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Motivation

Motivation

o Landscape problem. The predictive power of string theory is lost.
o What string predictions can we make?

e As was pointed out in [D. Liist, S. Stieberger and T.R. Taylor, ’08; D. Liist,
O. Schlotterer, S. Stieberger and T.R. Taylor, ’09], the scattering
amplitudes of only gauge bosons and gauge bosons with up to
two matter fermions are universal. These amplitudes are common
to any compactification which allows CFT description, and to
any number of supersymmetries (even N = 0).

e Finding common signals of string models becomes possible by
changing the value of just one parameter: the string mass scale
M ~TeV [I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, 98]
also see Antoniadis, Hashi and Kumar’s talks.

o Assumptions: large extra dimensions; low mass string scale; weak
coupling.
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Motivation

Local Model

We consider local model of intersecting type ITA /IIB D-branes on
orientifolds embedded in a “Swiss cheese” type Calabi-Yau manifold.

(c) right

(a) baryonic

d) leptonic U(1)
(d) i (D

U2) U(l)g

Intersection pattern of four stacks of D6-branes giving rise to the MSSM
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Motivation

Decay of 2nd massive level string states

Low mass string resonances and the phenomenology have been
studied a lot

[Anchordoqui,Antoniadis,Feng,Huang,Liist,Nawata,Schlotterer,Stieberger, Taylor,Vlcek;
Dong,Han,Huang,Shiu; Hashi,Kitazawa;...|

Here we would like to perform a comprehensive study of the 2nd
massive level string states. There are three types of (universal) string
excitations:

Bosonic sector — color octet G(2), color singlet C'(?); fermionic sector
Q®). For these three types of massive string excitations, there are the
following decay channels:

2 massless 1 first level string state involve 1 or 2 involve 1 first level
string states | plus 1 massless string state | color singlet(s) | color singlet excitation
G® | 99,97 GWg,QWg,QMq 94, GDA, CWyg
C 1 99,47 GWyg,QWg,QMg A A, CWA4,
Q) 94 GMq,QMyg 444, QU A, CMyg
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Factorization (1) — 4pt amplitudes with 4 massless leg

Factorization of the four-gluon amplitude

|[WZF, D. Liist, O. Schlotterer, S. Stieberger and T.R. Taylor, ’10]
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Factorization (1) — 4pt amplitudes with 4 massless leg

In 4D

In 4D, we can use the helicity formalism and the maximally helicity
violating (MHV) amplitude for four massless gluons reads

Vi

(12)(23)(34)(41)

Vu a a a a a a a. a

+7<13><34><42><21>Tr(T 2T T L T T2 T4T3)
Vs

+ e —

(14)(42)(23)(31)

M9y, 9595, 91) = 4g>(12)* [ Tr(TO1 T2 T3 9% 4 79291 P34 7a3)

Te(TU T T2 T 4 Ta3T‘“Ta4T“2)] ,

where the form factor function reads
I'(1—s/M%)T(1 —u/M?)
T(1+t/M?2) ’
M? = 1/a’ sets the string scale, and u, t, s are Mandelstam variables,
u=—5(1+cosf) and t = —5(1 — cosf).

Vi= V(s,t,u) =

_s
2
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Factorization (1) — 4pt amplitudes with 4 massless leg

Form factor expansion

The form factor can be expanded in terms of s-channel resonances.
Near the nth level pole (s — nM?) we have

1 M2—2n n—1 )
pa YR (n_l)!Jl_[(u—l—M J).
=0

Vi(n) =V (s, t,u) =

As was explained in [Anchordoqui, Goldberg and Taylor, 08|, recasting the
expansion one can re-express the amplitudes as the sum of a series
Wigner d-matrices.

The Wigner d-matrix dgf)’m(@) denotes a state of total angular
momentum j, with m’ (m) showing the helicity difference of the
initial (final) state particles.

Thus following this procedure, one can obtain two 3pt amplitudes of
nth level massive (intermediate) string states decaying into different

final states with specific spin combinations.

