Enhanced gauge symmetry and suppressed
cosmological constant
in hon-supersymmetric heterotic string

the series of work done with Sota Nakajima and
(more recently) with S. N. and Yuichi Koga
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e arXiv: 2003.1121, NPB INkjm 2 <*—
e arXiv: 2101.10619, PLB INkjm 3
_ sketch
e arXiv: 2106.10629, IKN1
e arXiv: 2110.09762, IKN2 not for today

I) Introduction SN talk at EAJS
® punch line:
* just one-loop string p.t. Et:EE
 put a full set of Wilson lines (WL) NITEP

in the heterotic interpolating models currently called

e address the issue above




® Interpolating models:

* Q: Can we interrelate the unification of forces and the prob. of cosmological
const in string p.t. theory?

* no SUSY in multi TeV scale according to the LHC experiment
* evenin 10D, under modular inv.,

#(theories with SUSY) < #(theories without SUSY)

* TypellB * Type OB * Heterotic SO(16) X SO(16)
* TypellA * Type OA * Heterotic EZ x SU(2)?
* Typel * Heterotic SO(32) * Heterotic SO(24) x SO(8)

* Heterotic S0(32)
* Heterotic Eg X Ejg

Heterotic SO(16) X Eg

call M, today

e possible A: interpolation by a radius ( a = \/J/R ) orin
general radii of M, and M, upon compactification

’86: HI-Taylor



* choices:
M, = SO(16) x SO(16) tachyon free 86 I-T & INkjm 1, 2
Dixon-Harvey 1986, Alvarez-Gaume et al. 1986,

Faraggi-Tsulaia 09, ...
or

= tachyonic ones should be allowed in SUSY restoring region
cf. Faraggi '19, Faraggi, Matyas, Percival 19

* warning: consider all marginal deformations of the world sheet action
—> ¢ full set of Wilson lines should be turned on
Narain-Sarmadi-Witten

e generically spoil the nonabelian gauge group

extrema < points of sym. enhancement &
the stable 9D perturbative vacuum can be determined
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® formula for one-loop cosm. const in SUSY res. region:

AP) = ¢(np —np)a? + O(e™ /) H.l.-Taylor ('86)

M, 0 < o » o0 M, cf Abel-Dienes-Mavroudi
ng, Ng; # of massless bosons & fermions in D dim.

ng=n; models (by now more than several existing) enjoy
exponential suppression of AP) e.g. Kounnas-Partouche,

Abel-Stewart ...

* Inthis setup, mass splitting due to broken SUSY is o/Mf = a2.

e.g. a~ 0.01 interesting possibility

The rest of the contents:

Il) afew basics & construction at d=1

I1l) interpolating model with WL  INkjm1,2

IV) conclusion intermediate

V) simplest d-dim generalizations INkjm3

VI) EFT description IKN1 4



I I) ® |dea of Heterotic strings
L R adopt the lightcone coordinates

A A

Right mover: 10d superstring X% (7 — o), ¥'(17 — 0)
26=(10+16)d Left mover: 26d bosonic string out of which

internal 16d realize

10=(8+2)d 10=(8+2)d Xp(r+0), XL(1 + ) (or fermions)

A\J v

® State counting & characters

. TquO (jLO counts #(states) at level m as coeff. in ¢(@) expansion

« It takes the form of » %" (9)Xy;x;" (q) and involves spacetime &
1,7
internal SO(2n), n=4, 8 characters ch(rep) = Os,,, Vo, So,,, Co,, expressible in terms

of the four theta constants and the De(ggkind eta fn
n(r)=q"* [ -q")
* SO(32) hetero 21(38) (Vs — Ss) (016710:116 + VigVie + S16516 + C16C16)
By x Eg hetero  ZW) (Vs — S5)(O16 + S16)(O16 + Si)



® Boost and enhanced gauge symmetry

* Simplest example: bosonic strings on S
[ Mass formula: M2 = 4(N — 1) +2p2 = 4(N — 1) + 2p% ]
n -+ w )

)52 Ty ()

() (

PR B \/§ na — w/a coshn sinhn
sinhn coshn
Prt

"l e = a

Mﬁ#ﬁﬁﬂi I ﬁ%ﬁi
. K Massless vectors L
) gauge sym. is enhanced
U(1)2 >  SU(2) xSU(2)
(%) forms SO(1,1) Lorentzian lattice

