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SM Completed

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

Ξ0
c X seen –

Ξb X seen –
b -baryon X [j ] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [k] < 3.2 × 10−3 CL=95% –
e+ e−γ [k] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [k] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [k] < 7.3 × 10−4 CL=95% 45559

ℓ+ ℓ−γγ [l] < 6.8 × 10−6 CL=95% –
qqγγ [l] < 5.5 × 10−6 CL=95% –
ν ν γγ [l] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [i ] < 7.5 × 10−7 CL=95% 45594

e± τ∓ LF [i ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [i ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.09 ± 0.24 GeV

H0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.17 ± 0.17 (S = 1.2)
W W ∗ = 0.81 ± 0.16
Z Z∗ = 1.15+0.27

−0.23 (S = 1.2)

γγ = 1.17+0.19
−0.17

bb = 0.85 ± 0.29
µ+µ− < 7.0, CL = 95%
τ+ τ− = 0.79 ± 0.26
Z γ < 9.5, CL = 95%
t t H0 Production = 2.5+0.9

−0.8

p

H0 DECAY MODESH0 DECAY MODESH0 DECAY MODESH0 DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

invisible <58 % 95% –

HTTP://PDG.LBL.GOV Page 4 Created: 10/6/2015 12:18

0.2% precision measurement¥



New Paradigm ?

Triple Coincidence @ MPL : λ, βλ, mB2

“Criticality” in bare mass
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“Mh=125GeV” predicts …
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New Paradigm ?

Triple Coincidence @ MPL : λ, βλ, mB2

“Mh=125GeV” predicts …

SM Criticality
l Boundary Conditions @ MPL ?

l New Principle @ MPL ???

à Classical Conformal Invariance (CCI)
à Hidden Duality

à Multiple Point Criticality Principle (MPP)
à Maximum Entropy Principle
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“Mh=125GeV” predicts …
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à Hidden Duality

à Multiple Point Criticality Principle (MPP)
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Good examples for making new paradigm from theoretical view point.



Grand Desert ?
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Gravity/String

SM



Oasis
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Gravity/String

SM

X750àγγ



Towards New Paradigm
“MX=750GeV” predicts ?

....
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At least, this can be a first new physics beyond the SM, 



Towards New Paradigm
“MX=750GeV” predicts ?

....

2016/5/27-6/2 East Asia Koji TSUMURA (Kyoto U.)

At least, this can be a first new physics beyond the SM, 

Goal of This Talk : How exotic X750 is !!



Potential New Input !!
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Dec 15th, 2015
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Results:'Events'with'mass'in'excess'of'200'GeV'are'

included'in'unbinned%fit%

'

F  In%the%NWA%search,'an'excess'of'3.6σ'(local)'is'
observed'at'a'mass'hypothesis'of'minimal'p0'of'

750'GeV'

F  Taking'a'LEE'in'a'mass'range'(fixed'before'

unblinding)'of%200%GeV%to%2.0%TeV%the'global'
significance'of'the'excess'is'2.0σ!

Search'for'a'Two%Photons%Resonance%(II)'

'

In'the'NWA'fit'the'resoluDon'uncertainty'is'

profiled'in'the'NWA'fit'and'is'pulled'by'1.5σ!

The'data'was'then'fit'under'a'LW'hypothesis'
yielding'a'width'of'approximately'45'GeV'

(Approx.'6%'of'the'best'fit'mass'of'approximately'750'GeV)''

F  As'expected'the'local'significance'increases'to'

3.9σ!

F  Taking'into'account'a'LEE'in'mass'and'width'of'

up'to'10%'of'the'mass'hypothesis'of'2.3σ''(Note:'
upper'range'in'resoluDon'fixed'a`er'unblinding)'
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Figure 3: Observed invariant mass spectrum for the EBEB (top) and EBEE (bottom). The results
of parametric fits to the data are also shown.

photon candidates are matched to those selected in the analysis using a k-nearest-neighbours
algorithm, with k=10.

Figure 4 shows, in mgg bins, the measured contributions of the different background compo-
nents in the region ICh < 5 GeV. It can be seen that the dominant component, accounting for
more than 90(80)% of the selected events in the EBEB (EBEE) category, is represented by the
irreducible gg background.

The spectrum of the irreducible background extracted through the procedure described above
is then compared with the predictions extracted by rescaling the mass spectrum predicted by
the Sherpa generator to the one extracted from the 2gNNLO program [33]. The result of the
comparison is shown in Fig. 5. The mass spectra predicted by the simulation are in good agree-
ment with the one seen in data.

2.6σ

Photos are for illustration purposes

Diphoton Excess !!



Diphoton : 結果
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Barrel-Barrel Barrel-Endcap 

local ~2.9σ at mX=760 GeV, $X/mX=1.4%  
(spin-0とspin-2両方に対して)

global < 1σ 
- mX = [500 - 4500] GeV 
-$X/mX = 0.014%, 1.4%, 5.6% 
- spin-0とspin-237

Diphoton Updated
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3.6σà3.9σ



Ambulance Chasing
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Everybody’s Model
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750GeV New Particle

l Additional New Particle（Perturbative）
l Hidden Strong Dynamics（Non Perturbative）

X
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Everybody’s Model
750GeV New Particle

l Additional New Particle（Perturbative）
l Hidden Strong Dynamics（Non Perturbative）

X

Cancel if gg decay mode is dominate. 
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Everybody’s Model
750GeV New Particle

l Additional New Particle（Perturbative）
l Hidden Strong Dynamics（Non Perturbative）

X

Need Enhancement inside Loops
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Everybody’s Model
750GeV New Particle

l Additional New Particle（Perturbative）
l Hidden Strong Dynamics（Non Perturbative）

X

Need Enhancement inside Loops

ü a large charge, and/or
ü a large multiplicity, and/or
ü a large coupling
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Today’s Question
750GeV New Particle

X

ü a large charge, and/or
ü a large multiplicity, and/or
ü a large coupling

Can such a model remain perturbative up to MPL?
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Question
750GeV New Particle

X

ü a large charge, and/or
ü a large multiplicity, and/or
ü a large coupling

Can such a model remain perturbative up to MPL?
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Running Coupling Constant
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Running Gauge Coupling
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Running Gauge Coupling
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Running Gauge Coupling
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l ≧ 7plet : Weak int. is no longer asymptotic free
l ≧ 9plet : Perturbativity breakdown before MPL

SM + IY

MPL
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Weak



Landau Pole
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Fig. 2. The solid and dashed lines correspond to the numerical results and the approximated results in Eq. (14).