Wan-Zhe (Vic) FENG String Pheno 2014 at ICTP



Factorization (1) — 4pt amplitudes with 4 massless leg

Two simple examples

The first level resonance is given in [Anchordoqui, Goldberg and Taylor, '08]

— —\ n=1 ai a a a M2 2
M(g; 79;’9;)94 ) — 492Tr({T ST HT®, T 4})mdg,%>

_ _ n=1 a a a a
Mgy .95 .95 ,918) — 4> Te({T*, T** {T*,T Nz %0;

where
Tr({Ta, TLH{Te, Ta}) = 8 davedede -
e

These were confirmed in [WZF, Liist, Schlotterer, Stieberger and Taylor, '10].
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Factorization (1) — 4pt amplitudes with 4 massless leg

Higher Levels Resonances

For the second massive level resonances

M? 2

])s — 2M2§(
2M2 (1)
s —oa 00

_ _ n=2 3
Mgy 95,95, 97) =2 4g*Tu ([T, T[T, T* ds?) +2d53),
— — =2 a a a a
Mgy .95 .95 ,918) = 4g>Te([T“, T[T, T*])

where

Tr([TaaTb] [TcaTd]) = 7% Zfabefcde )

where f is the gauge group structure.

A general analysis of higher level string resonances is given in [WZzF and
T.R. Taylor, '11].
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Factorization (1) — 4pt amplitudes with 4 massless leg

Factorization of 4pt amplitudes with 1 massive leg

e | fosaaa

Taz Tas
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Brief review of helicity formalism

Helicity Formalism

The helicity formalism can dramatically simplify the final results of
scattering amplitudes. For massless spin—% spinors, we define

= 1) = s ) = o=k = ()
=1 = - ) = o ) = (7).
= [kl = () = 5 (k) = (K2, 0),

(i| = (ki = a_(k;) = vy (ki) = (0, k;4) -

These commutative spinors are defined by

P = p, " = —p*p Py = puoly = —pap} -
Then we can define the spinor products
(pa) =pia**,  [pa) = p"da-
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Brief review of helicity formalism

Massless gauge boson

The helicity wave functions (polarization vectors) of a massless spin
one gauge boson can be written as

(rhulk] _ raoska

67L r)= —
s = ey T V) |
6;(k,1") _ [rh/#|k> _ 77"“0#(1&]4;*‘1 ,

Valrk] Va2l

where k is the momentum of the gauge boson and 7 is the reference
momentum which can be chosen to be any light-like momentum
except k. The final results of the helicity amplitudes are independent
of the choice of reference momentum 7.
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Brief review of helicity formalism

Massive boson

A spin-J particle contains 2J + 1 spin degrees of freedom associated
to the eigenstates of J,. The choice of the quantization axis Z’ can be
handled in an elegant way by decomposing the momentum k into two
arbitrary light-like reference momenta p and g:

k' =pt4q',  kK*=-m?=2pq  p’=¢>=0.

Then the spin quantization axis is chosen to be the direction of ¢ in
the rest frame. The 2.J + 1 spin wave functions depend on p and g,
however this dependence will drop out in the squared amplitudes
summed over all spin directions and in unpolarized cross sections.
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Brief review of helicity formalism

Massive spin one boson

The massive spin-1 field £#
S.F. Novaes, '91]

wave functions are given in [D. Spehler and

1 * —paa
& (k) = —=—p30"""qa,

\/im
1 .
B(LY — = GHaa (s, o
& (k) 57 (PaPa — G34a)

1 * —uaa
fﬁ(k) = _%%U” Pa -
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Brief review of helicity formalism

