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1. Introduction

D-branes provide a very rich framework for realistic model building. One of the most exciting
properties of this paradigm is that it allows for a low string scale [2—4] even at a few TeV range '.
Therefore, phenomenological studies of these models are particularly interesting and several di-
rections have been extensively analysed, such as anomalous Z’ physics (see, e.g. [8-21]), Kaluza
Klein states (see, e.g. [22-28]), and purely stringy signatures (see, e.g. [29-42]).

In this proceeding, we will take a different direction which has been less studied and focus
on so-called light stringy states. More precisely, in semirealistic constructions which consist of
intersecting D-branes, there is a whole tower of states living on each intersection, sharing the same
quantum numbers but with masses are proportional to the intersection angle 6

M?* ~ 0, OM?, 20M?, 30M?, ... (1.1)

In this framework, the Standard Model matter content is described by the first (massless) modes
(for reviews see [45-48] and references therein). Such towers look like the Kaluza-Klein (KK)
towers with the significant difference that in D-brane models each tower has a unique mass gap
(depending on the specific angle of the intersection where each state lives) in contrast to the KK
models where all particle towers share the same mass gaps (depending on the global properties of
the internal space). That makes D-brane and KK models easily distinguishable.

C

U,

Figure 1: A D-brane realisation of the Standard Model. Gauge fields live on D-branes, matter content
stretches between different D-branes. On each intersection we have a whole tower of massive copies of the
corresponding Standard Model field.

If the string scale is low and some of these angles are very small, some of these excited stringy
copies of the Standard Model particles become very light and can be produced at LHC. The study
of decay rates and life times of these light stringy states is very interesting and it requires the

knowledge of their vertex operators [49-51] as well as the relevant correlation functions .

! At the moment, the lower bound of the string scale is at 4.5 TeV [5-7].
2For recent reviews, see [43,44].
3For some preliminary work on excited bosonic twist field correlators, see [52—58].
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In [1], we evaluated various useful correlation functions involving (higher) excited bosonic
twist fields, which are a crucial ingredient in the vertex operators massive stringy excitations lo-
calized at the intersections of two D-brane stacks. For simplicity and reasons of calculability we
assumed the compactification manifold to be a factorizable six-torus 76 = 7% x T2 x T? wrapped
by D6-branes (for previous related work on similar backgrounds see e.g. [59-78], for recent work,
see e.g. [79,80]). In that case the internal part of the world sheet integrand of the scattering ampli-
tudes splits into three separate factorizable parts for each two-tori 72, for which one can apply the
developed CFT techniques.

Summarising, we determine various correlators containing (higher) excited bosonic twist fields,
where the latter live on one of three two-tori. More precisely, we derive correlators of the type

<T§l(x1)fo+(2(x2)0';3(x3)...>, <a)0+,1 (xl)O'OZ(xz)GOZ(x3)...>, etc (1.2)

where the o fields are the usual bosonic twist fields while T and @ denote the excited and double
excited bosonic twist fields. The subscript denotes the intersection angle which is measured in units
of 7 and ranges in the interval [0, 1). The “+” upper-index denotes that all angles are positive.

Note that the excited twist fields T and @ are not primary conformal fields, therefore, we first
need to evaluate some higher point correlators with only primary fields, namely solely bosonic
twist fields o as well as the conformal fields dZ and dZ, and next apply various operator product
expansions OPE’s by performing appropriate limits in order to obtain (1.2). This method is called
the energy momentum tensor method and originally used in [81-83] in the context of closed string
theory on orbifolds and more recently it applied to open string theory [53, 84-89]%.

This proceeding is organised as follows: In section 2 we illustrate the method which we use to
evaluate correlators containing the excited bosonic twist fields. In section 3, we apply that method
to compute four-point correlators with one independent angle. The appendix A contains various
OPE’s.

2. The method

Lets assume the compactification manifold to be a factorizable six-torus 76 = T2 x T? x T2,
In terms of the compactified coordinates Z',Z' we have

7l = X2 x| 7' x2it2 _ x2i+3 2.1)

with the index i denoting the three different two-tori. In the following, we will focus on a single
two-torus 72. The analysis for the other two two-tori is analogous.

