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Heterotic Orbifolds

@ Starting point: heterotic string E

M?* x RS x T
SO(Q, 1)Lorentz X E8 X E8gauge

@ Input

o Geometry: T, D — S (g D=2y — 5=1° xzy)
e Embedding: 06 = ]Rﬁ/S — 016

(shift vector V' and Wilson lines W, subject to modular invariance (CFT) conditions)

o Output

M* x O X O16
80(37 1)Lorentz ® gﬁ?ﬂamrw X g4D - ESXESgauge

+ 4D matter (quarks, leptons, exotics, moduli)
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Heterotic Orbifolds
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Heterotic Orbifolds

6D Orbifold

6D
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Heterotic Orbifolds

6D Zgox 74 orbifold

r &S

\ZQXZQ
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Heterotic Orbifolds: strings and states

Brane States

o)

35

Bulk States
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Heterotic Orbifolds: strings and states

Brane States

o)

35

gauge bosons Ay, A%, ... of Gip
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Heterotic Orbifolds: strings and states

Brane States

o)

35

gauge bosons Ay, A%, ... of Gip

(several) U(1) charge operators: Q. = t,/H;

Hj : Cartan generators of EgxEg te : U(1) “generators”
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Heterotic Orbifolds: strings and states

Brane States

o)

35

gauge bosons Ay, A%, ... of Gip

Es x Bs "2 Gup ty-V =ty -Wa=0 mod 1
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Heterotic Orbifolds: strings and states

Brane States

o)

35

gauge bosons Ay, A%, ... of Gip

Modular symmetries:  SL(2,Z)3t" Weo discrete Grmod

Love, Todd (1996)

Sail Ramos-Séanchez — UNAM Hidden photons in heterotic orbifolds



Hidden Photons in Heterotic Orbifolds

Our program:

@ look for models with G4p = Ggpsr x G’
o 3 SM families + Higgses
@ vectorlike exotics
@ identify promising vacua where
@ exotics get large masses, and
o G = Ghidden
o does any U(1)nidden C Ghidden Survive?
@ study phenomenology of hidden sector: kinetic mixing
@ (assume moduli stabilization and decoupling of exotics @ M)
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Heterotic Orbifolds: Zg—Il Geometry

o Lattice Gy x SU(3) x SO(4);  Zg—II: (e%i%, 25 f1)

(&) €4 €6

el e3 €5
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Heterotic Orbifolds: Zg—Il Geometry

o Lattice Gy x SU(3) x SO(4);  Zg—ll: (e%i%, e2mis —1)

(&) €4 €6

el e3 €5
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Heterotic Orbifolds: Zg—Il Geometry

o Lattice Gy x SU(3) x SO(4);  Zg—ll: (e%i%, e2mis —1)

Wi

W3 Wa

3 possible Wilson lines (WL): W3 order 3, Wo & W order 2
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http://stringpheno.fisica.unam.mx/orbifolder

Ze—l Minilandscape

267 MSSM candidates:

supergravity multiplet
94D = Gsm X Ghia

3 SM families + Higgses
vectorlike exotics demanded
Y correctly normalized
heavy top J
TeV gravitino mass

seesaw for free !l ©
R-parity, flavor symmetries

vacua with(out) U(1)x

®© 6 © 6 66 ¢ 6 ¢ ¢ ¢

Lebedev, Nilles, Raby, SR-S, Ratz, Vaudrevange, Wingerter (2006-2008)
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Hidden photons in heterotic orbifolds

Hidden Photons

in heterotic orbifolds
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In SUSY theories
(1 1 1
Ecanonical D) d-o ZWaWa + ZWbWb - EXabWaWb
with

Xab _ bab
9a9b 1672

M2
log —25 + Aw
I

hidden U(1) —  bamp =0

1-loop threshold corrections = computable in heterotic orbifolds

Dixon, Kaplunovsky, Louis (1990)
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In heterotlc orblfolds Goodsell, SR-S, Ringwald (2011)

