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And All That



H
1(V )F ⇒ matter

H
1(V ∗)F ⇒ conjugate matter

H
1(∧2

V )F ⇒ Higgs

H
1(V ⊗ V

∗)F ⇒ Bundle Moduli

V , G = SU(4)

W , F = Z3 × Z3

N = 1 SUSY

“slope” stable

Smooth Heterotic Compactifications

R4

D = 6

D = 10, gMN , Aa
M , E8

X,

G = SU(4)⇒ E8 → Spin(10)

R4 Theory Gauge Group:

• SU(4) Heterotic Standard Models 



F = Z3 × Z3 ⇒ Spin(10)→ SU(3)C × SU(2)L × U(1)Y ×U(1)B−L

gauged

Braun, He, Ovrut, Pantev 2006Choose the               Wilson lines to be 

where

⇒

Z3 × Z3

YY = 6Y , YB−L = 3(B − L)

χY = eiYY
2π
3 , χB−L = eiYB−L

2π
3

R4 Theory Spectrum:

nr = (h1(X, UR(V ))⊗R)Z3×Z3 .⇒ of quarks/leptons3 families 

QL = (3, 2, 1, 1), uR = (3̄, 1,−4,−1), dR = (3̄, 1, 2,−1)

LL = (1, 2,−3,−3), eR = (1, 1, 6, 3), νR = (1, 1, 0, 3)

and 1 pair of Higgs-Higgs conjugate fields

H = (1, 2, 3, 0), H̄ = (1, 2̄,−3, 0)

under SU(3)C × SU(2)L × U(1)Y × U(1)B−L.



That is, we get exactly the matter spectrum of the MSSM

In addition, there are

bundle modulin1 = h1(X, V × V ∗)Z3×Z3 = 13 vector φ = (1, 1, 0, 0)

with 3 right-handed neutrinos!

However-

Tr(YY YB−L)so(10) �= 0 ⇒ initial U(1)YUB−L operator mixing

Tr(YY YB−L)3⊕2⊕1⊕1 �= 0 ⇒ U(1)Y UB−L mixing evolves with scale

Greatly complicates the RG and low energy analysis!

Denote this low energy theory as a B-L MSSM.

No further vector-like pairs or exotics.



Question:  Are there other inequivalent choices of Wilson lines

leading to a B-L MSSM with no U(1)U(1) kinetic mixing?

so(10) Dykin Diagram :

su(2)L

su(3)C

First, find the most general element of the Cartan subalgebra
h ⊂ so(10) that commutes with α1,α2,β,α4. The result is

H3⊕2 = a(H1 + H2 + H3) + b(H4 + H5)

⇒  the elements of so(10) that commute with su(3)C ⊕ su(2)L

form a two-dimensional subspace h2⊕3 ⊂ h

.

. Any basis is of
potential interest.



However, 
H1 + H2 + H3 , H4 + H5

arise “naturally”. We call this the “canonical basis” and explore its

properties. One can identify

2(H1 + H2 + H3) = 3(B − L)YB−L =

H4 + H5 = 2(Y − 1
2
(B − L)) = 2T3RYT3R =

Now choose the               Wilson lines to be Z3 × Z3

χT3R = eiYT3R
2π
3 , χB−L = eiYB−L

2π
3

Note that
χ3

T3R
= χ3

B−L = 1
⇒

Spin(10)→ SU(3)C × SU(2)L× U(1)T3R × U(1)B−L



The Spin(10) spectrum is determined from H
1(X, UR(V )).

For R = 16
H

1(X, V ) = RG
⊕3

where

and χ1 = χT3R ,χ2 = χB−L. Note that

h1(X, V ) = 27

⇒ 27 16 representations.  The action of the Wilson lines on
each 16 is

Then (H1(X, V )⊗ 16)Z3×Z3 consists of 3 families of quarks/leptons

Canonical Spectrum:



each transforming as

under

has1 pair of Higgs-Higgs conjugate fields

For R = 10
h1(X,∧2V ) = 4

⇒ 4 10 representations. We find that (H1(X,∧2
V )⊗ 10)Z3×Z3

That is,



Note in the above analysis that each quark/lepton and Higgs 

arises from a different 16 or 10 of Spin(10).

