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Basic Idea: EW Radiation
At the low energies EM is the only long-range, weakly coupled force. 

Sudakov double-log enhancement of photon emission

On the other hand, if new physics is found at the LHC14 or even in earlier data,

it would be important to perform precision measurements of the new physics. Both

of these goals are very well served by a future high energy hadron collider with
p

s =

100 TeV. This future collider would be able to extend the reach for new colored particles

to the range of dozens of TeV, potentially discovering the new physics responsible for

the “almost naturalness” of the EW scale physics. On the other hand, if new physics

is found at the LHC14, then the 100 TeV future machine would be an excellent tool

with which one can perform precision measurements on these new particles.

In this paper we explore some of the new and surprising aspects of a 100 TeV

collider. Most importantly, we demonstrate that a 100 TeV machine is not a simple

rescaling of lower-scale pp colliders. To this end, we focus on a new e↵ect that just

starts to become important at a 100 TeV collider, namely that if built, it will be the

first machine ever where the typical energy of interactions is much higher than the EW

symmetry breaking scale. Therefore, in these collisions the EW symmetry SU(2)L ⇥
U(1)Y can be e↵ectively treated as unbroken. This simple observation manifests itself

in several non-trivial phenomena that are largely inaccessible at the LHC or at any

other lower energy collider.

The most important e↵ect of the EW force being a “long-range force” at the

100 TeV collider is the enhancement of the EW radiation of W and Z bosons. The

Sudakov double-log enhancement of photon and gluon emission at lower energies has

been well studied. Consider a particle of mass m charged under the electromagnetic

force emitting a photon. Let the incoming momentum of the particle be p and the

outgoing momentum be p0. The di↵erential cross sections for this process reads

d�(p! p0 + �) ⇡ d�(p! p0)⇥ ↵

⇡
log

✓
�(p� p0)2

µ2

◆
log

✓
�(p� p0)2

m2

◆
. (1.1)

This is the well known result of Sudakov double log enhancement. The first logarithm

in this expression is an IR divergence and it is cut o↵ by the IR cut o↵ µ (which for

the photon comes about from our inability to detect arbitrarily soft photons and for

electroweak radiation is the mass of the W and Z bosons). The second log is a collinear

singularity, which is cut o↵ by the mass of the emitting particle m.1

At multi-TeV energies, the analogous process happens with any particle charged

under SU(2)L. A quark with energy E � v will have a probability to emit W and Z

bosons in agreement with the above mentioned formula, up to corrections due to the

1Of course, in practice to take into account correctly the emission of photons (gluons) in QED
(QCD) one cannot just rely on (1.1), since the “subleading” terms are not longer small compared to
the leading one. As we will see, the e↵ect of EW radiation in 100 TeV, although appreciable, is not
that strong, and it does not demand a full resummation.
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IR divergence
EW radiation - 

cut by W/Z mass

Colinear singularity
Cut by the mass of 

the emitting particle

p p’

At energies >> EW symmetry breaking W and Z are 
effectively massless. Expect that very boosted particles 

radiate W’s and Z’s. 
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Example I: Z’ invisible mode
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Figure 4. 3-body branching ratios for a 5 TeV Z 0 particle, which include W or Z in final
state. We see that three body branching ratios can be large and that finding the invisible
channel through radiation of a Z or W is possible.

3 Quantum numbers from electroweak radiation

As we have emphasized in Sec. 2.2, the radiation of electroweak gauge bosons can be

used for precision measurements of new physics that might be discovered at the 100 TeV

machine. That particular example had to do with determining the chiral couplings of a

new Z 0. In this section we further pursue this approach showing how one can determine

quantum numbers of new particles based on total EW gauge bosons emission. Particles

which are not charged under SU(2)L⇥U(1)Y do not radiate W and Z bosons and can

thus be distinguished from their charged counterparts.

We illustrate this e↵ect in two examples, both assume discovery of SUSY at the

TeV scale. In the first example we assume a “natural SUSY” - like spectrum at the

TeV scale, namely a stop as an NLSP decaying into a neutralno LSP. The left and right

handed stops have di↵erent couplings to the Z. Due to electroweak symmetry breaking,

they mix so that the NLSP is an admixture of two. We explore how electroweak Sudakov

radiation of Zs can be used to bound the mixing angle of the NLSP stop.

In the second example, we consider collider stable LSPs, which can also be a dark
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Any new Z’ is expected to 
be a linear combination of 
U(1)Y and U(1)B-L . The size 

of this mode strongly 
depends on the mixing 
angle. Plot: mZ’ = 5 TeV. 
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Figure 3. Reach of a 100 TeV collider to a Z 0 decaying invisibly for a luminosity of 100 fb�1

and 3000 fb�1 as extracted from measurement of Z 0 ! ⌫⌫̄Z channel. The blue and red lines
are the 5 and 2 � results respectively.

to determine. Neutrinos are purely left handed particles so measuring the invisible

channel gives a direct probe of the Z 0s coupling to the left handed leptons.

