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0 Scales in unified model building:
Planck scale Mp
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0 Neutrinos from the top-down:

e whatis a neufrino in a string model?
e how to distinguish neutrinos from other SM singlets (modulli
etfc.)

O Neutrinos in explicit globally consistent string
compactifications
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O Running couplings in the (minimal) supersymmetric
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O There is only one coupling, we observe different coupling
strengths only because of quantum effects
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Neufrino masses in grand unification: see-saw

0 allowed coupling: 1261616 — (SM singlets)vv + ...
0 Higgs VEV: (126) ~ mass term M vy
0 allowed coupling: 101616 — H,Lv+...
O see-saw couplings: #iee—saw = ¥wH, Lv+Mvv
Minkowski (1977)

Gell-Mann et al. (1979)
Yanagida (1979)
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Neufrino masses in grand unification: see-saw

0 allowed coupling: 1261616 — (SM singlets)vv + ...
0 Higgs VEV: (126) ~ mass term M vy

0 allowed coupling: 101616 — H,Lv+...

O see-saw couplings: #iee—saw = ¥wH, Lv+Mvv

0 see-saw mass matrix

H,,—>l) 0 VU v %Uz —_—
Wsee—saw — (Vﬂ;) <yyv yM ) (;) =~ yM vv+Myvy

00 expectation: m, ~ (100 GeV)2/106 GeV ~ 103 eV
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Neutrino masses in Nature: oscillation experiments

O strong experimental evidence for neutrino oscillation on
astro—-physical scales

0 experiments: |/Am2, ~0.04eV & |/Am?2 ~ 0.008 eV

0 neutrino masses hint at
e see-saw

e GUT structures

O Factor 10-100 discrepancy (... would need
M ~ few - 10™ GeV)
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Gauge unification: GUT vs. string scale

cf. Dienes (1997)

-

M GUT M string


http://inspirehep.net/search?p=Dienes:1996du
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Scales in unified model building

[]
[]
[
[

Planck scale (‘fake scale”)
(Heterotic) string scale
GUT scale

See-saw scale

Mp ~2.4-108 GeV
Miiring ~ 8 - 1017 GeV
Mgyt ~ few - 1016 GeV
Mee_saw ~ few - 104 GeV
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breaking A ’
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Scales in unified model building

[ Planck scale (‘fake scale’) Mp ~ 2.4-10'8 GeV

[]  (Heterotic) string scale Miiring ~ 8 - 101 GeV

[J GUTscale Mgur ~ few - 106 GeV

[l See-saw scale Mieo—saw ~ fow - 1014 GeV

0 0O-0 can be reconciled in anisotropic compactifications:

Rlarge ~ 1/MGUT & Rsmall ~ l/Mstring

0 Remainder of this talk:
Mee_saw VS. Mgur in string models
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0 U(1)pg c SO(10) yields standard charges for matter
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= Maiter parity from U(1)p 7,

Maftter parity or effective R parity from U(1)pz,

0 U(1)pg c SO(10) yields standard charges for matter

SO(10) — SUE)xSU2) x U(l)y x U1)p1
16 - (3.2)1/6139(3.1)-2/3-13® (3. 1)1/3-1/3
®(1L,1)1101,2)-12-19(1,1)01

0 How to define B-L c Eg x Eg?

Buchmduller et al. (20070) ; Lebedev et al. (2007)
|

O ¢ (members of 16-plet) = standard
® spectrum 23 generations + vector-like w.r.t. Gsy X U(1)p1,

in many orbifold MSSM models: ap Matter parity:
existence of SM singlets with g7, = +2! U(1l)py — 78



http://inspirehep.net/search?p=Buchmuller:2007zd
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Lee et al. (2011) ; Chen et al. (2012)

L A simple anomaly-free ZE symmetry can
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I—Neutrinos and Zf

Unique ZE symmetry for the MSSM

Lee et al. (2011) ; Chen et al. (2012)