Massive spin two boson

The wave function (polarization tensor) of massive spin two boson
at” satisfies the following relations (symmetric, transverse, traceless),

which read

ot (k,N) = a"F(k, N), kuat? (k,A) =0, guvat (k,A) =0,

Helicity wave functions of the massive spin-2 boson were constructed
in [S.F. Novaes and D. Spehler, ’92]:

ol (k, +2) =

MY (e 41) =
ol (k, +1) =

a(k, 0) =
alv (k, —1) =
ahv (k, —2) =

1
——0

pe p,aaa_uijb
m

PidaP} b ,

1—‘—' * * * * * *
5096 [(pipa — q5a0)P a0 + Pida(Dipe — ai @) |
m

1—‘—1’)1)* * * * * % * K
;ﬁﬁgw%y[@wwwwd@wrwmﬂ—m%%m—%mm%y

1 e i
f@ﬁﬁmﬁ%“ﬁmfﬁ%Mﬁﬁw%dﬁmfﬁ%ﬂ,
1
—F 0
2m?2

aa ~vbb
K 4Py -
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Brief review of helicity formalism

Helicity wave functions for higher spin massive boson

A massive spin-n boson also satisfies symmetric, transverse, traceless
conditions, and it has 2n + 1 d.o.f..

There are two methods to construct helicity wave functions for higher
spin massive bosons:

(1) Consider spin-n boson as spin-(n — 1) and spin-1 coupling. Check
any old angular momentum textbooks for the CG coefficients to
determine the helicity wave functions for the spin-n boson.

(2) Make use of the J_ operator:
J-0(n,m) = /G +m)G —m+ DP(n,m —1).
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Brief review of helicity formalism

Helicity wave functions for higher spin massive boson

The helicity wave function of an arbitrary j, state of ®,, can be
written in a general form

2n7m72o¢ .n!

!(2m2)"] Ty

PHILZ b (n m) = [Z

o

Z { H(p*a'(ﬁq)m_"a H(—q*&ﬁp)a H[&@) (p*p— q*q)]n—m—Qa} ,
« i j X

where m > 0, the sum over « is over such values that the factorials
are non-negative, and we symmetrize all the spacetime indices

i, 14, k. These wave functions satisfy physical state conditions
(symmetric, transverse and traceless). The helicity wave functions of
Gk bn (n —m) can be easily obtained by

al(m+ a)l(n — 2o — m)

Prii2Hn () = LKz m)T .
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Massive spin three boson

1
DI, +3) = Ghaagrbbgpic, s .
57 (k,+3) oy DidaD} doPE4e
y GHaa Gvbbgpéc N ) . . N )
P (K, +2) = Yoo [Pu‘h]’),%([’ 'Pe — 434c) + Pida(Pips — 46)P24c + (PiPa — G390) P} 06D ﬂ
GhaaGubbgpic ) . N
{r)aqn Pipo — G @) (Pipe — 424e) + (PaPa — 439a) D300 (PEPe — G2Ge)

Wk ) = s

+ (DaPa — €302) (DiPo — G WP — Padal} Wi Pe — PadadyPoPide — Q3PP QoD q(] ,

Ghaagubbgpic
L (K, 0) = { o — Gada) PDiPs — G 0) (PiPe — 430c) — PadatiPo(PiPe — 4 qe
57 (k, 0) = W) PiPa = 4390) (D326 — @ @0) (PiPe — 424c) = PidatiPo(PiPe — G24c)
— GPaPy (PP — €30c) — Pia(PiPy — G5 0)4iPe — 4iPa(DjPy — G B)PEGe

(PaPa = 4490)D; B 9iDe — (PiPa — Gada) 4y PoPEGe| 5

Ghaagrbbgpic
[(papa 4:0a) (PPy — G5 @)4iPe + (PaPa — 39a) 2P0 (PEPe — 420c)

5k —1) = = \/7(\["1)3

+ @;pa(Pipe — GW) (PiDe — Gie) — PaGa@iPb4iDe — QaPaly@bdiPe — GaPaGiDbP, 0«}

Ghaagubbg,

(s 9y —
57 (k, —2) Vo)t \[7”)5
— TG G P o -

7k, =3) = (\fm

pic
[ DiPa = 434a) Gy Pod: Pe + 43Pa(PiPs — G06) 42D + 43Pati Py (PiPe — 4 qr)] .
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Factorization (2) — 4pt amplitudes

A(alv 92, 93, 94)

w
ay 93

2@ or ¢

dmaza

foaasa

I
I
|
|
|
| 94
|

|
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Factorization (2) — 4pt amplitudes with 1 massive leg