® Narain moduli space of d-dim toroidal compactification

e the comp. = (16+d,d) even self-dual Lorentzian lattice
* The space of marginal deformations (the moduli space) is the coset
. so(16+d,d
(%) SO(16(+d)><SO)(d)
these boosts are generated by the constant background fields whose
worldsheet action is A”/ 420X X5, ‘i‘Oji/ dzzﬁXzéXf%, [1 =1,---,16, i,j = 10 — d'...,gj
Narain, Sarmadi, Witten, (1986)

(%) the case d=1 is our first concern
cf. IKN2

Rem: this is a local description.



® Idea of compactification on a twisted circle
choose 7 : the translation by a half period 7 : X? — XY + 7R

* choose () : the Z, action on the “internal” part that defines the model M,

* Actually Q) = QLQR and Qp = (—)F, namely the sign flip by the spacetime fermion number

1
* adopt T asour Z, action (no fixed point) and project onto 7() = 1 e.v., namely +—TQ
* restore modular inv. by adding the twisted sectors
* needto prepare A, 5 = (n7) " Z qTPLGE PR
ne2(Z+a), weZ+p
aand gare0or1/2,and o =0(1/2) and 3 =0(1/2)
® Construction
start over ° Z( )+ (AO 0 +A1/2 (]) Z< )Zi, Dixon‘Harvey '86
.« TO: Z(+9)+ Z(:)H _ (Ao,o —A1/2,0) ZJé?)Zf, Blum-Dienes ‘97
Z7 is the Q-action of ZT. ¢ 5: 29 5 297 = (Agrja+Aijonse) 24 25,
ZH(=1)7) = Z7 (7). «TQ: 2" =297 = (Ag1ja—Aijanp) 2522,
Z~ is the Q-action of Z. cLZ0 = ; (Zf)+ + 2z 4 7200 Z<9))

1
_ §Zg> {Moo (ZE+ZF) + Ayypo (25 - 27)

Fhonye (2 +22) + Moy (75 — Z2) )
Ina — oo limit, A produces model M, :

int

Zaty = 29 (ZF + 25+ 27 + 27).



SO0(16) X SO(16) < SUSY S0(32)

* The partition function
Zi(r?t) = Zg) {Ao,0 [‘78 (016016J+ S16516) —[58 (V16V16}+ C16C16) |

. Il = mlisthe
Massless vectors with [ omentum forxi_} Massless spinors with

on:w:m1:0X16 {n—w—()

n=w=»~0 m' = (i’ (0)7; £, (0)7)
{mf = (£.£.0%0°), ((0)%++0)°) ‘

(16, 16) of SO(16) X SO(16)

S50(16) x SO(16) adjoint

S50(16) X SO(16) < Eg X Eg4case not included for today g



”I) ® boosting the momentum lattice

The momenta of X/ g, X| change as

(world-she_et action)
(" [+ Ap / d2zaxgaxl%] 4

ot TP

(an —w/a), [_/\ (\/_A m + agn — (14 |A[*)ay w),
Boost50(17,1)] [GO: 1+]Ay2a]

In the partition function, Boost SO(17,1)

by A; : Wilson lines

(\/_m —2AI ),

(\/_A m + agn — (1 — |A[*)ag w),
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Moduli space and shift symmetry

Moduli space of 9D interpolating models is 17-dimensional: a, A’

Defining t{ and t, as
1AL 1 Al 111 1
V2ao V214 ARa 0 V2ao V2 1+ AP

we can find the shift symmetry:

1
tlz

Xy (] t2) = X557 (H + 2,t)
* The fundamental region of moduli space is

—1<t; <1, 0<t.

« Moduli ti, t, are the parameters of the boost on the
momentum lattice.



® Case of the full set of WL only
S0(16) X SO(16) © SUSY SO(32)

* The partition function case only for today
ZO\(t tp) = Z(){V (XE%))]Jr xfgosg)) Ss <X$£)+X(OO))

L (1/20) (1/20>> 5, ( 1/20) |\ (172 0>>

8( ©0.1/2) | (0 1/2)) @8( ©0.1/2) | (© 1/2))

+Os (X(Olé2,1/2) i Xglé2,1/2)) _Cy (X$é2’1/2) i x%Q’l/Q))}

+Vs

Massless vectors with n=w=m' =0 x 16

$

The gauge symmetry is U(1)1® and there are no massless fermions
at generic points of moduli space.