In order to derive the displayed correlators (1.2) we will use the energy momentum tensor
method [86—-89]

o First, evaluate some extended correlators with only primary fields:
<Hazcl () [10Za(w))os (x1)oy (xz)..‘> 2.2)
i J

where it contains

4For similar work on the T-dual side with magnetized branes, see [90].
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1. as many o’s as the total number of states in the desired correlators (1.2),

2. as many dZ, dZ we need to transform some of the o to T or @’s etc using the following
diagrammatic figure

T 78 (2.3)

where ', \_denote the OPE action of dZ, dZ on various twisted fields o, 7, ® and
can be easily extended to higher excited bosonic twist fields (see appendx A).

Since dZ, dZ split to classical and quantum parts
0Z = 09Z+ 9Zy 0Z = 0Z¢ + 0Zyy (2.4)

we also split the correlators to a pure quantum and some mixed parts and we evaluate them
separately

— The quantum part looks like
< [19Zu(@) [10Zgu(w))od (x1)0f (xz)...>, (2.5)
i j

we use the local behaviour

= 1

0Zgu(2)0Zgu(w) ~ y 0Zg(2)0Zgu(w) ~ regular , 0Zy,(2)0Zg(w) ~ regular

(z—w)?

(2.6)
and the OPE:s (see appendx A) in order to make an ansatz about the relevant correlators.

The above generically does not uniquely specify the correlators but we also need to
impose the monodromy conditions extracted by the behaviour of dZ and dZ at the
specific configurations.

— The mixed parts on the other hand have the form
1102 [10Za(5){ T10Zaulen) [10Zqulw )05 ()0 (). @)
l‘l ]‘/ l‘l/ ]‘/l

with Yy 14+Y»1=%;1and Y7 1+) »1 =3 ;1. Therefore, it splits into a product
of dZ. and dZ,; which are known for the specific configurations [87, 88] and a pure
quantum part, similar to (2.5) which can be independently evaluated by the energy
momentum tensor method described above.

Finally, any correlator is suppressed by the world-sheet instanton, which is given by =5
where the whole world-sheet instanton contribution’

1 ' — —
S = oo | #2{020(020(0) + 0Z(2)97(2) } 8)

SNote that we applied the doubling trick that extends the world-sheet from the upper half complex plane to the
whole complex plane.
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is a sum over all possible closed triangles connecting the three intersection points [86—89]

(See also [32])°.

e Having at hand the extended correlator (2.2), we take various limits z; — x;, w; — X, (and

also z; — x;, W; — x,,) which brings 9Z(z;) and dZ(w;) close to the position of o(x) and we

can use the OPEs given in appendix A in order to determine the correlators (1.2).

In the next chapter we will provide one example of the method above and we will evaluate the

correlator function of four twisted fields with two excited 7, T (aka (7Tc0)) or one double excited

field @ (aka (wooo)) with one independent angle. The complete list of our results is provided

in [1].

3. Four-point correlators containing two excited twist fields

As mentioned above, in this section we will evaluate four-point correlation function containing

two exited twist fields 7, T or one double-excited twist field w

for one independant angle ¢, where the boundary conditions on the world-sheet are

0Z —9Z =0 for (—eo,x1) U (x2,x3) U (x4,0)

€497 — e M*9Z =0 for (x1,x2)U (x3,x4) .
Following the steps which were presented above

o first, we derive the extended six-point correlators

3.1
(3.2)
3.3)
34
3.5

(3.6)

3.7

which split to a pure quantum and a mixed part (where dZ(z), dZ(w) are classical) and we

will deal with them separately.

— the quantum part

SFor analogous results in the T-dual IIB framework with magnetized D-branes, see [90,91].
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Let us define the following auxiliary functions

_ {9Z4u(2)0Zgu(w) 04 (x1)0g (x2) O (x3) O (¥4))
8 = G (x1) 0 (12) 03 (1) 0 (10)) C¥
w) — (0Z4u(2)0Z gu(w) O (x1)Og (x2) Oy (¥3) Oy (x4))
M) = G (1) G (x2) 0 (1) () 49
 {9Z4u(2)90Z4u(w)0g (x1)0g (x2) O (X3) 0y (Xa))
) G (41) G (12) 0 (1) () G0
where the four-point correlator is given by [53, 84—88,92]
(04 (0)04 (X)0g (1)04 ()
_ Sin%(TEOC) . [x12x23x14x34]_a(g._10{))
2o, ] — o, 1, 225 R, 1 —a, 1, 8488]0 [ xisws

with the hypergeometric function
I'(y) ! B—1 —B-1 —a
2K, B,y,x] = 7/ dz z 1—-2)7 1—xz 3.12)
and I'(a) being ['(a) = [ dz 2% e =

