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Exploring the Frontier

The Current Frontier

LHC turns on (again) in 2015! Aims to collide beams at 13− 14 TeV.

This is an unprecedented energy regime for collider physics! But we are
High Energy Physicists, and never satisfied with what we have.

Looking Over the Horizon

Growing interest in a future collider at the 100 TeV scale.

CERN maintains interest in FCC.

Interest in a Chinese machine via CFHEP.

Joshua Sayre ( Based on Work with Tao Han and Susanne Westhoff University of Pittsburgh)Top Quarks as Partons at Future Colliders August 11, 2014 2 / 31



What is Qualitatively New?

Obviously, we all hope to see signs of new ∼ TeV scale particles or other
new physics! But regardless of what is there we are in a new regime of
production via standard model processes. In particular, PDFs will require
much study and refinement due to large Q2 and small x .

For energies E ≫ Mt we can ask if the top quark can/should be treated as
a parton.

In the same way that Mb and Mc are often neglected at the Tevatron and
LHC, at some high scale Mt should be small enough to ignore.

Additionally, as Q2

M2
t
becomes large, collinear logs grow and resummation

effects may become important.

σcollinear ∝ αs log
Q2

M2
t

+ (αs log
Q2

M2
t

)2 + · · ·
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Current Work on an Old Foundation

In many ways we have a similar situation as during the Tevatron era.

Many papers developed formalism for treating b quark as a parton.
Seminal work done by Aivazis, Collins, Olness, Tung; Collins, Wilczek and
Zee; Thorne and Roberts.

CF Phenomenology developed by Dicus, Maltoni, Stelzer, Sullivan,
Willenbrock; Barnett, Haber and Soper; Etc.

Apply the lessons of the past to the top.

Currently, NNPDF collaboration now provides PDF sets which include top,
based on FONLL scheme.

See also Dawson, Ismail and Low for recent work on charged Higgs
production.
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A Simple Example

We consider production of a scalar attached to a top quark. For energies
below the quark mass the lowest order graph is:

tH

Mass of the top is kept throughout the graph and at higher orders.
In principal, can be extended to high energies until logs grow too large.
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Partonic Heavy Quarks

At energies above the heavy quark mass, we may wish to consider the
quark as a parton.

Partonic picture advantages:

Resum potentially large logarithms of form αs log
Q2

M2
t

Ease of calculation

Possibly better stability under change of scale.
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One Leg at a Time
For illustration, first consider one incoming leg of graph:

vs.

First graph ultimately derives from second (and higher order) graphs.

High Energy Limit: At leading order we could just use the first graph
to estimate the inclusive rate, but second appears at next order.

Bottom up: 2nd graph is the ’true’ picture below and near the
threshold Mt , while 1st contains resumming effects.

In both cases it seems we are in danger of double counting.
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ACOT

Aivazis, Collins, Olness and Tung provide one formalism for dealing with
this, based on collinear factorization.
Consider DIS: Can be written as a 2PI ladder expansion from some
primordial target T.

..

.

T

K

K

C
= C •

∞∑
n=0

Kn • T
C ,K and T are 2PI subgraphs.

May be rewritten as

= C •
∞∑
n=0

[(1−Z )K ]n•Z •
∞∑
n=0

KnT+R

R is a remainder with terms of order
the hadronic scale.

Z is a projection operator which sets
the lines between graphs collinear.
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Factorization in ACOT

Then, after removing UV singularities, we may identify the hard scattering
graph

H = C •
∞∑
n=0

[(1 − Z )K ]n

and the renormalized pdf

PDF = Z •
∞∑
n=0

KnT

PDF can be measured or extrapolated via Altarelli-Paresi evolution.

Expand H ≃ C + CK − CZK . . .
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NLO Expansion

Expanding to the first non-trivial order yields

+ -

I have used the white circle to indicate a Z operator. This operator is also
implicit at the parton lines entering the graph from the bottom.

Z insertion acts like a delta function, dividing 2− > 2 graph into a 2− > 1
matrix element and a gluon splitting element.
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The Physical Picture
Then we may rewrite the terms in an intuitive form:

σ =

∫
Qσ0

qt(T − T1) + Qσ0
qgG

Where Q and G are the pdfs of the gluon and left leg respectively.
T = T (Q2, x) is the renormalized top quark pdf with running determined
by DGLAP evolution.
T1 = αs log

Q2

M2
t

∫ 1
x

dy
y
Ptg (y)G (x/y , µ2) is the leading log approximation to

T.

