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“Old Physics” still rich at 100 TeV	
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VLHC leads energy frontier 

Interesting scaling:	
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The EW gauge bosons & the top quark pretty 
much “massless”: the EW symmetry is “restored”	


At the new energy frontier 	

VLHC:	
 v/

p
s ⇠ 2.5⇥ 10�3

In the collision processes	

•  Initial particles à partons	

•  Final state particles à narrow jets, radiations	

•  New physics @ heavier scales à W±/Z/H/top	

à Studying W±/Z/H/top at higher energies:	

-  bread & butter (new) phenomena within SM	

-  first step toward understanding O(10 TeV) 

scale physics 	


New behavior of “old physics”
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With mt << Ecm, The top quark IS as 	

massless at   the VLHC as b-quark at 	

the Tevatron:	

                mb /ETeV   ~ 3.5/1x103 ~ 3.5x10-3	

               mt /EVLHC ~ 160/50x103 ~ 3.2x10-3	


Top quark Initiated Processes

TH, J. Sayre, S. Westhoff: 1411.2588 

When a heavy scale M is involved, so that 	

       αs ln(M2/mt

2) ~ O(1) à M ~(50-100) mt	

then the collinear large logs need to be resummed    	

                  à top quarks as partons	
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Figure 2: Feynman diagrams for (a) the leading-order subprocess QQ → H ; (b) gQ → HQ
(there is also an s-channel diagram, not shown); and (c) Q̃Q → H , where the heavy-quark
distribution function Q̃ is given by the perturbative solution to the DGLAP equations.
Figs. (b) and (c) together constitute the 1/ ln(mH/mQ) correction to the leading-order sub-
process in (a).

defined) heavy-quark distribution function, Q(x, µ), and using the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations to sum the collinear logarithms. The heavy-quark dis-
tribution function is intrinsically of order αs ln(mH/mQ) since it arises from the splitting of
a gluon into a nearly-collinear QQ pair [12].

Once a heavy-quark distribution function is introduced, it changes the way perturbation
theory is ordered. The leading-order subprocess is QQ → H , as shown in Fig. 2(a). It
is intrinsically of order α2

s ln2(mH/mQ), since each heavy-quark distribution function is of
order αs ln(mH/mQ). (There is also a factor of the heavy-quark Yukawa coupling, which we
suppress throughout this discussion.)

Consider next the subprocess gQ → HQ (and related subprocesses), shown in Fig. 2(b).
This subprocess gives rise to a factor of ln(mH/mQ) from the region where the gluon splits
into a nearly-collinear QQ pair. However, this logarithm has been summed into the heavy-
quark distribution function in Fig. 2(a), so it must be removed. This is achieved by sub-
tracting the diagram in Fig. 2(c), which corresponds to the subprocess QQ → H , but with
the heavy-quark distribution function given by the perturbative solution to the DGLAP
equation for a gluon splitting to a QQ pair,

Q̃(x, µ) =
αs(µ)

2π
ln

(
µ2

m2
Q

)∫ 1

x

dy

y
Pqg

(
x

y

)

g(y, µ) , (1)

where g is the gluon distribution function, and the DGLAP splitting function is given by

Pqg(z) =
1

2
[z2 + (1 − z)2] . (2)

After the cancellation of the logarithm, the sum of the subprocesses in Figs. 2(b) and (c)
is of order αs times the order of the other heavy-quark distribution function, i.e., of order
α2

s ln(mH/mQ). This is down by one power of ln(mH/mQ) with respect to the leading-order
subprocess, Fig. 2(a), so it is a correction of order 1/ ln(mH/mQ).

Now consider the subprocess gg → QQH , shown in Fig. 3(a). This subprocess gives rise to
a factor of ln(mH/mQ) when either gluon splits into a nearly-collinear QQ pair. Since these
collinear logarithms have been summed into the heavy-quark distribution functions, they
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Figure 1: Feynman diagrams for gg → QQH .

2.1 1/ ln(mH/mQ) correction

In this section we explain how to count the order of the various contributions to Higgs-
boson production in association with heavy quarks. This counting is a generalization, to the
case with two heavy quarks in the initial state, of the counting developed in Ref. [12] for a
subprocess with one heavy quark in the initial state (qb → qt). The underlying concepts for
the organization of the calculation were developed in Refs. [10, 11].

The actual physical subprocess for Higgs-boson production in association with heavy
quarks is gg → QQH , shown in Fig. 1. Imagine that the heavy quark is very light compared
with the Higgs-boson. When the initial gluon splits into a nearly-collinear QQ pair, the
amplitude is enhanced by the propagator of the internal heavy quark, which is nearly on-shell.
Integrating over the phase space of the external heavy quark yields a factor of ln(mH/mQ), so
the splitting of a gluon into a QQ pair is intrinsically of order αs ln(mH/mQ) (for mH ≫ mQ).
Such a splitting occurs twice in each of the first two diagrams of Fig. 1, once in each of the
next four diagrams,2 and not at all in the final two diagrams.

Another power of this logarithm appears at every order in perturbation theory, via the
emission of a collinear gluon from the nearly-on-shell quark propagator. Thus the expan-
sion parameter is αs ln(mH/mQ), and since the logarithm is large, the convergence of the
expansion is degraded.

