Alon Faraggi, Univ. Liverpool (KITP String Phenom 8-29-06) Minimal Standard Heterotic String M odels Page 1

MINIMAL
STANDARD

With: Elisa Manno, Cristina Timirgaziu
Costas Kounnas, John Rizos

SP2006, KITP-UCSB, 29 August 2006

DATA — STANDARD MODEL

SU3) x SU(2) x U(l)Y —— SU(5) e SO(10)
u
[(o) o |+ [ur(d) e ] o+
5 + 10 I
16

STANDARD MODEL -> UNIFICATION

ADDITIONAL EVIDENCE:

Logarithmic running, proton longevity, neutrino masses

PRIMARY GUIDES:

3 generations

SO10)Y emheddine
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Point, String, Membrane ....
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ES X E8 heterotic

Free Fermionic Construction

World-sheet content (light—cone gauge)

Left-Movers:  ¥{,, xi, w2 w2 (i=1,---,6)

Right-Movers

" ;i 1=1,2,3
Pa=1,-4a =14
V1,5
. Di..8
f - _ﬁixn(f)f
R S £
‘——-*" ey [

Models «— Basis vectors + one-loop phases
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Fermionic Z, x Z, orbifolds

— set of boundary condition basis vectors

Models

The NAHE set {1.5. by.ba, by}

x Zy orbifold compactification

9 2

Z

3

‘R

S()(GJIZ'I

SO(10)

Gauge Group :

{a, 8,7}

Add

beyond the NAHE set

number of generations is reduced to three

—  SU(3) x SU(2) x Uz, x U(1)p-1

50(10)

U(l)y = %(B—L) + Ty, € 50(10)!

U(n)h3 o p(1)hes

—

S()(G)I,Z,:l

SUPERSTRING DERIVED STANDARD-LIKE MODEL

| ot ] "2 \M | v .0 !’,l i i‘"
(11 1 @ [Lad[i 1 i'JT 1
S | 1 lo..0l0 0 0]0..0
.',,T [ 10 0 1.1 0 00,0
by | 1 l 0 1 0 {1,..0/0 1 0]0..0
byl 1] 0 0 1 |L. 1[0 0 1}0..0
Jl HJ (i U-i_, L ,yl.l _b-ﬁ IZ. - 5.6 Ew'i 4 wl 4
R T U TS N O T TR T I TS R DO |
slo..0 0.0 0.0 0.0 (0.0 0.0
b1l 1.0] 0.0 0.0 [0..0 0.0
bo |00 0.0 1.1 1..1 [0..0 0..0
by | 0,0 0..0] 0.0 0.0 |1.,0 l..1
‘ !’,’,u x.lfl x3~l \56 J,l. 5 f’l 1-]'2 '-13 I &,l .
al0l0D 0 011100{0 0 0]11110000
glolo o of11100[0 0 0{11110000
vlolo o ofdisbils b fhongie
l .y.'!,yﬁ ylgé y\’}yﬁ g;lgﬁ ‘ ylwf) yQQQ w“@“ gla l wzw4 UJIG)] wSQS L:,'l‘;,-l
al 1 0 0 0 0 0o 1 1 0o o 1 1
Al o 0o 1 1 1 0 0 0o 1 0 1
vl 0o 1 0 1 0 1 0 1 1 0 0 0

With the choice of generalized GSO coeflicients

c(y) =) =«

(3)-

]

‘ (bi‘.i ) =-¢ (bl‘)

(1)

(i)~

(8 eQ) < laslan)

Physics Letters B278 (1992) 131
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I'he massless spectrum

Three twisted generations by, by, bs

/,I;] ,I| 1 0.0
Untwisted Higgs doublets ha, | hs

fl } i }'-'M 0. —1
Sector by +by+a+4 hap | h

A3~ yo00 “fy 4

@ S0O(10) singlets

Sectors b +2y j=1,23 —

hidden matter multiplets

standard” S0(10) representations

NAHE + { o, 3, v} = exotic matter

(Qy: Qo) : Qg SO(10)

