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e Attractive SU(5) model in 5d (Kawamura '00)

(Altarelli,Feruglio '01, Kobakhideze '01, Kawamoto,Kawamura ’01, Hall,
Nomura ’01, Hebecker, March-Russell '01, - - -)

e Extra dimension is compactified on orbifold
(Dixon, Harvery, Vafa, Witten ’85,...)

— GUT symmetry breaking
— Doublet-triplet splitting

— Absence of fast proton decay via dim. 5 ops.
(Hall, Nomura ’01)

Why SO(10) GUTs?

(Gerogi '74, Fritzsch-Minkowski ’75)

e Unify one family of quarks and leptons
including right-handed neutrino N
into one 16-plet (g, u¢, €, £, d°, N)

= Seesaw (Yanagida '79, Gell-Mann, Ramond, Rlansky '79)

OBS: Neutrino oscillations

= Leptogenesis  (Fukugita, Yanagida '86)

OBS: Baryon asymmetry of the Universe
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SO(10) Orbifold GUTs

1. SO(10) gauge symmetry breaking
2. Doublet-triplet splitting

3. Fermion masses and mixings



How break SO(10)
by orbifold?
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| y=TR

Let us consider 5d theory
with gauge group G
compactified on an orbifold S'/7;.
o /o symmetry: z5 =y: y =y
e Parity transformations of vector fields
Vi(z,y) - PV,(z, —y)P ! = +Viu(z,y) (k=0,1,2,3)
Vs(z,y) = PVu(z, —y) P = —Vs(z,y)
V= VATA, V5 = VATA (14 : G)
e If P acts on the internal space
PT*“P~' = 4T(T*: H), PT"P™! = ( )
we find: [KK mass]

Vi@, —y) = +Vi(@,y) ~ S fh (@) cos(my/R), [ (m > 0)]

— ~ S vzf’m(x) sin(my/R), [% (m > 1)]

= G — H at the fixed point.

= Zero modes of V), form gauges fields for H.

Multiplets in the bulk are split in mass!!
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This breaking mechanism is NOT always guaranteed.

Conditions
1. H is symmetric subgroup of G.

/ 1
(re, Ty C T, [Tt T o, [, T € T

2. Rank conserving breaking.

Ex) SU(5)— Gsu=SU(3)xSU(2)xU(1)

— G is indeed symmetric subgroup of SU(5).
— SU(5) and Gg\r are rank 4.

What about SO(10)?
Q. Is it possible by orbifold breaking?

SO(10)— Gsu=SU(3)xSU(2)xU(1)

A. Unfortunately, the answer is NO!!
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1. NOT a symmetric subgroup of SO(10)
SU(4)xSU(2)xSU(2) = Gps
SU(5)xU(1) = Gac
S0(8) x U(1)

2. rank 4, but SO(10) is rank 5

We found:

e We cannot break SO(10) directly into Ggy
only by orbifold compactification.

e We have to invoke the conventional Higgs mechanism.

— This is a big difference between SU(5)
and SO(10) orbifold GUTs!!

Models for SO(10) — Gswm

are constructed in 5 or 6 dimensions.



DU(].U) N SIX vimensions
(TA, Buchmiiller, Covi '01, Hall, Nomura, Okui, Smith '01)

GESM = SU(3) XSU(2) X U(l)yX U(].)X
SO(10)

by orbifold breaking

into TWO different subgroups Gps and Ggg
in TWO orthogonal compact dimensions.

Z¥5: 80(10) — Gps, Z5¢: SO(10) — Gec-

= Gps N Gge

e SO(10) — Gggsy is realized

e N=1 SUSY in 6d & N=2 SUSY in 4d (8 real supercharges)
— This extended SUSY is also broken by orbifold.
Z1: N=2 SUSY in 4d — N=1 SUSY in 4d

N=1 SUSY SO(10) GUT in 6d
on orbifold T2%/Z) x 7235 x Z$©




urbitold 1°/45 X 45 % X 457

e /> symmetries zl
R,

Zé: (yvz) — (_yv _Z) . .