The convergence of the expansion is improved by summing these collinear logarithms to
all orders in perturbation theory [10, 11]. This is achieved by introducing a (theoretically-

2In the middle four diagrams, one gluon splits into a QQ pair, the other into QQH . Only the former
gives rise to a factor of ln(mH/mQ).
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tt̄! XNew Physics Examples:	


TH, J. Sayre, S. Westhoff: 1411.2588 

Table 1: Spin- and color-averaged squared matrix elements for the production of an on-shell
heavy particle of mass mH =

p
s from heavy-quark fusion and the corresponding threshold

behavior. The number of colors is denoted by Nc and the SU(3) invariant as CF = 4/3.
Subscripts T and L indicate transverse and longitudinal polarization, respectively. The
kinematic factors are �2

ij = `ij(1� (mi +mj)2/s) and `ij = 1� (mi �mj)2/s, as well as the
couplings gS,P = (gL ± gR)/2 in terms of chiral couplings gL and gR.

process
P|M|2 threshold behavior

tt̄ ! H0

y2s
4Nc

�2

t¯t P-wave

tt̄ ! A0

y2s
4Nc

S-wave

tb̄ ! H+

y2s
4Nc

(g2S�
2

t¯b
/`t¯b + g2P `t¯b) same as H0, A0, with an extra `

tt̄ ! Z
0
0

T
g2s
Nc

(g2V + g2A�
2

t¯t) vector: S-wave; axial-vector: P-wave

tt̄ ! Z
0
0

L
g2s
Nc

g2V (2m
2

t/s) fermion mass suppression

tb̄ ! W
0
+

T
g2s
Nc

�

g2V `t¯b + g2A�
2

t¯b
/`t¯b

�

same as Z
0
0

T , with an extra `

tb̄ ! W
0
+

L
g2s
Nc

�

g2V `t¯b
(mt+mb)2

2s + g2A�
2

t¯b

(mt�mb)2

2s`tb̄

�

fermion mass suppression

tt̄ ! gKK CF
g2ss
Nc

(g2V (1 + 2m2

t/s) + g2A�
2

t¯t) same as Z
0
0

tt̄ ! G 2s2

32Nc
(1 + 8m2

t/3s)�
2

t¯t P-wave

models with strong dynamics [18], and Kaluza-Klein gravitons [19]. We first parameterize
the generic couplings of the heavy particles with spin 0, 1 or 2 to heavy quarks as

spin 0 : neutral scalar H0 : i
yp
2
; pseudo scalar A0 : i

yp
2
�
5

; (1)

charged scalar H+ : i
yp
2
(gLPL + gRPR);

spin 1 : color� singlet vector/axial vector Z
0
0, W

0
+ : ig�µ(gV � gA�5);

color� octet vector/axial vector gKK : igs�
µ(gV � gA�5) t

a;

spin 2 : tensor G : �i


8
[�µ(pt � p

¯t)
⌫ + �⌫(pt � p

¯t)
µ � 2gµ⌫(/pt � /p

¯t � 2mt)].

For the production of a charged boson H±, W
0± from fermions with di↵erent masses, there

appears an extra kinematic factor `, which modifies the threshold behavior with respect to
pure S-wave and P-wave production in the case of equal fermion masses.

According to the QCD factorization theorem, the total inclusive cross section for the

3

With mt ~ v, 	

Top quark may hold the key to new physics: 	

•  Most sensitive to the “naturalness” issue.	

•  Vacuum stability	

•  … …	
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Top lumi tracking gg, reaching few% of bb!	

Relevant range:	


Partonic luminosities	
hadronic production of a heavy particle H can be expressed as

σpp→H+X(S) =
∑

i,j

∫ 1

m2
H
/S

dx1

∫ 1

m2
H
/(x1S)

dx2 fi(x1, µ) fj(x2, µ) σ̂ij→H(s) (2)

≡
∑

i,j

∫ 1

m2
H
/S

dτ
dLij

dτ
σ̂ij(s),

dLij

dτ
(τ, µ) =

∫ 1

τ

dx

x
fi(x, µ)fj(τ/x, µ),

where fi,j(x, µ) are the PDFs of partons i, j = {q, q̄, g} with momentum fraction x inside
the proton, µ denotes the factorization scale,

√
s and

√
S are the partonic and hadronic CM

energies, and τ ≡ s/S = x1x2.
We assume that heavy quarks inside the proton are dynamically generated by QCD

interactions. Therefore we set the heavy-quark PDFs to zero for scales below the quark mass
and evolve them to higher scales by including them in the DGLAP equations, beginning at
the mass threshold. We have carried out this evolution for the top-quark PDF ft(x, µ)
numerically. As an input for the gluon and light-quark PDFs at the initial scale µ =
mt we use the NNPDF2.3 distributions of the NNPDF collaboration [20]. The NNPDF
collaboration has released its own top-quark PDF as part of the NNPDF2.3 set, which
agrees well with ours. In our numerical analysis, we set the factorization scale and the
renormalization scale equal and, unless stated otherwise, fixed to the heavy particle mass

µ = mH . (3)

An estimate of the relevance of initial top-quarks in high-energetic processes can be
obtained by considering the parton luminosities dLij/dτ , which depend only on τ and µ.
Figures 1(a) and 1(b) show parton luminosities at

√
S = 100 and 14 TeV, respectively,

with top-quarks in comparison to light quarks and gluons. We present them as functions of√
τ = mH/

√
S, which indicates the geometrical mean of the energy fractions, x̄ ≡ √

x1x2 =√
τ , in the resonant production of H . The range of the partonic CM energy

√
s = mH ,

labelled on the top axis, extends from the top-quark threshold up to
√
s = 10 TeV (4 TeV)

at
√
S = 100 TeV (14 TeV), which corresponds to a tt̄ luminosity of about 0.01 (10−5). This

defines the kinematic range of our current interest at the VLHC,

0.002 <∼ x̄ <∼ 0.1, for 200 GeV <∼
√
s <∼ 10 TeV. (4)

We see that the gluon-gluon (gg) luminosity (blue, top curve) is overwhelmingly dominant,
exceeding the top-antitop (tt̄) luminosity (red, bottom curve) by three to four orders of
magnitude in this range. For comparison, we also show the luminosities for bottom-quarks
(orange) and up-quarks (green). At these energies, the top-quark luminosity Ltt̄ is only
about an order of magnitude smaller than Lbb̄. The valence-quark luminosity Luū becomes
substantial for x̄ >∼ 0.1.