c‘ll.‘il‘;f‘l‘:\

(g *g Bews e
F SEC SUB)e x UMD | @c Qe @ Q2 Qs Qs Qs Qs | SO(4) x SU3) | Qu Q7 Qs Qo
Hy +p . HEEE Sl SR SN T T R 1) HEE S
; an  |-d-b-p-i-bebeb oof @w  ]-tod e o
m|  rss ) I
iy R e R T I B ) I
Hy (1) EEEE T O s (L -t - bl
Hy RV I T T S e SN N S BN L0 L
| 14bzp (1) FIE TS S B B S (1,1) I U B
s R R I e R T e B 1 B R
o Ly e T | G R I
| 1o (Y T T T S e SIS ¥ NN L1 IR
Hy| I41+848 (1,1) FEE S S S S S (1,1) 1 0 0
s (8 L L | SRR
His R e A R T | I I e St B
Hia SV et S T S SN O NN )N i et ML
Hs|bi+bh+bh+o (1,1) -t S ST B B I (1,1) FEIEE S S |
Hel 48 R N e T e Y U A B
By @) I BN N A 1 P-p b oo
Hie .y e S B Tt S e T SO Y NN O e S e S
Holb+hsbita wy e P-i-t oo
o ) SIETE T I T Y B R e B
Hn .y I L P-i-y oo
Hy RV I S s T O S SO N (1) N e N S S

Table £. Massless states and theit quantum numbers. H indicates that these states form chiral representations

of the Hidden group.

f(\’ lfz?’(\)c N lE Lw)z,_
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F SEC SUB)e x SU@): | Qe Qn @ Q@ Qs Qs Qs Qo | SO(4) x SUB) | Qr Q- Qs Qs
Has| 140 +b+a (11 FIE S S S S B (1) -3 30 g
Hays +p (1,1) - - o000 g Ly EE L
Hy {11 e T T B @1 o A
Hi| 1485 45 +a (1,1) I e L [(8Y} - B
Haz 48 (1,1) % % % _li _% 0 ; 0 (L) % *% o %
Hag (1.1) % % i _ﬁ _11 0 % 0 (2.1) % _= 0 "%
He| btazg (w1 e B an S I A
Hio (1) -3 3 1 1-t 0 0} (11 -§ P50
Hy (L) SRR B B (. SR
Has (w1 I I 1) o Tt B
Has 31) e U Tt e Tt T (1,1) I S
Haa (1.2) HIE B B SR B B 1 .y § -1 10
Has (1) -§ 4§ 3§00 (.3) T
Hya | by +bo + by + o (1,1) 7% % _: 7; tl‘: 0 % o (1.1) _2 E P o
Hyr +p (L1) HEE B U S BB S 1) i-i-4 o0
Has (11) I S B L (1.1) HEE S T
Hus (11 HIES I S S BRI B w1 HEED I I
Hyo (3,1) E % % —li _li 0 ‘li 0 (1,1) _% l !:i o
Hq (1,2) e T TR Biat S L Bt L LD T
Hyz (L1) i e W O LR S (1,3) i W SR

Tuble 2. (Continued)

