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Any new particle charged under SUð3ÞC and carrying an electric charge will leave an imprint in the
diphoton invariant mass spectrum, as it can mediate the gg → γγ process through loops. The combination of
properties of loop functions, threshold resummation, and gluon parton distribution functions can result in a
peaklike feature in the diphoton invariant mass around twice the mass of a given particle even if the particle
is short lived, and thus it does not form a narrow bound state. Using a recent ATLAS analysis, we set upper
limits on the combined SUð3ÞC and electric charge of new particles and indicate future prospects. We also
discuss the possibility that the excess of events in the diphoton invariant mass spectrum around 750 GeV
originates from loops of a particle with a mass of around 375 GeV.
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As demonstrated by discoveries of the Z boson and the
Higgs boson, a resonance is the cleanest signal of a new
particle as long as its branching ratios to visible modes are
nonzero. However, many popular models including the
minimal supersymmetric standard model or models with
various top partners predict particles that can be produced
in pairs. For pair production, searches highly depend on the
decay modes of a given particle, and there are known
scenarios in well-motivated models which are difficult to
see directly even if production cross sections are sizable. In
principle, a model can always be constructed in which
a new particle cascade decays to complex final states
consisting of soft particles and possibly missing energy,
or the particle has a large number of possible final states
with small branching ratios to individual ones. Signatures
that are less model dependent or do not depend on decay
modes at all are therefore an integral part of searches for
new physics.
In this Letter, we show that any particle charged under

SUð3ÞC and carrying an electric charge will leave an
imprint in the diphoton invariant mass spectrum, as it
can mediate gg → γγ depicted in Fig. 1. The minimal effect
of particle X (we use X ¼ F for a fermion and X ¼ S for a
scalar) on the diphoton spectrum depends only on its mass
MX and the combination of its SUð3ÞC Dynkin index TRX

and electric charge QX, given by

CX ¼ NXTRX
Q2

X; ð1Þ

where NF is the number of Dirac fermions and NS is the
number of complex scalars in the case where there is more
than one particle with the same quantum numbers and
similar masses present or the particle is a multiplet under
additional symmetry.
If the particle X is sufficiently long lived to form a

narrow bound state, then the standard bound state

formalism is applicable [1–5] and a clear resonance (with
an ultimate enhancement factor ≲100 for ΓX ≲ 10−4MX) is
expected just below 2MX. However, this is not the case if
the particle X is short lived, which is typical for two-body
decays. For example, the lifetime of the top quark
(Γtop ≃ 0.8%mtop) is shorter than toponium formation time.
Nevertheless, even in this case we show that the effect of
particle X can be seen.
For sufficiently large CX, the effect appears as a peaklike

shape near 2MX with a fairly large width as a result of
properties of loop functions, threshold resummation, and
parton distribution functions (PDFs). For smaller CX, the
interference with standard model (SM) quarks in the loop
of Fig. 1(b) is important, which results in a dip around
2MX. Therefore, diphoton searches, especially when the
spectrum is measured well with a large luminosity, can

FIG. 1. Feynman diagrams for gg → γγ with a scalar (a) and
fermion (b) loop. Twisted topologies are not shown. Gray gluons
indicate ladder diagrams.
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gg ! ��

There is no tree level vertex in the Standard Model

We’ve discovered Higgs boson with this channel

Any new particle which is produced from gluon fusion 
and decays into di-photons will be discovered easily 
from the invariant mass of the di-photon spectrum

qq̄ ! �� is the leading background for di-photon events

Is it the only possibility?



gg ! ��

Scalar

Fermion

Any new colored/charged particle will contribute to the loop of gg ! ��

S2 Q2

C = NS2Q
2

SU(3) Dynkin index electric change

for N copies of the particles



One Loop

X

Parton level cross section of gg to di-photon

	  ோ ଶ

Number of copies     SU(3) Dynkin index     Electric charge         e.g. ܥ௧ ൌ 2/9

interesting feature at the threshold



One Loop

X

Parton level cross section of gg to di-photon

errors due to next 
order correction

Coulomb singlarity at the threshold

CFT or EFT



Near threshold

Positronium J/psi

Hydrogen atom

Coulomb potential
(no running of couplings)
+IR free & frozen coupling

Confining potential
(linear potential model)

+Coulomb in UV

Hydrogen atom?

Any quantitative approach possible?



Any quantitative approach possible?

m � mv � mv2 � ⇤QCDIf

we can discuss Q\bar{Q} system perturbatively

Top quark and heavier



Non-Relativistic(NR) QCD

Caswell and Lepage (1986)
Bodwin Braaten Lepage (1995)

m � mv � mv2 � ⇤QCD

Below m, heavy quark is integrated out

UV divergence comes from UV theory

no scale separation of m, mv, mv^2

the appearance of log v
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involving non-relativistic QQ̄ pairs close to threshold,

hard : (k0,k) ∼ (m, m) ,

soft : (k0,k) ∼ (mv, mv) ,

potential : (k0,k) ∼ (mv2, mv) ,

ultrasoft : (k0,k) ∼ (mv2, mv2) .