To put this into perspective, we compare in Figure 1(c) the luminosity ratio between√
S = 100 TeV and

√
S = 14 TeV, dL100/dL14 in the relevant energy range at the LHC,

200 GeV !
√
s ! 4 TeV. We see that the parton luminosities for tt̄, tg, bb̄, and gg increase

4

hadronic production of a heavy particle H can be expressed as

σpp→H+X(S) =
∑

i,j

∫ 1

m2
H
/S

dx1

∫ 1

m2
H
/(x1S)

dx2 fi(x1, µ) fj(x2, µ) σ̂ij→H(s) (2)

≡
∑

i,j

∫ 1

m2
H
/S

dτ
dLij

dτ
σ̂ij(s),

dLij

dτ
(τ, µ) =

∫ 1

τ

dx

x
fi(x, µ)fj(τ/x, µ),

where fi,j(x, µ) are the PDFs of partons i, j = {q, q̄, g} with momentum fraction x inside
the proton, µ denotes the factorization scale,

√
s and

√
S are the partonic and hadronic CM

energies, and τ ≡ s/S = x1x2.
We assume that heavy quarks inside the proton are dynamically generated by QCD

interactions. Therefore we set the heavy-quark PDFs to zero for scales below the quark mass
and evolve them to higher scales by including them in the DGLAP equations, beginning at
the mass threshold. We have carried out this evolution for the top-quark PDF ft(x, µ)
numerically. As an input for the gluon and light-quark PDFs at the initial scale µ =
mt we use the NNPDF2.3 distributions of the NNPDF collaboration [20]. The NNPDF
collaboration has released its own top-quark PDF as part of the NNPDF2.3 set, which
agrees well with ours. In our numerical analysis, we set the factorization scale and the
renormalization scale equal and, unless stated otherwise, fixed to the heavy particle mass

µ = mH . (3)

An estimate of the relevance of initial top-quarks in high-energetic processes can be
obtained by considering the parton luminosities dLij/dτ , which depend only on τ and µ.
Figures 1(a) and 1(b) show parton luminosities at

√
S = 100 and 14 TeV, respectively,

with top-quarks in comparison to light quarks and gluons. We present them as functions of√
τ = mH/

√
S, which indicates the geometrical mean of the energy fractions, x̄ ≡ √

x1x2 =√
τ , in the resonant production of H . The range of the partonic CM energy

√
s = mH ,

labelled on the top axis, extends from the top-quark threshold up to
√
s = 10 TeV (4 TeV)

at
√
S = 100 TeV (14 TeV), which corresponds to a tt̄ luminosity of about 0.01 (10−5). This

defines the kinematic range of our current interest at the VLHC,

0.002 <∼ x̄ <∼ 0.1, for 200 GeV <∼
√
s <∼ 10 TeV. (4)

We see that the gluon-gluon (gg) luminosity (blue, top curve) is overwhelmingly dominant,
exceeding the top-antitop (tt̄) luminosity (red, bottom curve) by three to four orders of
magnitude in this range. For comparison, we also show the luminosities for bottom-quarks
(orange) and up-quarks (green). At these energies, the top-quark luminosity Ltt̄ is only
about an order of magnitude smaller than Lbb̄. The valence-quark luminosity Luū becomes
substantial for x̄ >∼ 0.1.

To put this into perspective, we compare in Figure 1(c) the luminosity ratio between√
S = 100 TeV and

√
S = 14 TeV, dL100/dL14 in the relevant energy range at the LHC,

200 GeV !
√
s ! 4 TeV. We see that the parton luminosities for tt̄, tg, bb̄, and gg increase

4

100 TeV
gg

tg!t g

t t

bb

u u

0.005 0.01 0.02 0.05 0.1
0.01

1

100

10
4

10
6

10
8

10
10

0.5 1 2 5 10

Τ #m H !S
1!2

d
L

1
0
0
!d
Τ

s #m H "TeV#

u u

gg

t t
tg!t g

bb

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
100

1000

10
4

10
5

10
6

s "m H !TeV"

d
L

1
0
0
#d

L
1
4

Lumi(gg, bb, tt @100/14) increased by 	

1000 – 105 for 500 GeV - 4 TeV!	
 TH, J. Sayre, S. Westhoff: 1411.2588 
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5-flavor vs. 6-flavor:	

(ACOT: massive top subtraction)	


•  5-flavors usually underestimate the rate (better at low M)	

•  6-flavors usually overestimate the rate (better at high M)	

     (too much resummation) à proper treatment needed	

•  Higher CM Energies better approximation	
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qq̄, gg ! bb̄ H

Recollection: Double-counting and subtraction	

For mH >> mb   (mH > 100 GeV),	

it would be justifiable to start with 5-flavors   	


NLO correction at αs	


bb̄! H

But near the collinear regions, there 
exists double-counting, that needs to 
be subtracted out	


NNLO correction at αs
2	


	

	


Subtraction as well	


gb! b H, gb̄! b̄ H

Q

Q

H

(a)

g

Q

H

Q

(b)

Q

Q

H

(c)

+ −

Figure 2: Feynman diagrams for (a) the leading-order subprocess QQ → H ; (b) gQ → HQ
(there is also an s-channel diagram, not shown); and (c) Q̃Q → H , where the heavy-quark
distribution function Q̃ is given by the perturbative solution to the DGLAP equations.
Figs. (b) and (c) together constitute the 1/ ln(mH/mQ) correction to the leading-order sub-
process in (a).

defined) heavy-quark distribution function, Q(x, µ), and using the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations to sum the collinear logarithms. The heavy-quark dis-
tribution function is intrinsically of order αs ln(mH/mQ) since it arises from the splitting of
a gluon into a nearly-collinear QQ pair [12].