B = 3 0] o (1ot in(1) ) 410 (It ) )

i

N = 2 beta-function coefficient

h = 3 (—2 tr%/,/\/zg(QaQb) + tr?f,N:2(QaQb))
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N = 2 theories in Zg-Il orbifolds

€2 €4 €6

Fixed Points

191

€1 €3 €5
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In heterotlc Orblfolds Goodsell, SR-S, Ringwald (2011)

b, |GY
Ay =3 2l o0 (s 1) ) 1o (Inait) (@)
—~ 167 |G|
N = 2 beta-function coefficient
if the A/ =1 U(1) generators are
ta =30, mbial + Zb,_rﬂ nYty mbi ol e R

and (b{}fﬁf)a,b, =5 (2tryv=2(Qu Qv) + tru v=2(Qa Qpr))

= b, = (mglcb/m2/> bé\//ZQ +2 (na bU(l) )
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|n heterot|c orb|f0|ds Goodsell, SR-S, Ringwald (2011)

B = 3 0] o (1ot in(1) ) 410 (It im0 )

N = 2 beta-function coefficient
i 1 i i
ab =5 (—2tr} 2 (QaQb) + tr nr—2(QaQb))

|G|: order of the N' =1 twist
|G"|: order of the N' = 2 twist in the i-th plane
pi, q;: coefs. of the modular-transformations in the i-th plane
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Kinetic mixing in the Minilandscape

In Zg—Il heterotic orbifolds: Goodsell, SR-S, Ringwald (2011)
Most of the U(1)s acquire masses close to Mg

4% of the models have b,, = 0 and

1074 < Ayx <1072

assuming moduli T, T3, Ug stabilized ~ 1

Contrary to previous results

Dienes, Kolda, March-Russell (1997)
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An explicit MSSM candidate: matter spectrum

Ze—l Gauge embedding

V = %(_25 _35 17 Oa 07 Oa 07 O)(Oa 07 Oa Oa 07 07 Oa 0)

(07 2; 67 _107 _27 Oa 07 O)(5a _15 _57 _55 _57 _55 _57 5)
(-1,3,7,-5,1,1,1,1)(5,1,—5,-5,—-5,-3,-3,3)

Wy =

%
Wi = ¢
Gap = SU(3)c x SU(2)1, x U(1)y x [SU(8) x U(1)x x U(1)anom x U(1)?]

Gmod = SL(2,7) x T1(3)7, x T1(2)1, x TH(2)p,
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An explicit MSSM candidate: matter spectrum

3 (net) generations
341 (3,2:1), 4, i L Bz1) 4, L
342 (3,11)_,,, u; 2 (3, 151)y,, u;
3+2 (1,1,1),, €; 2 (1,1;1)_,, €i
3+7 (3,1 1)1,/3,0 d; 7 (3,1;1) 45, di
3 (1,251) 4, b
Higgses
1+9 (L21) ., ha [[1+9 (1,21),5, hu
SM Singlets
45 (L,L1),, n; 8 (L1;1), &
7 (1,1;8), hi 7 (L8, i
Exotics
8 (3.1:1),,, w; 8 (3Li1)_, . w;
8 (L1110 1vays st 8 (LL1) 10 4v3/s s
4 (1,21)g s m; 4 (L,21)y m;

Goodsell, SR-S, Ringwald (2011)
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An explicit MSSM candidate: matter spectrum

3 (net) generations
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Exotics
8 (3,15 1)1/6,*NU‘1' y (3.1 1)—1/6,* Wi
8 (LLi1) e g L) yppayays 500
4 (1, 2; mrong int. A~ IM 3 m;

Goodsell, SR-S, Ringwald (2011)
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An explicit MSSM candidate: matter spectrum

3 (net) generations
341 (3,2:1), 4, i L Bz1) 4, L
3+2 (3,1 1)72/3,0 U; 2 (3,1;1)y 5 Ui
3+2 (1,151),, €; 2 (1,1;1) 4 €i
347, (31314, d; (3, 1;1) 43, d;
3 \(1,2, 1) 190 ;i
Higgsps
1+9 (L1 .0, ha [1+9 (L,21), h
SM Sirglets
B (LLL)y ni 8 (L1;1),, &
7 (1,1;8),, hi / T (1L,18),, hs
Exqtics
8 (3,1;1); 5. 8 (3.1 1)—1/6,* Wi
8 (LLil)payss S 8 (ML _jpupms s
4 (L2%1) m XYy W)y s my

