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The LHC has discovered something
quite unexpected : the Higgs boson and
nothing else, confirming the Standard
Model.

Moriond, March 29 2017 – p. 2
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The LHC has discovered something
quite unexpected : the Higgs boson and
nothing else, confirming the Standard
Model.

No low energy SUSY, no large extra dimensions, no new strong

interactions.

For 125 GeV Higgs mass the Standard Model is a self-consistent

weakly coupled effective field theory for all energies up to the quantum

gravity scale MP ∼ 1019 GeV

Moriond, March 29 2017 – p. 2
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Marginal evidence (less than 2σ) for the SM vacuum metastability

given uncertainties in relation between Monte-Carlo top mass and

the top quark Yukawa coupling
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Buttazzo et al, ’13, ’14:

vacuum is unstable at 2.8σ

Bednyakov et al, ’15:

vacuum is unstable at 1.3σ

Bezrukov, MS metastable

updated region

Main uncertainty: top Yukawa coupling, relation between the MC mass and the top

Yukawa coupling allows for ±1 GeV in Mtop. Alekhin et al, Frixione et al.
Moriond, March 29 2017 – p. 5
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 Model independent search strategy 
for colored and charged (new) particles in diphoton channel at LHC.

Gluons to Diphotons via New Particles with Half the Signal’s Invariant Mass

Dongjin Chway,1,* Radovan Dermíšek,1,2,† Tae Hyun Jung,1,‡ and Hyung Do Kim1,§

1Department of Physics and Astronomy and Center for Theoretical Physics, Seoul National University, Seoul 151-747, Korea
2Physics Department, Indiana University, Bloomington, Indiana 47405, USA

(Received 1 May 2016; published 5 August 2016)

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.

DOI: 10.1103/PhysRevLett.117.061801

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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Glue to light signal of a new particle
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Pros and Cons : Signal of New Physics?

Pro

: Diphoton channel is very clean
: Repetition of Higgs discovery
: Both in ATLAS and CMS

Con

: Excess is close to the event tail
: Not in ttbar, jj, ll
: So many 2 sigma bumps in CMS
: Strong coupling is necessary
(cross section*Br is too big)
: No motivated BSM can explain it

We have to wait till summer or the end of the year

Independently of the result, it would be a great 
opportunity for postdocs and students

It can also stimulate some ideas



Physics of ambulance chasing

One success in 2012 Dec.
: precursor of Higgs discovery

Many other failures
: Many B physics anomalies

Tevatron W+dijet,
dimuon charge asymmetry,

top A_FB,
DAMA/LIBRA,

CoGeNT,
PAMELA,

140 GeV Higgs (WW*)
BICEP2
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gg ! ��

There is no tree level vertex in the Standard Model

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

10
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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
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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 quarkonium 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



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



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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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
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quarkonium physics

v = CF↵s

r =
2

mqCF↵s

Eb =
1

2

mq

2
C2

F↵
2
s

quadratic Casimir
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Quarkonium

23

1 loop

: narrow width approximation

: breaks down at the threshold

formalism developed here works 
for small and large width 

at the same time



✓
r2

m
+ V (r)� E

◆
G(r, r0;E) = �(r� r0).

V (r) = �Y C2(X)
↵S(µ̄)

r

G(0, 0;E) =
m2

X

4⇡

 r
� E

mX
� i✏� Y C2(X)↵S ln

✓
|Y C2(X)|↵S

2

r
�mX

E
+ i✏

◆
� 2

p
mX

1X

n=1

Enp
(�E � i✏)� sign(C2(X))

p
En

!