Using the local behaviour of the bosonic twist fields (A.1) as well as (2.6) we obtain
for the functions g(z,w), k(z,w) and m(z,w)

g(z,w) = ®_q1-a(2)Og.a(Ww) {(z—Pw)2 A ({x,})} (3.13)
k(z,w) = o 0o, (2) Wa,a(W)B ({x:}) (3.14)
m(z,w) = g 1-a(2)O1—a1-a(W)C ({xi}) (3.15)

where we use various symmetries of the functions under the exchanges of the x;’s. Here
0 p(2) = (2—x1) % z—x2) ¥ (z—x3) Plz—xs) P (3.16)
and P takes the form

2P = (1=&) (z—x1)(z—x2)(w—x3) (W —2x4)
F2(—a+8&) (z—x1)(w—x2)(z—x3)(w—x4)
F(1=8) (z=x1)(w—x2) (W —x3)(z = x4
+(1=8) (w—x1)(z—x2)( (
+2(—14+a+&) (w—x1)(z—x2)(w—x3)(z—x4)
) ) )

)
z—x3)(W—2x4)
)
+(1=8) (w—x1)(w—x2)(z—x3)(z—xa) -

(3.17)

The & is a free parameter that is neither fixed by the local behavior nor by any symme-
try of the functions. The A ({x;}), B({x;}) and C({x;}) are functions on positions of
the bosonic twist fields only and thus independent of z and w. Those functions will be
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determined using constraints arising from global monodromies of the boundary condi-
tions (3.6)’

/xldz (8(z,w) —k(z,w)) =0, /0 dz (e™g(z,w) —e "k(z,w)) =0 (3.18)
/:dw(m(z,w) —g(z,w)) =0, /().xdw(ei”am(z,w) —e "%(z,w)) =0 (3.19)

After using SL(2,R) symmetry to fix x; =0, x; = x, x3 = | and x4 = x. and solving
the above conditions we get

(0Z4u(2)90Z 4u(w) 04 (0) 5 (x) O (1) 0 () (3.20)
,f[( )] Y w—x) (e = D] =) w=1)]
VI(a) a)2F[l—o, o, 1Lx]aF[1—a, 0,1, 1 —x]
dw=—x)(z—1) w—x)(w—1)
X{““” P 0T owp

1 2Rl —a,a,2,x] 2Rl —o, 0,2, 1 —x]
—a(l—a —(1— )
+2 ( )<x2Fl[106,0C,I,X] ( x)zFl[lfOC,OC,l,lfx]

(9Zau(2)9Zu(w) 55 (0) 0 (x) 0 (1) (=) (3.21)
_ g 2imaVER( >} ““*“M(z—l) (=D *[(z=2) (w—2))*"!
2/ () a) Rl —a,o,1,x]2F[1 —a,a,1,1—x]
1 2F1[ 06,06,1,1— ] 2F1[—OC,OC,1,X]
{ _zFl[l—a,(x,l,l—x]_gFl[l—a,a,l,x]}'
(9Z4u()9Zgu(w) 05 (0) 0 (x) 05 (1) 0 () (3.22)
o (1 aye e VIR <1—x>r“<1*“)[ (= Dw(w— D] [c—x)(w—x)]""
2/T(a) a)f[1—a, 0, 1,x]2F[1—a,o,1,1—Xx]
2F1[1 o, l,l,l—x] 2F1[1—OC,OC—1,1,X]
X{l_ Fll—aa 11— oR[l—aa i }

Note that all results are as expected completely independent of &.

— The mixed parts are given by

0Z:1(2)0Ze1(w) {0y (x1)04 (x2) 0y (x3) 0y (x4))
0Z:1(2)0Zei(w) (0 (x1) 04 (x2) O (x3) 0 (x4)) (3.23)
ach(Z)ach(WXGg (xl)o]; (XZ)G;(Xg)G(; <X4)>

since mixed parts with one quantum dZ,, or dZ,, vanish. Now, it is very simple to
evaluate (3.23) since all pieces are known. The four point correlator is given in (3.11).

