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Content of this lecture l

* Anomalous U(1)’s are a generic prediction of all open string
models (possible candidates to describe Standard Model).

* The anomaly 1s cancelled via Green-Schwarz-Sagnotti
mechanism, and the anomalous U(1) s become massive.

* However, generalized Chern-Simons couplings are
necessary to cancel all the anomalies.

* These Chern-Simons terms provide new signals that
distinguish such models from other Z -models.

* Such couplings may have important experimental
consequences.



Anomalous U(1)s l

Consider a chiral gauge theory:

L7 A R A 5£1—loop = € ( W]
If ¢ =Tr[QT*T% # 0, the U(1) is i
anomalus and gauge symmetry is (1) ¢
broken due to the 1-loop diagram: o

Therefore under Ay — Ay + Oue

To cancel the anomaly we add an axion:

R TITERTTID L OLgvion = —€ C Tr|G NG|
which also transforms as: a — a — M ¢ , therefore:
and the anomaly 1s cancelled.



Anomalous U(1)’s are massive l

* The axion which mixes with the anomalous U(1)s 1s a bulk
field emerging from the twisted RR sector.

* The term that mixes the axion with the U(1) gives to

the gauge boson and breaks the U(1) symmetry:

1
~(Oua + M AL)?

* The UV mass can be computed from a string 1-loop
diagram and is given by the UV contact term:

m,@ ......... ‘W

* The masses are of order or even smaller of the string scale.
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Presence of non-anomalous U(1)’s l

Consider now the presence of an additional non-anomalous
U(1) Y*. By definition, this means that:

Tr[Y] =Tr[Y3] = Tr[Y TYT =0
However, there might be mixed anomalies due to the traces:
Tr[Q3 =c3, Tr[Q°Y]=1co, Trl[QY?l=c¢1 , TrlQTTY =¢

Diagrams of the following type:
FY EY

U(1)4 { U(1).4 {

F}' F:fl
break the gauge symmetries: Ay — Ay + Oue , Yy — Yu + 9uC

0L1 _loop = € [%3]7‘4 ANFA 4o FANFY 4¢f FY AFY 4+ ¢ Tr[G AG]

+¢ [cz FAANFA 4 ¢4 FA/\FY}



The need of Chern-Simons terms l
5Lq_ ,000_6[03/4~4+cF/A/FY+c%Y+WG]]

4{P3FAAFA+w FAAFW
To cancel the anomalies we add axions as before:

1
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However, the axionic transformation a — a — M e does not
cancel all the anomalies. The above action 1s Y*-gauge
invariant.

We need non-invariant terms: Generalized Chern — Simons.



Chern-Simons terms l

We need non-invariant terms: o o
the variation the variation

Los = Da Y AARAFA = Ds Ap¥Y A FY

Now, a combination of the axionic and the GCS-terms cancel
the anomalies:

5L1 1oop = € [%A i c%y n C%Y +WG]]
4+ [CWA + CWY}

To cancel the anomalies we obtain:

Do =¢, Dlz%?’, Do =2¢cr, D3=2c1, Dg=cp, Dg=cy

The anomalies fix the coefficients of the GCS-terms 1n the
effective action.



The General Case |

Consider the general Lagrangian:

1 1
L = _24921:%2 — Z 2 ;}'3 + chiral fermaions
1 2

7 49z

It is easy to show that: £ ~




General Anomaly Cancellation l

. . . . 1 1 < 1
Requmng gauge invariance under 4, — A, + due’ and
ol — al — Ml the anomaly cancellatlon conditions are:
A Go Go
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Special Cases:  ® No fermions.

® Only one anomalous U(1).



String Computation of GCS |
A I:l(( {‘) ~ trg| ,.},_.ﬁir \] e kf _@lkv\l;ﬁ
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The GCS-terms are: )

(@)
Bl = Z‘ ity Cljay = O

Example: Z, Orientifold: [U(6)2XU(4)]9X[U(6)2><U(4)] 5
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Heavy Fermions |

* GCS-terms are also a prediction of an anomaly-free chiral
gauge theory with heavy and light fermions (after SSB).

* Denoting the heavy mass-insertion with ( X ): example:

(V] oo




Phenomenological implications |

* A typical D-brane description of the Standard Model:
Standard Model

N

SU(3)*xSU2)xU(1),

[/ )

SU(3)*SU(2)xU(1)xU(1) xU(1) xU(1)’

®* There are three more abelian

Aldazabal Ibanez Marchesano Quevedo gauge bosons.
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A low string scale model |
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Hypercharge Y = —5(33 — 5(_32 + 1

1 /
Lepton Number [ = 5(@3 + Q2 — Q1 — Q1)

1 ] ]
Peccei — Quinn  PQ = —5((%)3 — Q2 —3Q1 —3Q))
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Higgses are charged under
Y and PO but not under
and L.

After EW symmetry breaking,
both Y and PO are
spontaneously broken.

Two origins for masses:

1. The UV mass matrix of the
anomalous U(1)s: ~ M

S °

2. The Higgs mechanism:
vy ~ 100-200 GeV.



/-7 Mixings |

*  We go to the photon basis:

H‘r?’ C11 €12 €13 A
Y | = [co1 coo ca3 Z"0
PQ c31 €32 €33 A

* The coefficients are:

1 IQ
B : Z\ _ 104
c11,€12,¢21,¢22,¢33 ~ O(1) , «c13,¢23,¢31,c32 ~ O ( < 10



CS Couplings and LHC |

* Consider the various anomaly canceling GCS-terms :

[ J2
ZONAANIA = Z90 — vy « ~ O (%%) :
&« 2
ANZOAdZY = 70 5 70~ ~ O (%%) ,
PQAY AdY — |
? Z'nAndA = Z! — S ~ O(1),
Z'nZ°ndZ° = A AL ~  0O(1),
Z'nZOAndA = Z' — 79 ~ O

%

* Some terms are zero on-shell.

* Therefore, new signals may be visible in LHC, like:
o — 72— ~Z g
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Conclusions l

Anomalous U(1)’s are a generic prediction of orientifold
vacua.

If the string scale 1s low (few TeV region) such gauge
bosons become the tall-tales signals of such vacua.

Anomaly related Chern Stmons-like couplings produce
new signals that distinguish such models from other Z’-
models.

Such signals may be visible in LHC.
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