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String theory 
an make universal predi
tions for QCD jets at LHC !



Outline

(1) (Brief) introdu
tion into string theory and string phenomenology(2) (Universal) string quantities relevant for QCD jets(3) Physi
s of large extra dimensions (= low string s
ale Mstring)(4) Jet 
ross se
tions and universal string signals and predi
tions at LHC



String theory: strings and membranesStrings: spe
trum 8>>>><>>>>:
masseless modes m = 0 ;(graviton Gmn; gauge �eld A�; : : :)massive modes m �Mstring � 1p�0D-branes:

Gmn
A�

gauge �elds live A� on membrane=) gauge intera
tions lo
alized on membrane

=) U(3) gauge group,! A variety of string theories 
ontain gauge theories in their �0! 0 limits



String theory: 
ompa
ti�
ationString theory is only 
onsistent and uniquein D = 10 spa
e{time dimensions

=) 
ompa
ti�
ation on manifold X6

spa
e{time M4 � X6� yix�� ; i= 4; : : : ;9 ; �= 0; : : : ;3

many possible manifolds X6 =) huge number of D = 4 string va
ua



New string states from 
ompa
ti�
ation

Ea
h 
ompa
ti�ed 
oordinate yi may be 
onsidered as 
irl
e of radius RiKaluza{Klein states:

Ri

yi
≃ yi + 2πRi

yi

 (x�; yi) = eik�x� eikiyi ; ki 2 niRi ; ni 2 Z

H = k2+m2 = k�k�+  niRi!2+m2

Moduli �elds:massless s
alars Ri generi
 to any 
ompa
ti�
ationX6



String phenomenologyIn addition to the usual string ex
itations new string states appear:� Kaluza{Klein states (KK) mKK � 1R� windings states m � R� massless moduli �elds (generi
 to any 
ompa
ti�
ation) m � 0

In D = 4 many new e�e
ts and problems: 8>>><>>>:
� 
omputing parti
le masses,� supersymmetry breaking,� many free parameter (moduli),� moduli stabilization, . . .

Standard approa
h to string phenomenology:investigate properties of va
ua, make model� dependent predi
tions

Problem: predi
tive power of string theory is lost !



Model{independent string predi
tionsQuestion:Can we make model{independentlow{energy string predi
tionsfrom parton amplitudesin superstring theory ?

String signatures at LHC ?

Yes: String theory 
an make universal predi
tions for QCD jets at LHC !



p

p

σ̂

^�=elementary 
ross se
tionParton amplitudes are important for (
ollider) phenomenologyLHC: Multijet produ
tion is dominated by tree{level QCD{s
attering

Feynman 4{vertex in �eld{theory string world{sheet of four intera
ting strings

�0



Relevant obje
ts: N{point parton amplitudes in D = 4Task: 
ompute amplitudes ^� in string theoryA(ga1 : : : gaN)A(�a1�a2ga3 : : : gaN)A( a1 a2ga3 : : : gaN)A(�a1�a2ga3 : : : gaN)
9>>>>>>>>>>=>>>>>>>>>>;

� 
ompletely model independent� for any string 
ompa
ti�
ation� any number of supersymmetries� even with broken supersymmetryg=gluon; �=gaugino;  =fermion; �=s
alar

A�(g�1 ; g�2 ; g+3 ; g+4 ) = 4 g2YM V (4)(�0) h12i4h12ih23ih34ih41iA�(g�1 ; g+2 ; q�3 ; �q+4 ) = 2 g2YM V (4)(�0) h13i4h14ih12ih23ih34ih41iL�ust, St.St., Taylor, arXiv:0807.3333



A�(g�1 ; g�2 ; g+3 ; g+4 ; g+5 ) = i g3YM h12i4h12ih23ih34ih45ih51i� [ V (5)(�0)� 2i P (5)(�0) �(1;2;3;4) ℄

A�(g�1 ; g+2 ; g+3 ; q�4 ; �q+5 ) = 4 g3YM h14i4h15ih12ih23ih34ih45ih51i� [V (5)(�0)� 2i P (5)(�0) �(1;2;3;4) ℄L�ust, S
hlotterer, St.St., Taylor, arXiv:0908.0409

q1

q2

gN

gN−1

g4

g3

g

No intermediate ex
hange ofKaluza{Klein, winding statesnor emmission of graviton !