λX , λ′
X and λ

""†2 X
. Although the effect of λ

"†2 X2 is unclear, we 
numerically confirmed that this coupling constant also leads to the 
lower scale of the LP. Thus, we conclude that Eqs. (7) are the ini-
tial condition for the conservative evaluation of the LP. The same 
discussions would be applied to higher isospin multiplets. We also 
confirmed these points numerically. The detailed and generalized 
analysis will be presented in our future publications [59].

In Fig. 2, we present the conservative scale of the LP as a 
function of M X in the SM with one more scalar multiplet (nX =
4, 5, 6, 7).3 We consider all the possible assignments of the hyper-
charges, where fractional electric charges are not allowed for new 
particles. For a Y X = 0 field, a real scalar condition is assumed. 
The solid lines in each plot represent the numerical results, while 
the dashed lines show the approximated results obtained from the 
analytic study as we will discussed later in this letter. We fit the 
solid lines in Fig. 2 by the scale of the LP and M X with an ex-
ponent. The results are listed in Table 2. For comparisons, we also 
present the positions of the LP #gi which are calculated by solving 
the one-loop beta function of gauge couplings.

#gi = M X exp

(
1

2Bi

1

g2
i (M X )

)

= M X

(
Mt

M X

)Bi,SM/Bi

exp

(
1

2Bi

1

g2
i (Mt)

)

, (10)

where i = Y , 2, and Bi,(SM) is the coefficient of the beta function 
of gi including a factor 1/16π2. We see that the conservative scale 

3 Requiring the tree-level unitarity of SU(2)L gauge interactions, nX ≤ 8(9) is ob-
tained for a complex (real) scalar multiplet [60,61].

Table 2
The fitted results of the scale of LPs with the initial condition in Eqs (7). The po-
sitions of LP derived from one-loop beta function of the gauge couplings taking 
M X = 100 GeV are also given.

(nX , Y X ) LP [ GeV] #gY
[GeV] #g2 [GeV]

(4,1/2) 6.4 × 1016 (M X /100 GeV)1.57 1.2 × 1041 –
(4,3/2) 1.3 × 1015 (M X /100 GeV)1.21 3.1 × 1030 –
(5, real) 9.5 × 1011 (M X /100 GeV)1.38 9.6 × 1042 –
(5,1) 4.9 × 109 (M X /100 GeV)1.28 9.0 × 1034 9.0 × 10488

(5,2) 7.9 × 108 (M X /100 GeV)1.13 5.7 × 1022 9.0 × 10488

(6,1/2) 4.6 × 106 (M X /100 GeV)1.17 1.6 × 1040 2.7 × 1032

(6,3/2) 4.2 × 106 (M X /100 GeV)1.16 5.2 × 1026 2.7 × 1032

(6,5/2) 1.6 × 106 (M X /100 GeV)1.08 3.2 × 1016 2.7 × 1032

(7, real) 1.0 × 106 (M X /100 GeV)1.13 9.6 × 1042 1.3 × 1056

(7,1) 1.2 × 105 (M X /100 GeV)1.11 3.6 × 1032 1.4 × 1015

(7,2) 1.1 × 105 (M X /100 GeV)1.10 2.2 × 1019 1.4 × 1015

(7,3) 6.6 × 104 (M X /100 GeV)1.06 1.2 × 1012 1.4 × 1015

of the LP from the scalar quartic coupling constant is much lower 
than #gi .

In order to understand the results analytically, we focus on the 
beta function of the quartic coupling of X in which the gauge cou-
pling g(µ) is approximated by the constant g(M X ). Then, we rede-
fine the quartic coupling constants λ′

X , · · · such that g4 terms only 
appear in one beta function. By this redefinition, we correctly take 
into account the induced quartic coupling constant from the gauge 
couplings at one-loop level, since we begin with a conservative as-
sumption given in Eqs. (7). We call the new coupling constants 
λ̃′

X , · · ·. Consequently, the RGE is simplified as

dλX

dt
= 1

16π2 (c0 − c1λX + c2λ
2
X + c3λX λ̃′

X + c4λ̃
′ 2
X ), (11)

dλ̃′
X

dt
= 1

16π2 (−c̃′
1λX + c̃′

2λ
2
X + c̃′

3λX λ̃′
X + c̃′

4λ̃
′ 2
X ). (12)
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Fig. 2. The solid and dashed lines correspond to the numerical results and the approximated results in Eq. (14).

λX , λ′
X and λ

""†2 X
. Although the effect of λ

"†2 X2 is unclear, we 
numerically confirmed that this coupling constant also leads to the 
lower scale of the LP. Thus, we conclude that Eqs. (7) are the ini-
tial condition for the conservative evaluation of the LP. The same 
discussions would be applied to higher isospin multiplets. We also 
confirmed these points numerically. The detailed and generalized 
analysis will be presented in our future publications [59].

In Fig. 2, we present the conservative scale of the LP as a 
function of M X in the SM with one more scalar multiplet (nX =
4, 5, 6, 7).3 We consider all the possible assignments of the hyper-
charges, where fractional electric charges are not allowed for new 
particles. For a Y X = 0 field, a real scalar condition is assumed. 
The solid lines in each plot represent the numerical results, while 
the dashed lines show the approximated results obtained from the 
analytic study as we will discussed later in this letter. We fit the 
solid lines in Fig. 2 by the scale of the LP and M X with an ex-
ponent. The results are listed in Table 2. For comparisons, we also 
present the positions of the LP #gi which are calculated by solving 
the one-loop beta function of gauge couplings.