"The setup with four bosonic twist field insertions has two independent world-sheet contours which we choose
without loss of generality tobe Otoxand xto 1.
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The asymptotic behaviour close to the insertion of the bosonic twist fields specify the
classical solutions [86, 88]%

sin(7wa) vp[m] + e™*v,[n]T(x)
0Z.4(z2) = —va!
()= —Ver 2 SRl — a1, 1] el a(2)
— sin(ma) vp[m] — e™%*v,[n]T (x)
0z, =—va 3.24
(@)= Ve = SRl =11y Ol (524
where T(x) is given by the ratio
2F [OC,I—OC,],I—X]
= 3.25
T(X) 2 Fi [OC, 1 — 0, l,x] ( )
and
valn) = fs— fi+nLy,  vplm] = fs— fo+mLy, (3.26)
with n, m being integers and Ly given by
~ I
o= o L. (3.27)

ng(’Iab‘; ’Ibc’7 |Ica)’

In eq. (3.27) Iy = nymy — nym, is the intersection number between two D-brane stacks
xand y, Ly = Ry\/n% + (m,7)? the length of the D-brane stack x, with (n,,m,) being
the wrapping numbers and .7 denoting the complex structure of the two-torus. In the
simple setup in which all three D-brane stacks intersect each other exactly once L,
coincides with the length L, of the respective D-brane.

a i
: -?’ 5” P S 6’.,.’
e fi a 2nR, fi 4nR, fi 67R, I X

Figure 2: Let us consider the three intersecting D-brane stacks wrapping the one-cycles a = (1,0), b= (3,1),
¢ =(0,1) on a rectangular two-torus.

Let us examplify the notion of the v.[n] with the explicit example depicted in figure 2.
Here we have three stacks of D-branes, a, b and ¢, wrapping one-cycles on a T2. Their

8Here we used SL(2,R) invariance to fix the twist field insertions to x; = 0, x; = x, x3 = 1 and x4 = Xeo = oo.
Furthermore we suppress all x.. dependence.
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intersection numbers are given by I, =1, I, = 3, I, = 1, where f] denotes the inter-

section between D-brane stack ¢ and a while f,, fg and fz denote the three intersection
points among the D-brane stacks b and c. The primed f’s are the corresponding lattice
shifted intersection points. For this explicit example the vectors v.[0] and v.[1] take the
form v.[0] = fi — frand v (1] = fI" = f1=Fi— f» +Le, respectively.

Combining the quantum and mix parts we obtain the extended six-point correlators:

(0Z(2)0Z(w)0,4 (0)0, (x) 04 (1), ()) (3.28)
g V(- >r°‘<‘—°‘>[z<w—x><z—1>1°‘—‘[ (= x)(w—1)]""
VI(@) a)2Fi[l—o, o, 1Lx] o[l —a, 0,1, 1 —x]
(w—x) (z—1) w(z—x)(w—1) sin’(zwa) vi[m] — ™ *2[n]7%(x)
XZ;,{(I_O‘) (z—w)? o (z—w)?2  4n? ;;V][l—a,oc,l,l—x]z
1 2F1[1 — (x,a,Z,x] 2Fl[1 —ao,a,2,1 _x] —Se[nm
+aoll—a) (szl[l—(x,a,l,x] _(1_x)zFl[l—a,a,l,l—x]>}e e
(0Z(2)0Z(w)o, (0)0, (x) O, +(1)6‘(°°)> (3.29)
A ae sima VIR =) 2z — Dw(w—1)] % [(z —x) (w—x)]*"
2/T(@)T(1—a)2R[l—a, 01,2 R [1—a,a,1,1—x]
Fil—a,a,1,1 —x] Fil—a,a,l,x]
Xz{l_z;lll—a o,1,1—x] 2?’111—a,a,1,x]

2n2a zFl[Ot,l—OC,l,l—x]

S (xa) (ol —emava[n]wx)zz } -

(92(2)9Z(w) 0 (0)0 (x) 05 (1) () (3.30)
o (1 gy mia VAR >1 “ el Dw = 1] [ x)(w — )]
2/T(a) a) Fi[l—o, o, x| o[ —a, 0,1, 1 —x]
2F1[1— R —1,1,1—] zFl[l—OZ,OC—l,l,x]
X,;’n{l Fll—a,o1,1—x] SFR[l—a,a,1,4]

sin? (o) (Vb [m] + &%, ["]T(x))z o~ Salnm]
271'2(1 —(X) 2Fl[a71_a7171_'x]2

Note that all correlators are suppressed by world-sheet instanton contributions which can be
easily computed applying (2.8) as well as using the classical solutions (3.24). One obtains

ST [n,m] = nsin(xa){|va[n]\2r(x) + [vp[m] (1 fx)} : (3.31)
where 7(x) is given by (3.25).

e With the extended six-point correlators at hand, we can derive the various four-point corre-
lators containing higher excited twist fields by taking the appropriate limits.
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Taking for example the limit z — 0 and w — x of (dZdZo, 6, 6, 6, ) (3.28) and using the
OPE’s (A.1) one finds

