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New Energies, New Particles
• What will we find at the Terascale?

• Most of the proposed UV completions have similar 
signatures at hadron colliders:
• Strongly coupled states
• Pair creation enforced by new symmetry
• Missing energy from dark matter candidate
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New Energies, New Particles
• What will we find at the Terascale?

• Most of the proposed UV completions have similar 
signatures at hadron colliders:
• Strongly coupled states
• Pair creation enforced by new symmetry
• Missing energy from dark matter candidate
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Supersymmetry?
Extra Dimensions?
Technicolor?
None of the above?
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Breaking the Degeneracy
• To determine the underlying theory, we need to 

know the basic properties of the newly discovered 
particles:
• Mass hierarchy
• Decay channels
• SM gauge charges
•  
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Spin
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Spin Measurements
• Many techniques devised distinguish specific 

models from one another:
• Total cross section:  i.e.
• Spectrum of states: i.e. tower of Kaluza-Klein 

modes in UED
• If you had a linear collider, can use threshold scans, 
• Both scalars and vector bosons have
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σSUSY < σUED

σ ∝ β
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Spin Measurements
• Other techniques look at long decay chains

• But this requires chiral couplings, and depends on 
the spins of the final states (perhaps unknown).
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Figure 3: The decay of a squark through a chargino involves two chiral vertices. As a result the
lepton’s direction is correlated with that of the outgoing quark. On the right we plot the amplitude
as a function of tql for mq̃ = 1000 GeV, mC̃ = 500 GeV and m!̃ = 300 GeV. The graph is normalized
to unit area.

where we have neglected mq. cL and cR are O(1) coe!cients depending on the precise nature

of the interaction. Notice the suppression of the transverse polarization with respect to the

longitudinal one by a factor of mq!/Eq! in the amplitude. It is clear that when the fermions’

mass di"erence is comparable to the W ! mass, mq! !mq " mW ! , the resulting polarization is

negligible, since mq!/Eq! " 1 in the rest frame of the W !.

Since the W ! is longitudinally polarized, its subsequent decay into l+ ! ! is governed by a

1! cos2 ". Here, " is the angle of the outgoing leptons with respect to the axis of polarization

defined by the quarks. Therefore, the relativistically invariant amplitude squared must be a

quadratic function of tql with a negative coe!cient in front of the leading power. Notice that
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Figure 4: When q! decays the intermediate W ! is longitudinally polarized if the incoming q! and
outgoing q are both boosted in its rest frame. This in turn will result in angular correlations between
the directions of the quark and the lepton. On the right we plot the amplitude as a function of tql for
mq! = 1000 GeV, mW ! = 500 GeV and m!! = 300 GeV. The graph is normalized to unit area.

a gauge-boson does not require the vertices to be chiral. This is important and potentially

useful in determining the gluon partner’s spin. However, it is also more susceptible to mass

di"erence e"ects (see equation (3.2)). In contrast, the fermionic counterpart remains polarized
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However, if !1 came from the decay of another particle and that vertex was chiral then

the situation is di!erent. In that case !1 is polarized and its subsequent decay is governed by

a non-trivial angular distribution as shown in Fig. (1). Whether the decay involves a helicity

flip or not determines the sign of the slope.
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Figure 1: The decay probability for a fermion into a scalar and another fermion of the same helicity
(solid-black) or opposite helicity (dashed-red) as a function of cos ". " is defined with respect to the
axis of polarization of the decaying fermion.

Next, we consider the decay of a fermion into another fermion and a gauge-boson via an

interaction of the form

gL!̄2#
µPL!1Aµ + gR!̄2#

µPR!1Aµ (2.2)

As before, we consider the case where !2 is boosted. If the interaction is chiral !2 is in a

definite helicity state. The fermionic current that couples to Aµ is of the form !̄!̇$!̇"
µ !" .

If the emitted gauge-boson is longitudinally polarized the distributions are the same as the

decay into a fermion and a scalar. If it transversely polarized it is precisely opposite (i.e.

same helicity corresponds to sin2 "/2 and opposite helicity to cos2 "/2).

The most important feature of the fermion’s decay is the linear dependence of the decay

probability on cos ". It is also clear that chiral vertices must be involved in order to observe

spin correlations (unless the fermion is a Majorana particle, a possibility we discuss below).

