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Introduction |

e String theory has been around for some
time. Its popularity is connected more with
conceptual issues, notably a consistent the-
ory of quantum gravity and its unification
with gauge forces.

e [ he theory had successes in the gravita-
tional domain. It has also accommodated
popular beyond the standard model ideas like
supersymmetry, unification (in its generalized
form) as well as Yukawa unification etc.

e A lot of work, focusing on just beyond the
SM physics has been done in the past twenty
years.

Today I will focus on recent developments
mostly.

e [ here has been important progress in the
last 5 years. I will try to describe both the un-
derlying conceptual developments (connected
with D-branes) and their potential implica-
tions for collider physics, (LHC in particular).
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“Old"” (Heterotic) Model Building

The starting point is the 10D EgxEg heterotic string.

]V[8
S10 ~ g—§/d10$ [R(lo) + Tr(Fg,) + - ]

4M?2

Compactifying on a 6D manifold of volume Vg we ob-
tain in 4D.

M2 Ve M? 1 VeM?
92 9% g2
MZ >
= M]% =g , and gy ~ 0.2
Mg~ Mp
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e N=1 supersymmetry down to the TeV scale.
e Fundamental scale M ~ 1016 GeV.
e Ideas on SUSY breaking

e NO perfect model but concrete suggestions
on the structure of the effective theory

e at TeV range, an MSSM-like theory with a
few extras depending on the models.

& Fractional charges is a generic problem and
they must be “confined” using hidden gauge
group.

String model building is very difficult!!!

Even if you manage to find something the
looks promising you will have to calculate
to high order the superpotential of 100-1000
fields and then solve hundredths of equations
for F- and D-flatness conditions.
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D-branes |

D-branes give new vistas in string model building.

A D,-brane is roughly a p-dimensional submanifold
embedded in the 9 spatial dimensions of space-time.

The difference from a simple wall is that they can fluc-
tuate via open strings whose endpoints are attached
to the branes.

Their fluctuations are therefore fields living on their
world-volume. Their spectrum is obtained by quan-
tizing the open strings attached to them.

In particular a generic massless fluctuation is a vec-
tor. Therefore the world-volume theory is essentially
a (p41)-dimensional gauge theory
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Non-abelian gauge symmetry \

D-branes have a remarkable property that
leads to a “geometrization’” of gauge dynam-
ICS which eventually led to AdS/CFT and bulk-boundary cor-

respondence

N

Two parallel coincident D-branes have four
distinct open string fluctuations (11, 12, 21,
22). [Each one provides a massless gauge
boson. The gauge group turns out to be
u(2) i
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Consider moving one of the two branes a
apart, in transverse space.

J
— -
/
/’f

Two of the strings (12, and 21) are now stretched a
distance L apart and their ground state energy is

Eq=T L

The gauge bosons Af,, A5, have acquired a mass.

This is none else but the Higgs effect

U2) - U(1) xU(1)
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There are more complicated configurations , like branes
intersecting at angles. They are dual to branes with
background internal magnetic fields.

1, S™M

Such magnetic fields:
e Reduce the amount of supersymmetry
e (GGenerate chirality

Chirality can also be obtained when D-branes are trans-
verse to appropriate conical singularities.

i)

D3

The mathematical formalism of describing the dynam-
ics of D-branes in string theory is known as BCFT.
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Orientifolds |

BCFT describes a new class of vacua of string the-
ory, which on top of a partly compactified space-
time, contain also D-branes that stretch along the
four Minkowski directions and may or may not wrap
some internal dimensions.

Since D-branes carry gauge bosons as well as mat-
ter fermions they contribute to the gauge group and
matter content of the particular ground-state.

74

i

D3
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Compact Orientifolds I

We may now redo the compactification estimates for
orientifolds. For gravity the story is the same as in
the heterotic string.

M8 Ve M8
S10 ~ 92‘8 / d'°x R(10) — 6923 / d*z R4)

Consider however a (p+3)-brane wrapping a compact
cycle of volume VH- Then
My

—/dp+3x TT(FM,/)Q —
493

H S/ 4 2
d*x Tr(F7s)
10 v

p
pp=YeMs L _ VM
92 9t 9s
M.92 gs 2 .
= = — g , with gy ~ 0.2
Mg v, MJP v

For large internal volume VLME_p >>1

Ms << MPI
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T herefore the string scale can be as low as a
TeV. In that case, the size of strings would
be directly visible in LHC.

& T his is not a necessity , but it is possible.
Otherwise the string scale can be anywhere
between a TeV and the Planck scale.

O If Mg ~ Mp we need SUSY or something
equivalent (split susy?)

O If Ms ~ TeV there is no need for SUSY
(but we need a mechanism to generate large
dimensions). Since string theory is always
supersymmetric in the UV, SUSY is broken
at Mg in this case.