Ex
hange of string Regge ex
itations of SM parti
les
k1

k2

k3

k4

| k; n 〉

Universal sum overin�nite s{
hannel poles: s{
hannelk=k1+k2s = �2k1k2;t = �2k1k3;u = �2k1k4;s+ t+ u= 0

A(k1; k2; k3; k4;�0) � 1Xn=0 
(n)s�M2n = ��(��0s) �(1� �0u)�(��0s� �0u)

with 8>>>><>>>>:
intermediate masses: M2n =M2string nresidua: 
(n) = t (u �0; n)n!
(n) = tn! nQj=1[a(u) + j℄ � (�0 u)n ; a(u)=u�0�1 = Regge traje
toryhighest possible spin=n+1



String 
ompa
ti�
ation with Dp{branes
open string

closed string

Extra dimension(s) perp. to the brane

M
ink

ow
sk

i 3
+1

 di
me

ns
ion

s

d     extra dimensions

||

3+d   dimensional brane//
3dimensional brane

p+1 = 4+ dk ;d? = number of transverse dire
tions ;dk = number of longitudinal dire
tions ;dk+ d? = 6



L10 = M8string Z d10X p�g10 R + Mp�3string Z dp+1X q�gp+1 F2www� 
ompa
ti�
atonL4 = M8string Z d6y pg6| {z }V6
Z d4x p�g4 R| {z }Einstein + Mp�3string Z dp�3xpgp+1| {z }Vp+1�4
Z d4x p�g4 F2| {z }Yang{Mills8>>>>>>>><>>>>>>>>:

V6 = M8string 6Yj=1Rj = M8string dkYi=1Rki d?Yj=1R?j != G�1N =M2Plan
k = 8���24

Vp�3 = dkYi=1(Mstring Rki ) != g�2Dp =) dkYi=1Rki �M�dkstring

=) g2Dp MPlan
k = 25=2� M7�pstring 0� d?Yj=1R?j 1A1=2
0B� dkYi=1Rki
1CA�1=2



Physi
s of large extra dimensions

=) R?j " () Mstring # Antoniadis, Arkani{HamedDimopoulos, Dvali

� gravity and gauge intera
tions uni�ed at Mweak� weakness of gravity due to large extra dimensions

d? = 1 d? = 2 d? = 3 d? = 4 d? = 5 d? = 6R? [GeV �1℄ 1:6 � 1026 4 � 1011 5:4 � 106 2 � 104 693 74R? [m℄ 1:6 � 1011 4 � 10�4 5:4 � 10�9 2 � 10�11 7 � 10�13 7 � 10�14ER [MeV ℄ 7:7 � 10�24 3 � 10�9 2 � 10�4 0:06 1 16Size of d? large extra dimensions for a string s
ale of Mstring = 1 TeV(for gstring ' g2 = 125, �= g24� = 0:003, ER = h
R? and 1 GeV �1 � 10�15m)



Physi
s of large extra dimensions and low string s
ale� Cavendish type experiments test Newton's law up to as
ale of millimeters. This provides an upper bound on thelarge extra dimensions R?j to be in the millimeter range.� QCD and ele
troweak s
attering experiments give anupper bound on the small extra dimensions Rki �M�1EW .States: � massless string states: MSSM and graviton M = 0� string Regge (SR) ex
itations: MSR � 1 TeV� KK modes w.r.t. Rki : MKKk �Mstring� winding modes w.r.t. R?j : MW? �Mstring� KK modes w.r.t. R?j : MKK? � 10�3eV� bla
k holes: MBH �Mstring=g2string



Physi
s of large extra dimensions and low string s
ale

=) Dominan
e of SR over KK e�e
ts is generi
in string theories with gstring � g2YM < 1 !

