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Outline

Motivation

Clockwork mechanism and General Linear Dilaton
Possible solutions of the hierarchy problem

o In minimal heterotic M-theory (Horava-Witten model)
o In heterotic M-theory with vector multiplets

e Axions

o heterotic string theory
o heterotic M-theory

e Summary
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Motivation

e Understanding the origin of large hierarchies of scales (and
small couplings) is a major challenge in theoretical physics

@ Some of proposed mechanisms based on extra dimensions

o large extra dimensions (LED)
o warped extra dimensions (RS)
o linear dilaton model (LD)

e They may be considered as various General Linear Dilaton
(GLD) models

e generalizations of continuous version of clockwork mechanism
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Motivation

Understanding the origin of large hierarchies of scales (and
small couplings) is a major challenge in theoretical physics

Some of proposed mechanisms based on extra dimensions
o large extra dimensions (LED)
o warped extra dimensions (RS)
o linear dilaton model (LD)
They may be considered as various General Linear Dilaton
(GLD) models

e generalizations of continuous version of clockwork mechanism

@ Which of such models may be derived from fundamental
higher-dimensional theories like string- or M-theory?

@ Which may accommodate interesting axions
(QCD axion, DM axion etc.)?
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Clockwork

Clockwork mechanism:

o device to obtain light degrees of freedom
with (strongly) suppressed couplings
within theory without small fundamental parameters

generalization of aligned axion mechanism Kim, Nilles, Peloso, 2004
name suggested in Kaplan, Rattazzi, 2015

related to deconstruction

generalization of discrete clockwork to continuous one proposed in
Giudice, McCullough, 2016

problems of such generalization Craig, Garcia, Sutherland, 2017

@ description of General Continuous Clockwork (GCCW) Choi, Im, Shin, 2017
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Discrete clockwork

Discrete scalar clockwork action (g > 1)
N o N1
/d4w {Z 5(3u¢z')2 + > 5m2(¢i+1 — q¢:)*
i=0 i=0

Mass matrix

1 —q 0 0
—q 144¢*> —q 0
) 0 —q 1+ 4> 0
m .
: 0
0 0 0 14+¢> —¢q
0 0 0 —q q

N
has one massless eigenstate xo = N'Z ﬁ
q’L

1=0

component at each successive site is q times smaller than at the previous site

for large IN: coupling of xo at O-th and IN-th sites are very different
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Continuous clockwork

Sites in the field space : = 0... NV

may be interpreted as points in 5-th dimension y = y;
bi(E) —  B(T,yi) Ay

$ip1(F) — $i(@) —  0,8(F,yi) Ay’

etc.

Continuum limit (Ay = 7#R/N, N — oo):
5. 2ky |1 2, 15 2
d’x e“™Y E(B,L'I)) + 2° PY(95P)

may be obtained from simple Lagrangian

5 1 fe1

d’xz+/—g 580(‘1)(9 P
in the warped background
ds? = esky (e%pyn,wd:c“dw" + e_%pydyz)

uyvy...=0,1,2,3 a,B,...=0,1,2,3,5 x® =y
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General Linear Dilaton

gravity + dilaton + cosmological constants on 5D orbifold M* x S*/Z,

Ss = M3 /d%«/ ( Rs — 1082508 — Ay e~2(e/V3)s

_e—(e/V3)S [A IRy MD

V3955 955
4D flat background solution if: —Ao=Ar =16,/2 (aé\—b4)
general linear dilaton background: (¢/v3)S = 2(k — p)y
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General Linear Dilaton

gravity + dilaton + cosmological constants on 5D orbifold M* x S*/Z,

S5 = Mg/d%\/ ( Rs — aasaas—Abe—“é/f)S

—e—(e/V3)Ss 5(y) S(y—wR)
e [A Voss T An D

gs55

4D flat background solution if:

—Ao = A =6, /2 (2;)

21
general linear dilaton background (¢/v3)S = 2(k — p)y
- o
Conventional KK = New KK
B ol i
Vute <0 Ve > 0
— I > 2
0 I 4 ©
RS LD LED
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General Linear Dilaton

KK spectrum in GLD models

62
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Choi, Im, Shin, 2017

@ extra suppression of KK masses for ¢* > 1

_ a2
p_,1 ¢
k 2+ é2
@ RS: &=0 plk=1
e LD: & =1 p/k=0
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Horava-Witten model

Strongly coupled Es X Egs heterotic M-theory — 11D SUGRA

Si1 :i/ d”a:\/fg(*R—G/\*G—zx/EC/\G/\G)
Mll

2k2
1 2/3
Z /MIO :I:\/ tI‘F(I) AN *F( )