Once a heavy-quark distribution function is introduced, it changes the way perturbation
theory is ordered. The leading-order subprocess is QQ → H , as shown in Fig. 2(a). It
is intrinsically of order α2

s ln2(mH/mQ), since each heavy-quark distribution function is of
order αs ln(mH/mQ). (There is also a factor of the heavy-quark Yukawa coupling, which we
suppress throughout this discussion.)

Consider next the subprocess gQ → HQ (and related subprocesses), shown in Fig. 2(b).
This subprocess gives rise to a factor of ln(mH/mQ) from the region where the gluon splits
into a nearly-collinear QQ pair. However, this logarithm has been summed into the heavy-
quark distribution function in Fig. 2(a), so it must be removed. This is achieved by sub-
tracting the diagram in Fig. 2(c), which corresponds to the subprocess QQ → H , but with
the heavy-quark distribution function given by the perturbative solution to the DGLAP
equation for a gluon splitting to a QQ pair,

Q̃(x, µ) =
αs(µ)

2π
ln

(
µ2

m2
Q

)∫ 1

x

dy

y
Pqg

(
x

y

)

g(y, µ) , (1)

where g is the gluon distribution function, and the DGLAP splitting function is given by

Pqg(z) =
1

2
[z2 + (1 − z)2] . (2)

After the cancellation of the logarithm, the sum of the subprocesses in Figs. 2(b) and (c)
is of order αs times the order of the other heavy-quark distribution function, i.e., of order
α2

s ln(mH/mQ). This is down by one power of ln(mH/mQ) with respect to the leading-order
subprocess, Fig. 2(a), so it is a correction of order 1/ ln(mH/mQ).

Now consider the subprocess gg → QQH , shown in Fig. 3(a). This subprocess gives rise to
a factor of ln(mH/mQ) when either gluon splits into a nearly-collinear QQ pair. Since these
collinear logarithms have been summed into the heavy-quark distribution functions, they

4
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Figure 2: Feynman diagrams for (a) the leading-order subprocess QQ → H ; (b) gQ → HQ
(there is also an s-channel diagram, not shown); and (c) Q̃Q → H , where the heavy-quark
distribution function Q̃ is given by the perturbative solution to the DGLAP equations.
Figs. (b) and (c) together constitute the 1/ ln(mH/mQ) correction to the leading-order sub-
process in (a).

defined) heavy-quark distribution function, Q(x, µ), and using the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations to sum the collinear logarithms. The heavy-quark dis-
tribution function is intrinsically of order αs ln(mH/mQ) since it arises from the splitting of
a gluon into a nearly-collinear QQ pair [12].
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theory is ordered. The leading-order subprocess is QQ → H , as shown in Fig. 2(a). It
is intrinsically of order α2

s ln2(mH/mQ), since each heavy-quark distribution function is of
order αs ln(mH/mQ). (There is also a factor of the heavy-quark Yukawa coupling, which we
suppress throughout this discussion.)
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equation for a gluon splitting to a QQ pair,

Q̃(x, µ) =
αs(µ)

2π
ln

(
µ2

m2
Q

)∫ 1

x

dy

y
Pqg

(
x

y

)

g(y, µ) , (1)

where g is the gluon distribution function, and the DGLAP splitting function is given by

Pqg(z) =
1

2
[z2 + (1 − z)2] . (2)

After the cancellation of the logarithm, the sum of the subprocesses in Figs. 2(b) and (c)
is of order αs times the order of the other heavy-quark distribution function, i.e., of order
α2

s ln(mH/mQ). This is down by one power of ln(mH/mQ) with respect to the leading-order
subprocess, Fig. 2(a), so it is a correction of order 1/ ln(mH/mQ).

Now consider the subprocess gg → QQH , shown in Fig. 3(a). This subprocess gives rise to
a factor of ln(mH/mQ) when either gluon splits into a nearly-collinear QQ pair. Since these
collinear logarithms have been summed into the heavy-quark distribution functions, they

4

g

g

H

Q

Q

(a)

g

Q
H

Q

(b)

g

Q

H

Q

(c)

Q

Q

H

(d)

−

− +

Figure 3: Feynman diagrams for (a) gg → QQH (the complete set of diagrams is shown in

Fig. 1); (b),(c) Q̃g → QH and gQ̃ → HQ (there are also s-channel diagrams, not shown);

and (d) Q̃Q̃ → H , where the heavy-quark distribution function Q̃ is given by the perturbative
solution to the DGLAP equations. These diagrams together constitute the 1/ ln2(mH/mQ)
correction to the leading-order subprocess QQ → H .

must be subtracted. This is shown in Figs. 3(b)–3(d): each of the two collinear regions must
be subtracted, but we must also add back the double-collinear region [Fig. 3(d)], which is
subtracted twice [Figs. 3(b) and (c)]. Once the logarithms have been cancelled, the sum of the
subprocesses in Fig. 3 is of order α2

s. This is down by two powers of ln(mH/mQ) with respect
to the leading-order subprocess, Fig. 2(a), so it is a correction of order 1/ ln2(mH/mQ).