The string phenomenology of Ms ~ Mp string
models was analyzed in the 80’s.

I will be discussing here the characteristics
of string (orientifold) models with Mg ~ 1 —
1007eV whose physics is novel.

There are also string examples of split susy.

I will not discuss them here. . .
Antoniadis+Dimopoulos
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Low string scale vacua I

Important issues in low scale string models
(MS ~~ T@V)

&Since the “unification” scale is low, GOOD
lepton number and baryon number symme-
tries are CRUCIAL.

We will see that gauge U(1) symmetries abun-
dant in orientifold vacua come to the rescue.

Q Must find an analog of the SEE-SAW
mechanism for neutrino masses. Here a large
internal dimension comes handy.

@ Families can be generated from multiple
intersections
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Neutrino Masses |

Consider the left-handed neutrino v, being a fluctua-
tion of a 3-brane. Consider also a right-handed neu-
trino v being a fluctuation of a (p+3)-brane wrapping
a p-dimensional internal large volume V.

Dienes, Dudas, Gherghetta
We have the following action

S~ [dFa (7r prr)+g [dbe (7g Hvy)
which upon compactification and symmetry breaking
becomes

5—>/d3$ [Vo (VR Pvr ) +m R v]
m = g v ~ Mz Normalizing kinetic terms by vy —
vr/+/V, we obtain

SN/dSCB DR@VR‘FﬂDRVL

Vo

This gives m, ~ 107 — 1073 eV.
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The SM gauge group |

We must embed the SM gauge group SU(3) x
SU(2)xU(1)y in a product of unitary factors
coming for brane stacks.

f\\ /
L, Hd

UGB U@y, v@)

Although the minimal such group is U(3) x
U(2), it does not work. For a low string scale
the minimal choice is U(3) x U(2) x U(1) x
U(1).
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We will take two of the six compact directions to be
large. We will wrap only the U(1)' brane around them.

SM particle | U(1)5 | U(1), | U(1) | U1
Q(3,2,+3) +1 w 0 0
u®(3, 1, —%) —1 0 aq ao
d°(3,1,+3) 1 0 by bo
L (1,2, —%) 0 +1 c1 co
e€(1,1,+1) 0 0 dq do
H, (1,2,—|—%) 0 —w c3 ca
H,; (1,2, —%) 0 —w cs c6
v¢(1,1,0) 0 0 dq do

& It is already obvious that baryon number is a
gauged symmetry namely, U(1)3

& The charges are assigned using the principle that
each end-point has charges +1

& The hypercharge must be a linear combination of
the 4 U(1) factors:

Y = k3Q3 + koQo + k1Q1 + K,Q)

Since U(1)' wraps large dimensions, to avoid a tiny
ay we must take k7 = 0.
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Gauge couplings I

The hypercharge gauge coupling is given by

1 6k2 4k3 = 2k? 2K
3 24214 ,;
gy’ 93 92 gl 91

with

This explains why k}{ must be zero.

We may now determine k; and the possible charge
assignments by asking: e | he hypercharge val-
ues of the SM particles are correct (This is
anomaly freedom up to an overall scale).

e Lepton number is one of the gauge U(1)
symmetries

e [ hat the gauge couplings fit the data with
a low M.

This selects two models A, B, each coming
in two slightly different versions (A',B").

We will call them minimal Low Scale Ori-
entifolds (MLSO). We will labelled them as
mLS50 4 4 p e for simplicity.
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The fate of anomalous U(1)s I

& All U(1)s except Y have anomalies: mixed abelian-
non-abelian anomalies with SU(2) and SU(3) and (abelian)3
anomalies.

& T hese anomalies are cancelled by the GS mecha-
nism.

The gauge boson is now Massive
and the associated gauge symmetry broken.

& For symmetric values of bulk moduli the global U(1)
symmetry remains intact.

O The global symmetry is broken however beyond per-
turbation theory by instantons. In the case of Baryon
and Lepton number, these are the SU(2) instantons,
and such a rate (calculated by 't Hooft) is VERY
small. This need not be the case for the PQ symme-
try.

To summarize, the remaining global U(1) symmetry
remains a good symmetry if the instanton effects are

small and the bulk moduli have special values.
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The fate of anomalous U(1)s I

& Example: A U(1) gauge symmetry that has a mixed
triangle anomaly (e.g. ¢ = Tr[QT*T*] % 0) The one-
loop fermionic determinant induces a non-invariance
to U(1) gauge transformations

A, — A, + Oyue

5L1 100p = € ¢ Tr[G A G]

This is cancelled by a non-invariance of the classical
(tree level action).