- 87”@2
(i)

compactification on warped orbifold M* x X x S'/Z»

supersymmetry — non-zero flux: Gagep = —%eABCDEFwEF
\/5 K \2/3 1
= — N |trFiiy A F1y — —trR AR
I =7a (47r) /Xaw rFay A Fay — tr
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Horava-Witten model

Strongly coupled Es X Egs heterotic M-theory — 11D SUGRA

Si1 :i/ dllw\/fg(*R—GA*G—zx/EC/\G/\G)
Mll

2k2
1 2/3
Z /MIO :I:\/ tI‘F(I) AN *F( )

- 87”@2
(i)

compactification on warped orbifold M* x X x S'/Z»

supersymmetry — non-zero flux: Gagep = —%eABCDEFwEF
V2 [ Kk \2/3 1
= — N |trFiiy A F1y — —trR AR
K Vo (47r) /Xaw Rl e @ 2 r
Standard embedding (Horava-Witten) 1 < 0:

@ volume V of Calabi-Yau X°© decreases with |z'*|
@ = upper bound on length of 11-th dimension 7w R;1

@ Mw <« (7R11)™ ' < Mi1 < Mp
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Minimal heterotic M-theory

Non-standard embedding with ¢ > 0:

e volume V of Calabi-Yau X¢ increases with |z!!]

@ length of 11-th dimension wR;; may be quite large

o hierarchy problem of the weak vs Planck scale may be
addressed

M3, =~ 0(10) M7, (My17wR11)?

Relation typical for N = 2 flat extra dimensions

M11 ~ O(l) TeV, 7TR11 5 100 Hm
enough to obtain the correct value of Mp,
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Minimal heterotic M-theory

Compactification of 11D on Calabi-Yau X with h(;,) =1
(only universal hypermultiplet and gravity multiplet)

=> gravity-modulus system described by the GLD action

Ss = iz/ d®z\/—g FR;, — 15.50%8 — Ay e (2/VDS
KS M5B 2 2

1 —(e
-1 dz/—g Agye @/ VDS
K 4

5 i MY,

Ay = —Ae) = 5

th- A2 —
with: & =6, Ap = s

B
384
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Minimal heterotic M-theory

Compactification of 11D on Calabi-Yau X with h(;,) =1
(only universal hypermultiplet and gravity multiplet)

=> gravity-modulus system described by the GLD action

Ss = iz/ d®z\/—g FR;, — 15.50%8 — Ay e (2/VDS
M5 2 2

Ks

1 —(e
-1 dz/—g Agye @/ VDS
K 4

5 i MY,

. R 2
with: & =6, Av= 45, Aw=-Ae =%

é2 > 1 = non-conventional spectrum of KK states

Mll 5/2
M? ~ 0(10%) n® M2, ( )

Mp,

masses as for N = 8/5 = 1.6 flat extra dimensions
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Heterotic M-theory with vector multiplets

Heterotic M-theory with vector multiplets (in 5D)

compactified on CY space with the Hodge number h(; 1) > 1

® h(1,1) Kihler moduli ¢* defined by w = t'w;
@ intersection numbers  d;;, = Vi“ [Xb wi AN wj A\ wg
® h(1,1) flux parameters
\/5 K 2/3 1
Hi = / wi N\ tI'F(l) AN F(l) — —trRAR
Vo \4m x 2
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Heterotic M-theory with vector multiplets

Simple example: h(1,1) = 2, only d112 # 0

@ u1 #0 p2 #0 (same as for h(1,1) = 1):
-8 =6
- Planck mass as for N = 2 flat extra dimensions
- wRy1 ~ 100um = M, = O(l) TeV
- KK spectrum similar to that of N = 1.6 flat extra dimensions
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Heterotic M-theory with vector multiplets

Simple example: h(1,1) = 2, only d112 # 0

@ u1 #0 p2 #0 (same as for h(1,1) = 1):

-8 =6

- Planck mass as for N = 2 flat extra dimensions

- wRy1 ~ 100um = M, = O(l) TeV

- KK spectrum similar to that of N = 1.6 flat extra dimensions
o 11 #0 p2 = 0:

- =7

- Planck mass as for N = 1.8 flat extra dimensions

- ®Ry1 ~ 100um = M1 = O(10) TeV

- KK spectrum similar to that of N = 1.5 flat extra dimensions

Marek Olechowski Axions and clockwork in heterotic M-theory



Heterotic M-theory with vector multiplets

Simple example: h(1,1) = 2, only d112 # 0

@ u1 #0 p2 #0 (same as for h(1,1) = 1):