2.3 Gauge-boson decay

When a gauge-boson decay (2-body), relativity forces the products to be two bosons or two

fermions. As is well known, when the products are two fermions the angular distribution is

given by,

Ptrans(cos ") =
1

4

!

1 + cos2 "
"

Plong(cos ") =
1

2

!

1 ! cos2 "
"

(2.3)

If a gauge boson decays into two scalars via the interaction

g%!
2

"

& µ %1A
µ, (2.4)

the angular distribution has the opposite structure,

Ptrans(cos ") =
1

2
(1 ! cos2 ") Plong(cos ") = cos2 " (2.5)
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where the subscript on P denotes the initial gauge-boson’s polarization. As usual ! is defined

about the polarization axis. The decay of a gauge-boson into two other gauge-bosons has

the same angular distribution as Eq. (2.5). These are shown in Fig.(2). As usual there are
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Figure 2: The decay probability for a gauge-boson into two fermions (left) and two bosons (right)
for transverse (solid-black) and longitudinal polarization (dashed-red) as a function of cos !.

finite mass e!ects that come into play when the products are not highly boosted. Those tend

to wash out any angular dependence of the amplitude. Generically these contributions scale

as m2/E2. Therefore, as noted before there has to be an appreciable di!erence between the

mass of the decaying particle and its products so that m2/E2 ! 1/2.

The contrast with the previous case is clear as the dependence of the amplitude on cos !

is quadratic. It is also important to note that the vertex need not be chiral.

2.4 Higher spin

By noting that a rotation by ! of a state of spin j is given by ei!j"y it is easy to see that the

amplitude for the decay of a particle with spin j is some polynomial of degree 2j,

P#(cos !) = a2j(cos !)2j + a2j!1(cos !)2j!1 + . . . + a0 (2.6)

The coe"cients ai are such that when we sum over all polarizations " we get,

!

#

P#(cos !) = 1 (2.7)

since an unpolarized particle has no preferred direction. In this paper we concentrate on spin

0,1/2, and 1 and will not consider higher spin. Nonetheless, this is an important issue to

address. For example, if the partners of the graviton are indeed detected it would be good to

know whether it is a supersymmetric spin-3/2 object or a Same-Spin spin-2 resonance.

3. Angular correlations in cascade decays

In this section, we present a systematic study of spin correlations in a wide variety of cascade

decay channels. Aside from the matrix element, the kinematics also play a crucial role in the

observability of spin e!ects. We lay out the conditions for observing spin correlations in each
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Model Independence
• Interfering helicity states of a decaying particle 

leave an imprint in the decay plane’s distribution

• ‘Model Independent,’ but still requires 
reconstruction of decay plane which is not always 
possible.
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Inspiration from Higgs Measurements
• Proposal from Zeppenfeld et. al.
• Consider on-shell Higgs production from Vector 

Boson Fusion (VBF)
• Azimuthal angular dependence                           

comes from gauge boson helicity
• Presence of various cos/sin                                     

modes depends on how these                            
helicities can be combined.
• i.e. on the Lorentz structure of the matrix 

element for Higgs production
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hep-ph/0105325,  hep-ph/0605117, hep-ph/0703202
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Inspiration from Higgs Measurements

• It’s been shown that                sensitive to CP-
properties of Higgs coupling

• SM background has no                 mode.
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hep-ph/0105325,  hep-ph/0605117, hep-ph/0703202
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Fig. 1: Left: Normalized distributions of the azimuthal angle between the two tagging jets, for the ! ! WW !
eµp!T signal in vector boson fusion at m! = 160 GeV, from Ref. [3]. Curves are for the SM and for single D5
operators as given in Eq. (3), after cuts as in Ref. [4]. Right: The same for Higgs production in gluon fusion at
m! = 120 GeV. Curves are for CP-even and CP-odd !tt coupling.

the two "!jj distributions simply add, i.e. one does not observe interference effects. The dip-structure
which is present for pure couplings is, thus, washed out.