S
Goodsell, SR-S, Ringwald (2011)
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An explicit MSSM candidate: matter spectrum

3 (net) generations
341 (3,21), qi 1 (3,2; 1)71/6,0 i
342 (BLil) ,,, W 2 (3L 1)y8, Ui
3+2 (1,1;1),, & 2 (L1;1)_, e;
3+7 (3,1 1)1//37O d; T B 1), d;
3 (1,2:1) 4,9, 4
Higgses
1+9 (1L,%1), 2,0 ha || 1+9 (1,21), 2,0 hu
SM Singlets
45 (1,1;1),, n; 8 (1,1;1),, &k
7 (L,1:8),, % 7 (1,13),, h;
3 (n)~ O(MPI)_L string couplings w0
8 Gap — SU@)e x SU@)L x U(1)y x [SU®8) x U(1) x] .

MXX=n: XX

ell, SR-S, Ringwald (2011)
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An explicit MSSM candidate: matter spectrum

3 (net) generations
341 (3,21), ¢ 1 (3,2; 1)71/670 G
3+2 (3,11) ,,, i 2 (3,151)y5, u;
342 (1,1;1),, e 2 (1L,131)_, e;
347 (3.11),,, d; 7 (B.11)_ d;

3 \(L21) 40, b
\ Higgfes
1+9 (AZ1) 0, ha [[JT+9 (1,21);,5, P
\ SM Singlets
B (1,11, n; 8 (L1;1), &
7 (1, 1;\;\& hj 7 (1,1;8),, h;
@)~ O(Mp)+ string couplings o
4 ;

3)e X[SU2)L x U(l)y x [SU(8) x U(1)x] i

MXX=(n*XX
ell, SR-S, Ringwald (2011)
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Kinetic mixing in a realistic model

Zoy N = 2 theory: SU(4) x SU(3) x U(1)? x [SU(8) x U(1)]
U(1) generators:

by = J%(—1,5,—1,0,0,1,1,1)(0, 0,0,0,0,0,0,0),

iy = JLQ_O(—1,0,4,0,0,1,1,1)(0,0,0,0,0,0,0,0),

by = %(0,0,0,1,1,0,0,0)(0, 0,0,0,0,0,0,0),

by = J%(o, 0,0,0,0,0,0,0)(1,—-1,-1,—-1,-1,3,3,—3).

Matter spectrum:

# Irrep U(1) charges # Irrep U(l) charges

2 (1’3’1) (_% 7 %70) 8 (1’3’1) ( 157 \/— \/—7 )
2 (6,1,1) (—w/% 7 750 |8 (LL8) (0,0, 55, —75)
8 (4’1’1) ( 1%)7 720707 0)
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Kinetic mixing in a realistic model

B function coefficients

bN bJS\{J(g =4, b/S\{Jz(g) =

83 12 3 /3

L NG 2\\;; 0

12 6 2
pN=2_ | 26 6y/2 0
u(1) 5

66
5
2 3
6\/; 2 -3
0

_ SU(4)
ny = (\/%7 \/%7 _\%7 0)7 Y (%7 %7 %)7
SU(3 SU(8
my():(_%7_%)7 mY():
nx = (0,0,0,1), m3 = 0 for all &/

Hidden photons in heterotic orbifolds
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Kinetic mixing in a realistic model

Z3 N = 2 theory: SU(4)xSU(2),xSU(2),x U(1)?x[SU(8)x U(1)]
U(1) generators

by = ﬁ(n,—5,5,1,1,1,1,1)(0,0,0,0,0,0,0,0),

iy = J%(o, 6,5,1,1,1,1,1)(0,0,0,0,0,0,0,0),

tiy = J%(o, 0,0,0,0,0,0,0)(1,—-1,-1,-1,-1,3,3,-3).
by = %(0,0,—1,1,1,1,1,1)(0,0,0,0,0,0,0,0),