The full helicity amplitudes

The full helicity amplitudes read

Alai, €2, €3,€4] = 8 g2 ( V; 31920304 | 1/ 492030104 4 ) 403010204 )\/ 20/ o |an, €2, €3, €4],

where
d[a(+2>,+,+,f]_#%7
o [ +1), +,+,—] = %%
ma(o>,+,+,f]_§%’
o la(=1),4,+,—] = % &’%7
ﬂ[M—Q)#ﬁ,—]:%ﬁ_

[WZF, D. Liist, O. Schlotterer, S. Stieberger and T.R. Taylor, ’10]
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Factorization (2) — 4pt amplitudes with 1 m:

The results

27172
#M? 16 s jasara
J’Wﬁd“ .

P, = F ., = 8gMd "

Ala(+2),+,+

+2+u,m
M7 2M? (16 16 ,
Ala(+1), 4+ -] = o (Gt a(®) = G y(8)) frroane,
8 2
a,J=3 a,J=: p az a,J=2 a,J=2
P = P = oM™t 5, = FA5L, = 4y SoMdnee.

I [2 8 .
Ala(0), +,+, ] = s (8\/ [ 158 1-20) ﬁdil,,2(9)> frazeosase

=
2

Fo J=3 — po J=3 4V’:qM,rl“‘““‘ o J=2 _ po- J=2 _ QﬂgA‘[’dmaza.
5

0O+ayaz O—ayaz O+araz = F0-aiaz

2072 [2
M? / 20 a1aza gagasa
Ala(=1) 4+, -] = =5 |4 \ =y _,(0) — 43 O) | S,
an mmz Fl»ll] usulz - QV Md=®*, Fal fajay — FT'IJ ajaz 2J U dnest.

5\/’ +1,-2
)
M, P51, = P, = M

_ M ( & (9)74‘[#“,2( )>fd

a,J a,J=3
F :F\Z ajax = g
V15




The first m
Higher level universal physical string states The second

The first massive level

This analysis for the first massive level was completely worked out in
|[WZF, Liist, Schlotterer, Stieberger, Taylor, '11] [WZF, Liist, Schlotterer, '12]. Here
for illustration, we only focus on the universal part of the NS sector.

= 1) = (xaut” s + X0 187y + Xaunp 07 167 ) |03 ).
Using the old covariant approach, the physical state conditions are:
(LO_%)m: =0, Lin=1)=0, Gsln=1)=GCn=1)=0,
where the super Virasoro generators read

Lm == Z am nOni * +4 Z 2T - ¢m rwr)\ +a5m07

G, = Za w(r n)x -
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The first massive level
Higher level universal physical string states The second massive level

Physical state conditions

We can get the following equations

Xl,uku + XQ;LVnNV =0,
pam + XQ,LWICV - O,
X2uw — Xovu + 6X3u0pk” = 0.

@ Solving above equations, one can get the 1st massive level
physical fields. One should discard all the spurious states.

o These fields are all universal (their tree level amplitudes are
independent of the internal geometry of the Calabi-Yau spaces).

o At 1st massive level, we could have spin-0,1,2 bosons in the NS
sector. The possible solution for the the higher rank tensors can
be a combination of spin-0,1,2 fields, and &, 1,, and €,.50-
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Higher level universal physical string states

Physical states

We could obtain the following solutions:
A spin-2 field

VOE V= = [T o, i0X 1p¥ e Pe™ ™ |

with o, kY = oyt = 0.
One complex scalar field,

Vi =) : { [Ny + 207k, JiOX M + 20k, 04" ]

£ 220/ YR e e
which only couple to (anti)self-dual gauge field configurations, i.e., to
gluons in (+4) or (——) helicity configurations.

All these confirm the n = 1 resonance states predicted from
factorization.
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Higher level universal physical str

Two simple examples

The first level resonance is given in [L.A. Anchordoqui, H. Goldberg and T.R.