Thus we see that Higgs-boson production in association with heavy quarks contains terms
of relative order unity, 1/ ln(mH/mQ), and 1/ ln2(mH/mQ), depending on whether the initial
state contains two, one, or zero heavy quarks, respectively. These are the only powers of
1/ ln(mH/mQ) that appear, to all orders in perturbation theory [12].

2.2 αs correction

Now consider the correction to the leading-order subprocess, QQ → H [Fig. 2(a)], from
virtual- and real-gluon emission, shown in Fig. 4. Since these diagrams contain two heavy
quarks in the initial state, they are of order α3

s ln2(mH/mQ), i.e., down by one power of αs

from the leading-order subprocess.
There is a factor of ln(mH/mQ) associated with the emission of a collinear gluon from a

heavy quark [Fig. 4(b)], and this is handled in a similar manner to the collinear logarithm
associated with a gluon splitting to a QQ pair. The collinear logarithm is summed, to all
orders in perturbation theory, into the heavy-quark distribution function, and the collinear
region is then explicitly removed by subtracting the subprocess QQ → H [Fig. 4(c)], with
the heavy-quark distribution function given by the perturbative solution to the DGLAP
equation for a gluon radiated from a heavy quark. After the cancellation of the collinear
logarithms, the sum of Figs. 4(b) and (c) [as well as Fig. 4(a)] is a correction of order αs to
the leading-order subprocess QQ → H .

5

(Maltoni, Stelzer, Sullivan, Willenbrock) 
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“Effective” 	
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Figure 7: Left: Effective factorization scale µeff from Eq. (19) divided by mH0 for
√
S =

100 TeV (solid) and
√
S = 14 TeV (dashed). Right: The LO total cross section σpp→H0

at
√
S = 100 TeV as a function of mH0 in the massless 6-flavor scheme using the effective

factorization scale µ = µeff (dotted red), compared with the default scale choice µ = mH0 in
the massless 6-flavor scheme (solid red), the 5-flavor scheme (blue) and m-ACOT (black).

4.1 Dependence on the factorization scale

When treating the top-quark as a parton, the LO 6-flavor process tt̄ → H0 is strongly
dependent on the factorization scale. Choosing the factorization scale µ = mH0 may be mo-
tivated by cancelling the strong logarithmic dependence log(m2

H0/µ2) in Eq. (10). However,
it has been argued that in the analogous process of Higgs boson production from bb̄ fusion,
bb̄ → H0, the appropriate factorization scale is significantly lower than the Higgs mass [14].
Here we examine this issue for top-quark initiated processes.

The essence of the use of a top-quark PDF resides in the gluon splitting into a collinear
tt̄ pair. Following the arguments in [15], one can choose an effective scale in g → tt̄ splitting
to make the LL approximation match the full matrix element calculation with explicit gluon
splitting. In the m-ACOT scheme, applying the LL approximation to one of the initial top-
quarks in the leading process tt̄ → H0, we encounter the typical logarithmic dependence on
the factorization scale µ,

ft × σ̂tt̄→H0 × f 0
t̄ =

αs

24

y2

S
log

(
µ2

m2
t

)∫ 1

τ

dx

x
ft(x, µ)

∫ 1

τ/x

dz

z
Ptg(z) fg

( τ

zx
, µ

)
, (18)

This expression should correspond to the collinear region of the process tg → tH0, which is
given by the logarithmic term in Eq. (10) with µ2 → m2

t . We can thus define an “effective
factorization scale” µeff by matching the LL approximation onto the full result in the collinear
limit,

log

(
µ2
eff

m2
t

)
=

∫
dx
x ft(x,mH0)

∫
dz
z Ptg(z) log(

m2

H0

m2
t

(1−z)2

z )fg(
τ
zx , mH0)

∫
dx
x ft(x,mH0)

∫
dz
z Ptg(z)fg(

τ
zx , mH0)

. (19)

Here we have used µ = mH0 as an input scale for the PDFs. The so-obtained effective
factorization scale µeff is displayed in the left panel of Figure 7. We show the ratio µeff/mH0
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Figure 7: Left: Effective factorization scale µeff from Eq. (19) divided by mH0 for
√
S =

100 TeV (solid) and
√
S = 14 TeV (dashed). Right: The LO total cross section σpp→H0

at
√
S = 100 TeV as a function of mH0 in the massless 6-flavor scheme using the effective

factorization scale µ = µeff (dotted red), compared with the default scale choice µ = mH0 in
the massless 6-flavor scheme (solid red), the 5-flavor scheme (blue) and m-ACOT (black).

4.1 Dependence on the factorization scale

When treating the top-quark as a parton, the LO 6-flavor process tt̄ → H0 is strongly
dependent on the factorization scale. Choosing the factorization scale µ = mH0 may be mo-
tivated by cancelling the strong logarithmic dependence log(m2

H0/µ2) in Eq. (10). However,
it has been argued that in the analogous process of Higgs boson production from bb̄ fusion,
bb̄ → H0, the appropriate factorization scale is significantly lower than the Higgs mass [14].
Here we examine this issue for top-quark initiated processes.