#gi = M X exp

(
1

2Bi
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i (M X )

)

= M X

(
Mt

M X

)Bi,SM/Bi

exp
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1

2Bi
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i (Mt)

)

, (10)

where i = Y , 2, and Bi,(SM) is the coefficient of the beta function 
of gi including a factor 1/16π2. We see that the conservative scale 

3 Requiring the tree-level unitarity of SU(2)L gauge interactions, nX ≤ 8(9) is ob-
tained for a complex (real) scalar multiplet [60,61].

Table 2
The fitted results of the scale of LPs with the initial condition in Eqs (7). The po-
sitions of LP derived from one-loop beta function of the gauge couplings taking 
M X = 100 GeV are also given.

(nX , Y X ) LP [ GeV] #gY
[GeV] #g2 [GeV]

(4,1/2) 6.4 × 1016 (M X /100 GeV)1.57 1.2 × 1041 –
(4,3/2) 1.3 × 1015 (M X /100 GeV)1.21 3.1 × 1030 –
(5, real) 9.5 × 1011 (M X /100 GeV)1.38 9.6 × 1042 –
(5,1) 4.9 × 109 (M X /100 GeV)1.28 9.0 × 1034 9.0 × 10488

(5,2) 7.9 × 108 (M X /100 GeV)1.13 5.7 × 1022 9.0 × 10488

(6,1/2) 4.6 × 106 (M X /100 GeV)1.17 1.6 × 1040 2.7 × 1032

(6,3/2) 4.2 × 106 (M X /100 GeV)1.16 5.2 × 1026 2.7 × 1032

(6,5/2) 1.6 × 106 (M X /100 GeV)1.08 3.2 × 1016 2.7 × 1032

(7, real) 1.0 × 106 (M X /100 GeV)1.13 9.6 × 1042 1.3 × 1056

(7,1) 1.2 × 105 (M X /100 GeV)1.11 3.6 × 1032 1.4 × 1015

(7,2) 1.1 × 105 (M X /100 GeV)1.10 2.2 × 1019 1.4 × 1015

(7,3) 6.6 × 104 (M X /100 GeV)1.06 1.2 × 1012 1.4 × 1015

of the LP from the scalar quartic coupling constant is much lower 
than #gi .

In order to understand the results analytically, we focus on the 
beta function of the quartic coupling of X in which the gauge cou-
pling g(µ) is approximated by the constant g(M X ). Then, we rede-
fine the quartic coupling constants λ′

X , · · · such that g4 terms only 
appear in one beta function. By this redefinition, we correctly take 
into account the induced quartic coupling constant from the gauge 
couplings at one-loop level, since we begin with a conservative as-
sumption given in Eqs. (7). We call the new coupling constants 
λ̃′

X , · · ·. Consequently, the RGE is simplified as

dλX

dt
= 1

16π2 (c0 − c1λX + c2λ
2
X + c3λX λ̃′

X + c4λ̃
′ 2
X ), (11)

dλ̃′
X

dt
= 1

16π2 (−c̃′
1λX + c̃′

2λ
2
X + c̃′

3λX λ̃′
X + c̃′

4λ̃
′ 2
X ). (12)

No Landau Pole up to MPL
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Fig. 2. The solid and dashed lines correspond to the numerical results and the approximated results in Eq. (14).

λX , λ′
X and λ

""†2 X
. Although the effect of λ

"†2 X2 is unclear, we 
numerically confirmed that this coupling constant also leads to the 
lower scale of the LP. Thus, we conclude that Eqs. (7) are the ini-
tial condition for the conservative evaluation of the LP. The same 
discussions would be applied to higher isospin multiplets. We also 
confirmed these points numerically. The detailed and generalized 
analysis will be presented in our future publications [59].

In Fig. 2, we present the conservative scale of the LP as a 
function of M X in the SM with one more scalar multiplet (nX =
4, 5, 6, 7).3 We consider all the possible assignments of the hyper-
charges, where fractional electric charges are not allowed for new 
particles. For a Y X = 0 field, a real scalar condition is assumed. 
The solid lines in each plot represent the numerical results, while 
the dashed lines show the approximated results obtained from the 
analytic study as we will discussed later in this letter. We fit the 
solid lines in Fig. 2 by the scale of the LP and M X with an ex-
ponent. The results are listed in Table 2. For comparisons, we also 
present the positions of the LP #gi which are calculated by solving 
the one-loop beta function of gauge couplings.

#gi = M X exp

(
1

2Bi

1

g2
i (M X )

)

= M X

(
Mt

M X

)Bi,SM/Bi

exp

(
1

2Bi

1

g2
i (Mt)

)

, (10)

where i = Y , 2, and Bi,(SM) is the coefficient of the beta function 
of gi including a factor 1/16π2. We see that the conservative scale 

3 Requiring the tree-level unitarity of SU(2)L gauge interactions, nX ≤ 8(9) is ob-
tained for a complex (real) scalar multiplet [60,61].

Table 2
The fitted results of the scale of LPs with the initial condition in Eqs (7). The po-
sitions of LP derived from one-loop beta function of the gauge couplings taking 
M X = 100 GeV are also given.