Zy%: (Y 2) = (=y', —2)

Oce@

Z2GG: (y’ Z,) — (_yv _Zl)

y' =y + 7Rs5/2

2/ =2+ wRg/2 —@
OI OPS T[R5

e Parity transformations
PVP ! =4V and PYP 1= -3

Gauge multiplet in the 6d bulk
V=(Vu,M) = (Vse,A2) in N=1 4d SUSY

P = diag(+1,+1,+1,+1,+1)
Pps = diag(—1,-1,—-1,+1,+1)

Pag = diag(o2, 02,02, 02, 02)

— P, Pps, Pag break extended SUSY in 4d.

— Ppg and Pgg break SO(].O) into Gps and Ggg
at fixpoints Ops and Ogg.
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o A “pillow” with the four fixed points as corners.

Occ[Gee]

O[SO(10)]  Ors[Ges]

e In 4d,

we obtain V =1 SUSY model
with Ggsmy = SU(3)xSU(2)xU(1)xU(1) x.

— We have to invoke the conventional Higgs
mechanism to break an additional U(1) x.

— This Higgs VEV can give heavy Majorana masses
for right-handed neutrinos!
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SU(1U) INn Five UIMensioNnS (Dermisek, Mafi '01)

SO(10) — Gps or Ggq is possible
similar to SU(5) orbifold GUTs in 5d.

Orbifold S1/Z1 x zX

TR5
e 7, symmetries R N
Zy oy — —y ! \ Ox
ZX. ' = —y' (X=PS or GG)
y' =y +7mR;5/2 N Or
y=
The result

A “stick” with the two fixed points as ends.

SO(10) Gps
¢

e Gg\ is obtained by

— Gpg — Ggnm by Higgs (4, 1,2) + (4*, 1,2) on Ops.

— SO(10) — SU(5) by Higgs 16 + 16*.
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How realize
doublet-triplet
splitting?
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Multiplets in the bulk are split in mass!!

A “pillow” model

Introduce two SO(10) 10-plets in the bulk
H% = (H, H') in N=1 4d SUSY

e Parity Z.
H?d (HIaI%) and Hgd (H27H2)
+ , + ,

e Parities Z3° and Z$©

SO(10) 10

Gps (1,2,2) (1,2,2) (6,1,1) (6,1,1)
Gaa (5*7 _2) (57 +2) (5*7 _2> (57 2)

(Py°, Py©)
H; (+7+) (+7_) (_7+) (_7_)
Hy (+7_) (+7+) (_7_) (_7+)

= 75 yields doublet-triplet splitting.

= Need TWO 10-plets to have two Higgs doublets

H; and H,, in MSSM.
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ANomaly cwarniceiatiion

N=1 SUSY SO(10) GUT in 6d (“pillow” model)

Irreducible bulk and brane anomalies

should be canceled.
(e.g. TA, Buchmiiller, Covi, '02)

Bulk SO(10) Anomalies

e SO(10) is not safe in 6d.

e Cancellation of irreducible anomaly constrains the bulk fields.

A(45) = —2A(10), A(16) = A(16") = —A(10)

(e.g. Hebecker and March-Russel "01)

e Remarkably,
irreducible bulk gauge anomalies DO CANCEL
between 45 gauginos and two Higgs 10-plets!!

Cf.

— Irreducible brane anomalies are indeed canceled in the
pillow model.

— Reducible (and mixed) anomalies can be canceled
by the Green-Schwartz mechanism.

— Pure gravitational anomaly can be canceled
by adding gauge singlets.
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How obtain
realistic fermion

masses and mixings?
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Break GUT mass relations!!