(76 (0)Tq (x) O (1) 0 () (3.32)
) \/ﬁx—a@—a)(l _x)—oc(Z—oc)
VI()T(1—a)Fa,1—a,1,x]Fo,1—o,1,1—x]

X Z{a(l —x)+%a(1 —a) <x2F‘“ — 0, 0,2,x] (1 _x)zFl[l —a,0,2,1 —x})

2F1[1—OC,OC,1,X] 2F1[1—O£,O£,1,1—X}

n,m

sin?(x@) Rl — TP g
472 2Fl[1_a7a>171_x]2

which after reinstating all x; dependence gives’

(T (x1) T (x2) O (x3) O (xa)) (3.34)

a3 —o(1— (2—a)
\/Exlzm a)x34a(l @ <L3m>a ’

X14X23

VI(@)T(1—a) /a1 —a,l,x]2F o1 —a,1,1—x]

1 2F1[1—OC,OC72,)C] 2F][1—a,a,2,l—)€]
a(l— —a(l—«a —(1—
sz{ AR )<szl[1—a,a71,xJ U Rl a1 1]

B sinz(mx) Vi [m] - ezma‘% [”l] 7? (x) o Seiln.m]
a2 Rl —a, 01,1 —x2 '

!/

The above technique can be applied to any of the six-point correlators generating various
four-point correlators.

(0ZdZojo,040,) — { 2

(
(0ZdZojo,040,) — (T3 (x)

Y
Q

AR
q|
=
Nl
s¥a}

(0ZdZo o,,040,) — (3.37)

N
=
ql
—~
=
=
Qq+
—
=
(9%
~—
QQ
=
&

Note that all other correlators (like (7, 7, 04 0, )) can be obtained by the ones presented
above by simply applying the rules displayed in (A.2)

- _ 5t - _ ot - _ pt
Oy =0, To = T_q W, = 0, (3.38)
= _ =+ 5= — ot

Ty = T|_q Wy =0, . (3.39)

9Here we use the fact that an open string four-point correlator is given by

—(hi+h))+5

(D, (1) Py (2) 9y (x3) 9, (x4)) = F () [ [ ; (3.33)

where A=Y% . h; and x = 1254 This expression allows us to reinstate the x; dependence in all the four-point correlators.
i=1 X13X24

10
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All our results for one and two independent angles can be found in [1].

4. Conclusions

In this proceeding we have presented a method for the evaluation of three- and four-point
correlators containing excited bosonic twist fields. The knowledge of these correlators is required
for the evaluation of lifetime and decay rates of massive string excitations that arise at intersections
of D-branes.

In order to evaluate these correlators, we took a detour and determined higher-point correlators
containing the conformal fields dZ and dZ as well as the regular bosonic twist fields o. Given those
correlators we performed various limits to derive the three- and four-point correlators containing
higher excited bosonic twist fields.

Our results can be used in order to evaluate decay rates and lifetimes for the massive excited
stringy states of the Standard Model matter fields [93]. If the string scale is low (at a few TeV
range) and the intersection angles between the D-branes very small, then such light stringy states
can be the first stringy effect to be observed at LHC.
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A. OPE’s of twisted states

Here, we provide the OPEs of dZ(x) and dZ(x) on twisted fields:

9Z(z) o5 (W) ~ (z—w)* 15 (w) 90Z(z) 04 (W) ~ (2= w) ™ *Tg (W)

0Z(2) 7y (W) ~ (x—w)* o (w) 0Z(z) 7 (W) ~ (2= w)~* oy (w)

0Z(2) T (W) ~ (2 —w) "0y (w) 0Z(z) g (w) ~ (z—w) =% 15 (w)

0Z(2) O (w) ~ (2= w) “74 () 0Z(2) T (W) ~ (= w) @ (w) (A.D
0Z(2) Tq (W) ~ (2= w) " %@ (W) 9Z(z) 05 (W) ~ (z=w)* 175 (w)

0Z(2) T (W) ~ (2= w) ™ "0 (w) 0Z(2) 7 (W) ~ (2= w) "0 (w)

0Z(z) Oy (w) ~ (2= w) ™75 (w) 0Z(2) T (W) ~ (2= w) ™'~ %@g (w)

The above OPEs suggest the following identifications among twist- and anti-twist fields
0 (2) = 014 (2) 7o (2) = 74 (2) T () =T 4(2) (A2)

which can be easily generalised to higher excited twist fields.

11
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