This has a clear interpretation:

The 2 > 2 piece contains the full information at this order including mass
effects in the collinear region. The 2 > 1 piece approximates corrections
from higher order graphs in the collinear region. The leading log piece of
T should be subtracted out since it approximates a contribution given
exactly in the 2 > 2 graph.

Joshua Sayre ( Based on Work with Tao Han and Susanne Westhoff University of Pittsburgh)Top Quarks as Partons at Future Colliders August 11, 2014 11 / 31



Counting Orders

In regions near Mt the subtraction piece plays an important role.

σ0
qt > σ0

qg , however, the subtraction term largely cancels σ0
qt .

i.e.- LO partonic treatment badly overestimates cross-section but first
(1− Z )K term in expansion corrects it. This suggests we should count top

quark pdf as intrinsically O(αs) compared to G.

Then if we include

+ -

We count these as NLO corrections to σ0
qt and should also include

O(αs)corrections to σqg .
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High Energy Behavior

σ =

∫
Qσ0

qt(T − T1) + Qσ0
qgG

Consider behavior as we increase Q above top threshold:

T (Mt) = T1(Mt) = 0.

Initially, T1 ∼ αs log
Q
Mt

grows logarithmically but T grows faster due
to higher order logs.

But, T1 grows indefinitely, it only knows about gluon which can only
add to T . T will slow down at higher scales as T approaches
equilibrium with G . Higher order terms become negative and large.

At some scale T − T1 < 0, higher order collinear corrections to σ0
qg

are negative!

Not necessarily a problem, but eventually |T1| ≫ |T |. Collinear
correction is not small compared to σqg .

Suggests we should switch perspective. As T1 becomes large σqg is also
growing and approaching T1.
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Massless Limit

Then think of terms as

σ =

∫
qσ0

qtT + (qσ0
qgG − qσqtT1)

The leading order piece is just the collinear 2 > 1 graph and the second
piece is a higher order correction.

Obviously this applies if we take the massless limit. The subtraction piece,
coming from (1− Z ) in the ACOT expansion, automatically removes
collinear divergences and can be treated in MS. Remaining, finite piece is
a correction to the LO term.

It also makes sense in this limit to include αs corrections to LO piece while
neglecting those to 2 > 2 graphs. We recover the standard picture for

treating massless partons.
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s-ACOT

In the original ACOT prescription, Z insertion places the affected line
on-shell and collinear.

However, setting the parton line on-shell introduces an error of order M2
t ,

since in the underlying graph the parton line is a t-channel propagator, and
has spacelike virtuality.

Thus, changing Z to set masses to zero in the hard graph is no worse an
approximation formally, if we already did so for the incoming quark line.
Leading to a suggestion by Collins:

s-ACOT

Set all incoming quark lines massless, keep masses only when a heavy
quark is generated from an initial gluon in the hard graph.

s-ACOT is equivalent to FONLL-A (used by NNPDF) at NLO.
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Leading Order Neutral Scalar Production

Return to original problem: inclusive production of a neutral scalar from
tops. Near top threshold, we should use

+ −
+(t → t)+ s-channel

+ +−−
+ (gluon crossing) + s-channel
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LO Schematic Equation

Calculation can be organized as

∫
(T − T1)σ

0
tt(T − T1) + 2× Gσ0

gt(T − T1) + Gσ0
ggG

All graphs of order α2
s . Consistent to use with LO pdfs.

Note factor of 2 in second term to include t and t.

When we move to higher order we should do so for all three terms
σtt , σtg and σgg .

We will also naturally introduce terms like (T −T1 −T2...) which will
cancel with NLO PDFs.
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ACOT (100 TeV)

HM
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ACOT nicely interpolates between massive/5-flavor and massless/6-flavor
results. Collinear logs give ∼ 2 enhancement, but even at 10 TeV LO
parton treatment is too large.
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ACOT (LHC)
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Qualitatively similar behavior at LHC. Although cross-sections are clearly
falling to unobservable levels before resumming effects are too large.
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A Problem
s-ACOT prescription slightly ambiguous for 2 → 2 graphs. Since the top is
an incoming parton on one side, naively we can take the massless limit in

+ −

But consider the next set of graphs:

+ +−−

By the reasoning above, we could take the quark massless everywhere in
the last three graphs. But this can’t work since we would have divergences
that look like

Rfinite −
1

ǫ
− 1

ǫ
− 1

ǫ2
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Massive or Massless

Either we keep more mass terms or take everything massless.