(e.g. ms # my, mq # me)

e In the conventional 4d GUTs
— Introduce a complicated Higgs sector.

e In the orbifold GUTs

— Put matters on GUT breaking fixed points.
(Hebecker, March-Rusel '01,- - -)

— Use mixings with bulk split multiplets.
(Hall, Nomura '01,- - -)

Realize large neutrino-mixings!!

e Recent neutrino experiments provide
— Atmospheric v oscillation
SMatm® ~ 2.5 X 1073 eV?, sin? 20,4m ~ 1.0.
— Solar v oscillation
57715012 ~ 7 %X 107° eV?, sin? 20, ~ 0.9.

e Small quark-mixings v.s. Large neutrino-mixings

Many interesting proposals:

Hall, Nomura, Okui, Smith '01, Watari, Yanagida '01,

Haba, Kondo, Shimizu 01, Barr, Dorsner '02, Hall, Nomura 02,

TA, Buchmiiller, Covi, ‘02 '03, Albright, Barr ‘02, Haba, Shimizu '02 '02,
Kyae, Shafi ‘02, Kim, Raby '02, Kitano, Li ‘03, Shafi, Tavartkiladze '03,
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(T.A, Buchmiiller, Covi '03)

W,

1
Occ[Gee ]

1y 1y

ds dj

O:[SO(10)]  Ops[Ges] W,

Brane Matter Fields

"pl — (CI1, uc’ ec)_|_(£1’ dC)"‘Nlc (13 a) — (R7 X)

~

Py = ((Iz, s°, Nzc) + (827 Cc) + Mc (1,a)
Y3 = (QSa 63) + (tca bcv ch Ng,c) (17 a)

Bulk Matter Fields
P(16) = (Qg, Uy, Eg, €4, Dy, Ng) (1,a)
¢°(16") = (Qg, Uy, Eg, £5, Dy, Ny) (1, —a)

H5(10) = (H5C, dZ’ H5, G5) (1, 2a)
HG(]-O) — (Hg7 Gé’ Hs, d4) (17 —2&)

Bulk Higgs Fields
Hl(lo) — (H17G57H167 Gl) (0,—2&) <H1> = U
H,(10) = (HS, GS, Ho, G1) (0, —2a) (Hsy) = vy
(13(16) = (Q@, Uq), E@, qu, Dc’ Nc) (0, a) <Nc> — UN

P4(16%) = (Qs, Us, Eg, Ly, D, N) (0,—a) (N) = vy

Additional Bulk Fields

H3(10)
H4(10)

(H?fa GC) Hs, G3) (27 2CL)
(HL GZ? Hy, G) (27 —2&)
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DIrdric oupcecrpotlcritial

W = M®Hs;Hg + Miﬂﬁaﬁbc + Mi2H1Hsz + MasHoyHs

1 1 c e
+ Shegwbatbs i + ShoybatbsHy + fa®ipaHs + f38°¢°Hs

N
D xcxc G 1hoé,3 CxC
+ SO P Hs+ f <I><I>H4—|—§M7,ba7,bg<1><1>

*

k k k k c
+ ]\41 HH, + ]\; H\H,H; + ﬁSHSHE? + —®P°H, Hy
+ ks SD°HoHs + 9o O HsHy + 9o DY HsHo

) M, M,

g° g"

+ PPp°HsHq + 7 PP HsH

d l !
+ —2PP ¢’ + —L DN + — DD P° .

M., M, M.,

woz — (wuqb)’ Q= 1727374
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W =d, m dc—l—e maﬂe,3+n maﬂug—l—u m; ‘Uit ncan

2
N YN
h{iv2 0 0 117, 0 5 0
m" = 0 hgsv2 0 ,m’ = 0 hé\;;}\/I_N 0
u X
0 0 h33’02 N 'U]2V
0 0 h33m

= 3x 3 diagonal matrices
= No mixing with bulk matters

11 0 0 1
d e D . 0 2 0 12
m ~ MM ~MmMm ~ M = ~
00 g
M; My Ms My
= 4 x4 matrices
= Mixings with bulk matters d4, dj, ¢4, £;
= Wi, i = O('Ul 2) and M, = O(AGUT)
= Suppose M1 ~ M2 ~ M3 ~ M4 ~ Aqut
then, m are determined by u; and z;.