L A simple anomaly-free ZE symmetry can

e provide a solutfion to the i problem
e suppress proton decay operators

universal anomaly coefficients

universal charges for matter
forbid u @ tree-level » ~ unique Z&

allow Yukawa couplings

dllow Weinberg operator

dim. 4 proton decay operators completely forbidden
fo ~ dim. 5 proton decay operators highly suppressed
1 appears non-perturbatively


http://inspirehep.net/search?p=Lee:2010gv
http://inspirehep.net/search?p=Chen:2012jg
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I—Neutrinos and Zf

Neutrinos and 7%

0 7R matter : R chargel
4' ] Higgs : Rcharge0

0 Neutrinos : R charge 1

Kappl et al. (2011)

0 Explicit string models with ZE and see-saw neutrinos
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I—Neutrinos and Zf

Neutrinos and 7%

0 7R matter : R chargel
4' ] Higgs : Rcharge0

0 Neutrinos : R charge 1

Kappl et al. (2011)

0 Explicit string models with ZE and see-saw neutrinos

0 However, discuss an older example


http://inspirehep.net/search?p=Kappl:2010yu

An explicit example
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= Model definition and spectrum

An explicit example

Lebedev et al. (2007)

O Input = geometry, shift & Wilson lines

X X
ez Re Rezs
o (bepoena) (Db bbb
W= (0-h ot hono) (a0 Loa-s 1 20)
o e (B AIELY) (beotod a0
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= Model definition and spectrum

An explicit example

Lebedev et al. (2007)

O Input = geometry, shift & Wilson lines

O Gauge group
c SU(5) c SO(10)

G = [SU3) x SU(2) x U(1)y x U(1).] x [SU@) x SU2)] x U(1)”

[GUT normolizo’rion] O [gouge coupling unificoTion]

Ty‘{ (0,0,0,3,3,-1,-1,-1) (0,0,0,0,0,0,0,0)

1.1 _1
37373
%7_%7_%) (0,0,0,0,0,2,0,0)

tg_= (0,0,0,0,0,-

normalization not as in SO(10) |



http://inspirehep.net/search?p=Lebedev:2007hv
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= Model definition and spectrum

An explicit example

Lebedev et al. (2007)

O Input = geometry, shift & Wilson lines

O Gauge group
c SU(5) c SO(10)

G = [SU3) x SU(2) x U(1)y x U(1).] x [SU@) x SU2)] x U(1)”

O Spectrum

spectrum = 3 x generation + vectorlike w.r.t. Gy x U(1)py,


http://inspirehep.net/search?p=Lebedev:2007hv
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An explicit example

= Model definition and spectrum

Spectrum @ orbifold point

# irep label # | irep label
2 . ; 3,11, ;
3 (3, , 1, 1)(1/6,1/5) (i 3 (3 1 1) 2/3-1/3) u
3 (1, 1, 1, 1)(1Y1) e; 8 (1, 2, 1, 1)(0,*) m;
3+1 (3, 11, 1)(1/3,71/3) d; 1| B LL s | d
3+1 | (L2LD ey | 6 1| (L2 D) 0L
1 (1,2;1,1) 0 ¢i T (121, 1) 00 bi
6 (3, LL1) ] 6 | B L) 15 0 |6
14 (]-a l;lal)(l/Z,*) S;r 14 (]-a l;lal)(—l/Z,*) S;
]6 (1, 1, 1, 1)(0,1) T'Ti ]3 (1, 1, 1, 1)(0,,1) n;
5 (1, 1, 1, 2)(()‘1) 77L 5 (1, 1, 1, 2)(()‘_1) ni
10 | (1,1;1,2)¢y h; 2 | (1,2;1,2)0 i
6 | (1.1;4.1), f 6 (1,1;2,1)(0 ) f
2 | L4 ey | 2 | (113 |
4 (L,1;1,1) .9 Xi 32| (1,11, 1)(0,0)’ ’ s}
2 (3, 1;1, 1) 1oz Vi 2 | B L L, 1)q6-23 v;
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= Model definition and spectrum