This behavior is demonstrated in Fig. 2. For CP-even and CP-odd couplings of the same strength,
i.e. fe = fo, the azimuthal angle distribution is very similar to the SM case. However, in order to test
the presence of anomalous couplings in such cases, other jet distributions can be used, e.g. transverse
momentum distributions. The "!jj distribution is quite insensitive to variations of form factors, NLO
corrections and the like [6]. On the other hand, pT distributions depend strongly on form factor effects.
We study these effects for a particular parameterization of the momentum dependence:

a2(q1, q2) = a3(q1, q2) # M2 C0 ( q1, q2,M ) , (5)

where C0 is the familiar Passarino-Veltman scalar three-point function [7]. This ansatz is motivated by
the fact that the C0 function naturally appears in the calculation of one-loop triangle diagrams, where the
mass scale M is given by the mass of the heavy particle in the loop. As can be seen in the right panel
of Fig. 2, even for a mass scale M of the order of 50 GeV the anomalous couplings produce a harder pT

distribution of the tagging jets than is expected for SM couplings. Thus it is possible to experimentally
distinguish EW vector boson fusion as predicted in the SM from loop induced WW! or ZZ! couplings
by the shape analysis of distributions alone.

Let us now consider the gluon fusion processes where, for !tt couplings of SM strength, one
does expect observable event rates from the loop induced effective !gg couplings [5]. In order to assess
the visibility of the CP-even vs. CP-odd signatures of the azimuthal jet correlations at the LHC, we
consider Higgs + 2 jet production with the Higgs decaying into a pair of W -bosons which further decay
leptonically, ! ! W+W! ! "+"!##̄. We only consider electrons and muons (" = e±, µ±) in the final
state. The Higgs-mass is set to m! = 160 GeV. From previous studies on Higgs production in vector
boson fusion [4] the main backgrounds are known to be top-pair production i.e. pp ! tt̄, tt̄j, tt̄jj [8].
The three cases distinguish the number of b quarks which emerge as tagging jets. The tt̄ case corresponds
to both bottom-quarks from the top-decays being identified as forward tagging jets, for tt̄j production
only one tagging jet arises from a b quark, while the tt̄jj cross section corresponds to both tagging jets

3
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A New Way to Measure Spin

• Generalize from single-particle production to pair-
production.
• Lorentz structure of pair-                                       

production matrix element                                      
fixes which combinations                                      
of vector boson polarizations                                 
can contribute to process
• This is made measurable through the difference 

in azimuthal angle of the forward jets 
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The Big Picture
• Since the spin                                                             

measurement                                                              
relies on the                                                               
kinematics of                                                               
jets           , the                                                            
only requirements on new physics (          ) is that 
we can trigger on it (and identify the forward jets)
• For this introductory study, we assume both these 

problems can be ignored
• Clearly, we are not experimentalists.
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Scalars vs. Spinors
• Choose simple models: 500 GeV ‘R-hadron’       

triplets with spin-0 or spin-1/2
• Looking at 2 R-hadrons + 2 jet events
• Avoids trigger and background problems
• Large production cross sections

11

SU(3)C

We’ll consider the VBF 
production matrix elements 
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Scalars vs. Spinors
• Choose simple models: 500 GeV ‘R-hadron’       

triplets with spin-0 or spin-1/2
• Looking at 2 R-hadrons + 2 jet events
• Avoids trigger and background problems
• Large production cross sections

11

SU(3)C

We’ll consider the VBF 
production matrix elements 

(This turns out to be an over-simplification)
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VBF Kinematics

• With these choices,    dependence made clear: 

• I’ve drawn quark initial states only, but anti-quark 
and gluon contribute as well.
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Azimuthal Angle
• Can expand out dependence on            :

13

φ1, φ2

|M|2 = f1 + f2 cosφ1 + f3 cosφ2 + f4 cos 2φ1 + f5 cos 2φ2

+f+
6 cos(φ1 + φ2) + f−6 cos(φ1 − φ2) + f+

7 cos(2φ1 + φ2) + f−7 cos(2φ1 − φ2)
+f+

8 cos(φ1 + 2φ2) + f−8 cos(φ1 − 2φ2) + f+
9 cos 2(φ1 + φ2) + f−9 cos 2(φ1 − φ2)