The essence of the use of a top-quark PDF resides in the gluon splitting into a collinear
tt̄ pair. Following the arguments in [15], one can choose an effective scale in g → tt̄ splitting
to make the LL approximation match the full matrix element calculation with explicit gluon
splitting. In the m-ACOT scheme, applying the LL approximation to one of the initial top-
quarks in the leading process tt̄ → H0, we encounter the typical logarithmic dependence on
the factorization scale µ,

ft × σ̂tt̄→H0 × f 0
t̄ =

αs

24

y2

S
log

(
µ2

m2
t

)∫ 1

τ

dx

x
ft(x, µ)

∫ 1

τ/x

dz

z
Ptg(z) fg

( τ

zx
, µ

)
, (18)

This expression should correspond to the collinear region of the process tg → tH0, which is
given by the logarithmic term in Eq. (10) with µ2 → m2

t . We can thus define an “effective
factorization scale” µeff by matching the LL approximation onto the full result in the collinear
limit,

log

(
µ2
eff

m2
t

)
=

∫
dx
x ft(x,mH0)

∫
dz
z Ptg(z) log(

m2

H0

m2
t

(1−z)2

z )fg(
τ
zx , mH0)

∫
dx
x ft(x,mH0)

∫
dz
z Ptg(z)fg(

τ
zx , mH0)

. (19)

Here we have used µ = mH0 as an input scale for the PDFs. The so-obtained effective
factorization scale µeff is displayed in the left panel of Figure 7. We show the ratio µeff/mH0
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Figure 8: The LO total cross section σpp→H0(µ) in m-ACOT for different factorization scale
choices µF = mH0/2 (solid), 2mH0 (dashed), µeff (dotted), normalized to the cross section
with µF = mH0 . The factorization scale is set to µR = µF (left panel) and µR = mH0 (right
panel).

as a function of mH0 for CM energies of 100 TeV (solid) and 14 TeV (dashed). The effective
scale µeff is indeed significantly reduced with respect to the scalar mass. Especially for large
mH0 ! 1.5 TeV, µeff is reduced to below 30% (

√
S = 100 TeV) and 20% (

√
S = 14 TeV) of

the scalar mass. This can be seen from Eq. (19). As the momentum fraction z = m2
H0/s

becomes large, the factor controlling the collinear logarithm is m2
H0(1 − z)2, significantly

smaller than the naive expectation m2
H0 . For a fixed CM energy, the scale reduction is thus

stronger for a heavy boson. Conversely, for a fixed mass mH0 , z is on average larger at√
S = 14 TeV than at 100 TeV, which explains why the reduction is more pronounced at

the LHC.
With the hope for improvement using the effective scale, we show the result for the LO

total cross section σpp→H0 at
√
S = 100 TeV in Figure 7, right panel. It is impressive to

see that, with the choice µeff , the simple calculation for tt̄ → H0 in the 6-flavor scheme (red
dotted curve) reaches an excellent agreement with the full m-ACOT prediction (black solid
curve) using µ = mH0 . For comparison, predictions for µ = mH0 in the 6-flavor scheme (red)
and the 5-flavor scheme (blue) are also shown.

In general, the cross section in the m-ACOT framework is less scale-dependent than the
6- or 5-flavor LO calculations. In Figure 8, we show the ratio between the cross section with
several scale choices µ = mH0/2 (solid), 2mH0 (dashed), µeff (dotted) and the cross section
with the default scale µ = mH0 versus the scalar mass mH0 at 100 TeV. In the left panel,
we set the renormalization scale to be the same as the factorization scale µR = µF = µ.
For the range of mH0 under consideration, there is at most a difference of about 20% in
our predictions. The rather modest scale dependence is due to two factors. Firstly, the
collinear subtraction in m-ACOT greatly reduces the large scale dependence of the LO 6-
flavor prediction, especially for mH0 near the top threshold. Secondly, stability is helped by
using the same scale for factorization and renormalization: As µR increases, αs(µR) decreases,
reducing the contributions with inital gluons, tg → tH0 and gg → tt̄H0. At the same time,
as µF increases, ft(x, µF ) increases, enhancing the top-quark initiated contributions relative

17

“Natural” factorization scale	

µ2 ⇡ m2

H

(Early discussions: Maltoni, Willenbrock) 



At colliding energies E >> MW, 	

EW gauge bosons are new “gluons”!	
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Gauge-boson Initiated Processes

In the EW theory:	

Pq!qVT = (g2

V + g

2
A)

↵2

2⇡

1 + (1� x)2

x

ln
Q

2

⇤2

Pq!qVL = (g2
V + g

2
A)

↵2

⇡

1� x

x

•  VT radiation the same as g, γ : |M|2 ~ pT
2 : 	


   - “dead cone” at pT à 0	

   -  log-enhancement at high pT & soft x 	

•  VL radiation no collinear enhancement/suppression, 

not the same as a scalar radiation.	


(Full treatment for VBF: Dieter’s talk) 

“Effective W-Approximation” 
S. Dawson, 1985;  
G. Kane et al., 1984;  
Chanowitz & Gailard, 1984 

“forward-jet tagging”	

“central-jet vetoing”	
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/ss = o
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-
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TW\

-
0W+

0W\

PRELIMINARY - 100 TeV pp

Lumi(W+
TW-

T) similar size to lumi(tt);	

Lumi(W+

TW-
T) ~ Lumi(W± γ), Electro=weak

Lumi(W+
LW-

L) 100 times smaller: Goldstones 
Lumi(100/14) increased by 1000 – 105 for 500 GeV - 4 TeV!	