⇒, (Hi|Hj) = δij the “Killing” bracket

(YT3R |YB−L) = 0 ⇒ Tr(YT3RYB−L)so(10) = 0 ⇒ no initial mixing

Canonical Kinetic Mixing:

For arbitrary U(1)1 × U(1)2

For U(1)T3R × U(1)B−L



For arbitrary U(1)1 × U(1)2

with covariant derivative

Redefining the gauge fields by rotation and rescaling one finds

with the covariant derivative in the “upper triangular” form

Lkinetic = −1
4
((F1

µν)2) + (F2
µν)2)



That is, kinetic mixing reappears as an off-diagonal GM

covariant derivative. Note that
in the

α→ 0 ⇒ G2 → g2 , GM → 0

The RGE for GM is

where

and
Bij = Tr(T iT j)3⊕2⊕1⊕1

Assuming GM = 0 at the initial scale, it can only “regrow” from  
from the last term. ⇒ kinetic mixing will vanish at all scales iff

Tr(T 1T 2)3⊕2⊕1⊕1 = 0

For generic U(1)1 × U(1)2 this is not the case.



However, for the canonical basis
Tr(YT3RYB−L)16 = 0

Furthermore,

,
⇒

Tr(YY3RYB−L)HH̄ = 0

Conclusion:

What about non-canonical bases? We can prove a theorem that



Sequential Wilson Line Breaking

π1

�
X/(Z3 × Z3)

�
= Z3 × Z3 ⇒ 2 independent classes of 

non-contractible curves. ⇒ each Wilson line has a mass scale 
∝ r−1 of the curve it “wraps”. Denote these by MχT3R

,MχB−L .

Three possibilities: MχT3R
�MχB−L , MχB−L > MχT3R or

MχT3R
> MχB−L .

MχB−L > MχT3R
:

First consider

Recall 2(H1 + H2 + H3) = 3(B − L)YB−L = . In addition to
su(3)C ⊕ su(2)L this commutes with and, hence, su(2)R .

⇒
Spin(10)→ SU(3)C × SU(2)L× SU(2)R × U(1)B−L

Gauge group of the “left-right” model.

α5

At MI = MχT3R

χT3R turns on and breaks SU(2)R → U(1)T3R .



Second, consider

MχT3R
> MχB−L :

Recall . In addition toH4 + H5 = 2(Y − 1
2
(B − L)) = 2T3RYT3R =

su(3)C ⊕ su(2)L this commutes with 

su(4)C

⇒
Spin(10)→ SU(4)C×SU(2)L × U(1)T3R

Gauge group of the “Pati-Salam” model.

turns on and breaks

MI = MχB−L

SU(4)C → SU(3)C × U(1)B−LχB−L

At

In each case, can compute the exact zero-mode spectrum in

the intermediate region.

.



●



The 3R/B-L Breaking Scale

At a scale MB−L < MI must spontaneously break
U(1)T3R × U(1)B−L → U(1)Y

Since in the canonical basisGM = 0 ⇒ the U(1)T3R × U(1)B−L

covariant derivative is

The potential for a right-handed sneutrino ν̃ is approximately

where and m2
ν̃ is the soft SUSY parameter.

RG scaling

V
−4mν(0)2

⇒
ν̃



In the canonical basis, no kinetic mixing implies we can solve the 
sneutrino soft breaking mass RGEs analytically.  For example,
in the “left-right” model 

M1/2 = 200 GeV and all soft masses universal except the
first and second family sneutrinos ⇒
Taking

MIMSUSY

← m2
ν̃3

(0) = (200 GeV )2



MSUSY

MB−L

MI

Mu

α1 = 0.017, α2 = 0.034, α3 = 0.118

�
t̃Lt̃R �

MSSM

SM

left− right or Pati− Salam

MEWMZ �

α1 =
5

3α−1
3R + 2α−1

BL

αuMc �Mχheavy �

Mχlight �

B − L MSSM



Example:  Taking the “left-right” model, choosing

and enforcing gauge unification, we find
Mu = 3.0× 1016 GeV, MI = 3.7× 1015 GeV

The running gauge parameters are

●

MSUSY = 1 TeV, MB−L = 1 TeV

αu = 0.046, α3R(MB−L) = 0.0171, αBL(MB−L) = 0.0180



(a)

(b)

(c)

Figure 5: Plot (a) shows the cµ(0)-tan β plane corresponding to point (B) in Figure 2 with the

phenomenologically allowed region indicated in dark brown. The mass spectrum at (Q) was presented in

Table 3. A plot of the hierarchy MB−L/MZ over the allowed region is given in (b). Graph (c) shows the

hierarchy as a function of cµ(0) along the tan β = 12 line passing through (Q).
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