(Y > 1 from QED resummation)

24

free Green’s function before resummation
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• Green-function formalism for the toponium annihilation 
decays with matching between UV theory(pQCD) & IR 
theory (NRQCD) 

Shades

One Loop  � 1 ± α
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�
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Black : one loop 
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arXiv:1612.05031

1 loop result

resummed
result

theory error

decompose A and B replace G0 to G
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exclusion or expected exclusion
ScalarFermion

C = NS2Q
2

color charge

ATLAS 13TeV (15.4 fb-1 )

15.4 fb-1

120 fb-1

3000 fb-1

200 300 400 500 600 700 800

0
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12

mS [GeV]

C
S

(a) scalar

C

(b) fermion

FIG. 20: 95% C.L. exclusion limits on m

X

and C

X

parameter space. Dark red curve
corresponds to the current exclusion plot and red, green and blue curves correspond to the
expected exclusion curves with integrated luminosity, 15.4, 120 and 3000 fb�1. Two sigma
anomaly obtained from current data is remarked by the regions closed by purple lines near
m

X

= 350 GeV. The decay width is taken to be 10�2 (solid) and 10�4 (dashed) of its mass.
In the left plot, grey dotted horizontal lines represent one stop-like particle and the
equivalent of one generation and three generations of degenerate scalar quarks. In the right
plot, such lines correspond to one vector-like up type quark and a degenerate set of two
vector-like up and two vector-like down type quarks (motivated by one complete
vector-like family).

where x = m

��

/

p
S for the center of mass energy

p
S andN is normalization factor which de-

pends on two fitting parameters, a
0

and b [23]. For gluon initiated process, we follow match-

ing procedure and resummation method that we described in previous sections. Here, we use

LL QCD potential and we choose RG scales µ

hard

= m

��

and µ

soft

= m

1/2

X

�
m

2

��

+ �2

X

�
1/4

.

As was discussed in section V, K-factor and the cut selection e�ciency were not considered.

Unlike in Ref.[1], we use maximum binned likelihood estimation. Null hypothesis corre-

sponds to using standard model gluon initiated cross section while signal hypothesis is that

of standard model plus new particle X. For current exclusion plots, we use recent ATLAS

15.4fb�1 data [23] and for expected exclusion plots, we assume that the best fitted values of

the parameters a
0

and b for the current data are the true values.

FIG. 20 shows current (dark red) and expected (red, green and blue) 95% confidence
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place strong limits on a variety of new physics, even on
scenarios that could otherwise avoid direct detection. Every
particle charged under SUð3ÞC that have an electric charge
leaves its mark in the diphoton spectrum, and, in principle,
with infinite precision, we could see every one within the
energy reach of a given collider.
The current limited data [6,7] allow us to see only new

particles with sufficiently large CX, and thus, in this Letter,
we focus on the region of CX where interference effects are
small. We will show the range of CX as a function of the
mass of the particle X already excluded by measurements
of the diphoton spectrum without ever performing direct
searches for such particles. We also show future prospects
when larger data samples are collected. Finally, we briefly
discuss the CX needed for a particle with a mass of around
375 GeV to explain the excess of events in the diphoton
spectrum around 750 GeV.
Glue to light.—The individual one-loop diagrams of a

scalar and a fermion mediating gg → γγ are shown in black
in Fig. 1. The gauge invariance guarantees that the
combined amplitude vanishes at

ffiffiffi
s

p
¼ 0, since, as a result

of the Ward identity, it is proportional to external momenta.
The corresponding loop integrals include propagators of
the loop particle, and they become enhanced in regions
of the phase space that allow the loop particle to be on shell.
When the scattering energy allows two propagators in the
loop to be simultaneously on shell, the amplitude gets
significantly enhanced compared with the case below the
threshold. This, combined with the rapid suppression of
gluon PDFs with increasing

ffiffiffi
s

p
, is the origin of the

peaklike shape near 2MX. In addition, the resummation
of ladder diagrams, shown in gray in Fig. 1, further
enhances the effect near the threshold.
The amplitude for gg → γγ mediated by particle X can be

written as A ¼ CXÂX, where the ÂSðFÞ is common for any
scalar (fermion); the cross section scales as C2

