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This review aims to provide a very short and pedestrian introduction to some of the basics of extra-
dimensional physics. The hope is to facilitate access and to be, in some respects, complementary to the many

already existing reviews on phenomenological applications of extra dimensions in our Universe.
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Introduction

515

Is there any compelling reason to believe that there are extra dimensions? If so, why haven’t we seen
them? Could we discover them in the near future? How would they manifest themselves? These are the
questions we face, and this review, which is intended to be a very basic introduction to the subject, is never
intended to be exhaustive in any sense. We attempt to give an overview of some of the issues studied, which

we hope will serve as a starting point for the nonexpert reader to explore the vast literature on the subject.
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Historically, the possibility of an extra dimension in physics is motivated by the desire to write a the-
ory that unifies gravity with other interactions. This was the idea behind the early work on the subject by
Kaluza [1], Klein [2, 3], Einstein, and Bergmann [4] in particular at the beginning of the twentieth century
(for a discussion on some aspects the history of the subject, see, e.g., [5]). Remarkably, their ideas are central,
decades later, to the modern approach to the quantification of gravity: string theory. By moving from the
notion of fundamental point particles to zero modes of string oscillations, the consistency of our quantum



theory then requires us to move to a dimension of space-time greater than four. Indeed, string theory, which
offers a framework to unify all interactions, requires the existence of additional degrees of freedom which,
in certain limits, take the form of additional dimensions. Let us note here that these dimensions are space
and nontemporal in nature, the latter posing problems with the preservation of causality. The possibility of

observing extra dimensions has been proposed in several works [6-10].
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Obviously, in a first step, it is natural to start by characterizing the additional dimensions by their number,
1, 2, 3, etc., their topology, their geometry (flat, curved, wrapped, fractal), and for the physical phenomena we
are interested in, the type of states that propagate and interact in them. In general, one is then led to discuss
physics in a plethora of spaces of dimensions higher than four, with a huge choice of possible topologies and
geometries. We will concentrate here on the simplest configurations that allow us to illustrate some basic
examples.
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The review is organized as follows: section “Kaluza-Klein Excitations” presents Kaluza-Klein states.
While this is done in the simplest setting of a compactification on a circle, we discuss properties that remain
valid in a much larger setting.
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Section ”Searches for Extra Dimensions” discusses the current experimental limits on the existence of
such dimensions. Some applications of these dimensions, relevant for the construction of extensions beyond
the Standard Model, are discussed in the rest of the review.
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Kaluza-Klein Excitations
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We need to introduce some basic notions of physics with extra dimensions useful for our discussions.
For this purpose, we shall start by reviewing the simplest model of dimensional reduction from D + 1 to D
dimensions (We work with the signature (+,—,...,—) . The D + 1 dimensional quantities will be denoted
with a hat. We use Latin and Greek letters for the D + 1 and D -dimensional coordinates; g and g are the
determinants of the D + 1 and D -dimensional metric, respectively.). We denote the coordinates of the D non-
compact directions by x"* . The (D + 1) -th dimension is parametrized by the coordinate z = z + 27R taken
to be a circle of radius R . We consider the Einstein-Hilbert action:

PATHTRES 4 — LN RS I H AR ME LY BME S, Dk, BATIJCEIBM D + 1 4E3 D 4E
LMV AR (BATRASE (+,—, ..., —), D+ 14EYEEN EFRIE, FH T =BAR
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where R is the Ricci scalar. We take for the metric &y the ansatz:

Hep R ZEARE, BATEM gy BT FRIL:

8un = gy = A AL A )
e2b¢AU —€2b¢

where ¢ is the radion/dilaton, A, the graviphoton, g, the D -dimensional metric, and a, b are constants to
be determined in the following. It is easy to see that the invariance under general coordinate transformations
of gy becomes gauge invariance of A, .

Hrp ¢ BPEF/MWGET, A, BIIJDETF, g B DHEEM, o b BEEEFEMENHEL. THEE
Hj gun | SRRSO AN B A, FIRTEA 2

Indeed, the general coordinate transformations of the (D + 1) -dimensional theory, depending on the

vector parameter §'M , act on the metric as

HELE, (D+1) 4EEIRHT APREBURIG T RESEEM , BN EMIITER N

Sedmn = EP0pgmn + 200" 8 (3)

where pairs of indices in parenthesis are symmetrized with a multiplicative 1/2- factor. It follows that

the field ¢ transforms under the (§# = 0, £%) transformations as

55 NRHEN IR AR 7 1/2 XFRME, RIS ¢ 78 (64 = 0, &%) i FRYZ B

8e2¢ = b3, &7 — £70,¢. @



This implies that we can gauge-fix the transformations £ for 8,£% # 0 by taking ¢ to be independent of

XTERBEBATA] AR 6,87 # 0 BYZEHR &2 MMTEEIE, ZOR ¢ AMKHEIT 2

9:¢=0. ©)

Similarly, we consider the £V transformations of the off-diagonal metric components:

KA, AT EAER L B £° 2L i

5§”g,uz = gval}guz + gvza,ufv + gAuvang' (6)