1 M?
Lclass ~ ———F? + 7(8ua+14u)2 + ¢ aTr[GAG]

4g2 M

The axion now transforms

and the anomaly is cancelled.

e [he D-term-like potential is of the form

2
Vo~ <s + Zqz-\m?)

where s is a bulk modulus. In SUSY Theories it
is the chiral partner of the axion "eaten up’ by the
anomalous U(1) gauge boson. If < s >= 0, the global
U(1) symmetry remains intact.
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Anomalous U(1) masses |

There are two sources for the masses of anomalous
U(1)s:

e The UV mass-term responsible for anomaly cancel-
lation

1
LUV ~ EMQ((?MCL —|— AN)Q

This is computable only in string theory. It turns out
that
M

N

Depending on V it can be ~ M, or << M, (unlike the
heterotic string).

M ~ g

e contributions from spontaneous symmetry breaking.
The standard Higgses when they get vevs they break
also the U(1) symmetries In total:

M ~ \/M2—|—92'022 \/M2+M§

In this class of models, such Z’'s are generic, their low
energy couplings fixed by charges and anomalies and

only M depends on UV physics.
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Models mSLO 4 and mSLO y4 \

SM particle | U(1)5 | U(1), | U(1) | U(1)
Q(3,2,+32) +1 1 0 0
u’(3,1,-2) 1 0 —1 0
d(3,1,+3) 1 0 0 -1
L(1,2,-3) 0 +1 0 -1
e(1,1,+1) 0 0(2) | 1(0) | 1(0)
Hy (1,2,43) 0 1 1 0
Hy (1,2,43) 0 -1 0 -1
v¢(1,1,0) 0 0 0 +2
u(n), u(),

& u(l), u(),

AVAVAVA AVAVAVAN

e, L. ue, O uo,
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Models mSLO 4 and mSLO g4 I

Hypercharge:

1 1
Y = —§Q3 — §Q2+Q1

Gauge couplings and string scale: g>(M;) and gz(Ms)
are determined by data. By varying gi1(Ms) we can
determine M from ay(Myz):

Vﬁ = V@ y A4g:: 800 GeV
3Vi =2Vo4+2V3 — Mgy~ 15 TeV

2Vi = Vo 4+ V3 — My~56 TeV
Remember: at M, 1/g7 = V;/gs.

Global symmetries:

1
Baryon Number B = §Q3

Lepton Number L = %(Q3 + Q2 — Q1 — Q)

Peccei — Quinn  PQ = —%(Qs — Q2 —3Q1 —3Q7)

All U(1)'s except Y are “anomalous” and therefore
massive. All except PQ remain as good global sym-
metries.
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Quark and Lepton masses |

For the 3rd generation the structure of masses is:
Mmodel A = A QuS Hy+XgQd° H' 4 \c L e Hj+

+M LHyjvp
at tree level, in the particular brane configuration
w=Xe=V202, A=+V20s, M=V2g.
Fitting m, ~ 4 GeV we get
my >~ 162 GeV (not so bad!)

But m, ~ m: which is unrealistic. The way out is
to have A\c = 0O at tree level so that the  mass is
generated from higher order terms. Turning to model
AI

Model At = A Qué HyFAy Qd® Hl4-\e Le® 11+

—|—)\1/LHd VR
mp and m; are as above, but now
m
b — 93 1 (Ms) =175 GeV
mr g2

not very far from the measured value m,(My) =
1.46 GeV

The neutrino masses are in the range 107> = 103 eV.
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Models mSLOp and mSLO g I

SM particle | U(1)5 | U(1), | U(1) | U(1)
Q(3,2,+32) +1 1 0 0
u’(3,1,-2) 1 0 0 1
d(3,1,+3) —1 0 1 0
L(1,2,-3) 0 +1 0 -1
e(1,1,4+1) 0 0(2) | 1(0) | 1(0)
Hy(1,2,43) | O -1 0 -1
Hy (1,2,43) 0 1 1 0
v¢(1,1,0) 0 0 0 +2
U(l), u@l),

e U(l), u(l),
\/\/\/\H

AVAVAVAN

UQ3). ? U@), UQ3), UQ),
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Models mSLOp and mSLO g I

Hypercharge:
2 1
Y = — — —
3Q3 2@2 + Q1
Gauge couplings and string scale:
Vi=Vsy |, Msg~7T TeV

3Vi=Vo4+Vzy |, Msg~3.5 TeV

Global symmetries:

1
Baryon Number B = §Q3

1
Lepton Number L = —§(Q3 — Q>+ Q1+ Q)

1
Peccei — Quinn PQ = 5(_Q3 +3Q5 + Q1+ Q%)

All U(1)'s except Y are “anomalous” and
therefore massive. All except PQ remain as
good global symmetries.
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The Higgs sector I

Although the low energy spectrum is non-
supersymmetric, we have a Higgs sector rem-
iniscent of the MSSM.