Spectrum @ orbifold point

# irep label # | irep label
3 (3,21, 1)q1/6.1/3) (ii 3 (3, 11, 1) Cosr |
3 (1, 1, 1, 1)(1Y1) e; 8 (1, 2, 1, 1)(0,*) m;
3+1 | (3111 oy | 1 B LLD sy | di
3+1 | (L2LD ey | 6 1| (L2 D) 0L
1 (1,21, 1) 10 i T (L2, 1) 00 &
6 (3, 1; 1, 1 @/32/3) 0; 6 (3, 1; 1, 1)(,1/3,,2/3) 0;
14 (]-a l;lal)(l/Z,*) S;r 14 (]-a l;lal)(—l/Z,*) S;
]6 (1, 1, 1, 1)(0,1) T'Ti ]3 (1, 1, 1, 1)(0,,1) n;
5 (1, 1, 1, 2)(()‘1) 77L 5 (1, 1, 1, 2)(()‘_1) ni
10 . . ~
, |[spectrum = 3 generations + vectorlike|
2 | L4 ey | 2 (1, 1.4, 1) o 7
4 (L,1;1,1) .9 Xi 32| (1,11, 1)(0,0)’ ’ s}
2 (3, 1;1, 1) 1oz Vi 2 | B L L, 1)q6-23 v;
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= Model definition and spectrum

Spectrum @ orbifold point

# irep label # | irep label
2 . ; 3,11, ;
3\ (3, y 1, 1)(1/6,1/5) (i 3 (3 1 1) 2/3-1/3) u
3 (1L,1,1,1)q e; (1,2;1,1) m;
50 NOR 1| B LY sy | di
3‘+\1\ T (1,251, ) b
\ T (1,2:1, 1) 0 &
6 6 (3, 1, 1, 1)(,1/3,,2/3) (Si
14 141 (L1;1,1) 0, s;
16 X i 13 (1, 1, 1, 1)(0,,1) n;
5 | (1L1;1,2)0y NN 5 | (1L1;1,2) T

10 T - - X
, ||spectrum =3 generations + vector-like|
2 | MLAD ey |/ 2 | (Ludn) (1’/2 , 7
4 (1,1;1,1) .9 Xi 32 (1,131,1)(0,0)’ ’ 87
2 (5, 1;1, 1)(71 6231 v;i 2 |1 B, L1, 1)q/6-2/3 Ui
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= Model definition and spectrum

Spectrum @ orbifold point

2=

# irep label # | irep label
2 . ; 3,11, ;
3 (3, y 1, 1)(1/6,1/5) (i 3 (3 1 1) 2/3-1/3) u
3 (1, 1, 1, 1)(1Y1) e; 8\ (1, 2, 1, 1)(0,*) m;
3+14 (3, 1:1, 1) v | 1\ G LL s | &
3 + 1\ N . 1, 1)(,1/29,1) Ci s 2, 1, 1)(1’/2,1) Ci

1L, 00)

(1,1;4,1) /51

(L1;1,1) .0
(-1/6.2/3)

\

(3. 1,1, 1)1/6-9/3
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= Model definition and spectrum

Spectrum @ orbifold point

# irep label # | irep label

2 . ; 3,11, ;

3 (3, , 1, 1)(1/6,1/5) (i 3 (3 1 1) 2/3-1/3) u
3 (1, 1, 1, 1)(1Y1) e; 8 (1, 2, 1, 1)(0,*) m;
3+1 (3, 1:1, 1)(1/3,71/3) d; 1| B LL s | d
3+1 | L2111 |G 1 (1L,2,1,1) 00 Lt
1 (1,2;1,1) 00 ¢i T (1L,2,1,1) 00 j
6 (3, 1:1, 1)(1/3,2/3) 5 6 | 3.1 L1 ,
14 (]-a 11 la 1)(1/2,*) S;r 14 (]-a () 1)(—1/ ) S;
]6 (1, 1, 1, 1)(0,1) T'Ti \LS N 1, 1, 1) 1) n;
]% g } } B-L allows to discripainate 7
"1 e between lepton and Higgs fields A

6 (1,1;4, . \ i

e between neutrinos and other singlets |

2 | (1,1;4, S - — ;-
e ‘ \ /(1/2,1) !