It follows that we can also gauge-fix the &V transformations for §,£Y # 0 by taking the off-diagonal

components of the metric to be z -independent:

FIEFRAT I AT DA 9,€Y # 0 B & Ze My E, ZREMAIAEN A0 B AMRIBT 2 -

azguz =0. 7

As a result of the above gauge conditions, in the metric decomposition (2), only the D -dimensional
metric g,,,, (x™, z) depends on all the (D + 1) coordinates, while the radion ¢ (x) and graviphoton A, (x) are
independent of the compact coordinate z . Moreover, the leftover coordinate transformations depend only
of the non-compact coordinates x™ : & (x) generate the D -dimensional coordinate transformations, while
§% (x) acts as a U (1) gauge transformation on the gravi-photon A, (x) that leaves ¢ (x) inert. The quadratic
in A term in the definition of g, guarantees that the 0-mode ( z -independent part) of the D -dimensional

metric g,, remains also invariant under U (1) gauge transformations.

EIRRITE AL S R LR R (2) T, A D #EEM g, (XM, 2) IBFTE (D +1) 4
h, MR ¢ (x) FI5I T A, (x) PIRBUEBENR z o BEAN, FIRAARBHAURE A BB AR
D ER(x), EfAER D 4EARFRARHR, T &2 (x) RMLTIFIVET A, (x) B U (1) Myesei, HAKRE
¢(x) 8y TE X A ZIRTURIE T D 4EERL g\, FIEAR (MM z VR 93) 1 U (1) HIEA e M b
REFE,

We now focus on the simplest choice where the D -dimensional metric g,, and thus all fields are inde-

pendent of the z coordinate. The action (1) gives then for the zero modes:

PATIERT B o] B IR D M g, DAKFTH ZERAMIH 2 2247, BEINPEF & (1) X Ees
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To have a canonical normalization of the D -dimensional Einstein-Hilbert action, we need

T D 4EZNHE-FR/RIERHE R B TAREIT —f, BAIFR=E

(D-2)a+b=0. 9

while a canonical dilaton kinetic term requires:

TARERY dilaton B RETEE R :

. 1
T2(0-1)(D-2)

In the following we choose the positive root. We can identify the D -dimensional Planck mass:

a (10)

FERSCHBABEBUER, BATTA] IS E D 458 B 5 jr B A RIAT:

1 _ 27R .
= _:2 = MP~2 = 27RMB-",

(11)
We are used to work with dimensionful fields instead of the dimensionless ¢ and Ay Therefore, we
perform the rescaling:

BATEF R BN AT RN ¢ M A, , EIFATHATI N ERE:

¢ — Vorg; A, > VoA, (12)

leading to the action

SEIEHE

D) _ D 3Dl i 1 l 2_1 —Zw/gmﬁ 2
§ /d x\/(-1)" g 2K2+K (D—l)(D—Z)D¢+2(a¢) 2¢ F

(13)

where the second term is a total derivative that will not play any role for the purpose of our discussions.
HPH—Iiee S8, ARV rErEr
Let’s now consider the corresponding dimensional reduction of a free real massless scalar field o :

WAERATE 8 B B SR BRI © A R4 L:
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Again, for simplicity, we consider the case where the field ® is periodic on the extra dimension:

R, BATEREEY © TERIME LRSI

1 S inz
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with ¢_, = @}, , which leads to
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(16)
We can now comment our results for some generic lessons on extra dimensions (for a more detailed
discussion, see, e.g., [11]):

RAEFRATTAT DO BRAME R — 2258 F 45 10 T PR CE TR 182 DB AN STk [11]):
« The complex scalars ¢,, form a tower of massive states with masses:

- Bbri o, W—SIRESE, HREN:

my = %e\/gm. 17)

This is the Kaluza-Klein (KK) tower. In the very simple case of a circle, the masses are regularly spaced.
This is not the case for any compactification. There are however two important generic properties that we
would like to note. First the masses depend on the value in vacuum of a scalar field, here the dilaton ¢ . In
the case of supersymmetric theories, these are moduli fields. Then, in the decompactification limit, by taking
R — o0 or ¢ - —o0, there is an infinity of states which become very light exponentially fast. This is one of

the manifestations of the Swampland Distance Conjecture in string theory to which we will return below.

X FEIL-7EER (KK) &35, ERRBILRREAEE S, REZSREN, X—rMEER

BULHARAL, EBMNFEEHM N EZFEAMLI: B, RERETrEZNESHEE, 1t

Abwh 2 dilaton ¢ o FEREXIFRERIC FRIXLE R, IR, FEIREBALMIRT, LR - o B¢ » —0

I, BILH 2 NERTERPPE RN, XRZHIEHHEFEE AR RN —, FEX
=ENIE,

« The KK modes appear minimally coupled to the graviphoton. In general, internal space isometries give

rise to gauge symmetries. In the particular case here, it is a U (1) symmetry. The gauge coupling
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g?=e VD27, (18)

is again a function of a scalar field, here the dilaton ¢ , and taking g — 0 ; thus ¢ - —oo0 , we get an
infinity of light states, again manifestations of the Swampland Distance Conjecture.