(nX , Y X ) LP [ GeV] #gY
[GeV] #g2 [GeV]

(4,1/2) 6.4 × 1016 (M X /100 GeV)1.57 1.2 × 1041 –
(4,3/2) 1.3 × 1015 (M X /100 GeV)1.21 3.1 × 1030 –
(5, real) 9.5 × 1011 (M X /100 GeV)1.38 9.6 × 1042 –
(5,1) 4.9 × 109 (M X /100 GeV)1.28 9.0 × 1034 9.0 × 10488

(5,2) 7.9 × 108 (M X /100 GeV)1.13 5.7 × 1022 9.0 × 10488

(6,1/2) 4.6 × 106 (M X /100 GeV)1.17 1.6 × 1040 2.7 × 1032

(6,3/2) 4.2 × 106 (M X /100 GeV)1.16 5.2 × 1026 2.7 × 1032

(6,5/2) 1.6 × 106 (M X /100 GeV)1.08 3.2 × 1016 2.7 × 1032

(7, real) 1.0 × 106 (M X /100 GeV)1.13 9.6 × 1042 1.3 × 1056

(7,1) 1.2 × 105 (M X /100 GeV)1.11 3.6 × 1032 1.4 × 1015

(7,2) 1.1 × 105 (M X /100 GeV)1.10 2.2 × 1019 1.4 × 1015

(7,3) 6.6 × 104 (M X /100 GeV)1.06 1.2 × 1012 1.4 × 1015

of the LP from the scalar quartic coupling constant is much lower 
than #gi .

In order to understand the results analytically, we focus on the 
beta function of the quartic coupling of X in which the gauge cou-
pling g(µ) is approximated by the constant g(M X ). Then, we rede-
fine the quartic coupling constants λ′

X , · · · such that g4 terms only 
appear in one beta function. By this redefinition, we correctly take 
into account the induced quartic coupling constant from the gauge 
couplings at one-loop level, since we begin with a conservative as-
sumption given in Eqs. (7). We call the new coupling constants 
λ̃′

X , · · ·. Consequently, the RGE is simplified as

dλX

dt
= 1

16π2 (c0 − c1λX + c2λ
2
X + c3λX λ̃′

X + c4λ̃
′ 2
X ), (11)

dλ̃′
X

dt
= 1

16π2 (−c̃′
1λX + c̃′

2λ
2
X + c̃′

3λX λ̃′
X + c̃′

4λ̃
′ 2
X ). (12)
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Question
750GeV New Particle

X

ü a large charge, and/or
ü a large multiplicity, and/or
ü a large coupling

Can such a model remain perturbative up to MPL?

“X750SS*” coupling is Not a Quartic Coupling. 
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750GeV New Particle

X

Converted by Stability Bound

λSMax is calculated by RGE analysis when we specify the model

flavors of �. Because we simplify the scalar potential by taking H� = 0H� = 0, components

of � are degenerate in mass M�. The one-loop integral is easily evaluated as

f(x) := 8x

✓
arctan

1
p

4x� 1

◆2

� 2. (7)

The function takes the maximal value f(1/4) = (⇡2
� 4)/2 at the threshold MX = 2M�, and

� decouples monotonically for large M�, i.e., f(1) = 0.

In order to obtain the large diphoton cross section, the scalar trilinear coupling µ is

required to be large as in Eq. (6). On the other hand, too large µ is constrained by the

vacuum stability. By focusing on M2
X , µ and �� terms in Eq.(5), we have

V 3

MX

2
X2 + µ

⇣
�†�

⌘
X + ��

⇣
�†�

⌘2

=
M2

X

2

✓
X +

µ

M2
X

(�†�)

◆2

+

✓
�� �

µ2

2M2
X

◆
(�†�)2, (8)

which leads to

µ2 < 2��M
2
X (9)

by imposing the stability of the scalar potential at tree level. Eq. (9) shows that large �� can

help the vacuum stability against µ.

Furthermore, the magnitude of �� is also constrained by requiring the perturbativity

up to the Planck scale. It is known that a large quartic coupling constant is a source of

the Landau pole at high energy by considering the renormalization group evolution. In our

setup, in order to ensure the substantial diphoton signal rate, small �� is disfavored through

the vacuum stability condition. Therefore, �� tends to be non-perturbative at high energy.

In Table 1, 2 and 3, we list �Max
� (the maximal values of �� at weak scale), which keeps

the purturbativity up to the Planck scale, in various scalar extended models. The values are

calculated using the one-loop RGEs in Appendix B 6. On one hand, to maximize the diphoton

signal rate, larger Nf seems to be favorable. On the other hand, the perturbativity bounds

become more severe. We determine (N2
f��)Max, the maximal value of N2

f�
max
� where �Max

�

is calculated for each Nf by requiring the pertubativity condition up to the Planck scale.

In the following, we denote the corresponding Nf as NMax. Notice that when the SU(3)c
representation of 6⇤ and 8, the Landau pole of �� appears below the Planck scale even if ��

is set to be zero at the weak scale, see also Ref. [14] for the SU(2) case.

Combining Eqs.(3), (6) and (9), we calculate the maximum value of ��� :

�Max
�� = 46pb⇥ �Max

� ⇥

 
Nf ↵

P
�Q

2
�

2⇡
f(M2

�/M
2
X)

!2

⇥

✓
750GeV

MX

◆2

. (10)

6 In our calculation, the contributions from the possible Yukawa couplings are neglected. Indeed, the new
particles decay promptly even for very small Yukawa couplings. On the other hand, if the Yukawa couplings are
large, �Max

� would be increased.
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Diquark (qq or qqc) model
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750GeV New Particle

X

assume tree level decays

SU(3)c SU(2)L U(1)Y �Max
� (N2

f��)
Max

DQd
0 3 (6⇤) 1 �1/3 0.32 (⇥) 2.2 |Nf=6

DQy
0 3 (6⇤) 1 �4/3 0.34 (⇥) 1.2 |Nf=3

DQu
0 3 (6⇤) 1 2/3 0.33 (⇥) 2.2 |Nf=6

DQ1 3 (6⇤) 3 �1/3 0.13 (⇥) 0.13 |Nf=1

DQ1/2 1H (8) 2 1/2 0.18 (⇥) 8.5 |Nf=20

Table 1: A list of diquarks which couple to the SM quarks. Here, (N2
f��)

Max is the maxi-

mal value of N2
f�

Max
� where �Max

� is calculated for each Nf by requiring the perturbativity

up to the Planck scale.