(11)

The energy and three-momentum components of the loop momentum in the
potential region scale differently with v, because Lorentz-invariance is broken
for QQ̄ pairs close to threshold. The structure of the regions is most transpar-
ent if the QQ̄ pair is in the center-of-mass frame.

The small velocity expansion of a full QCD diagram, which involves a non-
relativistic QQ̄ pair, is obtained by writing it as a sum of terms that arise from
dividing each loop into all possible regions. The separation of the regions is
achieved by strictly expanding loop momenta according to the hierarchy in the
various regions. All terms from all regions that arise from this procedure are
integrated over the full D-dimensional space using dimensional regularization
in let’s say the MS scheme. All scaleless integrals have to be set to zero. The
explicit expansion of energies and three-momenta that are small is essential to
make the method work, because the expansion is the (only) instrument that
separates the regions.

It is one of the amazing features of dimensional regularization that this
heuristic prescription, which involves subtle cancellations of IR and UV diver-
gences in neighboring regions, appears to work. This “method of regions” is
quite general and has been used earlier for other problems, such as the large
mass or the large energy expansion.27 Also extended and modified versions of
the threshold expansion for different kinematic situations and particle content
have been devised.28,29 A mathematical and more rigorously defined formu-
lation of the method in terms of so called R-operations has been developed
earlier by Smirnov30 (see also Ref. [31]). Some recent formal considerations
pointing out potential problems can be found in Ref. [32]. Up to now the
method has not been proven mathematically to work in general for arbitrary
diagrams with on-shell external particles,32 but no counter example has been
found in cases where the expansion of the complete result was available. This
should be kept in mind, since for many multi-loop calculations an asymptotic
expansion using the method of regions seems to be the only way to tackle the
problem in the first place. A mathematical proof, however, exists for off-shell
external particles.30 It should also be noted that it is in principle not excluded
that regions other than in Eq. (11) could become relevant in some cases. In
such a case the new regions would simply have to be included without affecting

d4k ⇠ v0, v4, v5, v8e.g., scaling in v : 

hard soft potential ultrasoft

on-shell



potential NRQCD
(pNRQCD) Pineda Soto (1998)
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are the potentials in the Schrödinger perturbation theory that can be derived
from pNRQCD. The theory pNRQCD is then scaled down to µ = mv2, where
matrix elements are calculated. At the scale µ = mv2 matrix elements should
be free of any large logarithmic terms, and all logarithms should be resummed
into Wilson coefficients. Graphically the scheme is as follows:

LQCD (µ > m)

⇓

LNRQCD (m > µ > mv)

⇓

LpNRQCD (mv > µ > mv2)

(18)

4.2 Matching, Running and Power Counting in NRQCD

The intermediate theory, NRQCD, is constructed in close analogy to the ef-
fective theory proposed by Caswell and Lepage8 and Bodwin, Braaten and
Lepage9 discussed in Sec. 2. This means in particular that the gluon field
describes all fluctuations of frequencies below m. To avoid a sensitivity of
NRQCD loop diagrams to the hard scale (Sec. 2.3), the non-relativistic power
counting is abandoned and a strict 1/m counting is carried out everywhere.
Thus the theory is defined in a static expansion, and the bilinear quark sector
of NRQCD is equivalent to HQET.16 The 1/m counting is not only applied
to the bilinear quark sector but, in particular, also to interactions between
quarks and antiquarks such as four quark operators. Therefore, the inter-
mediate theory in the scheme of Eq. (18) is not equivalent to the NRQCD
theory originally proposed by Caswell and Lepage8 (even when supplemented
by Manohar’s prescription16 for the single quark sector) but rather a specific
extension of it. Nevertheless, for simplicity we will call the intermediate theory
of Eq. (18) also “NRQCD”. Up to order 1/m2 the Lagrangian has the form

LNRQCD = ψ†
{

iD0 + ck
D2

2m
+ c4

D4

8m3
+ cF g

σ · B
2m

+cD g
(D · E− E ·D)

8m2
+ icS g

σ · (D× E− E× D)

8m2
+ . . .