-é&*=6

- Planck mass as for N = 2 flat extra dimensions

- wRy1 ~ 100um = M, = O(l) TeV

- KK spectrum similar to that of N = 1.6 flat extra dimensions
o 11 #0 p2 = 0:

&=

- Planck mass as for N = 1.8 flat extra dimensions

- R ~ 100um = My, = 0(10) TeV

- KK spectrum similar to that of N = 1.5 flat extra dimensions
@ 1 =0 p2 # O:

-é& =10

- Planck mass as for N = 1.5 flat extra dimensions

- wRy1 ~ 100um = My, = O(].OO) TeV

- KK spectrum similar to that of NV = 4/3 flat extra dimensions
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Heterotic M-theory with vector multiplets

Simple example: h(1,1) = 2, only d112 # 0

@ u1 #0 p2 #0 (same as for h(1,1) = 1):

-é&*=6

- Planck mass as for N = 2 flat extra dimensions

- wRy1 ~ 100um = M, = O(l) TeV

- KK spectrum similar to that of N = 1.6 flat extra dimensions
® 1 #O0 p2 = 0:

&=

- Planck mass as for N = 1.8 flat extra dimensions

- ®Ry1 ~ 100um = M1 = O(10) TeV

- KK spectrum similar to that of N = 1.5 flat extra dimensions
@ 1 =0 p2 # O:

-é& =10

- Planck mass as for N = 1.5 flat extra dimensions

- wRy1 ~ 100um = My, = O(].OO) TeV

- KK spectrum similar to that of NV = 4/3 flat extra dimensions

Warped product of one large (flat) and six curved extra dimensions
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Heterotic M-theory with vector multiplets

It is not difficult to see that in general heterotic M-theory ¢ > 6

“ = |
Conventional KK New KK =
3 ; ' Heterotic bound

-

¢ Vbuk <0 ' Vouik >0

— i +— : > 2
0 1 4 6 7 10 o)
RS LD Heterotic M-theory LED
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Heterotic M-theory with vector multiplets

It is not difficult to see that in general heterotic M-theory ¢ > 6
-9 |
Conventional KK = New KK =

; " Heterotic bound
s

3 Voutke <0 Vouk > 0

— —t— : > ¢?
0 1 4 6 7 10 ©
RS LD Heterotic M-theory LED

Smaller values of &> = 1, 4 were obtained in 5D SUGRA
with decoupled universal hypermultiplet

Kehagias, Riotto, 2017; Antoniadis et al., 2017
Problematic from the point of view of higher dimensional string- or M-theory
(LD &% = 1 may be related to 6D "Little String Theory")
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Axions — heterotic string

, .
Sio= + (*R—EHA*H—itrF/\*F>—/ BA Xs+...
Kio M10 2 4 J Mm10

Green-Schwarz (GS) anomaly cancellation with
Xs = w®PDAgF(2)+ & (triF AF — 2trRAR)A((r1iFAF —troFAF)+---

@ modified Bianchi identity:
H =dB + ws dH = — 5 (trFAF —trR A R)
@ axion fields:
H,., > a (H dual in 4D to pseudoscalar) one MI axion a
Bmn — b (B=Ltw™bi4...) h(1,1y MD axions b’
@ couplings to FF:

from Bianchi identity (+GS term) for Ml axion a
from GS term for MD axions b’

@ a — b® mixing due to loop corrections

@ decay constants not much below the Planck scale: f., fo ~ aynvMp:
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Axions — heterotic M-theory

Sia :i/ d"'zy/=g (¥R — GA+G —2V2C AG A G)
Mll

2K2

1 K \2/3 < 10
- (E) Z 0 d " x\/—g trF;) N xF(
=17 M

@ modified Bianchi identity:
G=dC+3; w:(;i) Aé(z't — it )da™t
dG = — 5= 2 (trFy A Fyy — 3trR AR) A §(z*t — xj')dat
@ axion fields:
Gapys — a (G dual in 5D to pseudoscalar) one MI axion a
Crini1 — b* (C = wgl’l) ANAY 4. .) hq,1) vectors .Az
(in 4d: b* = Aj,)

4D Ml axion in 5D (universal) hypermultiplet

4D MD axions in 5D vector multiplets (5-th components of vectors)
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Axions — heterotic M-theory

1
M5 2Vx

1
+/ —a [(trF(l) A Fay) 8(z't) + (trF2y A Fay) 8(z='* — 7r'r11)] A dz't
M5 4w

Ss D — 27 (da + niAi) A * (da + niAi) + %Gij dA® A *d.Aj]