SU(3)c SU(2)L U(1)Y �Max
� (N2

f��)
Max

Sd⇤
0 3⇤ 1 1/3 0.32 2.2 |Nf=6

Sy⇤
0 3⇤ 1 4/3 0.34 1.2 |Nf=3

S⇤
1 3⇤ 3 1/3 0.13 0.13 |Nf=1

S1/2 3 2 7/6 0.25 0.46 |Nf=2

Sq
1/2 3 2 1/6 0.24 0.59 |Nf=3

Ru⇤
0 3⇤ 1 �2/3 0.33 2.2 |Nf=6

Rd⇤
0 3⇤ 1 1/3 0.32 2.2 |Nf=6

R⇤
1/2 3 2 �1/6 0.24 0.59 |Nf=3

Table 2: A list of leptoquarks which couple to the SM fermions.

dileptons. Note that we include right-handed neutrinos ⌫R as SM fermions. In these Tables,

the normalization of the hypercharge is given by I3 + Y� = Q.

The diquark field in Table 1 is 3 or 6* representation under the QCD as (qqc) states and

1 or 8 representation as (qq̄) states. The 1 representation is nothing but a Higgs doublet

in the SM. Except for color charge assignments, there are five variations of diquarks. Each

of them has specific decay pattern depending on the Yukawa couplings (see Appendix A).

Eight possible leptoquark fields are listed in Table 2. All of them are 3 representation under

the color gauge group since they are (q`c) or (q ¯̀) states. In addition to the conventional

scalar leptoquarks listed by PDG [15], we here include Ru
0 , R

d
0 and R1/2 leptoquarks since

we regard ⌫R as the SM fermions. All possible dilepton fields are given in Table 3. In this

class of extended models, we need to introduce additional colored particles Sc in order to

guarantee the su�ciently large production cross section of gg ! X.4 In the following, we

4 In principle, photon-fusion can be a source of X production if we take photon into account as a parton [16].

5

Something decaying to two quarks
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the color gauge group since they are (q`c) or (q ¯̀) states. In addition to the conventional
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0 , R

d
0 and R1/2 leptoquarks since
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guarantee the su�ciently large production cross section of gg ! X.4 In the following, we

4 In principle, photon-fusion can be a source of X production if we take photon into account as a parton [16].

5

Color 6plet & 8plet violate perturbativity of QCD before MPL

Something decaying to two quarks
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Figure 2: The maximal value, �Max
�� for the production cross sections times �� branching

ratios, are shown as functions of M�, the mass of the new SM charged scalar boson.

Each curve shows the value calculated in the di↵erent scalar extension models. The solid

(dashed) part of curves is the allowed (excluded) mass range by the collider experiments

for Nf = 1. For Nf > 1, the results are given by dotted curves. The shaded region

implies the required cross section from the LHC diphoton excess, i.e., �Max
�� > 1fb.9
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DQu
0 3 (6⇤) 1 2/3 0.33 (⇥) 2.2 |Nf=6

DQ1 3 (6⇤) 3 �1/3 0.13 (⇥) 0.13 |Nf=1

DQ1/2 1H (8) 2 1/2 0.18 (⇥) 8.5 |Nf=20

Table 1: A list of diquarks which couple to the SM quarks. Here, (N2
f��)

Max is the maxi-

mal value of N2
f�

Max
� where �Max

� is calculated for each Nf by requiring the perturbativity

up to the Planck scale.

SU(3)c SU(2)L U(1)Y �Max
� (N2

f��)
Max

Sd⇤
0 3⇤ 1 1/3 0.32 2.2 |Nf=6

Sy⇤
0 3⇤ 1 4/3 0.34 1.2 |Nf=3

S⇤
1 3⇤ 3 1/3 0.13 0.13 |Nf=1

S1/2 3 2 7/6 0.25 0.46 |Nf=2

Sq
1/2 3 2 1/6 0.24 0.59 |Nf=3

Ru⇤
0 3⇤ 1 �2/3 0.33 2.2 |Nf=6

Rd⇤
0 3⇤ 1 1/3 0.32 2.2 |Nf=6

R⇤
1/2 3 2 �1/6 0.24 0.59 |Nf=3

Table 2: A list of leptoquarks which couple to the SM fermions.

dileptons. Note that we include right-handed neutrinos ⌫R as SM fermions. In these Tables,

the normalization of the hypercharge is given by I3 + Y� = Q.

The diquark field in Table 1 is 3 or 6* representation under the QCD as (qqc) states and

1 or 8 representation as (qq̄) states. The 1 representation is nothing but a Higgs doublet

in the SM. Except for color charge assignments, there are five variations of diquarks. Each

of them has specific decay pattern depending on the Yukawa couplings (see Appendix A).

Eight possible leptoquark fields are listed in Table 2. All of them are 3 representation under

the color gauge group since they are (q`c) or (q ¯̀) states. In addition to the conventional

scalar leptoquarks listed by PDG [15], we here include Ru
0 , R

d
0 and R1/2 leptoquarks since

we regard ⌫R as the SM fermions. All possible dilepton fields are given in Table 3. In this

class of extended models, we need to introduce additional colored particles Sc in order to

guarantee the su�ciently large production cross section of gg ! X.4 In the following, we

4 In principle, photon-fusion can be a source of X production if we take photon into account as a parton [16].
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Figure 2: The maximal value, �Max
�� for the production cross sections times �� branching

ratios, are shown as functions of M�, the mass of the new SM charged scalar boson.

Each curve shows the value calculated in the di↵erent scalar extension models. The solid

(dashed) part of curves is the allowed (excluded) mass range by the collider experiments

for Nf = 1. For Nf > 1, the results are given by dotted curves. The shaded region

implies the required cross section from the LHC diphoton excess, i.e., �Max
�� > 1fb.9

Only Two Models (NS=1) are consistent with 
LHC diphoton Excess & perturbativity up to MPL
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Figure 2: The maximal value, �Max
�� for the production cross sections times �� branching

ratios, are shown as functions of M�, the mass of the new SM charged scalar boson.

