Sterile neutrinos in string derived models

light sterile neutrinos <—  low—scale U(1) under which they are chiral

e Sterile neutrinos:

AEF, EPJC78 (2018) 867;
AEF & Marco Guzzi, EPJC82 (2022) 590;
Andrew McEntaggart, AEF & Marco Guzzi, EPJC83 (2023) 590;

e String derived Z' model:  (hard to construct)
AEF, & John Rizos, NPB895 (2014) 233;

CERN Neutrino Platform Pheno Week 2023, CERN, 13 March 2023
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LSND 1993: Evidence for sterile neutrinos

MiniBooNE 2018: Further evidence for sterile neutrinos

MicroBooNE 2021: No evidence for sterile neutrinos

Sterile neutrinos in string vacua?




Realistic free fermionic GUT models

‘Phenomenology of the Standard Model and Unification’

e Minimal Superstring Standard Model ~ NPB 335 (1990) 347
(with Nanopoulos & Yuan)

e Top quark mass ~ 175-180GeV PLB 274 (1992) 47

e Generation mass hierarchy NPB 407 (1993) 57

o CKM mixing NPB 416 (1994) 63 (with Halyo)
e Stringy seesaw mechanism PLB 307 (1993) 311 (with Halyo)
e Gauge coupling unification NPB 457 (1995) 409 (with Dienes)
e Proton stability NPB 428 (1994) 111

e Squark degeneracy NPB 526 (1998) 21 (with Pati)
e Moduli fixing NPB 728 (2005) 83

e Classification & Exophobia 2003 -

(with Nooij, Assel, Christodoulides, Kounnas, Rizos & Sonmez)



String GUT models in the Free Fermionic Construction:

Left-Movers: wﬁQ, Xi, Y, w; (1=1,---,06)
Right-Movers

gi7wi Z:1776

PA=1,- 44 = \ T U(l); i=1,2,3
1;1,...75 SO(10)
élj...jg SO(16)

\

Models <— Basis vectors +  one—loop phases

Free Fermionic Models: Z9 X Z9 orbifolds

with discrete Wilson lines



Sterile neutrinos in free Fermionic models Stringy 3GEN SO(10) — X

Analyse mass terms constributing to the neutrino mass matrix  FN-like

AEF & Edi Halyo, PLB 307 (1993) 311
AEF & Claudio Coriano, PLB 581 (2004) 99

The generic form:

0 (Mp)i; 0 Y
(Vz', N;, ¢fz) (Mpiz 0 Nij [ | Nj |
0 (N)ij (0)ij) \&;
SVAS _
my]- ~ ( <N> ) <§b> ; mNj,m¢ ~ <N> .

(N) > 10MGeV

No Light sterile neutrino



Specific example:
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mass eigenvalues {1.7 x 1013, ... ,2.478YGeV
No Light sterile neutrinos -> non—chiral matter -> heavy

Sterile neutrinos -> Chiral under an extra U(1) symmetry



Low scale Z/ in free fermionic models:

¢ 5U(1)p_1 —2U(1)g € SO(10) @ 1TeV MPL A6 (1991) 61
(with Nanopoulos)

e But my=my_ & 1TeV Z' = m,_ =~ 10MeV  PLB 245 (1990) 435

Fg — SO(10) x U(1)4 == U(1)4 is anomalous!

— U(l)y ¢ lowscale U(1)
e 1996-2013, Pati, AEF, Guzzi, Mehta, Athanasopoulos, U(1) ¢ Ej
e On the other hand ....(AEF, Viraf Mehta, PRD88 (2013) 025000)
sin? Oy (My) , as(My) = U(l)y € Eg

e 7' string derived model, (with Rizos) NPB 895 (2015) 233



Classification of fermionic Zy x Z9 orbifolds

Basis vectors:

— o LB gleB LB | g6 L6 5123 715 gL 8)

= (w0,

S Y

2 = {8
= {y", |7, @'}, i=1,...,6, N = 4 Vacua

by = {X347X56ay347y56 g34 56 —1 ¢1 ...,5}’ N—=4_-3N=29
_ {X127X ’y12jy56 §12 —56’772 wl ...,5}’ N=9_3N=1

= {2, 1%} & SO(10) — SO(6) x SO(4) x
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Independent phases ¢|,'| = explim(v;|v;)]: upper block
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A priori 66 independent coefficients — 250 distinct vacua

HH HH H H HH = S

HH HHHHHHH =S

|
—_

- H H H H H - L e

_—

N—



Spinor—vector duality:

Invariance under exchange of #(16 + 16) < — > #(10)

0 2 4 6 8 10 12 14 16 18 20 22 24
24 124

22¢ 122

0 2 4 6 8 10 12 14 16 18 20 22 24
Symmetric under exchange of rows and columns

Fg 27 =16+ 10 + 1 2T=16+10+1
Self-dual: #(16 + 16) = #(10) without Eg symmetry
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Observable gauge group: SO(6) x SO(4) x U(1)1 23