4 (L,1;1,1) .9 Xi 32 | (1,L1;1,1)0 s}

2 | (Brry) ol 2 | B L1 Dge0m | v
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= Model definition and spectrum

Spectrum @ orbifold point

# irep label # | irep label
2 . ; 3,11, ;
3 (3, y 1, 1)(1/6,1/5) (i 3 (3 1 1) 2/3-1/3) u
3 (1, 1, 1, 1)(1Y1) e; 8 (1, 2, 1, 1)(0,*) m;
3+1 (3, 11, 1)(1/3,71/3) d; 1| B LL s | d
3+1 | (L2, 1) yy9-1 ; 1 /2,1) ti
1 (1,2;1,1) 0 20) &
6 (3’ L1, 1) (o SXistence of SMsinglets | aza | O
]4 (1, ]., 1, 1)(1/2,*) WiTh qB_L = i2 /2,%) S;
]6 (1, 1, 1, 1)(0,1) :_vl (kY] [ () n;
5 (1,1,1,2)4 ni 5 | (1,1;1,2)_y ni
10 (1, 1, 1,2)(()‘0) hi 2 (1,2, 1,2)(()‘0) jil
6 | (L1;,4,1), f; 6 (1,1;11)(0 ) fi
2 | L4 ey | 2 (1, 1,4, 1) o 7
4 (L,1;1,1) .9 Xi 32| (1,11, 1)(0,0)’ ’ s}
2 | (Brry) o ln 2 | B L1 Dge0m | v
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= Model definition and spectrum

Spectrum in MSSM vacua

[0 Decoupling of exotics
Xl‘)_(j Siy -+ - Si,

——
VEV-mass term

We have checked that:
O exotfics” mass matrices have full rank with

s; = Ggy x SU(4) singlets with ggz, =0 or +2

O s; VEVs are consistent with supersymmetry

O there ares; c s; configurations where all exotics are massive
and there is one pair of almost massless Higgs (i.e. u ~ ms;2)
due to an approximate U(1)g symmetry

0 Have obtained an MSSM vacuum with R parity
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What is a (‘right-handed’) neutrino?

O 4D GUTs: v member of 16-plet
SO(10) — SU(@B)xSU((2)xU(1)y x U(1)pr
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L Neutrino masses

What is a (‘right-handed’) neutrino?

O 4D GUTs: v member of 16-plet
SO(10) — SU(@B)xSU((2)xU(1)y x U(1)pr

16 - (3.2)1/6139(3.1)-2/3-13® (3. 1)1/3-1/3
(11110 1,2)-12-19(1,1)01

Higher-dimensional GUTs/Strings:

v = Ggy singlet which is odd under matter parity

O remark: we get 49 neutrinos in the example
ni&n; = (1,1;1,1)051

7= 7?17 7= @5 oy = ni4 - no
nig ) nes ) ' nis )0 no3

49 26 23
(vilizy = {nifioy U {ngdisy
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I—See-sclw couplings

See-saw couplings

0 see-saw couplings: Weee saw = Y7 ¢ 6 vj + Myjvi v,
O instring models M, Y, ~ (s")

0 see-saw mass matrix

$u—v O yU 4 31}2 _
Wsee—saw — (V"j) (yyv yM ) <‘7> =~ yTVV+MVV
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I—See-sclw couplings

See-saw neutrinos from the heterotic string

o Mam MG
M = < M Mun )



Neutrinos & Strings

(@)
C
—
i
(7p]
O
-
g O
m e copp, o~
m.w += o o §
() o or, P o o
mwh cooco @9 oo
Mw e cooo oo nHf,
A
N s
S -
O VRS S
N— g = °
s s
S <
] =
=
i
ol ==
M_Hu ~
1]
W AW I I
O
T
0]
)
w