TH, R. Ruiz, B. Tweedie, in prep 

resulting in the following qV luminosity formula

ΦqV (τ) =

∫

1

τ

dξ

ξ

∫

1

τ/ξ

dz

z

∑

q′

[

fq/p(ξ)fV/q′(z)f

(

τ

ξz

)

+ fq/p

(

τ

ξz

)

fV/q′(z)fq′/p(ξ)

]

(5)

We can study initial-state V V ′ scattering by making a substitution of initial-state parton j:

fj/p(ξ, Q
2
f ) → fV/p(ξ, Q

2
V , Q

2
f ). (6)

The resulting luminosity expression is

ΦV V ′(τ) =
1

(δV V ′ + 1)

∫

1

τ

dξ

ξ

∫

1

τ/ξ

dz1
z1

∫

1

τ/ξ/z1

dz2
z2

∑

q,q′

(7)

×
[

fV/q(z2)fV ′/q′(z1) fq/p(ξ)fq′/p

(

τ

ξz1z2

)

+ fV/q(z2)fV ′/q′(z1) fq/p

(

τ

ξz1z2

)

fq′/p(ξ)

]

2.0 Vector Boson Distribution Functions

The transversely and longitudinally polarized W± distributions from a quark with momentum
fraction z and evolved to a scale QV ≫ MW is given by

fWT /q(z,Q
2
V ) =

C2
V +C2

A

8π2

[

z2 + 2(1− z)
]

z
log

(

Q2
V

M2
W

)

, CV = −CA =
g

2
√
2
, (8)

fW0/q(z) =
C2
V +C2

A

4π2

(1− z)

z
. (9)

For a photon from a quark with electric charge eq evolved to a scale Qγ

fγ/q(z,Q
2
γ) =

αEM e2q
2π2

[1 + (1− z)]

z
log

(

Q2
V

Λ2
γ

)

, αEM ≈ 1/137, (10)

where Λγ =
√
1.5 GeV2 ≈ 1.22 GeV is a cutoff scale separating partonic and hadronic physics. The

quark, gluon, and EW vector boson factorization scales are evolved up to

Q2
V = Q2

f =
s

4
. (11)

3.0 Check with “Majorana Neutrinos from Wγ Fusion”

The qq′ (Φqq′), and qγ (Φqγ) luminosities have been checked at 100 TeV against results of “Majorana
Neutrinos from Wγ Fusion”. In this case, Qγ is evolved up to 25 GeV. Good agreement is found:

qq′ : |
∆Φ

Φ
| = 0.69% (12)

qγ : |
∆Φ

Φ
| = 0.05% (13)
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•  The existence of a light, weakly coupled 	

     Higgs boson unitarize the WW amplitude:	


•  Consistent perturbative theory up to Λ (?)	


SM: VBS Amplitude unitarized by Higgs

Higgsless Model

AWWZZ = s
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Marco Sekulla (Universität Siegen) Issues of Unitarisation Dresden October 1st 2013 6 / 34
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~ (g2/16π2) s/v2	
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Theory of anomalous couplings  Nicolas Greiner, MPI München                      Dresden, 1.10.2013 

Unitarity in the SM
● Famous SM example: longitudinal WW  WW scattering→

– Longitudinal polarization:

– For each diagram:

– Adding photon, Z and 4W vertex: 

– Summing all diagrams:

● In SM unitarity is preserved by gauge cancellations.

● Adding additional terms (dim 6 operators) spoils cancellations 

WLWL Scattering:	


~ s/v2	


~ mH
2/v2	


•  New strong dynamics effects may still exist, 
but “delayed” to v2/Λ2.	




Quantum Numbers

I 0 1 2

J = 0 σ0 . φ−−,φ−,φ0,φ+,φ++

1 . ρ−, ρ0, ρ+ .
2 f 0 . t−−, t−, t0, t+, t++

. . . . . . . . . . . .

! I = 0: resonant in W+W− and ZZ scattering

! I = 1: resonant in W+Z and W−Z scattering

! I = 2: resonant in W+W+ and W−W− scattering

W. Kilian (U Siegen) Resonances in VBS Oct 1 2013 17 / 28

Different channels are sensitive to different physics:	
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WLWL Scattering:	


Equally important: WW à HH, tt for H3 & top couplings.	
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Multi Gauge-boson Production
From prompt production

W W                       σ=770 pb

W W W                   σ=2 pb

W W Z                    σ=1.6 pb

W W W W               σ=15 fb

W W W Z                σ=20 fb

....

A t  100 TeV:

Each W costs you a factor of ~ 1/100 (EW coupling)	


(M. Mangano) 



At colliding energies E >> Mv, 	
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In EW gauge boson splitting:	


•  VT the “new gluons”!	

•  VL/H radiations the Goldstone Eq. Theo. 	


a

a

h

PVT!VT H =
↵2

4⇡

1� x

x

PVT!VT V 0
T

=
↵2

2⇡

[
1

x(1� x)
+ x(1� x)] ln

Q

2

M

2
W

PVT!VLV 0
L

=
↵2

4⇡

x(1� x) ln
Q

2

M

2
W

Multi Gauge-boson Production
From splitting/showering:
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Splitting Probabilities:
Split                  Form                      Rate: E=1TeV         10 TeV	