As in the previous case, we take advantage of a subdominant but spectacular

leptonic decay mode of the Z. It would be interesting to study in future whether one

can exploit the hadronic decay modes of the Z. The characteristic signature of this

decay is (Z ! l+l�) + /ET . The main background that we consider for this process is

(Z ! l+l�)(Z ! ⌫⌫̄). Other subdominant backgrounds include WZ (when the lepton

from the W decay is lost), tt̄ and W+W�. The last two backgrounds can be e�ciently

removed by an appropriate cut on mT2. tt̄ near threshold can be even further reduced

by imposing a jet veto. Therefore, we neglect these subdominant backgrounds and

estimate our reach by comparing the signal to ZllZinv.

Parenthetically it is interesting to note that at high energies ZZ+jets is expected

to be significantly smaller than other EW backgrounds like WW+jets and WZ+jets.

The reason for this is very simple: at a 100 TeV machine the later backgrounds are

dominantly produced when one EW gauge boson radiates o↵ of another one with the

entire system recoiling against the hard jet(s). This particular kinematic configuration

is Sudakov (double-)log enhanced. However, a Z cannot be radiated from another Z,

which leaves the ZZ+jets backgrounds without this important enhancement and thus

subdominant to the other backgrounds.

Unlike in the W 0 case, full reconstruction is of course not feasible. Therefore we

perform a simple cut-and-count search for leptonic Z recoiling against /ET . We compare

the rate of these events after acceptance cuts and a cut on /ET to the rate of the ZZ

background to determine the possible reach of the 100 TeV machine. The results of
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If we just measure the X-
section 

of leptonic Z recoiling against
MET, 100 TeV collider can 

have a 
very good reach
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Example II: Stop Mixing Angle
p
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Basic process: 
boosted stops radiate Z’s. 

Take a look on Zl  and 
semileptonic tops.  
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Figure 6. Number of t̃t̃⇤ events with an extra Zl passing the cuts as a function of cos ✓t̃ for
three mass points. cos ✓t̃ = 0 is a right handed stop. Leptonic branching fractions of Z have
been taken into account.

choose the candidate with the mass closest to mZ). After that, we apply a transverse

mass cut between the non-Z lepton and /ET . As we can see from Fig. 5, a transverse

mass cut can be very e�cient in removing the background. We impose a transverse

mass cut of 500 GeV to remove missing energy that stems from a W while keeping

the cuts on the leptons the same as in Sec. 2. After this cut, the main background is

tt̄WW with about 20 events at a luminosity of 3 ab�1 (taking into account standard

isolation and acceptance cuts).

We show the predicted number of signal events as a function of mixing angle in

Fig. 6. We define the mixing angle between the stops as follow:
✓

t̃1
t̃2

◆
=

✓
cos ✓t̃ sin ✓t̃

� sin ✓t̃ cos ✓t̃

◆ ✓
t̃R
t̃L

◆
, (3.1)

such that ✓ = 0 corresponds to the lightest stop being purely right-handed.

There are several clear features observable from these plots. The first is that there

is a clear di↵erence between cos ✓t̃ = 0 and 1. Thus purely left and purely right handed

stops can be distinguished. A more surprising point is that the maximum/minimum of

these plots are at values of cos ✓t̃ which is not 0 or 1.
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Radiation pattern decays
on mixing angle. All BRs have 

been taken into account. 

Number of semieptonic events with a leptonic Z.
Acceptance cuts have been applied.

LH stops tend to radiate more EW bosons:
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Example III: SUSY LSP from 
Assumption: mini-split motivated SUSY.

Most of the production is due to gluinos, which decay
into the lightest neutralino (mostly) via off-shell

3rd generation scalars. 
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Figure 7. Gluinos decay through stops and sbottoms 1.5 times its mass to varying LSPs.
The Sudakov enhancement is plotted as a function of Gluino mass. The blue/black/red line
indicate a bino/higgsino/wino LSP respectively. Uncharged LSPs are very clearly distin-
guished from charged LSPs. Leptonic branching fractions of Z have not been taken into
account.

quantum numbers of the LSP by simply considering the ratio

�(g̃g̃ + Z)

�(g̃g̃)
(3.2)

where the Z can be emitted at any stage of the production or decay. We show that

this ratio is sensitive to the quantum number of the LPS. We consider the point in

parameters space where mt̃ ⇡ mb̃ = 1.5mg̃, We calculate this ratio as well as the

cross sections with the results shown in Fig. 7. For these plots we assume the LSP

mass m�̃0 = 300 GeV. The di↵erences between the di↵erent LSP representations under

SU(2)L are clearly visible. Z emission from the singlet LSP is an order of magnitude

smaller than the other cases. Higgsino emission is roughly a factor of 2 smaller than the

wino emission. We are not trying to construct a search and estimate the possible reach,

however the cross sections are large and the events are distinctive enough from the SM

background events that we believe that a search along these lines can be implemented

in a straight forward manner.

4 Tests of unitarity

When the electroweak symmetry breaking sector is more complicated than the SM, the

couplings of the Higgs boson to the rest of the SM particles changes. These changes

can lead to rather drastic consequences. Consider a coupling of the Higgs to the EW
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Blue/black/red lines   correspond to singlet/dublet/triplet
LSP’s respectively.
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More ideas?

• Quarks vs gluons jet tagging (at least at very 
high energies) based on EW radiation?

• Quark vs gluon in hadronic decays of heavy Z’?

• Measuring polarized PDFs?

• Top polarization?
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