 10

2.3. Gauge boson scattering
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Figure 2.1.: Left: prototypical V V æ W +W ≠ scattering diagram, V = “, W ±, Z. Right:
s-channel Higgs diagram, which is the dominant contribution to gauge boson
scattering at mW W ¥ mH .

reflecting the increase of the full amplitude proportional to (s+t). Perturbative unitarity
therefore requires

Ô
s .

Ô
32fiv ¥ 1.7 TeV . (2.82)

A more thorough calculation involving all diagrams and higher-order corrections gives a
slightly lower bound of the order

Ô
s . 1.2 TeV [29].

So without a Higgs boson, perturbative unitarity is violated around the TeV scale.
This means that some mechanism has to unitarise the scattering amplitude, and its
e�ect should be visible at LHC energies. This was the reasoning behind the no-lose
prediction for the LHC: either a Higgs boson would be found, or some new e�ect would
have to appear around the TeV scale that unitarises the scattering of weak bosons. The
latter scenario is known as strongly interacting WW scattering [13–20].

With the discovery of a Higgs-like boson, the Higgsless scenario became of course less
relevant. Instead one can consider partially strong WW scattering [21–24]: if the coup-
ling of longitudinal W or Z bosons to the Higgs boson deviates from the Standard Model,
there is an increase of the cross section at larger energies, eventually violating unitarity.
However, compared to the Higgsless case this increase is less pronounced and shifted to
higher energy scales, which may or may not be accessible at the LHC. Therefore the
unitarity argument has lost its urgency after the Higgs discovery.

2.3.2. Anatomy of the full process at the LHC
In reality there is no W +W ≠ collider, unfortunately. The currently best place to probe
gauge boson scattering is the LHC, where the relevant full process is

pp æ W +W ≠ jj , (2.83)
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Why	is	VBS	interesting?
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µ Ẽ≫MV

kµ

MW
TWL···

µ = Mφ···

| {z }

EW Ward identity (gauge invariance)

Stefan Dittmaier, Electroweak gauge-boson scattering at the LHC Universität Dresden, 4.7.2013 – 10

Cross Section in Quantum Field Theory

Final formulae: Scattering cross sections
(Remember them!)

Consider 2 → 2-scattering in c.m.-frame

Ignore incoming masses, ma = mb = 0

Kinematics almost completely fixed (up to angles):
√

s = Ec.m.
= Ea + Eb, p

a
= −p

b

p
1

= −p
2

= p · p̂(θ, φ) with p =
√

(s−m2
1−m2

2)2−4m2
1m2

2
2Ec.m.

E1,2 =
s ± (m2

1 − m2
2)

2Ec.m.

Use EdE = pdp (from E 2 = p2 + m2 =⇒ dE 2 = dp2)

Then:

dσab→12 =
|Mab→12|2

32π2E 3
c.m.

|p|dΩ
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2.3. Gauge boson scattering

In the high-energy limit of s, |t| ∫ m2
H , this expression becomes constant, so the cross

section falls o� proportional to

‡SM ≥ 1
s

. (2.70)

In contrast, consider a scenario without a Higgs boson, which we emulate by taking
the limit mH æ Œ.3 With m2

H = 2⁄v2 and s, |t| π m2
H , the matrix element becomes

MHiggsless(W +
L W ≠

L æ W +
L W ≠

L ) ¥ ≠im
2
H

v2

S

U2 ≠ 1
1 ≠ s

m2
H

≠ 1
1 ≠ t

m2
H

T

V (2.71)

¥ is + t

v2 . (2.72)

In the high-energy limit, the cross section is therefore proportional to

‡Higgsless ≥ s . (2.73)

So we find that at high enough energy scales, the Higgsless amplitude becomes much
larger than the full amplitude. In other words, there is a significant cancellation between
the contributions from pure gauge diagrams and Higgs interactions.

Perturbative unitarity violation

This high-energy behaviour is not just an interesting curiosity, but has some important
implications. A basic postulate of any quantum field theory is that the time evolution
or equivalently the S-matrix is unitary. This can be reformulated in terms of the total
cross section ‡ and the amplitude M, giving the optical theorem

‡ = 1
s

Im Mforward . (2.74)

Here Mforward is the amplitude in the limit of identical final and initial states, i. e. in
the case of extreme forward scattering.

It is immediately clear that the Higgsless cross section (2.73) violates the optical the-
orem. In the high-energy limit, the cross section increases with s, while the corresponding
right-hand side of (2.74) remains constant. In other words, in leading perturbative order
the Higgsless scenario violates the unitarity of the S-matrix. So either some e�ect of new
physics has to restore the unitarity condition, or the leading contribution in perturbation
theory does not describe the process well, making the WW system strongly interacting.