There are special points in moduli space, where the additional
massless states appear. =



» On the plane in moduli space satisfying

th =t =...=t" =2, 1<q;<8,2<p<8

The gauge symmetry is enhanced:

UPtcu@)te—— SU(p)

» On the plane in moduli space satisfying
th =t =...=t" =2, 1<a;<8,2<p<8
tho=thr— ... ==y 1<b; <8or9<bh; <16,2<q<8
The gauge symmetry is enhanced:

U(L)PF2 c U(1)'® —— SU(p) X SU(q)



case 1

ap __ . i
=z, 1<q;<8, 2<p<y Massless vectors in

=1 = =1
b ) -
t=y, 1<b;<8,2<¢<8 SU(p) x SU(q) adj rep

=t ==t

» There are the special lines and points in x-y plane:
AN ' ' "~ I_» Red line: vectors in SU(p + q) adj rep
1. Blue line: spinors in two bi-fund reps
/>< - of SU(p) X SU(q)

-04F
|

}—» Red points: vectors in SO(2p + 2q) adj rep

Blue points: vectors in SO(2p) X SO(2q) adj rep,
spinors in bi-fund rep of SO(2p) X SO(2q)

x* Green points: vectors in SU(p + q) adj rep,

spinors in anti-sym rep of SU(p + q)

T T
-0.4 -0.2 0.0 0.2 0.4
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case 2

ty' =t ==t =2, 1<06;<8 2<p<8 Massless vectors in
=t =... =1 =y, 0<b <16 2<q<8 T SU() X SU(q) ad rep

» There are the special lines and points in x-y plane:
\/\//V Red line: vectors in SU(p + q) adj rep
: j% Blue line: spinors in two bi-fund reps
/>< - of SU(p) X SU(q)

| Red points: vectors in SO(2p + 2q) adj rep

~> Blue points: vectors in SO(2p) X SO(2q) adj rep,
' spinors in bi-fund rep of SO(2p) X SO(2q)

7> Green points: vectors in SU(p + q) adj rep,
' spinors in anti-sym rep of SU(p + q)

[ T ) O P B
-0.4 -0.2 0.0 0.2 0.4
X
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» these special points of intersection are written as

¢=(on (3 6 ()= (o 66 ()
{ ptag+r+s=p+qd+r'+5=8 I=(44" J
the massless spectrum is
* The gauge bosons of SO(2P) x SO0(2Q) X (SU(R) x U(1));
« Thespinorsin (2P,2Q,1) & (1, 1,R(RZ_1)) D (1, 1, @)
of SO(2P) x SO(2Q) X SU(R)
( P=p+q, Q=q+p, R=r+s+r+s ]

nEp = np cases
(P,Q) =1(9,7) or (7,9)
(P, Q) = (6,6)
The gauge symmetry is maximally enhanced at the points
withp =g’ = 8 org = p’ = 8, where the gauge symmetry
is SO(32) and there are no massless fermions.
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» The cosmological constant is calculated up to exponentially
suppressed terms:

8 16

48 ’ :
A pogerr (1 12) = i (\j—z_) 8 {24 +4) ) cos (2mt1) cos (2m{‘ )

A=1A"=9
8 16
—4 Z COS (27rt’14) COS (27rt119) —4 Z CoS (27rt’14/> COS <27Tt1B/)
A,B=1 A’ B'=9
A>B A'>B’

» the stable points in moduli space:
OA®) 92N ) solve / 1\° 1\°

— >0 — t1=(0%(z) |).((5]) ;0)°
ot 0 otlot! = 1=\ (2) <2> )

‘ stabilized when the gauge symmetry is
maximally enhanced.

the n. = n; cases are only extremal
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V)

e completed the analysis in the case of d = 1 in susy restoring region
* afewn,; = nz models found
* the minimum is SO(32)/E, X E; gauge sym., massless bosons only

. %Asmng = dilaton tadpole is small to this order & will be made harmless
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V) ® Simplest d dim. generalization: sketch & results

* assumptions INkjm3

* still in the susy restoring region
* only the X° direction is twisted. Otherwise just d. dim toroidal comp.

e construction
e prepare the foIIowing (16+d,d) momentum lattice

Al; 0, ] = DD DD ST grllelri) gk,

mlel we€Z+ang€2(Z+8) wi#9 n;9€Z
where I' is a 16-dimensional Euclidean lattice.