What about strong gravity e�e
ts ?Bla
k hole produ
tion at energies � Mstringg2string Horowitz, Pol
hinski 1996Meade, Randall 2007

n � g�4string=) For gstring < 1 strong gravity e�e
ts o

ur above Mstring=) We may �rst see SR's from 1-st; : : : ; n-th level



Dijet signals for low Mstring at LHCTwo jets:

p

p

σ̂

Q1, Q2 = momentum transfer

a b
c

d

f2
b

f1
a

�(pp! 2 jets) = Xa;b;
;d Z dx1 dx2 f1a (x1;Q21) f2b (x2;Q22) ^�ab!
d(sx1x2| {z }^s ; Q21; Q22| {z }Q21=Q22=^t; �0)Look for resonan
es of string Regge ex
itations propagating in s{
hannel



Cross se
tionsCompute 
ross se
tions:jM(gg ! gg)j2 ; jM(gg ! qq)j2jM(qq ! gg)j2 ; jM(qg ! qg)j2
9>=>; 
ompletely model{independent:for any CY orientifold !

Result:tabulated in L�ust, S
hlotterer, St. St., Taylor, arXiv:0807.3333, arXiv:0908.0409jM(gg ! gg)j2 = g4Dpa � 1^s2 + 1^t2 + 1^u2�nC(N) �^s2 V 2^s +^t2 V 2^t + ^u2 V 2^u �

+D(N) � ^s V^s+^t V^t+ ^u V^u �2 owith C(N) = 2N 2N 2�1 and D(N) = 4(�N 2+3)N 2(N 2�1)jM(gg ! q�q)j2 = g4Dpa Nf2N ( ^t2+ ^u2^u^t^s2 (^t V^t+ ^u V^u)2 � 2N2(N2 � 1)^t2+ ^u2^s2 V^t V^u )For N = Nf = 3 YM{limits agree with book "Collider Physi
s" by Barger, Phillips



Cross se
tionsIn addition we need:jM(qq ! qq)j2 ; jM(qq ! qq)j2jM(qq ! q0q0)j2 ; jM(qq0!qq0)j2jM(qq0!qq0)j2
9>>>=>>>; depend on geometry:KK and windingstabulated in L�ust, St. St., Taylor, arXiv:0807.3333however they are suppressed:� QCD SU(3) 
olor group fa
tors favor gluons over quarksin the initial state� Parton luminosities in pp{
ollisions, at the parton 
enterof mass energies above 1TeV, are signi�
antly lower for qqsubpro
esses than for gg or gqAt any rate: they may be used to probe the internal geometry(\pre
ision tests")



from "Collider Physi
s" by Barger, Phillips An
hordoqui et al. arXiv:0804.2013



Any superstring theory withlow Mstring and gstring < 1

Universal deviation from SMin jet distribution

Mstring = 2 TeV�SR = 15� 150 GeV

An
hordoqui, Goldberg, L�ust,Nawata, Taylor, St. St.,arXiv:0808:0497; arXiv:0904:3547



Dis
overy rea
h: integrated luminosities

=) LHC Laboratory for string theory e�e
ts ?!



Future proje
tsWhile two{jet 
ross se
tions and angular distributions 
an provide�rst indi
ations for the existen
e of ex
ited states of fundamentalsuperstrings many properties of these string resonan
es like theirspin and 
ouplings to quarks and leptons 
an be studied withmu
h higher pre
ision in multi-jet pro
esses, in whi
h two initialpartons produ
e three or more parti
les. In these inelasti
 pro
essesstring states appear as resonan
es in more than one de
ay
hannel, therefore experimental studies of a
oplanarity andvarious quantities 
hara
terizing multi{jet distributions allowmore pre
ise determination of the properties of string resonan
es.� Five{parton amplitudes: analysis for three{jet events(Five{parton amplitudes 
omputed inL�ust, S
hlotterer, St. St., Taylor, arXiv:0908.0409)� SR as external states in jets: analysis for emission of strings(L�ust, S
hlotterer, St. St., Taylor, to appear)