3In the derivation of the Feynman rules based on the equivalence theorem, we have e�ectively assumed
the Standard Model structure including a Higgs boson. It is therefore not consistent to simply remove
the Higgs contributions from the expression (2.69).

19

Optical	Theorem:

⇒ σWW→WW ≃ s
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The	scattering	of	longitidinal gauge	bosons	violates	
unitarity at	the	TeV scale!

(Unitarity violation	=	loss	of	conservation	of	probability)

CAUTION:
Experimentalist	talking	

about	theory
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The	Higgs	of	the	Standard	Model	unitarizes the	VBS	cross	
section
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CAUTION:
Experimentalist	talking	

about	theory



Physics	Case	for	VBS	Studies
• In	the	SM	Model	without	the	Higgs,	VBS	processes	violate	unitarity in	
the	longitudinal	polarization	mode	at	the	TeV scale:

• The	minimal	SM	unitary	is	ensured	by	the	destructive	 interference	between	
VBS	amplitudes	 and	diagrams	involving	the	Higgs

• A	consistent	theory	requires	a	Higgs	boson	with	mH<	1TeV	or	new	Physics	at	the	TeV scale

1. VBS	allows	to	study	the	delicate	unitarization of	the	SM	and	the	role	
of	H125	in	the	electroweak	sector

• If	New	Physics	(BSM)	is	present	in	the	electroweak	sector,	VBS	offers	a	
promising	approach	by	studying	its	impact	on	gauge	boson	couplings

1. VBS	is	a	promising	avenue	for	BSM	physics	searches	via	the	probing	
of	anomalous	triple	&	quartic	gauge	couplings	(aTGC &	aQGC)

6
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Vector	Boson	Scattering	at	the	LHC

• At	the	LHC,	VBS	is	initiated	by	
the	incoming	quarks	in	the	
proton:	each	radiates	off	a	
vector	boson	which	then	
undergo	VBS
• As	a	purely	electroweak	
process	the	cross-section	is	of	
order	α6

EWK
• Multiple	production	
mechanisms:
• Double	Triple	Gauge	Coupling	
(TGC)

• Quartic	Gauge	Coupling	(QGC)
• Higgs	exchange	in	s- and	t-
channel

Vector Boson Fusion topologies at the LHC 
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!  At LO, can picture VBF-like processes as each of the incoming quarks radiating off a 
weak boson, which then interact: 

!  This process was used in the Higgs search to increase sensitivity by exploiting the jets 
resulting from the outgoing quarks 

!  First evidence of electroweak WWjj production (which includes VBS contributions) 
at 3.6σ in the W±W±jj channel reported by ATLAS using 20.3 fb-1 at √s = 8 TeV [arXiv] 

!  Run II of LHC (starting 2015) with √s = 13 TeV will yield ~100 fb-1 per year, providing 
enough data to study VBS for the first time 

 
 
 
 

What is Vector Boson Scattering?

⌅ Signal qq0 ! qtagq0
tagVV (V = W or Z)

V
V 0

V 0
V

q0

q

q0
tag

qtag

⌅ “blobb” contains all VV scattering diagrams
⌅ background:

⇤ irreducible electroweak background due to gauge dependence
⇤ reducible QCD background with the same final state
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Ulrike Schnoor: Vector Boson Scattering at the LHC

2014-06-24 P. Pigard – NPAC internship summary talk 
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VBF-like topology and kinematics 

7 

!  The initial quarks do not interact strongly, there is no color flow  
!  This gives rise to interesting features: 

!  2 »tagging jets«: 
!  Two jets in opposite hemispheres of the detector with high pseudorapidity region  

=> large |Δ�jj| 
!  High invaraint mass mjj (recall m2

kl = 2pT,kpT,l[cosh Δη – cos Δφ]) 
!  Furthermore 

!  The leptons fall between the tagging jets 
!  Reduced hadronic activity in between the jets 

 
 
 
 

What is Vector Boson Scattering?

⌅ Signal qq0 ! qtagq0
tagVV (V = W or Z)

V
V 0

V 0
V

q0

q

q0
tag
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⌅ “blobb” contains all VV scattering diagrams
⌅ background:

⇤ irreducible electroweak background due to gauge dependence
⇤ reducible QCD background with the same final state
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Ulrike Schnoor: Vector Boson Scattering at the LHC

Experimental Signature
Tagging jets

1, 2 central leptons
3, 4 forward/backward tagging jets

Soft jet veto in central region
lack of color exchange between initial-state quarks ) suppressed
hadron production in central region
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Ulrike Schnoor: Vector Boson Scattering at the LHC