Matter spectrum:

# Irrep U (1) charges # Irrep U(1) charges
1 (61,11) (5 =0, %) 3 (1,118 ©, 0, — 51, \/—)
1 (1,2,2,1) (\/%,\/%, \f) 3 (1,1,1,8) (A \/g, ef’ f)
3 (6,1,1,1) (545 — 30 O 55%) 6 (1,1,1,1) ( 3m* 5\/; 0, 1/
3 (4,2,1,1) (76#.% %,0,%@) 3 (1,1,1,1) [ 72,0, - 3f)
3 (4,1,2,1) (—Gm,—s\l/%,o, —ﬁ) 3 (1,1,1,1) Som —3\/%,0, 3f)
3 (1221 (-3 3V/E 0 -3/ 3 (111 (3 -3 %,73\5@)
3 (1,1,1,8) (3%**% %%ﬁg\/g) 3 (1,1,1,1) (7\/—_ \/—2
3 (1,1,1,8) (2=, AL 1 _1)

3v11 ' 366 6v2° 3vV6
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Kinetic mixing in a realistic model

B function coefficients
bAGaG) = 12, bsA{Jz(g)a = bsA{J:(g)b = 16, bsA{Jz(g) =—4

SU(4)
490 1B1 /2 _4 /3 13 [3
33 33 3 3 1 3 33
131 2 2171 28 25
V=2 | EG e e
Uu(1) 4 /2 28 10 4
3V 11 3v/33 3 33
18 /2 _ 25 4 227
3\ 33 9vIL 33 5
Overlap of the hypercharge and U(1)x
SUM4) _ 1 1 1 SU@p _ 1
mY _(67 3 5)7 mY - T 92>
/
ny =0, m% = 0 for other ¥/,
/
nx = (0,0,1,0), m% =0 for all ¥/
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Kinetic mixing in a realistic model

In our model by x = 0 and

XXY 1 8\/7 4 _9
=Ayx = 1 31%)|"Im(T3) | ~ 10 0
X0 Ay = gy 0w (13T ) #

Sail Ramos-Séanchez — UNAM Hidden photons in heterotic orbifolds



Kinetic mixing in a realistic model

In our model by x = 0 and

1
O g - L8V, (1o T (z2)) ~ 1072 0

gxgy X7 16n2

useful for phenomenology 77
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Hidden photons in heterotic orbifolds

Phenomenology of

Hidden Photons
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TOY Dark force scenario

If (n;) ~ O(0.1), then

Whert = R (€7€7) (hh) +107° M (hh)
Via SU(8) strong interactions, SUSY breaking with ms /5 ~ 10 GeV

and Mg = zA
- A23 1/7
Wor =7 (475)

Since (hh) = A%(10782)~7/8, dark matter mass
W D 10° Mgz 23/8¢t¢
yielding m¢ ~ 10 GeV for z ~ 107 ©

Further, m., ~ 10m¢ ~ 100 GeV ©)

Morrissey, Poland, Zurek (2009)
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be seen at LHC?

2 v
-18 —16 -4 -12 -10 -8 -6 -4 -2 0 2 4 6 & 10 12
0 T 1 - 0
-1 -1
-2 Jupiter -2
-3 —-3
4 —-a
5 —-s
61— — &
o g —-7
E.]" 8 — s
-9 —-9
—10— —-10
—l—= Hidden Photino DM —|-1
-2 —-12
-3 —-13
14 —-14
I O T T A O

18 16 14 12 10 8 6 4 2 0 2 4 6 8 10 12
Log,,my[eV]

Goodsell, Jaeckel, Redondo, Ringwald (2009)
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@ In semi-realistic heterotic orbifolds, vacua with U(1)pidden

@ Found a method to compute kinetic mixing in heterotic
orbifolds v

@ Mixing between U(1)pid4en and Y possible:
1074 <Axy <1072

@ Possible to obtain promising dark matter candidates —
observable? Vv
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