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Introduction

� We consider low-scale (TeV-scale) string models 
which are observable at the LHC.

� They may be solutions for hierarchy problem in SM.
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� We consider low-scale (TeV-scale) string models 
which are observable at the LHC.

� They may be solutions for hierarchy problem in SM.

� In this work, we study detectability of higher-spin particles 
and 2nd Regge resonances at the LHC.

� 4-dim disk amplitudes including gluons and quarks 
have been calculated.

� At the LHC, model-independent processes are dominant.

� Universal property is appearance of Regge resonance.

Luest, Stieberger and Taylor (2009)

Antoniadis, Arkani-Hamed, Dimopoulos and Dvali(1998)
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Low-scale string models
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Low string scale is realized by large transverse dimensions to D-branes.

ex) intersecting D-branes
� SM massless spectrum

However, in torus compactification, 
there is not enough transverse�
dimensions to lower string scale.



“Local models”

large volume�
Calabi-Yau manifold

picture from Luest, Stieberger and Taylor (2009)

SM branes hidden sector
HSSM

� for anomaly cancellation

� for SUSY breaking …

� open string amplitudes are calculable
� SM massless spectrum is realized

wrapped on local, small and 
toroidal-like cycles

In this work, we don’t have to consider specific models.



Open string amplitudes
Luest, Stieberger and Taylor (2009)
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4-dim disk amplitudes including gluons and quarks have been calculated.
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model-dependent
model-indepedent

B(α′s,α′u) =
Γ (α′s)Γ (α′u)
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this process is 
suppressed at LHC
� small fraction of �
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s-channel 
poles
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Anchordoqui, Goldberg and Taylor (2008)

String Regge resonances

low-energy limit
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String Regge resonances appear from the universal function.

ex)

1
s − nM2

s + i
√

nMs ΓJ
nΓJ
nΓJ
n☜

Breit-�
Wigner �
form



LHC constraints on string scale

� CMS � ATLAS

arXiv:1302.4794
Ms > 3.61TeV

√
s = 8TeV
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ATLAS

Search for resonance in dijet events constrains string scale.
Dijet invarant mass distributions are fitted well with the SM prediction.
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String resonances in dijet events

all processes

q∗

qg�qg is dominant !

qg�qg only

We generate string event samples using MC simulations.

We will consider qg�qg only in the following discussions.

Ms = 4TeV
√

s = 14TeV
L = 1.4fb−1

� dijet invariant mass distribution 

� large fraction of q �
at energy region around TeV

MH and Kitazawa (2011)



Our results

� Angular distribution analysis

� Second resonance analysis

String massive states are degenerated with higher spin states.

At the LHC, string resonances can be identified, 
distinguished from resonances of other “new physics”.

1st string massive quarks have J=1/2 and J=3/2.

Mass of 2nd string massive states is 

cf. Mass of typical 2nd KK modes is 

cf. Quark-like states in other physics have only J=1/2.

�

�

String massive states have characteristic mass of �n Ms.
M2nd =

√
2M1st

MKK
2nd = 2MKK

1st



Angular distribution analysis

χ
χ ≡ ey1−y2 =

1 + cos θ∗
1 − cos θ∗

Ms = 4TeV
L = 18.7fb−1

�   -distribution near 
   1st string resonance
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J=1/2 + J=3/2 J=1/2 only

< 5%
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Ms = 4.5TeV

Ms = 5TeV

L = 30fb−1

L = 50fb−1

70% 0.5% < 5%

47% 4.7% < 5%
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Second resonance analysis

4TeV
√

2 × 4TeV
≃ 5.66TeV

Ms = 4TeVMs = 4TeV
L = 50fb−1

� dijet invariant mass distribution with 1st and 2nd string resonance

We analyze luminosity to observe 2nd resonance at 5 sigma.
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Decay width of 2nd into 1st massive states

Γ2nd→1st = A × Γ2nd→SM A=(# of states)×(ratio of phase space)

we set  A=5/2 q∗

q∗∗ q∗∗ g∗
J=3/2 
J=1/2

J=2 
J=1 
J=0

= 5×1/2

We have not considered decay channel of  2nd�1st+SM.

q∗

q∗∗q∗∗
g∗

Feng, Luest, Schlotterer, Stieberger and Taylor (2008)

g∗

q∗
We must calculate disk amplitudes including 1st massive gluon and quarks.

Its calculation has not been completed, so we parametrize it.

Dong, Han, Huang and Shiu (2008)
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Γ2nd→1st = A × Γ2nd→SM A=(# of states)×(ratio of phase space)

we set  A=5/2 q∗

q∗∗ q∗∗ g∗
J=3/2 
J=1/2

J=2 
J=1 
J=0

= 5×1/2

Its calculation has not been completed, so we parametrize it.

Decay width of 2nd into 1st massive states



Summary

� We consider low-scale string models.

� In dijet events at the LHC,  
   string massive gluons and quarks are observed  
   as Regge resonances model-independently.

� String resonances can be identified at the LHC 
   due to higher-spin degeneracy and characteristic mass  
   of string massive states, 
   using angular distributions and 2nd resonances 
   by Monte Carlo simulations.

� We have to consider decay width of 2nd � 1st + SM.



Thank you for listening !
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ex. qg � qg

M(q±g± → q±g±) ≃ −4g2
sM2

s
1

s − 2M2
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[
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2
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s
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3
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±3/2,±3/2 +

2
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]
(T bT a)βα

with 1st and 2nd string excited quark exchanges

MH and Kitazawa (2011)
Anchordoqui, Goldberg and Taylor (2008)
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Amplitudes with massive state exchanges

� �s~Ms

1st excited quarks with J=1/2 and J=3/2 are degenerate.

2nd excited quarks with J=1/2, 3/2 and 5/2 are degenerate.

� �s~�2 Ms