Neutrinos & Strings An explicit example
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See-saw neutrinos from the heterotic string
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I—See-sclw couplings

See-saw neutrinos from the heterotic string

o Mam MG
M = < M Mun )

0 Note: the zeros get filled in at higher order

Yv = (er, Yv)

bottom-line:

Y, and M exist with M & m, = v* YT M~1Y, having full rank
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I—See-sclw couplings

Heterotic see-saw

Buchmdiller et al. (2007b) ; Buchmdiller et al. (2007a) ; Lebedev et al. (2007) ; Kappl et al. (2011)

O there are O(100) neutrinos (= R parity odd SM singlets)
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I—See-sclw couplings

Heterotic see-saw

Buchmdiller et al. (2007b) ; Buchmdiller et al. (2007a) ; Lebedev et al. (2007) ; Kappl et al. (2011)

O there are O(100) neutrinos (= R parity odd SM singlets)

[0 O(100) contributions to the efecives NEUTTINO MASS Operator

0 effective suppression of the see-saw scale

Mcur

mV ~ M* M* ~ 10..100

. seems consistent with observation

A2, = 0.04eV & \/Am2, =0.008eV)

atm
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I—See-sclw couplings

Heterotic see-saw

Buchmdiller et al. (2007b) ; Buchmdiller et al. (2007a) ; Lebedev et al. (2007) ; Kappl et al. (2011)

O there are O(100) neutrinos (= R parity odd SM singlets)

[0 O(100) contributions to the efecives NEUTTINO MASS Operator
0 effective suppression of the see-saw scale

. seems consistent with observation

\Am2 =~ 0046V & /Am2, ~ 0.008¢V)

atm

Main conclusion:
See-saw is a generic feature in heterotic MSSM vacua
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I—See-sclw couplings

Heterotic see-saw

Buchmdiller et al. (2007b) ; Buchmdiller et al. (2007a) ; Lebedev et al. (2007) ; Kappl et al. (2011)

O there are O(100) neutrinos (= R parity odd SM singlets)

[0 O(100) contributions to the efecives NEUTTINO MASS Operator
0 effective suppression of the see-saw scale

. seems consistent with observation

\Am2 =~ 0046V & /Am2, ~ 0.008¢V)

atm

Main conclusion:
See-saw is a generic feature in heterotic MSSM vacua

O Note: in Zs orbifolds one arrives at a different conclusion

Giedt et al. (2005)
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= Possible implications

Possible implications

Feldstein and Klemm (2012)

see talks by Altarelli & de Gouvea for discussion on anarchy

O Anarchy: statistical preference for
¢ large mixing angles
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Possible implications

Feldstein and Klemm (2012)

see talks by Altarelli & de Gouvea for discussion on anarchy

O Anarchy: statistical preference for
¢ large mixing angles
e mild hierarchies
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= Possible implications

Possible implications

Feldstein and Klemm (2012)
see talks by Altarelli & de Gouvea for discussion on anarchy
O Anarchy: statistical preference for
¢ large mixing angles
e mild hierarchies

Eisele (2008) ; Ellis and Lebedev (2007)

[0 Relaxation of leptogenesis constraints: bound on the lighest
right-handed neutrino mass gets about one order of
magnitude weaker than in the three neutrino case


http://inspirehep.net/search?p=Feldstein:2011ck
http://inspirehep.net/search?p=Eisele:2007ws
http://inspirehep.net/search?p=Ellis:2007wz
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Summary

O See-saw is generic in explicit heterotic MSSM models

O Effective suppression of see-saw scale
ANYS
my —
\ %

O Possible implications:
e ‘anarchical spectrum’” with large mixing angles and small
mass hierarchies
e relaxation of cosmological bounds on mass of lightest
right-handed neutrino




Mille grazie!
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