L ep
F SEC SU(B)e x SU@R)y | Qc Q1 @ @ Qs Qs Qs Qe | SO(4) x SU3) | Qu Q7 Qs Qe
14 by + 28 (1,1) 0o 0o o-} 3 L o o0 (11) Pl o0 o0
¥a (1,1 o0 0 -F F-% 0 0 (1,1) - -1 0 0
Vi (1,1) o0 0 -3 F L o 0 (1,3) -1 1 0o 0
V4 (1,1) o 0 o0-} F-L 0o o0 (1,3) i -F 0o o
Vi | T+b+28 (1,1y o0 0 -3 F-L 0o o0 (1,1 o o L 1
Ve (1L1) o 0 0 -3 F-f o 0 (1L,1) o o L 1
Vi (1,1) b0 0 -} t+ 4 0 0 (1,1) [
Vs (1,1) o 0 0-% L L o o (1,1) o o0 -% -1
V% (1,1 o0 0 -t L -t 0o o0 (2,1) o o0 -4 1
Vio (1,1) 0 0 o-F 3 L 0o 0 (2,1) 0o 0 ) -}
V| b+28 (1,1) o 0=t 0o % 0o % 0 (1.1) 2 L o o
Via (1,1) o o~} 0o L o0 -% 0 (1,1) -3 -t 0o o
Vis (1,1) o 0=t o i o~} o (1,3) -3 3 0 o
Vig (1,1) o o0 -L 0o L o 1 o (1,3) -1 0 0
Vie | T+8; +28 (1,1 o 0 -f 0o } 0o -} o0 (1,1) o o L 1
Ve (LY 0 03 0§ 0~} 0 (1,1 o o L 1
Vir (1,1) 0o 0=} 0o L 0o 7 o0 (1,1) o 0 -} -}
Vie (1,1) 0ot o % 0o I o (1,1) [
Vie (1,1) 00 -4 0o } 0=} 0 2,) o o } -}
Vag (1,1) o 0L o L o 1 o (2,1) o o -1 1
Var | bs 428 (11 o 0 -t -t 0 o o 1} (1,1) Pl 0 o0
Vs (1,1 o0 -t-t 0o o o -% (1,1) e L
Via (1,1) 0 0o -L-L 0o 0 o0 -} (1,3) -5 1 0 o
Vag (LY o 0o-t-1 0 0 o } (1,3) 1 - o 0
Vi | 7485428 (1,1) o 0o -L-L a0 0o o ! (1,1 o o L 1
Vi (1,1) o0 -t-t o 0o o |{ (1,1 oo L 1
Vi (1,1) 0 0 -} -1 0 0 o -} (L1) LI B
Vae (1,1} 0o 0o-1-% 0o o o -} (11) [ N
Vaa (1,1) o o0 -t-F 0o o 0o } (2,1) o o L -1
Vao (1,1) 0 0 -4 -, 0 0o 0 -} (2.1) 00 % 1

Table i. Massless states and their quantum numbers. V indicates that these states form vector representa-

tions of the Hidden group

*y

{ " L
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Calculation of Mass Terms
- — S0t » 50 | G G @ G Gn @n @ @ | 500) xSV | @n @ @ @ nonvanishing correlators
Vau by + 23 (1,1) o 0 0 F § § 0 0 (L1) P-hooo
Vaa 1) 0 0 0 L i-b oo o (¢8)) -8 4 00
Vas (1,1) 0o 0o o-L-% %1 0 o (1,3) -t -1 0o 0 {V{Il:f’\?y' L “".t"’
Vas w1 o 0 0-L-1-1 0 0 (1,3) 1 4 0 o A
Vis | T+by+28 ((8Y o0 0= F-F 00 a1 o 0§}
Vag .y o 0 03 }-F o000 Ly o 0 -} o ;
- o A OB o b o b gauge & string invariant
Vas (1,1) o 0 0o -1 -% 0o 0 (1,1) o o }-%
Vaa (1,1) 0.0 0 -} P oo @1 o0 ; ; " "
Vi ) o 0 0 L4 3 o o 1) 0o o0 1 1 anomalous” U(1)4
Va|1+h+a+28 () o 1 0 } o } o -} ) o} o-}
Via an 0 -1 0-% o 3 o !} (1,1) 0o -4 0 3
Vaa 1) 0 1 0=} o ! o -} (1,1) 0 -4 0o } Trc 0 A 2
= Da=0=A i | (Pk
- o I Y o 10 4 # A + 22 Qicl(¢)]
Vis (1,2) o o o-} o-} o 1} (L1 o § o-% DJ == ZQ:c"(¢k)|2
Vie (1,2) o o o i o-4 o -l (1,1) o -t o #§ '
Vao| I+a+28 (1,1 o 1 0 0 § p o} o0 an 0o -F 03
Vis (1,1) 0 -1 0 0-F 1 -1 o0 wn o 3 0 -} p AWy .
Vie 1 o 1 0 o-L L & o (1,1) o 1 o0} (W) = (——f’w: )=0 N=3.--.
Vao (1.1 0 -1 0 0 L L} o0 (1) 0 -F 0
Vau (1,2) 0 0 0 0 -F-F § 0 an L L
Vig (1.2) 0o 0 0 o L-b-} o (1,1) o & o~} Supersymmetric vacuum (F) = (D) = 0.
Table 1. (Continued)
Y . L ® nonrenormalizable terms — effective renormalizable operators
Gy » 5 %c 5 Tu
\j KS
. , : (Vi vhy
. —— \gf‘_-;f‘-!/" Vb . l.fl,”\," 4 N/
&{’_“. « \?L. “+ QQ\} 1 Y2 Vs N 1 Y2 V3 TN TS
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Examine the superpotential in FNY model (NPB 335 (1990) 347

1 . _
W, = %{Hlﬂm + HyHyps + HsHeps + (HrHg + HoHyo)dy+
(Hi1 + Hy2)(His + Hia)dly + VarVaada + VigViada+

VisVieds + (VarVas + Vi Vso) @)y + Vi1 Viady }

VEVs of ¢4, ¢, ¢4, ¢, give mass to all exotic states at N=3

(PRD 46 (1993) 3204)

Cleaver, Faraggi, Nanopoulos — Classification of flat directions

PLB 455 (1999) 135; ..