Taylor, "08]
Mlgrr gt gt a7) =5 4P Te({T™ 7o 1o, 7o) L)
(91’92793)94)—> g ({ ) }{ ’ })m 2,29
- =1 a a a a 0
Mgy .95 93 9) "= AP Tr({T™ T T, T ) —— 5 dyy

where

Tr({T, TLH{Te, Ta}) = 8 davedede -
e

These were confirmed in [WZF, D. Liist, O. Schlotterer, S. Stieberger and T.R.
Taylor, '10].
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The first massive level
Higher level universal physical string states The second massive level

The second massive level

The general open string state for the second massive level can be
written as,

|n = 2> = (Cuﬂ/ff% + CQuualilwig + Céwaﬁﬂfii% + CS;wpalilalilwi%
+ Céwpwféiﬂi%wi% + C4uupoaﬁ1¢i%¢i%¢i%
o Compory ! U7 402 197 407 Y103
The physical state conditions are:
Q (Lo—3n=2)=0,

Q L2|n:2>:L1|n=2>=0,
Q Gg|’n=2>ZG%"H=2>=G%|7’L=2>=O,
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The first mas
Higher level universal physice ates The second mass

Physical State Conditions

3 1
Ve, v vp ’ vp ’ vpy _
;§1H,+2 QQICQUH‘C + Bupun U+ ;(C&’HPW +C3uvpn 7)) =0

Crp + V207, kY =0, 201, + V2a/Co, kY =0

Il
=}

(Copw + V20 C3,p k)l ol =0, (Chupp + V20 Cagpupk)wt | w7 1 9P
-2 2 T2

Copv + 2¢,, + V2 (C3ppw + C3ppu)kP =0

V2a/¢y k4 (Copy + 2¢5,,,)n"Y =0
Cip + V20  Copu kY + (C3pwp + Caupp)n”P =0
Capwpe PV BP L w7 = PP w7 ) 0Tl P ) 4 (200, + V20T, B v =0

-3 2 2 2 2 32 -2 2
Capvpo +5V20 S poy kW L 9”1 wP (971 =0

-2 2 T2 2
[Cz;w - 2<éuu +V 2a/<cémwkp - Céupukp)}w‘ilwi% =0

2
V2o Capupo et (VP 97 1 = 1 kPT Y  wf  KT)
-3 2 2 2 -3

+[(C3pvp + CBupp) + CGupp]at w1 wf | =0

2 T2
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The first massive level
Higher level universal physical string states The second massive level

The universal bosonic string states

For full solutions, c.f., [WZF, Taylor, ’11]. In the paper, we focus on the
decay of the spin-3,2 universal bosonic states:

VY = (o) o, 0 X 0 X Pe YN
’ 22y M ’

VY = [T“]g;vk Extulon|T ) (IOXHIDX PP — o' Dypryp P Je= et X

where 0,,, and 7, are symmetric, transverse and traceless.
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2nd — 1st 4+ Oth

CFT computation

n-point tree level string amplitudes are obtained by calculating the
n-point correlation functions of associate vertex operators inserted on
the boundary of the disk worldsheet, which read

A = SVl [(qTaV 0V GV )V () Vizn)

= Z a1V (z1)eaV (z2)esV (23 / Hdzl Vizn)) .
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2nd — 1st 4+ Oth

To obtain the decay rate of the o — « + g, we need to compute the
3-point amplitude

A(Ula a2, 63)

— (T {7, 7)) (2072 [ K e, KRS — R RS Gl

\/>‘7qu{

— KLk o ks (e3 - ko)] + (2)) [BRE RS 0PV ez, — AKE €50 ks,

+ 2/6"“ Vp( €3 - kg)] + 20[“1/65} .
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2nd — 1st 4+ Oth

Choice of reference momentums

Plugging in helicity wave functions, then sum over the squared
amplitudes one could obtain the decay rate of the channel. However,
the calculation would be very tedious: 7 x 5 x 2 helicity amplitudes.

First we observe I'(o7 — a2 + €5 ) = I'(0; — as + €5 ) which would
reduce the total number of the helicity amplitudes to compute by half.