Ul)e =U(1)1+U(1)2+ U(1)3 is anomaly free



sector field SU4) x SU2);, x SUQ2)g | U); | U), | Ul)g || U)¢
S+ b Fig (4,1,2) 1/2 0 0 1/2
S+bi+es+es Fir (4,1,2) 1/2 0 0 1/2
S + by Fip (4,2,1) 0 1/2 0 1/2
S+b2+61+62+85 For, (4,2,1) 0 1/2 0 1/2
S+ by +e1 FQR (41,1,2) 0 1/2 0 1/2
S+ by +e2 + es5 Fsp (4,1,2) 0 1/2 0 1/2
S+bs+er+e F3p, (4,2,1) 0 0 1/2 1/2
S+b3+en Fyr (4,1,2) 0 0 1/2 1/2
S+bs+ax hy (1,2,2) -1/2 | —-1/2 0 -1
S+by+x+es ha (1,2,2) —1/2 0 —1/2 -1
S+bs+x+e1+e2 h:; (1,2,2) —1/2 0 —1/2 —1
S+b3+a+er Dy (6,1,1) -1/2 | —1/2 0 -1
Xt (1,1,1) 1/2 1/2 1 +2
X7 (1,1,1) 1/2 1/2 -1 0
Car,a=2,3 (1,1,1) 1/2 | —1/2 0 0
Caya=2,3 (1,1,1) -1/2 1/2 0 0
S+b2+1’+61+65 D5 (6,1,1) —1/2 0 —1/2 —1
xXa (1,1,1) 1/2 1 1/2 +2
X5 (1,1,1) 1/2 -1 1/2 0
Ca,a=4,5 (1,1,1) 1/2 0 -1/2 0
Ca,a=4,5 (1,1,1) -1/2 0 1/2
S+by+x+ ez Dg (6,1,1) —1/2 0 —1/2 -1
x4 (1,1,1) 1/2 1 1/2 +2
X3 (1,1,1) 1/2 -1 1/2 0
Ca,a=6,7 (1,1,1) 1/2 0 -1/2 0
Ca,a=6,7 (1,1,1) -1/2 0 1/2 0
S+br+z+es D¢ (6,1,1) 0 1/2 1/2 +1
X (1,1,1) -1 -1/2 | —1/2 -2
X1 (1,1,1) 1 -1/2 | —1/2 0
Car,a=8,9 (1,1,1) 0 1/2 | —1/2 0
Caya=8,9 (1,1,1) 0 -1/2 1/2
S+bi+x+es Dy (6,1,1) 0 -1/2 | —1/2 -1
xa (1,1,1) 1 1/2 1/2 +2
X5 (1,1,1) -1 1/2 1/2 0
Ca,a = 10,11 (1,1,1) 0 1/2 | —1/2 0
Ca,a = 10,11 (1,1,1) 0 -1/2 1/2 0
S+bs+xz+ex+es (1 (1,1,1) 1/2 —1/2 0 0
G (1,1,1) -1/2 1/2 0 0
S+bi+xz+e3+eq+eq d)l (1,1,1) 0 1/2 1/2 “+1
o1 (1,1,1) 0 —1/2 | —1/2 -1
S+bi+xz+eqs+es+eq d)g (1,1,1) 0 1/2 1/2 “+1
o2 (1,1,1) 0 -1/2 | —1/2 -1

Table 1: Observable twisted matter spectrum and SU(4) x SU(2), x SU(2), x U(1)* quantum numbers.



The chiral spectrum is self-dual under spinor-vector duality

maintains the Fg embedding = U(1) is anomaly free

Exophobic, three generations + heavy and light higgs + A\ ~ 1

Ul)y = sU)e — sU1)—Ug

7' = Additional matter at the Z’ breaking scale



/' model at low scales Heavy Higgs (N) ~ Mg, — high seesaw — Z’

Field | SU@B)c xSU(Q2), | U(l)y | U(1),
A NIEIE
wo | 3 Lo E |
dt 3 1 +3 | -3
el 1 1 +1 | -2
L 1 2 -1 | -%
Di 3 1 —% | +2
D 3 1 +3 | +8
H' 1 2 -1 ] 48
H 1 2 +3 | +3
St 1 1 0 —2
h 1 2 -1 —1
h 1 2 +1 | +3
) 1 1 0 ~1
o 1 1 0 +1
¢ [ 1 L [ o] o |

Additional matter states at U(1), breaking scale




Neutrino mass spectrum a plausible scenario

L; S5; H; ﬁz N;

Li {0 0 0 A v )

S; 0 0  Avy v 0

H, | 0 Xy 0 2 0 7

H; | \n Mg 2 0 0

N; \)\v 0 0 0 N?/M )
A = 1GeV; A =5 x 107 GeV: & me:
Avg = D X 10"4GeV ~ Me:; Avg =D X 10_4Ge\/; X Me;

Y =5 x 10*GeV = 50TeV: N =5 x 101GeV,

mio ={107%V, 107%V} mix of v} and S;, with sin@ = 0.98,
ms.4 5 = {50TeV, 50TeV, 2.5 x 10!1GeV}.
ms <> IV; m3 4 <> equal mix of H; and H;



Conclusions

e DATA —  UNIFICATION

e STRINGS —  GAUGE & GRAVITY UNIFICATION

e Free fermionic models —— A Fertile Crescent <+— 75 X Z5 orbifolds
e Sterile neutrinos — chiral matter charged under low scale extra U(1)
o Low scale 7’ —  hard to implement in string GUT constructions

e Rich phenomenology at the Z’ breaking scale and below