Each curve shows the value calculated in the di↵erent scalar extension models. The solid

(dashed) part of curves is the allowed (excluded) mass range by the collider experiments

for Nf = 1. For Nf > 1, the results are given by dotted curves. The shaded region

implies the required cross section from the LHC diphoton excess, i.e., �Max
�� > 1fb.9

Diquark (qq or qqc) model
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SU(3)c SU(2)L U(1)Y �Max
� (N2

f��)
Max

DQd
0 3 (6⇤) 1 �1/3 0.32 (⇥) 2.2 |Nf=6

DQy
0 3 (6⇤) 1 �4/3 0.34 (⇥) 1.2 |Nf=3

DQu
0 3 (6⇤) 1 2/3 0.33 (⇥) 2.2 |Nf=6

DQ1 3 (6⇤) 3 �1/3 0.13 (⇥) 0.13 |Nf=1

DQ1/2 1H (8) 2 1/2 0.18 (⇥) 8.5 |Nf=20

Table 1: A list of diquarks which couple to the SM quarks. Here, (N2
f��)

Max is the maxi-

mal value of N2
f�

Max
� where �Max

� is calculated for each Nf by requiring the perturbativity

up to the Planck scale.

SU(3)c SU(2)L U(1)Y �Max
� (N2

f��)
Max

Sd⇤
0 3⇤ 1 1/3 0.32 2.2 |Nf=6

Sy⇤
0 3⇤ 1 4/3 0.34 1.2 |Nf=3

S⇤
1 3⇤ 3 1/3 0.13 0.13 |Nf=1

S1/2 3 2 7/6 0.25 0.46 |Nf=2

Sq
1/2 3 2 1/6 0.24 0.59 |Nf=3

Ru⇤
0 3⇤ 1 �2/3 0.33 2.2 |Nf=6

Rd⇤
0 3⇤ 1 1/3 0.32 2.2 |Nf=6

R⇤
1/2 3 2 �1/6 0.24 0.59 |Nf=3

Table 2: A list of leptoquarks which couple to the SM fermions.

dileptons. Note that we include right-handed neutrinos ⌫R as SM fermions. In these Tables,

the normalization of the hypercharge is given by I3 + Y� = Q.

The diquark field in Table 1 is 3 or 6* representation under the QCD as (qqc) states and

1 or 8 representation as (qq̄) states. The 1 representation is nothing but a Higgs doublet

in the SM. Except for color charge assignments, there are five variations of diquarks. Each

of them has specific decay pattern depending on the Yukawa couplings (see Appendix A).

Eight possible leptoquark fields are listed in Table 2. All of them are 3 representation under

the color gauge group since they are (q`c) or (q ¯̀) states. In addition to the conventional

scalar leptoquarks listed by PDG [15], we here include Ru
0 , R

d
0 and R1/2 leptoquarks since

we regard ⌫R as the SM fermions. All possible dilepton fields are given in Table 3. In this

class of extended models, we need to introduce additional colored particles Sc in order to

guarantee the su�ciently large production cross section of gg ! X.4 In the following, we

4 In principle, photon-fusion can be a source of X production if we take photon into account as a parton [16].
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Maximal	Case

Most of diquark models survive if we increase multiplicity
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Figure 2: The maximal value, �Max
�� for the production cross sections times �� branching

ratios, are shown as functions of M�, the mass of the new SM charged scalar boson.

Each curve shows the value calculated in the di↵erent scalar extension models. The solid

(dashed) part of curves is the allowed (excluded) mass range by the collider experiments

for Nf = 1. For Nf > 1, the results are given by dotted curves. The shaded region

implies the required cross section from the LHC diphoton excess, i.e., �Max
�� > 1fb.9

Diquark (qq or qqc) model

2016/5/27-6/2 East Asia Koji TSUMURA (Kyoto U.)

SU(3)c SU(2)L U(1)Y �Max
� (N2

f��)
Max

DQd
0 3 (6⇤) 1 �1/3 0.32 (⇥) 2.2 |Nf=6

DQy
0 3 (6⇤) 1 �4/3 0.34 (⇥) 1.2 |Nf=3

DQu
0 3 (6⇤) 1 2/3 0.33 (⇥) 2.2 |Nf=6

DQ1 3 (6⇤) 3 �1/3 0.13 (⇥) 0.13 |Nf=1

DQ1/2 1H (8) 2 1/2 0.18 (⇥) 8.5 |Nf=20

Table 1: A list of diquarks which couple to the SM quarks. Here, (N2
f��)

Max is the maxi-

mal value of N2
f�

Max
� where �Max

� is calculated for each Nf by requiring the perturbativity

up to the Planck scale.

SU(3)c SU(2)L U(1)Y �Max
� (N2

f��)
Max

Sd⇤
0 3⇤ 1 1/3 0.32 2.2 |Nf=6

Sy⇤
0 3⇤ 1 4/3 0.34 1.2 |Nf=3

S⇤
1 3⇤ 3 1/3 0.13 0.13 |Nf=1

S1/2 3 2 7/6 0.25 0.46 |Nf=2

Sq
1/2 3 2 1/6 0.24 0.59 |Nf=3

Ru⇤
0 3⇤ 1 �2/3 0.33 2.2 |Nf=6

Rd⇤
0 3⇤ 1 1/3 0.32 2.2 |Nf=6

R⇤
1/2 3 2 �1/6 0.24 0.59 |Nf=3

Table 2: A list of leptoquarks which couple to the SM fermions.

dileptons. Note that we include right-handed neutrinos ⌫R as SM fermions. In these Tables,

the normalization of the hypercharge is given by I3 + Y� = Q.

The diquark field in Table 1 is 3 or 6* representation under the QCD as (qqc) states and

1 or 8 representation as (qq̄) states. The 1 representation is nothing but a Higgs doublet

in the SM. Except for color charge assignments, there are five variations of diquarks. Each

of them has specific decay pattern depending on the Yukawa couplings (see Appendix A).