Assumptions

® [b1 1 M2 1 3 N TNy L M D Ty

o~ ~

_ ~ . 2 2 M1 M1
OIUJ1<,u2<,ugbUt’UJ—<<~—and < =
I3 M3 M3 M3

® L3~ U3
= Matrix m are controlled by

s, fha, f1.
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None of
the GUT
mass relations

hold exactly!!!
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W =d maﬁdc—l—e maﬂeg—l—n m Bl/g—l—u m; “ujtg ncMwn

Up quarks / Right-handed neutrinos

m? = 0 h9sv2 0
2
N v
h11 3 0 . 0
N
m’ = 0 3% 3L 0
0 0 h3L N o

Down quarks / Charged leptons / Dirac neutrinos

0 dYN

hiiv1 0 glmvl
md 0 th'le 0 92%7’1
0 0 hg3v1 93%1)1
fivy  favy  favn M
hiilvl 0 0 h(la4’U1
me — 0 hSQUl dO hg4vl
0 0 h33v1 h§4’01
M! M} Ml M}
thlUQ 0 0 hﬁvg
mD _ 0 h12L2’02 0 hivg
0 0 hgg’vg h3D4’U2

My My My Mg
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W = damiﬂ g + egmgﬂeﬂ + ngmgﬂyg

p1 0 0 [l

d e D . 0 12 0 12
m ~MmMm ~ M ~ Mm = ~
0 0 13 M43

M; M, Mz My

;T _ m O
m—UmV—<OM>

€11 M1, €12 K1, €13 M1

m = €21 M2, €22 U2, €23 U2
€31 U3, €32 U3, €33 U3

with €ij ~ 1 (but €1 0.1)

e Small mixings in d; (and eg)!!

— Mixings in Vi are small

e Large mixings in ez, vz (and dg)!!

= Lopsided fermion mass matrices
(Sato,Yangida '98, Irges,Lavignac, Ramond ’98, Albright, Babu, Barr '98)
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1 NEC resuits

Quark Masses and Mixings

[my 2 me : My ~ p3 o2 o]

~ ~ ~ M2 _ 3 me
my ~ 3(~ p@3), Ms ~ [l2, Mg~ 1= ~ 1=
2 2 Tt
VuszecN#v ‘/chgv VubN#
2 k3 M3
Using my, m, and 6., we find
Mg _9 Mg _3
Viep ~ ~ 2 X 10 7, Vyu ~ 6. ~ 4 x 10
my my
m mem
40,/ ~0.03
Mg MM
Neutrino Masses and Mixings
[Ms : My : My ~ myg : me : iy 'ng—;NO.l
o [ v v
1
my, = —(m”) —m"” ~ Es ~ 1 1
MN M3 1 1

This v mass matrix can account for all neutrino data.
(Sato,Yangida '98, Irges,Lavignac, Ramond '98, Albright, Babu, Barr '98)

We find 913 ~ Yy 0.1

Using ms ~ /dm?2,_ ~ 0.05 eV, we find

M; ~ 10 GeV, My ~ 3 x 10'? GeV, M; ~ 10'° GeV
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KUummary

SO(10) Orbifold GUTs

e SO(10) Breaking

— Orbifold breaking + Higgs mechanism
+ Models in 6d ( “pillow”) or 5d (“stick’)
x Higgs VEV may give heavy Majorana masses

e Doublet-Triplet Splitting

— Multiplets in the bulk are split in mass

e Fermion Masses and Mixings

— Breaking GUT mass relations
+ Matters on the SO(10) breaking fixpoints
x Mixing with the bulk split matter

=> Characteristic and rich phenomenology!!

Issues not discussed here are

e Proton Decay
e Gauge Coupling Unification
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