X for different
X. Our numerical calculation is based on FEYNARTS,
FORMCALC, and LOOPTOOLS [8], and we use the CTEQ6l

data set for the gluon PDF [9]. We do not take into account
the efficiency in diphoton selection (∼50%) and K factor
from gluon fusion production (expected to be ∼1.5), which
do not change the shape of the signal.
Near the threshold, where X and X̄ are slowly moving,

the ladder diagrams in Fig. 1 are essential, since the n gluon
ladder exchanges between X and X̄ close to on shell give a
factor of ðᾱs=vÞn, where ᾱs is the strong coupling at the
exchanged gluon momentum scale and v is the velocity of
X and X̄ [10]. The one-loop amplitude, first analytically
calculated in Ref. [11], can be well separated into relativ-
istic and nonrelativistic parts near the threshold [4]. Then
the resummed results are obtained by replacing the free
Green function of the XX̄ system by the one which satisfies
the nonrelativistic Schrödinger equation of the QCD
Coulomb potential [1–3]. When the electric charge of
the particle X is large (≳2), the QED Coulomb potential

should also be taken into account. The result of resumma-
tion depends on the quadratic Casimir invariant of X and its
decay width ΓX. In setting limits, we take a conservative
approach and assume X to be the color triplet which gives
the smallest quadratic Casimir invariant, and we do not
include photon ladder exchanges. We also choose ΓX ¼
1%MX as a reference and comment on ΓX dependence of
the results.
The differential cross section for gg → γγ at 13 TeV LHC

mediated by SM quarks and the new scalar (fermion) with a
mass of 365 GeVand CS ¼ 10 (CF ¼ 5) is shown with red
lines in the top (bottom) plot in Fig. 2 with the threshold
region magnified in the upper right corner. The solid red
lines are the one-loop approximation away from the
threshold and the resummed result near the threshold.
We also show the threshold resummed results for different
choices of MX (light red lines), which indicate that the
relative size of the signal of a new particle to the SM
background is larger for smallerMX. Finally, the thin black
line is the SM one-loop result for gg → γγ, and the black

FIG. 2. The differential cross section for gg → γγ as a function
of diphoton invariant mass mγγ for MX ¼ 365 GeV and ΓX ¼
1%MX with CS ¼ 10 for a scalar (top) and CF ¼ 5 for a fermion
(bottom) shown in red: solid lines are the one-loop approximation
away from the threshold and the resummed result near the
threshold, while dashed and dotted lines are their extensions
beyond the valid region. The light red lines are the threshold
resummed results for MX ¼ 125, 250, and 500 GeV. The thin
black line is the SM one-loop result for gg → γγ. The black line is
the fitting function to pp → γγ from ATLAS [6].

PRL 117, 061801 (2016) P HY S I CA L R EV I EW LE T T ER S
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Top mass precision at ILC : 20 MeV

Top mass precision at LHC : ⇤QCD

Can we overcome the huddle with diphotons?

Precise top mass determination is very important
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+

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

29

fat toponium

                                              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

330 340 350 360
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fat toponium

�Eb = E2 � E1  �⌘t = 2�t

Still we can see 1s state below 2mt

higher states overlap (less than 20%)

we can call it toponium though not a single resonance
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Top quark 
• ℳΛ 𝑔𝑔 → 𝛾𝛾

= ℳ𝑜𝑛𝑒 𝑙𝑜𝑜𝑝
Λ 𝑠, 𝑡, 𝑢 + 𝐵Λ(−𝐶𝛼𝑆 𝜇 ln(

𝑚𝑋

−𝑚𝑋𝐸
) −

2
𝑚𝑋

෍
𝑛=1

∞
𝐸𝑛

−𝐸 − 𝑆𝑖𝑔𝑛 𝐶 𝐸𝑛
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Top search

38

Heavy Quarkonium Dynamics 62

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 effects cancel out in the energy

Pre
liminar

y re
sult

m
1S = m

pole

+
1

2
V (r) free from ⇤QCD
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There is a hope for from a single channel measurement

HE-LHC would be better (gluon pdf)

�mt < 0.5 GeV
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Top Width

40

current best limit (direct measurement)

(CDF Run II, 68% CL)

1.1GeV < �t < 4.1GeV
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1.3GeV < �t < 1.8GeV
shape is sensitive to the width
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    Top quark width
Important property → 1/lifetime 
Sensitive distribution: invariant mass (lepton,b) 
(which for lepton,b correctly  matched to parent top drops at Mlb = √( mt2 - mW2) 