Eight possible leptoquark fields are listed in Table 2. All of them are 3 representation under

the color gauge group since they are (q`c) or (q ¯̀) states. In addition to the conventional

scalar leptoquarks listed by PDG [15], we here include Ru
0 , R

d
0 and R1/2 leptoquarks since

we regard ⌫R as the SM fermions. All possible dilepton fields are given in Table 3. In this

class of extended models, we need to introduce additional colored particles Sc in order to

guarantee the su�ciently large production cross section of gg ! X.4 In the following, we

4 In principle, photon-fusion can be a source of X production if we take photon into account as a parton [16].

5

Maximal	Case

Most of diquark models survive if we increase multiplicity

All the models can be test at the LHC!!
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SU(3)c SU(2)L U(1)Y �Max
� (N2

f��)
Max

DQd
0 3 (6⇤) 1 �1/3 0.32 (⇥) 2.2 |Nf=6

DQy
0 3 (6⇤) 1 �4/3 0.34 (⇥) 1.2 |Nf=3

DQu
0 3 (6⇤) 1 2/3 0.33 (⇥) 2.2 |Nf=6

DQ1 3 (6⇤) 3 �1/3 0.13 (⇥) 0.13 |Nf=1

DQ1/2 1H (8) 2 1/2 0.18 (⇥) 8.5 |Nf=20

Table 1: A list of diquarks which couple to the SM quarks. Here, (N2
f��)

Max is the maxi-

mal value of N2
f�

Max
� where �Max

� is calculated for each Nf by requiring the perturbativity

up to the Planck scale.

SU(3)c SU(2)L U(1)Y �Max
� (N2

f��)
Max

Sd⇤
0 3⇤ 1 1/3 0.32 2.2 |Nf=6

Sy⇤
0 3⇤ 1 4/3 0.34 1.2 |Nf=3

S⇤
1 3⇤ 3 1/3 0.13 0.13 |Nf=1

S1/2 3 2 7/6 0.25 0.46 |Nf=2

Sq
1/2 3 2 1/6 0.24 0.59 |Nf=3

Ru⇤
0 3⇤ 1 �2/3 0.33 2.2 |Nf=6

Rd⇤
0 3⇤ 1 1/3 0.32 2.2 |Nf=6

R⇤
1/2 3 2 �1/6 0.24 0.59 |Nf=3

Table 2: A list of leptoquarks which couple to the SM fermions.

dileptons. Note that we include right-handed neutrinos ⌫R as SM fermions. In these Tables,

the normalization of the hypercharge is given by I3 + Y� = Q.

The diquark field in Table 1 is 3 or 6* representation under the QCD as (qqc) states and

1 or 8 representation as (qq̄) states. The 1 representation is nothing but a Higgs doublet

in the SM. Except for color charge assignments, there are five variations of diquarks. Each

of them has specific decay pattern depending on the Yukawa couplings (see Appendix A).

Eight possible leptoquark fields are listed in Table 2. All of them are 3 representation under

the color gauge group since they are (q`c) or (q ¯̀) states. In addition to the conventional

scalar leptoquarks listed by PDG [15], we here include Ru
0 , R

d
0 and R1/2 leptoquarks since

we regard ⌫R as the SM fermions. All possible dilepton fields are given in Table 3. In this

class of extended models, we need to introduce additional colored particles Sc in order to

guarantee the su�ciently large production cross section of gg ! X.4 In the following, we

4 In principle, photon-fusion can be a source of X production if we take photon into account as a parton [16].
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Figure 2: The maximal value, �Max
�� for the production cross sections times �� branching

ratios, are shown as functions of M�, the mass of the new SM charged scalar boson.

Each curve shows the value calculated in the di↵erent scalar extension models. The solid

(dashed) part of curves is the allowed (excluded) mass range by the collider experiments

for Nf = 1. For Nf > 1, the results are given by dotted curves. The shaded region

implies the required cross section from the LHC diphoton excess, i.e., �Max
�� > 1fb.9
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Figure 2: The maximal value, �Max
�� for the production cross sections times �� branching

ratios, are shown as functions of M�, the mass of the new SM charged scalar boson.

Each curve shows the value calculated in the di↵erent scalar extension models. The solid

(dashed) part of curves is the allowed (excluded) mass range by the collider experiments

for Nf = 1. For Nf > 1, the results are given by dotted curves. The shaded region

implies the required cross section from the LHC diphoton excess, i.e., �Max
�� > 1fb.9

Exp. bounds are severe

Something decaying to a lepton and a quark
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Exp. bounds are loose

SU(3)c SU(2)L U(1)Y �Max
� (N2

f��)
Max

h+
0 1 1 1 0.25 19 |Nf=25

h++
0 1 1 2 0.27 1.1 |Nf=3

�1 1 3 1 0.27 0.77 |Nf=3

�1/2 1H 2 1/2 0.25 8.5 |Nf=20

s0 1 1 0 ⇥ ⇥

Table 3: A list of dileptons which couple to leptons.

neglect the contribution to gX� from Sc for simplicity. This situation is realized if Sc has a

relatively small hypercharge. In Appendix A, we give a list of conservative estimates for the

lower mass bounds of the new scalar bosons, which will be compared with the bound derived

from theoretical considerations.