2014-06-24 P. Pigard – NPAC internship summary talk 
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Signature	of	Vector	Boson	Scattering
VBS	event	topology	is	characterized	by:

• Two,	forward/backward	jets	at	large	|η|	
with	high	energy	resulting	from	from	the	
deflected	incoming	quarks	-“tagging	jets”
• Large	Δηjj and	mjj
• Zeppenfeld variable	used	to	capture	

centrality:
• 𝑧 = %

∆'((
(𝜂 − '%,'-

- )
• Region	between	jets	(z	<	0.5)	is	referred	to	

as	central	
• The	vector	bosons	and	their	decay	
products	are	central

• Central	hadronic activity	is	suppressed	
due	to	color	decoherence

9

The	sensitivity	to	VBS	and	aQGCs is	at	large	center	of	mass	
energies,	i.e.	mVV and	related	variables	like	mT

VV or	pTV.



Status	of	VBS	searches	with	run	I	data
• Both	ATLAS and	CMS performed	searches	for	VBS	in	run	
I	data:
• Evidence	for	electroweak	production	of	same-sign	WW	plus	2	
jets	with	an	observed	(expected)	significance	of	3.6 (2.8)σ by	
ATLAS	[1]	and	of	2.0	(3.1)σ by	CMS[2]
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Status	of	VBS	searches	with	run	I	data
• Both	ATLAS and	CMS performed	searches	for	VBS	in	run	
I	data:
• Search	for	γγ →	WW	with	7	&	8	TeV data	by	CMS	[5,	6]	with	
evidence	at	3.6 (2.5)σ
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Figure 2: Distribution of the transverse momen-
tum of the leading lepton for signal and back-
ground after the cut onW , ⇤ET , and '& between
the two leptons.

second leading leptons at 25 and 10 GeV respectively, on ⇤ET > 20 GeV, '& > 2.7 between leading
leptons, and 160 <W < 500 GeV, the diffractive mass reconstructed using the forward detectors,
the background is found to be less than 1.7 event for 30 fb�1 for a SM signal of 51 events. In this
channel, a 5 ( discovery of the Standard Model pp⇥ pWW p process is possible after 5 fb�1.

2. Quartic anomalous couplings

The parameterization of the quartic couplings based on [8] is adopted. We concentrate on the
lowest order dimension operators which have the correct Lorentz invariant structure and obey the
SU(2)C custodial symmetry in order to fulfill the stringent experimental bound on the ) parameter.
The lowest order interaction Lagrangians which involve two photons are dim-6 operators. The
following expression for the effective quartic Lagrangian is used

L 0
6 =

�e2

8
aW0
"2

Fµ*Fµ*W++W�
+ � e2

16cos2 ,W
aZ0
"2
Fµ*Fµ*Z+Z+

L C
6 =

�e2

16
aWC
"2

Fµ+Fµ- (W++W�
- +W�+W+

- )� e2

16cos2,W
aZC
"2
Fµ+Fµ-Z+Z- (2.1)

where a0, aC are the parametrized new coupling constants and the new scale " is introduced so that
the Lagrangian density has the correct dimension four and is interpreted as the typical mass scale
of new physics. In the above formula, we allowed the W and Z parts of the Lagrangian to have
specific couplings, i.e. a0 ⇥ (aW0 , aZ0 ) and similarly aC ⇥ (aWC , aZC).

The WW and ZZ two-photon cross sections rise quickly at high energies when any of the
anomalous parameters are non-zero. The cross section rise has to be regulated by a form factor
which vanishes in the high energy limit to construct a realistic physical model of the BSM theory.
We therefore modify the couplings by form factors that have the desired behavior, i.e. they modify
the coupling at small energies only slightly but suppress it when the center-of-mass energy W$$

3

Figure 16: Standard Model diagram for CEP production of WW .

Initially we can perform this analysis with the existing CMS detector as an extension of our
exclusive dimuon analysis, rejecting events that have evidence of the proton breakup at the edge of
the detector. With data collected in the next few years, this should provide a factor of 100 improve-
ment over previous limits on AGQCs set by the LEP experiments. Pileup from high luminosity
running will be the limiting factor, but can be greatly reduced by applying kinematic and timing
constraints using protons tagged by the HPS detectors. A direct measurement of the Standard
Model CEP WW signal should be achievable with 5 fb�1 integrated luminosity with the HPS2
detector system. In 2012 we will analyze and publish the limits based using the central CMS de-
tector system and estimate the performance using the HPS1 detectors, with follow up publications
in 2013 using the first data from HPS1.