+f̄2 sinφ1 + f̄3 sin φ2 + f̄4 sin 2φ1 + f̄5 sin 2φ2

+f̄+
6 sin(φ1 + φ2) + f̄−6 sin(φ1 − φ2) + f̄+

7 sin(2φ1 + φ2) + f̄−7 sin(2φ1 − φ2)
+f̄+

8 sin(φ1 + 2φ2) + f̄−8 sin(φ1 − 2φ2) + f̄+
9 sin 2(φ1 + φ2) + f̄−9 sin 2(φ1 − φ2)

|M|2 =

������

�

h1,h2=±,0

M1M2Mpaire
i(h1φ1+h2φ2)

������
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Azimuthal Angle
• Can expand out dependence on            :
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Azimuthal Angle
• Can expand out dependence on            :

13

φ1, φ2

After integrating out

|M|2 = f1 + f−6 cos∆φ + f−9 cos 2∆φ

|M|2 =

������

�

h1,h2=±,0

M1M2Mpaire
i(h1φ1+h2φ2)

������

2
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• We will show that       gets a contribution from cuts.
• Look at the coefficient of                instead.
• From

• we’re interested in 

14

f−9

f−6
cos 2∆φ

f−9 = (PS)
�

h1,h�1,h2,h�2
|hi−h�i|=2

�
M1(h1)M2(h2)Mpair(h1, h2)

�

�
M1(h�1)M2(h�2)Mpair(h�1, h

�
2)

�∗

|M|2 =

������

�

h1,h2=±,0

M1M2Mpaire
i(h1φ1+h2φ2)

������

2

×
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VBF Cuts
• Our measurement technique requires that we 

isolate VBF events from other production
• Use the cuts from Zeppenfeld et. al.
• R-hadron cuts to ensure they remain in the barrel
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ηj1 · ηj2 < 0, |ηj | ≤ 5, |ηj1 − ηj2 | ≥ 4.2
pT,j1 ≥ 30 GeV, pT,j ≥ 20 GeV, Mjj ≥ 500 GeV

|ηR−hadron| < 2.1, pT,R−hadron > 50 GeV
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Scalars
• Factoring out production matrix elements:

• In an abelian theory, easy to write down the matrix 
elements for transverse polarizations:

• Invariant under
• (Also true in non-abelian calculation) 

16

f−9 = (PS)M1(+1)M1(−1)∗M2(−1)M2(+1)∗

×
�
Mpair(+1,−1)Mpair(−1, +1)∗ + (1↔ −1)

�

Mscalar ∝ (�1 · �2)− 4
� (p1 · �1)(p1 − q1) · �2

q2
1 − 2p1 · q1

+
(p1 · �2)(p1 − q2) · �1

q2
2 − 2p1 · q2

�

�+1/2 ↔ �−2/1
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Scalars
• Since                                               ,

• Prediction:                 mode for scalars must be 
positive

• Recall this is a consequence of how polarization 
vectors enter into             calculation
• i.e. Lorentz structure
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M(+1,−1) =M(−1, +1)

f−9 ∝M(+1,−1)M(−1, +1)∗ > 0

cos 2∆φ

Mpair
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Spinors
• Need to repeat the calculation for spinors
• (Spoiler:      will be negative)
• Straightforward for on-shell abelian example:

• After lots of tediousness, you can prove that
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f−9

M(±1,∓1) = iū

�
/�±1 (/p1

− /q1
+ M)/�∓2

q2
1 − 2p1 · q1

+
/�∓2 (/p1

− /q2
+ M)/�±1

q2
2 − 2p1 · q2

�
v

(Remember: Abelian)

f−9 ∝ −64m2

s

�
1 +

4m2

s
�

1− 4m2/s
tanh−1

�
1− 4m2/s

�
< 0
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Non-abelian Spinors
• Can divide                                             into 

symmetric (                       ) and antisymmetric         
(                        ) parts
• Symmetric part reproduces the abelian example:

• Simulations of full process find 
• Naive calculation of antisymmetric part finds 

positive and large contribution

19

M(+1,−1)M(−1, +1)∗

dabcdabdT
cT d

fabcfabdT cT d

f−9 < 0

f−9 ∝ −64m2

s

�
1 +

4m2

s
�

1− 4m2/s
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�
1− 4m2/s

�
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Non-abelian Spinors
• Can divide                                             into 

symmetric (                       ) and antisymmetric         
(                        ) parts
• Symmetric part reproduces the abelian example:

• Simulations of full process find 
• Naive calculation of antisymmetric part finds 

positive and large contribution
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M(+1,−1)M(−1, +1)∗
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WHAT?
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�
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4m2

s
�

1− 4m2/s
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�
1− 4m2/s

�
< 0
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Non-abelian Spinors
• Naive calculation ignores cuts (integrates over all 

of phase space) and only used VBF t- and s-channel 
diagrams (not gauge invariant)
• Analytic calculation can’t easily take into 

account the cuts
• i.e. 4-body phase space is hard
• Full calculation involves hundreds of diagrams

• Rather than reinvent the wheel, use Calchep!