The scalar potential of each model is generally given by

V = �

M2
h

2

⇣
H†H

⌘
+M2

�

⇣
�†�

⌘
+

M2
X

2
X2 + µ

⇣
�†�

⌘
X + µ0

⇣
H†H

⌘
X +

µX

3!
X3

+ �
⇣
H†H

⌘2
+ ��

⇣
�†�

⌘2
+

�X

4!
X4 + �0

�

⇣
�†TA

� �
⌘2

+ �00
�

⇣
�†ta��

⌘2
+ �000

�

⇣
�†TA

� ta��
⌘2

+ �tr

⇣
�†i�j

⌘⇣
�†j�i

⌘
+ ��2

⇣
�†
{ta�, t

b
�}�

⌘2
+ �adTr

⇣
�̃↵�̃�

⌘
Tr

⇣
�̃↵†�̃�†

⌘
+ �0

adTr
⇣
�̃0
i�̃

0
j

⌘
Tr

⇣
�̃0i†�̃0j†

⌘

+ H�

⇣
H†H

⌘⇣
�†�

⌘
+ 0H�

⇣
H†taHH

⌘⇣
�†ta��

⌘
+

HX

2

⇣
H†H

⌘
X2 +

�X
2

⇣
�†�

⌘
X2 + · · · ,

(5)

where � is one of the scalar fields listed in Tables 1-3, i(j) is the SU(2)L index of �, H is

the SM Higgs doublet field, taS (a = 1–3) is the SU(2)L generator for S = H,�, TA
� (A = 1–

8) is the SU(3)c generator of �, and �̃ (�̃0) :=
P

a �
ata� (

P
A �ATA) exists only when the

representation of � is the adjoint representation. In the following discussion, we put µ0 =

µX = �0
� = �00

� = �000
� = �tr = ��2 = �ad = �0

ad = H� = 0H� = �X = 0 at the weak scale

for simplicity 5.

As we noted in Introduction, the diphoton decay of X is induced at one-loop level. The

e↵ective coupling gX� is calculated as

gX� =
Nf ↵

P
�Q

2
�

2⇡

µ

M2
X

f(M2
�/M

2
X), (6)

where ↵(= e2/4⇡) is the fine-structure constant,
P

�Q
2
� stands for summation of U(1)em

charge squared over the multiplet � including the color factor, and Nf denotes the number of

However, it is required to have extremely large gX� coupling at one-loop level.
5 From the RGE point of view, the cubic couplings µ0 and µX are irrelevant, and �X is not induced from the

RGEs if it is zero at some scale.
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Figure 2: The maximal value, �Max
�� for the production cross sections times �� branching

ratios, are shown as functions of M�, the mass of the new SM charged scalar boson.

Each curve shows the value calculated in the di↵erent scalar extension models. The solid

(dashed) part of curves is the allowed (excluded) mass range by the collider experiments

for Nf = 1. For Nf > 1, the results are given by dotted curves. The shaded region

implies the required cross section from the LHC diphoton excess, i.e., �Max
�� > 1fb.9
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Figure 2: The maximal value, �Max
�� for the production cross sections times �� branching

ratios, are shown as functions of M�, the mass of the new SM charged scalar boson.

Each curve shows the value calculated in the di↵erent scalar extension models. The solid

(dashed) part of curves is the allowed (excluded) mass range by the collider experiments

for Nf = 1. For Nf > 1, the results are given by dotted curves. The shaded region

implies the required cross section from the LHC diphoton excess, i.e., �Max
�� > 1fb.9

High multiplicity helps all the model

Something decaying to two leptons
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Summary
l Can the LHC diphoton excess                        

be valid up to MPl?

à Yes, in a couple of models                      
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Figure 2: The maximal value, �Max
�� for the production cross sections times �� branching

ratios, are shown as functions of M�, the mass of the new SM charged scalar boson.

Each curve shows the value calculated in the di↵erent scalar extension models. The solid

(dashed) part of curves is the allowed (excluded) mass range by the collider experiments

for Nf = 1. For Nf > 1, the results are given by dotted curves. The shaded region

implies the required cross section from the LHC diphoton excess, i.e., �Max
�� > 1fb.9



Summary
l Can the LHC diphoton excess                        

be valid up to MPl?

à Yes, in a couple of models                      

2016/5/27-6/2 East Asia Koji TSUMURA (Kyoto U.)

750GeV New Particle

X

H3, 1, -1
3
LH3, 1, -1
3
L

H3, 1, 2
3
L

H3, 1, -4
3
L

H1, 2, 1
2
L

H3, 3, -1
3
L

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10-4

0.001

0.01

0.1

1

10

Mf@TeVD

s
gg
M
ax
@fbD

scalar + diquark HNf=1L

H3, 1, -1
3
L
H3, 1, 2

3
L

H3, 1, -4
3
L
H1, 2, 1

2
L H3, 3, - 1

3
L

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10-4

0.001

0.01

0.1

1

10

Mf@TeVD

s
gg
M
ax
@fbD

scalar + diquark, HNf
2lfLMax

H3*, 1, 1
3
L H3*, 1, -2

3
L

H3*, 1, 4
3
L

H3, 2, 1
6
L

H3, 2, 7
6
L

H3*, 3, 1
3
L

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10-4

0.001

0.01

0.1

1

10

Mf@TeVD

s
gg
M
ax
@fbD

scalar + leptoquark HNf=1L

H3*, 1, 1
3
LH3*, 1, - 2

3
L

H3*, 1, 4
3
L

H3, 2, 1
6
L

H3, 2, 7
6
L

H3*, 3, 1
3
L

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10-4

0.001

0.01

0.1

1

10

Mf@TeVD

s
gg
M
ax
@fbD

scalar + leptoquark, HNf
2lfLMax

H1, 1, 1L H1, 1, 2LH1, 2, 1
2
L

H1, 3, 1L

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.001

0.01

0.1

1

10

Mf@TeVD

s
gg
M
ax
@fbD

scalar + dilepton HNf=1L

H1, 1, 1L
H1, 1, 2L

H1, 2, 1
2
L

H1, 3, 1L

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.001

0.01

0.1

1

10

Mf@TeVD

s
gg
M
ax
@fbD

scalar + dilepton, HNf
2lfLMax

Figure 2: The maximal value, �Max
�� for the production cross sections times �� branching

ratios, are shown as functions of M�, the mass of the new SM charged scalar boson.

Each curve shows the value calculated in the di↵erent scalar extension models. The solid

(dashed) part of curves is the allowed (excluded) mass range by the collider experiments

for Nf = 1. For Nf > 1, the results are given by dotted curves. The shaded region

implies the required cross section from the LHC diphoton excess, i.e., �Max
�� > 1fb.9

However, is looks very exotic, & may be excluded at future?
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