Taking everything massless is only reasonable in the true high energy
limit.

We need to keep some mass terms to interpolate from the top-mass
threshold region (which was the point of ACOT and other schemes to
begin with).

This problem also shows up when we try to do calculations.
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Naive “s-ACOT”
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Results look okay in high mass regime.
Why don’t I include the lower Higgs mass points?
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Finite Massless tg → tH

HM
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Dashed lines show magnitude of negative correction. Below ∼ 2 TeV total
cross-section goes negative!

For standard choice of Q in leading log subtraction term, behavior is bad

for low τ ≡ M2
H

S
. Remainder after subtraction is large and negative due to

logarithms near threshold for MH production.

Addition of NLO corrections to 2 → 1 adds a positive term but is
overwhelmed for MH <∼ 2 TeV.
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Corrected View
s-ACOT is defined with respect to DIS. Dominant part of graph comes
from strongly ordered splittings K 2

1 > K 2
2 > · · ·

Q2 K 2
2K 2

1

Q2 >∼ Mt does not justify neglecting mass in t propagator because
K 2
1 > K 2

2 may still be smaller.

Only for an incoming quark do we necessarily have K12 > K 2
2 ∼ M2

t which
allows us to neglect mass.
Hence, for

M2
t K 2

2K 2
1

We should neglect Mt only when gluon is coming from a top quark or MH

is heavy enough to require momentum of order ∼ Mt .
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Consistent Usage

In general, we can neglect Mt only in the parts of the graph where both
legs are cut off by a Z insertion on a top quark line. Such as

+−−

Thus at this order the s-ACOT calculation is very similar to ACOT.

σs =

∫
(T − T1)σ

2
tt(Mt=0)(T − T1) + 2× Gσ0

gt(Mt)
(T − T1) + Gσ0

gg(Mt)
G

Only the first term is changed, due to use of on-shell or light-like
wavefunctions in 2 → 1 graph.

If we add the NLO correction to this piece from virtual and real gluon
emission, we are free to keep it massless.
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Differential Distributions

Example: 5 TeV Higgs at a 100 TeV machine.
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red is 2 → 3 (5-flavor) contribution.
blue is resummation contribution.
(tt → H contributes as a delta function.)
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pT at 5 TeV

 (GeV)                       
T

        p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

310×

 (
fb

/G
eV

) 
   

T
 / 

dp
σ

 d
 

0

0.5

1

1.5

2

2.5

3

3.5

4

-310×

 (GeV)                       
T

        p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

310×

 (
fb

/G
eV

) 
   

T
 / 

dp
σ

 d
 

0

1

2

3

4

5

6
-310×

Higgs Top

For the top distribution we do not distinguish between top and anti-top.
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Choice of Scales

There has been much discussion over the proper choice of scales to
evaluate graphs like those we consider.

I won’t review the details here.

In particular, it has been argued that a smaller scale than the natural
choice MH is preferable. Largely this is done to match N and N + 1 flavor
calculations.

As an example we consider a dynamic scale suggested by Maltoni:

Q2 =
(s−M2

H
)2

s
.

Note that the tt contribution essentially vanishes with this scale since√
s ≃ MH . We take

√
s = MH +Mt for these graphs.
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Dynamic Scale

HM
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Total prediction is fairly stable, although 5/6 interpolation not so clear.
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Standard Model Higgs
If we use a dynamic scale as above, we may have top quark parton
contributions to processes involving the Standard Model (?) Higgs at 126
GeV.
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Evaluated at 14 TeV.
Total cross section is 218 + 170.

Should not take too seriously but compare with σttH ≃ 600 fb−1 from
NLO QCD.
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Concluding Thoughts

Top quark PDFs appear to be a viable way to treat collisions above
the top mass threshold.

However, mass effects remain important at least up to ∼ 10 TeV, a
variable flavor number scheme is needed to interpolate from the
threshold to the high energy limit.

Proper counting of orders is important and generally 5-flavor graphs
should be included along with lower multiplicity 6-flavor terms. NnLO
5-flavor should ideally accompany NnLO 6-flavor in transition region.

s-ACOT should be understood to neglect masses only where both legs
involve a partonic top or energies are sufficiently high.

Resummation effects can give ∼ 2 enhancement for O(10) TeV MH .

But we should be cautious, when leading log subtraction term is
much larger than the ’full’ graph it approximates, it is likely that the
resummed terms are also somewhat overestimated.
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