'y : 16 dim. even self-dual lattice

e The Z, actionis (—1)7'Q, 7

* By using a shift vector §' ¢ %1]6, @1, can be represented by exp (27im - §)
form! € I';5. We split 'y into

I‘;’G:{mIEFm‘(S-mEZ}, Fl_ﬁz{mfeflﬁlé-mEZ—l—%}.

e output: 20" = Zz8 ) 1V (A [T1:0,0] + A [T54:0,1/2])

—Ss (A [TF4;0,1/2] + A [T5:;0,0])
+0s (A [ng—l-(s;l/z,o}+A[Ff6—|—6;1/2,1/2])
—Cs (A [T +051/2,1/2] + A [Ty +6;1/2,0]) }.



* results
e gauge symmetry enhancement pattern is the same as before
e alsoin 1:1 correspondence with the corresponding toroidal comp.

in M, superstring.



VI) Note

* Z30(32)susy = (Vs — S5)(016016 + Vi6Vi6 + massive only)

~ 0 fr fr
heterotic gauged 10d sugra gravity(ino) bifund.
adj.
in evaluation Vg =~ Sg = (V.5)eval
* Z30(16)x50(16)nosusy = V3016016 — SsV16V16 + massive only
~ (V8)eya (016016 — VigVig) + - - -

bifund. vector
removed

* Zit = Ao V3016016 — Moo SsVi6Vie + A1/2,0VsVieVie — A1/2,058016016 + - - -

~ (Moo — A1/2,0)(VS)eva1 (016016 — Vi6Vie) + massive

come 1st KK excitations

« Both A}!°°P & gauge sym. enhancement can be understood in QFT of SO(16) X SO(16)

COSIMo

heterotic gauged supergravity coupled with bifund. supermultiplet where SUSY broken

by the twisted circle.



® Gauge symmetry enhancement in EFT
 can read off masses due to twisted compactification by eq. of motion

 adj. vectors: The compactified components Al receive VEV's through the
Wilson line operators and we write s pi — A0 4 A _ Z AT

where r=rank(g), AT are from the Wilson lines and H! are the Cartan generators.
In the Cartan-Weyl basis, the twisted boundary condition is
AM(:c”; %, z? + ZWRQ) = UAM(;U”; :1:”6,:15'9)UJr

T
—ZAAJ’I(.T”; anj .CEQ)HI 4+ Z BQWic-aAﬂf,a(my;majZ,Q)Ea’
' I=1 aEA!
where U = ™ H and ¢! are the components of a dual vector such that

2cl are those lying in the dual of the root lattice

with the Wilson lines t/*! = R7 A7 (j not summed)

9 8 a 9 9 5
T2 _ m; 2 2 _ me +t% -« mg+c-a+t’ -«
JLIBJ:m o Z (RJ) ’ A[B LI T Z ( Ra + R .

j=10—D a=10—D
 adj. fermions:
w(:c”;:z:a’,:z:g + 27TR9) = —Uy(z"; z?, :EQ)UT

(Z¢ (z; Lz’ HI+ Z amic o), “ats x® xg)Ea).

ae N’

8 8 a 2 9 2
5 B Mg\ 2 mo +1/2\° 9 B Mg + 1t mog+1/2+c-a+t’ «
Mg rm= > ( Ra) + ( =5 D Miaw = Y 4}{@ + - |

a=10—D a=10—D
21

rederived our results from these



V| |) Summary

Il) afew basics & construction at d=1
I1l) interpolating model with WL

IV) conclusion intermediate

V) simplest d-dim generalizations
VI) EFT description

* interesting interplay revealed with WL already at free spectrum

* need to examine interactions perturbative or nonperturbative
to search for vacua which can inhabit us.
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