q à qVT         2.8x10-3 ln2(E/MW)             1.7%               7%     	

q à qVL         1.4x10-3 ln (E/MW)             0.5%               1%     	


VT à VLVL              4x10-4 ln (E/MW)              0.15%          0.3%	

     à  VLh          same	


VT à VTVT            0.01x ln2(E/MW)                 6%               22%	


VL à VTVL               2x10-3 ln2(E/MW)              1%              4%	

     à  VTh          same 	

   h à VTVL               same	


V*T à f f’                  0.04x ln(E/MW)                 5%            10%	


pure gauge couplings 	


 proportional to gv	

VT à VTVL               0.01x ln(E/MW)                2%              5%	

     à  VTh          3x10-4                                0.03%          0.03%	


ET	


ET	


ET	


 proportional to gv	

ET	


J. Chen, K. Hagiwara, TH, B. Tweedie 
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Multi Gauge-boson From showering:
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Figure 15. Weak virtual correction to di-jet production at a 100 TeV pp collider, cf. Fig. 6.
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Figure 16. Probability (a) for multiple emissions of weak bosons and (b) for the number of QCD
emissions preceding the weak emission. The center of mass energy was set to 100 TeV and the hard
process p? was above 10 TeV. The standard competition was used.

additional weak boson in ⇠10 % of the events (under the conditions of Fig. 16).

It is also interesting to note that the larger available phase space means that more

QCD emissions can precede that of a weak boson, Fig. 16. To again obtain a one percent

accuracy the simulations now need to include up to 11 QCD emissions before the weak

one, which is beyond current ME capability. A matching to a shower that can cover at

least the softer W/Z emissions, relative to the large scales of the hard process, there o↵ers

obvious advantages.
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FIG. 1: W candidate mass distribution using method A for pTJ > 500 (left), 750 (center) and 1000 (right) GeV.
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FIG. 2: W candidate mass distribution based on microjets ◆2 and ◆3 as described in method B for pTJ > 500 (left), 750
(center) and 1000 (right) GeV.

We find that combining methods A and B with jet shape observables, i.e. n-subjettiness ⌧n [7] and ellipticity t̂
(Appendix A), can improve on the W boson identification.

We measure these observables using the constituents of the successfully reconstructed W with methods A and B.
Ellipticity and ⌧

21

= ⌧
2

/⌧
1

achieve the best results when applied on the second hardest boosted subjet of radius
R = 0.5 and mass m

BDRS

2 [74, 90] GeV. In Fig. 4 we show the two distributions t̂ (top row) and ⌧
21

(bottom row).
We find that the total cross section substantially increases with f . This reflects the fact that we only use subjets

that pass selection method A. Just as importantly, the shape of the distributions also changes as f is varied. The
peak region of the distribution of both jet shapes shifts to smaller values.

We construct ellipticity in such a way that, if the bulk of the jet radiation in the transverse plane is along a single line,
the value of the jet shape observable is small. In contrast, a more circular distribution of radiation results in a large t̂.
A symmetric two-body decay of a color singlet resonance, such as W ! qq0, gives rise to two clusters of comparable
energies and consecutive QCD emissions in the region between them. This energy profile is one-dimensional, therefore
the hadronic W final state particles will have a small ellipticity. On the other hand, a gluon (the main source of
background) has color connections to other particles and is less likely to form a one-dimensional radiation pattern in
the transverse plane. Therefore, the signal and background ellipticity distributions are shifted with respect to each
other.

The reason behind the shift in ⌧
21

is of similar nature. By definition ⌧n+1

 ⌧n for any distribution of particles.
However, if the radiation forms two well separated clusters ⌧

2

⌧ ⌧
1

. If a jet does not have two pronounced clusters,
⌧
2

. ⌧
1

. Thus ⌧
21

tends to be smaller for a W than for a QCD jet.

B. Leptonic Analysis

We assume at this stage that the event has already passed the tagging criteria of a single isolated lepton with
transverse momentum pTl > 25 GeV and |⌘l| < 2.5. A leptonically decaying W gives rise to a substantial amount of
missing transverse energy. We therefore require /ET > 50 GeV.

To reconstruct the leptonic W we define its transverse mass as

m
T

=
q
2ETl

/ET (1� cos ✓), (4)

where ✓ is the angle between the missing energy vector and the isolated lepton. Fig 5 shows a pronounced peak for
m

T

as defined in Eq. 4 in the mass window [60, 100] GeV. The W candidate is accepted if the transverse mass of

Kruass, Petrov, Schonher, Spannowsky: 
1403.4788 

At higher energies, each W 
costs you a factor of ~ 1/10 !	


We are in the process of 
developing a more complete 
EW showering code. 	
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New Physics Window 
with energetic/Multi 

tops/Gauge-bosons

SUSY examples:	

Heavy quark examples: TT’, BB’, … 	


Energetic W±, Z, H, t as new radiation sources 
from heavy W’, Z’ decays & WLWL scattering	


b̃b̃⇤ ! t�� t̄�+, t̃W� t̃⇤W+ ! 4W± bb̄.



Overall
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•  With the Higgs discovery, the SM is 	

 healthier than ever, valid to a scale up to Λ ~ ? 	


•  VLHC will take the lead for searches:	

                                  H±, A0; W±’, Z’ …	

The top,W,Z,H may hold the key for new discovery!	


g̃, t̃, b̃, �±,0, ...

•  Searching for new physics starts from 	

     understanding old physics in the new regime:	

     - top,W,Z may behave as partons to produce new heavy states;	

     - top,W,Z,H may serve as new radiation sources;	

       and may help reveal new heavy states.	

     - Thus, need precise understanding of the dynamics/kinematics 	


While new physics searches exciting,
“Old Physics” Remains rich at VLHC!



21	


@Pitt 	

March 2015	


@Pitt 	

Nov. 2014	


Special Thanks to Kaoru!	

A mentor, a teacher, an old friend	


A fresh look:	