Hypotheses tested:  ΓSM and wide top  with 4x ΓSM

20

tt, and tW dilepton CMS Collaboration:
TOP-16-019

0.6<Γ<2.5 at 95%CL
(expected: 0.6<Γ<2.4 GeV for mt = 172.5 GeV)

13 TeV data

Compare data to 
templates with 

ΓSM  vs. 4x ΓSM

CMS update from Moriond QCD 2017
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Summary

Old study focused either on (narrow width) toponium production
or continuum 1 loop computation

1 loop computation fails at the threshold

Toponium production didn’t include the interference with 5 light quarks

Fat toponium comes from resummation and matching

Top mass and top decay width can be measured from diphoton spectrum
if we know the signal shape precisely (dip and peak)

can be easily hidden if we don’t pay attention

Theory prediction needs to be improved
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backup
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octet contribution? resummation effects are negligible

CTEQ6L PDF used

Fictitious gg  X X

  Red : CC  = 4/3

  Green : -1/6  

  Blue : -1    
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FIG. 13: Fictitious gg ! g� and gg ! gg with no gluon self-interaction (i.e., box loop
only). Purpose of this is to show strange behavior coming from ln(m↵

S

/m�) after
summation over excitations for small velocity if we do not properly consider the running of
e↵ective tree level vertex. The large C

X

limit is shown with normalization of C�2

X

. C
C

is
4/3 (Red), �1/6 (Green), and �1 (Blue). Black dashed line represents the one-loop result.
Solid lines are using Eq. (27). Dotted lines are without the third term (the log term) in
Eq. (27). Other parameters are as in FIG. 12 with �

X

/m

X

= 0.1%.
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1/n which is approximated by log function:
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1

A
,

unless E = E

n

for some n. If the running was properly considered, there would have been

the explicit ln(
p�m

X

E) term that cancels the same log term in Eq. (32). It is this log

term that gives the strange behavior of the blue dotted line in FIG. 13 for small
p�m

X

E.

In order to illustrate this point, �
X

/m

X

is chosen to be 0.1%. Parameters except C
C

and

�
X

/m

X

are kept to be the same as in FIG. 12.

For gg ! �� process, di↵erent choices of C
C

can come from choosing di↵erent particle

representation under SU(3)
C

. However, next the smallest possible C

C

is 3 (octet particle

X) and this gives already too large C

C

↵

S

which is one of the expansion parameters. The

signal shape is shown FIG. 14 for C
C

=3 or 6. Although it is perturbatively meaningless, we

guess that the shown tendency of getting larger signal for larger C
C

is true.

18

color octet

color singlet

�X = 10�3MX

arXiv:1612.05031
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FIG. 21: Expected upper bound of C
X

where m

X

= 300 GeV for integrated luminosity
120 fb�1 (green) and 3 ab�1 (blue) with �

X

/m

X

= 10�2 (circle) , 10�3 (square) and 10�4

(triangle).

VIII. CONCLUSIONS

In this paper, we presented detailed explanation of the threshold resummation and the

leading log order matching of the one-loop result with non-relativistic e↵ective theory. We

showed how the diphoton invariant mass spectrum varies depending on decay width, color

representation and electric charge of the new particle. We also included interference with the

standard model quarks which is important for new particles with small combined charges.

We presented new exclusion limits from current LHC data corresponding to 15.4 fb�1

and projections for expected exclusion limits. For example, assuming �
X

/m

X

 10�2, the

LHC will be sensitive to a top-like particle up to 360 GeV and a stop-like particle up to

200 GeV. For �
X

/m

X

 10�4, the LHC will be more sensitive and a top-like particle up to

450 GeV and a stop-like particle up to 300 GeV can be seen. Any new particles with larger

SU(3)
C

representation and/or larger U(1)
EM

charges can be probed in larger mass ranges.

Our exclusion limits on the combined SU(3)
C

and U(1)
EM

charge do not depend on

details of a given model just like the limits on hypercharges of new particles from Drell-Yan

25
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