Background measurement for slepton search

The Standard Model CEP WW leptonic decay signal results in a background for the slepton pair
analysis, since it has exactly the same topology: two leptons with missing energy. Unless the
slepton and neutralino masses happen to match the W and neutrino masses, then the CEP WW
background can be cleanly separated using kinematic variables.. The kinematics of the two final-
state leptons themselves provides very little separation of signal from background. However, the
two forward protons prescribe the full kinematics of the slepton system and therefore provide a
powerful means to reject background.

Under high luminosity conditions the dominant background for sleptons comes from a random
coincidence of three separate interactions within one bunch crossing: one event that produces
a muon pair in the central detector and two others that each produce a forward proton. This
background from randomly overlapping events can be reduced by requiring that the dimuon vertex
z position (along the beam direction) be consistent with the predicted z position from the tagged
protons. To do this requires that the proton detectors include precise time-of-flight measurements.
We are leading the development of the reference timing system for HPS and our hardware R&D
plan is discussed in Section 4.2.2.

Assuming a resolution of 20 ps on the time-of-flight measurement and the nominal bunch
length, we gain a factor of 1 in 24 rejection. This reduces the background cross section to 170 pb.
To further reduce the background we can also apply kinematic constraints derived from the mea-
sured protons as in the case of the CEP WW background. Prior to the installation of any forward
detectors, in 2012 we plan to estimate the effectiveness of this rejection by studying a surrogate

LLNL-PROP-468241

December 18th, 2014

FSQ-13-008



Status	of	VBS	searches	with	run	I	data
• Both	ATLAS and	CMS performed	searches	for	VBS	in	run	I	
data:
• Evidence	for	electroweak	production	of	same-sign	WW	plus	2	jets	
with	an	observed	(expected)	significance	of	3.6 (2.8)σ by	ATLAS	[1]	
and	of	2.0	(3.1)σ by	CMS [2]

• Searches	for	electroweak	production	of	Xγ plus	2	jets	by	CMS
• Zγjj with	3.0 (2.1)σ	evidence	[3]
• Wγjj with	2.5	(1.5)σ	evidence	[4]

• Search	for	γγ →	WW	with	7	&	8	TeV data	by	CMS	[5,	6]	with	
evidence	at	3.6 (2.5)σ

• Selected	studies	probing	aQGCs:
• Search	for	WWγ and	WZγ production	by	CMS	[7]
• Evidence	for	Wγγ production	by	ATLAS	[8]	and	[9]

Bibliography	in	backup
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VBS	in	the	4l	final	state
Search	for	ZZ	scattering	in	the	4l	
final	state:
• Require	two	on-shell	Z	bosons	
reconstructed	from	isolated,	
prompt	leptons	(l	=	e	or	μ)
⇒ Clean	signature	with	small	
reducible	backgrounds
• Ratio	of	EWK	signal	to	irreducible	
background	from	QCD	not	as	
favorable	as	same-sign	WW,	i.e.	
σQCD ~	10	x	σEWK without	VBS	cuts
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Preliminary	study	of	ZZjj event	selection
• Goal	was	to	explore	a	potential	event	selection	for	ZZjj using	fast	
detector	simulation,	event	counts	for	100	fb-1:

14

• This	crude	estimate	suggests	that	VBS	of	Z	bosons	will	be	observable	with	the	run	II	data

• Search	strategy	will	be	similar	to	that	employed	for	H → ZZ → 4l:	Maximize	the	signal	event	
acceptance	and	exploit	the	kinematics	of	the	signal	and	background	processes	to	extract	signal

@	100fb-1 QCD	(B) EWK	(S) S/√[B]

Total	#	generated	events 442.200 42.280 2.01

Lepton	acceptance	[pT >	7	GeV,	ημ <	2.4,	ηe <	2.5] 214.644 23.246 1.59

Two	on-shell	Z	bosons	[60	GeV	<	mZ <	120	GeV] 161.668 16.713 1.31

Tagging	Jets	[pT	>	30	GeV,	η	<	5.2] 124.789 15.115 1.35

Tagging	jet	rapididty	gap	[Δy	>	3.0] 15.831 9.154 2.30

Tagging	jet	invariant	mass	[mjj	>	700	GeV] 3.272 7.162 3.96

Leptons	are central 1.901 6.338 4.60

Jet	veto	[no	>25	GeV	pT	jet	between	tagging	jets] 0,840 5.826 6.36



Summary
• Vector	Boson	Scattering	allows	to	test	the	gauge	
structure	of	the	electroweak	sector	by	probing	TGC	and	
QGC
• Studying	the	unitarization of	VBS	is	a	test	of	electroweak	
symmetry	breaking	in	the	Standard	Model
• Evidence	for	VBS	for	several	channels	has	been	found	
using	LHC	run	I	data
• The	luminosities	of	the	run	II	of	the	LHC	will	permit	first	
observation	of	VBS	in	many	channels	and	final	states
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