. 1 : 1
G;ij = / w_ﬁl‘w/\*w,(.]‘]) ’ni:—i,/ WA tr1iFAF — —trRAR
: Jx6 J 1672 Jr6 ° 2

@ couplings to FF:
from Bianchi identity (+ Chern-Simons term) for Ml axion a

[no couplings to Fﬁ‘!] for MD axions b®

@ a - b* mixing due to quasi-kinetic mixing of a and A% in 5D

@ decay constants (/(1,1) = 1):
due to this mixing and to warping of space-time there are 2 axion-like
fields: a (. r) exponentially localized at (left, right) orbifold plane

0.1 My,

fr1 ~ 0.1Mi11 fr2a ~ — Mp,
V7 Mpi
0.1 M
fr1 ~ — Mp) fR2~0-1\/‘7UiM11
Y Mp,
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Axions — heterotic M-theory

1
M5 2Vx

1
+/ —a [(trF(l) A Fay) 8(z't) + (trF2y A Fay) 8(z='* — 71'7‘11)] A dz't
M5 4w

Ss D — 27 (da + niAi) A * (da + niAi) + %Gij dA® A *d.Aj}

: 1 1
G;ij = / WD Ay ’ni:—i,/ w(]"l)/\<tr1F/\F—7tr'T\’,/\’R,>
: Jx6 * J 1672 Jr6 ° 2
@ couplings to F'F':
from Bianchi identity (+ Chern-Simons term) for Ml axion a

[no couplings to Fﬁ‘!] for MD axions b®

@ a - b* mixing due to quasi-kinetic mixing of a and A% in 5D

@ decay constants (/(1,1) = 1):
due to this mixing and to warping of space-time there are 2 axion-like
fields: a (. r) exponentially localized at (left, right) orbifold plane

f 0.1M f 01 [Mi
L1~ 0.1M1; L2 ~ —— Pl
V7 Mpi
0.1 M
fr1 ~ — Mp) fr2 ~ 0.1/ masSSy VoY
Y Mp,

(We need M1, < Mp; in order to get (at least one) f <K MP]J
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Axions — heterotic M-theory

Fields a; and ar are both massless at the perturbative level
They get masses from instanton effects

Mass eigenstates a;, and a; are mixtures of a; and ar

In the interesting limit of M;; < Mp, there is strong
hierarchy of axion masses m; > my

frn1 ~ 0.1My, fra ~ 0.1y~ 2/ Mp My,
M
fi1 > Mp fiz ~ 0.1vY2 My, =
Pl

Marek Olechowski Axions and clockwork in heterotic M-theory



Axions — heterotic M-theory

Fields a; and ar are both massless at the perturbative level
They get masses from instanton effects

Mass eigenstates a;, and a; are mixtures of a; and ar

In the interesting limit of M;; < Mp, there is strong
hierarchy of axion masses m; > my

fr1~ 0.1My, frz ~ 0.1y~ /2 /Mp M1,
M
fi1 > Mp fiz ~ 0.1y 2 My, =
Pl

e only a; may play the role of QCD axion
if M, is in the “axion window" moved up by one order of
magnitude: 10'° GeV < My; <1013 GeV

@ a; is ULA with negligible coupling to the observable sector
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Summary

e General Linear Dilaton models (5D)
e 2-parameter class of potential solutions to the hierarchy problem
(using continuous clockwork mechanism)
o there are consistent UV-completions of GLD models
but probably only for a very limited discrete set of parameters
@ Heterotic M-theory may be such 11D UV-completion

e non-standard embedding (of spin connection in the gauge group) is

necessary
e minimal version (modification of Horava-Witten model)

- Planck-scale hierarchy as for 2 flat extra dimensions
- KK spectrum as for 1.6 flat extra dimensions
- M1 scale not very much higher than the weak scale is possible

o heterotic bound: &* > 6
o models constructed only for é2 = 6, 7, 10
@ Previously found 5D SUGRA models with & = 1, 4:
uplift to higher dimensional string- or M-theory seems to be
problematic
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Summary

Axions in heterotic M-theory
@ origin:
o one (MI) a dual in 5D to tensor field strength G
o h(,1) (MD) b* coming from harmonic (1,1) forms on CY
(b* are 5-th components of 5D vectors)
e couplings to FF:
o a : from modified Bianchi identities (+ CS term)
e b*: no direct couplings in 11D (only through mixing with a)
e a and b* mix
(due to modified Bianchi identity and instanton effects)
o decay constants:
may be quite small in the case of non-standard embedding
(much smaller than ~ 10" GeV characteristic for heterotic string)

e Exactly one axion in the minimal version of heterotic M-theory
may have properties necessary to solve the strong CP problem
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