Example: {d12, D23, D56, Da, DY, ba, &, His, Hao, Hay, Has)

All Standard Model charged states beyond MSSM  — ~ M,

tring

MINIMAL STANDARD HETEROTIC STRING MODEL

Top quark mass prediction

cubic level —; vector v selects trilevel Yukawa coupling

Aj = I’Y(U(I)Lppa) - 7(U(1)R1+3)| =10,1 J= 1,2,3
Aj = 1= u;Q;h; Aj =0=d;Qjh; ; e;L;h,
bi t ysye wala ys¥s Usie Ys¥s Yalla YsYs Yale
1 0 0 0 1 0 0 1
Al =1 A, 0

A superstring selection mechanism

MOde'S With AI,Z,.'I =]

= Only UfQh type Yukawa at

N=3
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N RAY [rm) 47
Top quark mass Top quark mass prediction
hy ha hs hnﬁ
h 0 &5 P13 0 only A= {t°Qihy) = V29 # 0 at N=3
. / P 0o @ 0
At the cubic level M=3 |22 3 @ . :
'3 13 P23 af mass of lighter quarks and leptons — nonrenormalizable terms

hag \ 0 0 @3 0

N _ _ W, — bﬁQbhmﬁ@j - TCL.,.hmﬁ(I)l
(F,D) =0 = (P13,P12) =0; (Pus, P13, P13, P23) #0

= Ap = (('1.%2) A= {CT L;(’T))
two pairs of massless Higgs eigenstates. ) :
— A= A o= 03567 ~ =)
: 8
i . A2 . g\
At N:s ’lgflaﬂ(ba/i (—ﬁ-) hﬂhrxﬂq’nﬂ ( M ) Evolve Ao, A, to low energies
= At low energies, one pair, h, or hy and h,g
my = MUt = )\,\%sinp’ my, = Ay = Ar,%msﬁ
i 2
only M\t;Qh at the cubic level where  up = 2(?!;;7) — 246GeV and R 329_
. 2 Z
lighter quarks and leptons — nonrenormalizable terms
5 my(Mz) = 175 180GeV PLB 274 (1992) 47 m, M () Yo tan 4 5

But ... construct string model with directly only one Higgs pair?
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hysics Letters B 274 (1992) 47-52
‘orth-Holland PHYSICS LETTERS 8

Realistic free fermionic models

Phenomenology of the Standard Model and string unification

Hierarchical top-bottom mass relation
in a superstring derived standard-like model 1. Top quark mass ~ 175 — 180 GeV PLB 274 (1992) 47

Alon E. Faraggi

Center For Theoretical Physics, Texas A&M University, College Station, TX 77843-4242, USA
and Astroparticle Physics Group, Houston Advanced Research Center (HARC), The Woodlands, TX 77381, USA 2

Generation mass hierarchy NPB 407 (1993) 57

Received 30 September 1991

[ propose a mechanism in a class of superstring standard-like models which explains the mass hierarchy between the top and 3 X C K M m iXiﬂg N P B 4 16 ( 1994) 63

bottom quarks. At the trilinear level of the superpotential only the top quark gets 2 nonvanishing mass term while the bottom
quarks and tau lepton mass terms are obtained from nonrenormalizable terms. [ constructa model which realized this mechanism. . ‘
In this model the bottom quark and tau lepton Yukawa couplings are obtained from quartic order terms. I show that L,=4,~ |4, Wlth Edl Halyo
at the unification scale. A naive estimate yields m,~ 175180 GeV.