}

ψ + (ψ → χ)

+
dss

m2
ψ†ψχ†χ+

dsv

m2
ψ†

σψχ†
σχ

+
dvs

m2
ψ†Taψχ†Taχ+

dvv

m2
ψ†Ta

σψχ†Ta
σχ

Integrated out at m and mv : two step



velocity NRQCD
(vNRQCD) Luke Manohar Rothstein  (2000)

matching at m

summing log (m/mv)
log (m/mv^2)

log (mv/mv^2)
at the same time

E,p,m

Take the velocity v as the running parameter

µU =
µ2
S

m

m � mv � mv2 � ⇤QCDworks only for 



Near threshold

…
↵s

v
(
↵s

v
)2 (

↵s

v
)n

should be resummed

vmin =

r
�X

MX
acts as a regulator if X has a finite width



gg ! ��

Scalar

Fermion

Any new colored/charged particle will contribute to the loop of gg ! ��

S2 Q2

C = NS2Q
2

Threshold resummation



Higher loop

ଶ[                        ]

[                        ] ଶ

Cutkosky rule

ଶ



ߚ : Velocity of the loop particle



Threshold Resummation

EFT (Relativistic part of X particle is integrated out)

X

ሻߤሺܣ ሻߤሺܥ



 

Up to Self-consistency equation leads to 
Schroedinger equation of Coulomb potential

NR X

Strassler, Peskin (91)
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Fadin, Khoze (87)

Melnikov, Spira, 
Yakovlev (94)



Q-onium



In the small width limit of the particle X,
the bound state production and decay applies

�X < ↵3(Eb)MX

X should live long enough to form a bound state

formation time of the bound statelife time of X >

rb =
1

MX↵S(Eb)
v = ↵S(Eb)

Bohr radius velocity
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Shades

One Loop  � 1 ± α

β
�

Resummed (1 ± β )  

Black : one loop 
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Threshold resummation included



+

u,d,s,c,b top

At LHC, top quark can show 2~3% effects 
in di-photon invariant mass spectrum
from interference with 5 light quarks



                                              LHC 13 PDF

Red : One loop 6 quarks

Black Dashed : One loop 6 quarks with Top width

Blue : Resummed using Top width 1.35 GeV
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Top threshold from di-photon



Discovery or exclusion



ATLAS 13
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Fermion

300	݂ܾିଵ

arXiv:1602.03877
C. Gross et al.

D. Becciolini et al.

ܥ 
		≡

ܰ
ோܶ 
ܳ ଶ

: 	 ܰ ൌ 1, ோܶ ൌ 3,	ܳଶൌ 3
: 	 ܰ ൌ 1, ோܶ ൌ 1/2,	ܳଶൌ 20



Top quark precision physics
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Beneke76 (see also Refs. [77]) that the ambiguity of order ΛQCD is unphysical
and merely an artifact of using the pole mass definition. The pole mass coun-
terterm subtracts, apart from the usual UV divergent term, also a finite piece
that correspond to the static quark selfenergy,

1

2

∫

d3k3

(2π)3
Ṽstat(k) . (98)

This expression is just the leading term in the non-relativistic expansion of the
finite piece in the pole mass counterterm. Its asymptotic large order behavior
is exactly 1/2 times the asymptotic large order behavior of the static potential
displayed in Eq. (97). If a mass definition is chosen that does not subtract the
static selfenergy, the order ΛQCD ambiguity and the corresponding bad large
order behavior of the perturbative series described above do not arise in the
first place. Hoang et al.75 and Beneke76 demonstrated that the total static
energy,

Estat = 2mpole + Vstat(r) , (99)

is free of the ambiguity of order ΛQCD, at least from the point of view of
perturbation theory.

It was shown by Smith and Willenbrock78 that even if the quark is un-
stable and decays with a finite lifetime smaller than 1/ΛQCD, the static quark
selfenergy in Eq. (98) produces the same large corrections described above.
Thus the problematic behavior of the pole mass definition remains also for
short-lived quarks such as the top quark with Γt ≈ 1.5 GeV in the Standard
Model.

The previous discussion disqualifies the pole mass a priori for the use in
analyses of experimental data, since it induces artificially large corrections that
are compensated e.g. by shifts in the pole mass value itself, when higher order
corrections are included. In principle, the pole mass can still be employed
as an order- and scale-dependent correlated quantity, similar to the value of
a matrix element.79 In such an approach the large perturbative corrections
associated with the pole mass are contained in its numerical value. Since these
corrections depend on the order and on the choice for renormalization scales
and couplings, the numerical value of the pole mass needs to be treated as
a function of these parameters in order to achieve the proper cancellation of
the large corrections, if the pole mass value is used in computations for other
mass-dependent quantities. It should be noted, however, that this strategy can
become increasingly unreliable for orders n where the corrections induced by
the pole mass are large enough that their numerical cancellation is incomplete.

renormalon renormalon

renormalon effects cancel out in the energy



Top search
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sub GeV precision



Top Width

Pre
liminar

y re
sult

Best precision
among direct measurements