20
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Gauge Invariance
• We were calculating only s- and t-channel diagrams
• This is not a gauge invariant                             

quantity.
• Using Calchep, can compare                                

distributions with and without                                
all diagrams.
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Gauge Invariance

22

• Lesson learned: gauge invariance is important!
• Need to include all diagrams, not 

just the ones that ‘look like VBF’
• Cancellations between all diagrams 

remove spurious high       tail, as a 
result:

pT
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Results
• Use MadGraph/MadEvent for background-free 

simulation:

• Apply VBF-isolating cuts:

• Total cross sections (                                              ):

23

pp→ 2(R− hadrons) + jj

ηj1 · ηj2 < 0, |ηj | ≤ 5, |ηj1 − ηj2 | ≥ 4.2
pT,j1 ≥ 30 GeV, pT,j ≥ 20 GeV, Mjj ≥ 500 GeV

|ηR−hadron| < 2.1, pT,R−hadron > 50 GeV

√
s = 10 TeV, m = 500 GeV

σspinor = 33 fb, σscalar = 21 fb
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Results

24

0.0 0.5 1.0 1.5 2.0 2.5 3.00

0.05

0.10

0.15

0.20

0.25

0.30

d
/d

 (f
b) Spinors

Scalars

dσscalar

d∆φ
= 0.16 + 0.044 cos∆φ + 0.035 cos2∆φ

dσspinor

d∆φ
= 0.24 + 0.053 cos∆φ− 0.033 cos2∆φ

(fb)

(fb)

(f−9 /f1)scalar = 0.22

(f−9 /f1)spinor = −0.14

Tuesday, September 14, 2010



SUSY Applications
• We picked a “background free” model 
• No central jets that can be confused with the 

forward jets that constitute our observables
• Obvious next step: SUSY gluino pairs/squark pairs

• What we have done:
• Background-free, trigger/tagging free 

MadGraph/Calchep study (i.e. is there a signal?)

25
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Gluinos and Squarks
• Demonstrates that a                                                   

signal is present, and                                                 
that the majorana                                               
nature of the gluinos                                                 
isn’t a problem.
• What needs to be done:
• Background (naive expectation: flat in               )
• Trigger analysis, cut optimization
• Jet ID, including decays of gluinos/squarks
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Future Work
• Top spin measurements
• Negative      confirmed in simulations
• Might be a background to New Physics searches
• b-tagging necessary?
• Tevatron search possible?
• Weak VBF events
• Rate will be low, but signal should be present
• Vector Boson final states
• Expectation is a positive 
• If so, how to distinguish from scalars?

27
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Future Work
• Other modes:

• If we can identify some plane in the event, we can 
use             modes, not just 
• Not as ‘model independent’
• Probably very hard

28
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8 sin(φ1 + 2φ2) + f̄−8 sin(φ1 − 2φ2) + f̄+
9 sin 2(φ1 + φ2) + f̄−9 sin 2(φ1 − φ2)

φ1, φ2 ∆φ
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Conclusions
• Azimuthal angular correlations of associated 

forward jets in pair-production events carry spin 
information.
• Demonstrated in a “best case scenario.”
• Technique has significant advantages:
• Works regardless of decay modes or structure of 

couplings
• Does not require reconstruction of heavy particle 

kinematics
• A lot of work remains to realize this measurement 

at Tevatron or the LHC
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Non-Relativistic Version
• Consider the symmetries of the final state radiation 

in QM (rather than QFT)
• The combination                        needs to be 

symmetric
• Limiting case of forward jets going down the 

beam,            and so               symmetric
• Thus, the color indices must be symmetric
• Only                           (negative      ), no                    

(positive         )
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ψspatialψcolor

� = 0 ψspatial

dabcdabdT
cT d fabcfabdT cT df−9

f−9
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