’ 4. Stringy see—saw mechanism PLB 307 (1993) 311
One of the unresolved puzzles of the standard model is the mass splitting between the top quark and the lighter With Edi Ha| o
juarks and leptons. Especially difficult to understand within the context of the standard model is the big split- y
ing in the heaviest generation. Experimental limits [ 1] indicate the top mass to be above 80 GeV, while the . . .
sottom and tau lepton masses are found at 5 GeV and 1,78 GeV respectively. Possible extensions to the standard 5. Ga uge cou pllﬂg unification NPB 457 (1995) 409
nodel are grand unified theories. Although the main prediction of GUTs, proton decay, has not yet been ob- . . .
served, calculations of sin®6, and of the mass ratio m,/#n, support their validity. Recent calculations seem to w|th Ke|th Dienes
;upport supersymmetric GUTs versus nonsupersymmetric ones [2]. In spite of the success of SUSY GUTs in
‘onfronting LEP data [2], an understanding of the mass splitting between the top quark and the lighter quarks HR
ind leptons is still lacking. The next level in which such an understanding may be developed is in the context of 6 P roton sta bl Ilty N P B 428 ( 1994) 1 1 1

uperstring theory [3].

In this paper I show how the mass splitting between the top quark and the rest of the quarks and leptons is
:xplained in a class of superstring standard-like models [4]. The splitting is achieved by the following mecha-
1ism. At the trilinear level of the superpotential only + 3 charged quarks obtain a nonvanishing Yukawa cou- 7. Sq ua rk degenera Ccy NP B 526 ( 1998) 21
sling, while the remaining quarks and leptons obtain their mass terms from nonrenormalizable terms. To illus-
rate this mechanism I present a toy model. In this model only + 3} charged quarks obtain trilinear mass terms
vhile nonvanishing mass terms for — § charged quarks and for charged leptons appear at the quartic level. The
nodel contains an anomalous U (1) symmetry. Application of the Dine-Seiberg-Witten mechanism [3] t0

with jogesh Pati

Aini P o red -~ G " F !\( A D -‘Q f = ; 0 3 2
s anomaly lenves  tilevel taes torm only for the top quark, The bottorn and tau lepton mass terms are 3. Minimal Superstring Standard Model PLB 455 (1999) 135
»btained from the quartic order terms. An SO(10) singlet field in these terms obtains a nonvanishing VEV by "
he application of the Dine-Seiberg-Witten mechanism. Thus, the quartic terms become effective trilinear terms with Cleaver & Na nopoulos

vith a suppression factor of ¢ @ /My, I explicitly demonstrate how this mechanism is realized in the model. In -
he standard-like models, a close cannection may exist between this mechanism and the requirement of F and
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STRINGY DOUBLET-TRIPLET SPLITTING
AEF, Elisa Manno and Cristina Timirgaziu
NAHE - (5+5)j = loj of SO(IO) 3.6 ,4:4 55 =36 1.6 ,2-2 5-5 -1-6 1,3, ,2-2 A4-4 -1
vyt yt vy 0| ve® ¥t whe? e’ | wie” wiet wiet wh
a 1, 0, 0, O 0, 0, 1, 1 0, 0, 1, O
« - S50(10) = SO(6) x SO(4) B 0, 0, 1, 1 1, 0, 0, 1 0, 1, 0, 1
Y3ls Yals Usls Usle YslWe Ual4 YslUs Yale 7 0, 1, 0, 1 0, 1, 0, 0 1, 0, 0 1
1 0 0 1 1 0 0 0

A superstring solution to the GUT hierarchy problem

supplemented with adequate gauge symmetry breaking

—~ 3 gen ® SU(3) x SU(2) x U(1)? model

Only one pair of Higgs doublets h; , hy

only M\t;Qihy at the cubic level
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Classification of fermionic Z, x Z, orbifolds (FKNR, FKR) o
Independent phases ¢["'] = explin(v;|v;)]: upper block
_Basis vectors: consistent modular blocks 4,8 periodic fermions - -
1 S €1 €9 €3 €4 €s €g 21 Z9 b] bz
-1 -1 o+ o+ 0+ £ 4+ 4+ o+ & £ %)
1 = {d"‘ )(1 ..... b,l/i ..... b’wl G | 171 ..... b,wl ..... 6 11123 ,d,] ..... E)‘él, S} g -1 -1 -1 -1 -1 -1 -1 -1 1 1
€] + + + + + + + + &+
S = {p# x'},
€ + 4+ + + x + £+ £
7 = {¢l4) €3 + + + + + + =+
. e4 + + 4+ + * =
2z = {¢>"}, e + + + =+ %
ei = [y |7, @0}, i=1,...,6, “6 + + + %
21 + +£ &+
N =4 Vacua - + 4
by o= {x3 x%0, y, 08|53, 5%, gt ), N=4-3N=29 by +
o e b2 \ /
b? — {Xlll ,\"”h.yl2.y56|ylz.,?']F)h.ﬁg,?;//’l""'“}, N=2—3N-=1