Then we need to choose the reference momentums very clearly to
simplify the computation — if we align the spin axes of all the
scattering fields to one direction, we only need to compute very few
helicity amplitudes, the others should vanish automatically because of
the angular momentum conservation.
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2nd — 1st 4+ Oth

Choice of reference momentums

The most clever choose of reference momentums read

v o W
pr=-1T, q

—2kE, ph =1t g =K.
It can be easily verified that

ki +ka+k3=p1+q+p2+q+k3=0,
(p1 +Q1)2 22(172-1-(]2)2-

And we fix the reference momentum r as r - ks = —1/(2a/).
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2nd — 1st 4+ Oth

Results

With these choices, we compute the helicity amplitude of
A(o1, az,€5). Only five survive, which read

8
427[0'1(—3), 042(—|-2), 6;] = \/%dala2a3 ’

8
%[01(_2)) Oé2(+1), 62‘}’—] = \/%dalagag b

4v/2g
%[01(_1)’02( O )?eé‘r] = ﬁda1a2a3 b

[r1( 0 ),a5(~1), e} | = 22—
A o1 (+1),an(~2), ] = 24

which match exactly as the results we obtained from factorization.
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2nd — 1st 4+ Oth

The results from factorization

272
g*MZ: 16 S
2 4, —] = B () frazegesaa
Ala(+2), +,+, -] S22 B 2(0) f
FUS = PO, = M
2M? 16 16 .
Al ++, - = Lo (%13,2_,2(9) - g’diz,,ﬁ)) ramagesna
pd=8  _ paJ=3 8 M. duaza Fol=2  _ paJ=r  _ 4 /E M. duaza
Fltaras = F-1-aja0 = \/gfl: s s Fltaras = F-1-ajap = ° \/ 394 o .

] [2 . 8 .
Ala(0),++-] = Lo (8\/’175(1{1,,2(9) - ﬁdil,,2(9)> raasn gosee

FoJ=3 _ paJ=3

0+aras 0—aras —

Fijines = il = 2V 20 M

g*M? [2 /5 ; :
Ala(=1). 4+ -] = 5 - (4\/ T50-2(0) = 435 () | e,

Fn.II}:';S‘HZ _ Fﬁl.L/:';s"lz _ QV Mdnee | pol=2 Ff.lJ—z — 9gM,dmee
9

1+aiaz ajaz

2 2 A 4
g2 M? 4, ey
A["H%*-**]:m(ﬁ”ilfﬂ")**s Baal0) | freednee,

gMdmme | pom2 _pet=2

2+ataz +2-ajaz

paJ=3  _ aJ=3
F =

2
_ 1/ Jaiaza
2+ajaz war = 7% gMd .
V15

V3




Model-dependent problems

Model-dependent problems

Massive string states decay to anomalous U(1)’s

(c) right

(@) baryonic

d) leptonic U(1)
(d) lep 7] (D

U@) U(l)g

Intersection pattern of four stacks of D6-branes giving rise to the MSSM
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Model-dependent problems

The mass mixing effect

For a recent discussion on the mass mixing effect of the anomalous
U(1)’s, see [WZF, Shiu, Soler, Ye, ’14]> and also Kumar and Soler’s talks.
Effectively (assuming no kinetic mixing) the Lagrangian for all the
U(1)’s from an n-stack model can be written as

T 1. o
L= _1 za: Fa - iAaMabAb + Xa: %(2(3 + gaQGAa)wa s

where 1, denotes the matter fields charged under U(1), (a,b, - - -
label the stack of D-branes). The U(1) mass-squared matrix is of the
following form

M2y, = gagoKaiGij K7, ,

a

where the integer-entry matrix K contains all the information of local
model constructions.
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Final remarks

Final Remarks

Q It’s very interesting to study the universal amplitudes involving
higher level massive string states.

@ The universal string states and their decay widths at mass level
n = 2 are identified.

@ If the nature really has a low mass string scale, it could be tested
at the LHC or future colliders.
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Final remarks

Thank You!
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