Here a priori more general terms are allowed.

e If the breaking of supersymmetry is due
to internal magnetic fields, then all quartic
terms can a priori appear at tree level. This
changes the bounds on the lightest Higgses.

e If supersymmetry breaks via the branes sit-
ting at singularities, then the tree-level terms
in the potential are the usual supersymmetric
D-terms that align the vev's of the Higgses.
However, as in the SM , at loop level all terms
will be generated.

e T he PQ symmetry is broken by the poten-
tial. Thisis important in order to give a mass
to the associated PQ axion. The dimension-
2 term with this property is the pu-term of the
MSSM
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AXIoNns |

To indicate the problem consider
1

1
= _4—92F5V - E(kﬁua + M Au)z + A;i aTr[Gi A Gi]—

. _
—5 |0uH +ie A, HI? +V(|H|) 4+~ H 1)

where A; is the mixed anomaly Tr[Q T#T?]. Diago-
nalizing and gauge fixing we obtain

1 5 M?2 + e202 > 1 5
§= gt =5 A 500007
A;ev M x

X Tr[Gi A Gil + v eV i)

k\/M2 + e?v?
Putting the anomaly into the fermion phase the lin-

earized Yukawa coupling of the axion x to the fermions
IS

My, M Ai my, ev
Y =
U\/M2—|—62U2 ]C\/M2+€2U2
R T Ve B L W
92 gs Va 932 M

For M >> M, the first term is important for heavy
quarks.

For M << My , both factors can be small, but then
the Z' must be unobservable. This will happen for
g << 1 which needs four large dimensions, and then
there is trouble with supernovae energy loss.
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The bulk U(1)’ |

We have seen that U(1)’' wraps the two large dimen-
sions. Therefore its gauge boson has finely spaced
KK states, like the KK gravitons. The only other SM
filed that feels the large dimensions is the right-handed
neutrino

An estimate of its coupling is

2 M2 31
g ~ (47T(Xstrong)—82 ~ 5 X 10_
MP

if its UV mass is M ~ M, then its physical mass is

Although this is allowed by table-top experiments it
is excluded by Supernova data because

2
La 1 (M ~ 108 — 101°
Pg Js T

Therefore, this gauge boson must take a mass from
an N=2 sector.

1 . V.V

Ve
. . M?=*MZ? |
g gs Va
This corresponds to V. >> 1, V,, V4 ~ 1 which would
imply Mphys ~ Ms which is acceptable.
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WARNING ] \

& There are orientifold models with light spectrum
only the one I presented (SM, 2 Higgses, right-handed
neutrinos plus extra U(1)s)

& There are orientifold models with large compactifi-
cation manifold, as advocated here.

& There are orientifold models where SUSY is broken
at the String scale without closed or (unrealistic) open
string tachyons.

& There are orientifold models where SUSY is broken
completely and which are in equilibrium at tree level
(cancelled tadpoles — cancellation of UV divergences
in open theory )

{> There are orientifold models, with all moduli (in-
cluding the dilaton) are stabilized.

O There are orientifold models, with no fractional
charged particles.

¢ There are orientifold models with no SM exotics.

There are combinations of the above.

HOWEVER, THERE IS NO STRAIGHT

(B OAO)
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Experimental implications |

Low scale string models have several characteristic
signals that distinguish them from high scale ones.

e T heir minimal spectrum is that of the standard
model with two Higgs doublets, and three massive
Z’' gauge bosons

e Two of the massive Z's have masses ranging from
several hundred GeV to several TeV. The third one,
being very weakly coupled, can be much lighter. The
charges of the SM model particles under the three Z's
are fixed in each of the four mLSO.

The Z' can be produced directly at LHC or they can
affect precision parameters (g-2, p).

e They are constrained by g — 2 measurements via
contributions of the form:

- P -

Apart from their decay to di-leptons they have also
a unique signal: their decay (parity violating) to two
photons, due to very special anomaly-related CS in-
teractions. They can provide direct signals at LHC by
being produced or indirect (g-2, p parameter et3c8



Ibanez et al.
Anastasopoulos, EK

In LHC, pp — Z' — ete ™ is visible with Mz up to 5
TeV.

e T he Higgs sector is MSSM like, but with more gen-
eral couplings a priori.

e [ he neutrinos come from large dimensions. T heir
mixing with KK descendants might be observable.

e The KK states of the bulk fields (graviton et al.)
are those of two large extra dimensions with all the
known implications for LHC.

e String states may be also produced if the string
scale is My < BTeV. The superpartners are in this
class.

Whether nature has chosen this avenue to express its
whims remains to be seen.
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