Vector bosons: NS, 212, 21 + 29,

r=14+s8+> € +21+2

impose: only NS vector bosons survive GSO projections

= Gauge group SO(10) x U(1)* x SO(8) x SO(8)

Apriori 55 independent coefficients —» 25 distinct vacua

Impose: Gauge group SO(10) x U(1)* x SO(8)?

— 40 independent coefficients
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The twisted matter spectrum:

1 R i / | \
f{ik';‘“l, = 5 4 /,f[ ¢ f.‘,’(‘!‘ 4 /;[‘; 4 1,\(") + i};( 6
2 v 2 L 2 2 2
/f;f],f":”,)i =54 by 4 11"1 i ’.z('g + L5e5 + [f'fﬁ
X Y H ;P X 3
l;;‘i,‘!:;(',, =N 4 ,);g + (.1(‘1 + ‘;() 4 j:zi;; 4 {;( 4
[f = 0,1 by=14+S4b+ba+) er+2 z

sectors B! — 16 or 16 of SO(10) with multiplicity (1,0,—1)

pars

Bi 42 — 10  of SO(10) with multiplicity (1,0)

pars

Counting: for each B!

7)1‘17'(1:

Projector:
(1 1 | [
["’("]";<; i (K f|[; :,z,i,u'_) (! ‘ “(,lzlx.x_x )
1 2 Y [ ‘  . 2) .« p(3
‘(! E/";"li‘,x‘l:.) (‘ [1”” |z{) '1“ '] 5
Chirality:
<\"‘l’ !.:" +(1 ,‘l:,,‘.'g s')es \'l':.’\,‘ ¢

plgtrts B

y (i)

. 1+ X . ;
(‘) . plgirist (1)
Si - El”]"‘-" 2 PT"“I‘ rigt )

1=1,2,3
similarly for vectorials
§=%_,8" -5 and v =3_, v
obtain algebraic formulas for total numbers of S and Vv

Results

FKR I: Random sampling of phases. SO(10)xU(1 )3 x hidden

o™~

—~

oo

S—

-

A

>
Ry

—~

=

S

>

-~

S —

~ LA A AN R S B A B B B
S—

Q [ x
% — x x x

L X0 wacome

= L

=]

= |

[

Q L

=

. —

w2 - 260 XN MK JONK

% 00X X X HOROTBOOSOBON X X x
3 B = = x x
u — X x X
—

O x
- -

jou

E i 1 L ! [ L i i 1 1 L 1 i
o o o o

U m o —

- S]epoul jo Jaquinu BO[
[—"

.

4

N

&

20

net number of generations

=20

Results are similar
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0.3 T I T T T T T T T T Spinor-vector duality:
- x - Duality under exchange of spinors and vectors.
% B n first plane |second plane | third plane | # of models
'g 0.2 — ] _ _ _
s § v 8 8§ v s 8§ vV
E - -
- u n 200 000 0 0 0 | 1325963712
o I ] 020 000 0 0 0 |1340075584
© i x  x 7
T 0.1+ ] 110 000 0 0 0 |3718991872
W
$ i | 002 000 0 0 0 |6385031168
55-‘ - x % -
O — KX XXXXXXXXXXXXXXX I XXXXXXXXXXXXXXX XXXX - # Of mOdels With #(16+T6) = # Of mOdEIS With #(10)
| | 1 | | | | 1
-20 0 20

net number of generations For every model with #(16 +16) & #(10)

There exist another model in which they are interchanged

v 75% witl 338,

. Z FIWR T
?‘[Dq YhoCle*)S_ 5

Reflects discrete exchange of phases
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Spinor

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

total number of vectors

Symmetric

density plot
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under exchange of rows and columns

Self-dual. #( 16 + 16 ) = #(10) without E6 symmetry
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