FIFERAR R, HACHUZ dilaton ¢, HHX g — 0 NTITHE] ¢ — —co I, BAIRFBEITLS 2
MRE, IRXRMERE R ER AR R,

The charges of the KX states are given by

KK e R4
D-1
8n = \/Ekge p=2"? (19)
Mass and charge are related through
o FEL G JE SR AR
(8qn)” = 22m3, (20)

saturating the BPS condition. This is expected as all the interactions unify to descend from the unique

gravitational interaction of a free scalar field in higher dimensions.

/2 BPS kfF, RXFFETUY, FENFrAMHE RS —/aETE A @4 E mir B R 5 | I EAF
Mo

+ The same tower of KK modes appears also in the massive spin-2 excitations of the metric g, (x, z)
in the matrix decomposition (2). Note that in the unitary gauge choice where the radion ¢ (x) and the
graviphoton A, (x) are independent of the internal compact coordinate z , only the metric g,,, has KK
excitations. The would-be (D —2) + 1 excitations of A, and ¢ are absorbed by the KK modes of the
metric to provide the longitudinal and scalar helicities of the massive spin-2. Indeed, the latter has
(D — 1) D/2 helicities, versus (D — 2) (D — 1) /2 of the massless case.

o [FIRERY KK S5 IRTERE R 70 (2) TR g, (XP, 2) BAG B E E-2 T B, TE R AE radion
B ¢ (x) 51JEF A, (x) BEAERAT NER R B z A IERVEIREC R, REEM g, FIEF
B, FARET A, M ¢ B9 (D —2) + 1 K SPUE MY KK BRI, AHFEE
JiE-2 PR AL IRE ERIbR IR e S, SKBR b, EEIE (D — 1) D/2 MuiEkE, mILRRERR
A (D-2)(D-1)/2Fh,

« Finally, we have established in the equation a relation between the Planck masses in D and D + 1 di-
mensions. This relation is generalized in the case of the factorization of any internal space with the

Minkowski space-time. For a § -dimensional internal space K with volume Vol (K) , we have:



o fE, BAHEREFTEY T D 4N D + 1 4E5 R 2 HAIR R, KR A] DU 2IER
PR ZE [R5 X R S AR TR L. R TAARN Vol (K) 19 8 ENEREH K, BATA:

1 _ Vol(K)

2~ g2

= MB~2 = Vol (K) MB+5~2 (21)

which for the case where K is a torus of equal radii R reads

4 K B HRMEERIAE R, EXAE N

1 (@aRr)’

2~ g2

= MD-2 = (27R)’ MR +5-2 (22)

This implies in particular that the large value of the D dimensional Planck mass (compared with a given
energy scale, e.g., the electroweak scale) might be a consequence of large volume, while the D+ & dimensional

Planck mass is much smaller.

IXJCHEH: D 4835 B v o (RRECRPE RERR, B4 FESSRERR) BUETRK, ATREZ AU RAVEER,
M D+ & 4EE M R E/ M3 2,

This last observation has important consequences. For example, as the four-dimensional Planck scale,

Mp is related to the "fundamental Planck scale” Mp through

BJEIX ML ERER Y, G0, PSR E Mp 5 “EARSIATARE" Mp I RO

M3 ~ ROMEH® (23)

the existence of large extra dimensions with size RMp > 1 allows for a low fundamental scale. The

fundamental scale can be as low as the TeV [9, 10], or at intermediate energies [12,13, 53] .

RSEH RMp > 1 WRERMNEEE 7 A VPR ARPREE R, FEAPREE AT DA TeV &% [9,10], 1h
Al AR TFHEIBERX [12,13,53] 6

Before mentionning experimental investigations for extra dimensions, we still need to discuss two im-

portant aspects of compactifications.
TETTIRRINE I SE IR T < AT, AR ZE e BB AW B 275 TH,

One aspect is called T -duality. When the size of a dimension tends to zero, the KK modes become
very massive. However, in string theories, there are states whose mass decreases when the size of additional

dimensions decreases. These are the winding states, whose masses are given by

HAp— 75NN T X, SHSMEERRSHEETEN, KK BESTRHRE, BEEZeT, 7
£ —2ERERIMERE RS B NI R R TR RATAS, XSRS, HEm A H

D-1

7y = [Re N D=2

(24)
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where the integer [ is the winding number of the closed string around the compactification circle. The
simplest form of T -duality corresponds to the inversion of the compactification radius (in string units) to-
gether with the exchange of the KK and winding modes.It turns out that this is a symmetry of the closed

string spectrum and interactions.

HA Ry | R ISR S R B R R RIS, T AR A B AT 2O BT GREAAL ) RBULF12HL
W, [FINAIH KK BESREEE, XG4 AR AR LA R — DR FR T,

The other aspect concerns the existence of points in the inner space where certain states are localized.
These can be particular points in this space, but can also be edges. From the point of view of point particle
theory, these points seem to correspond to singularities, but these are resolved in string theory. Examples
are either fixed points of an orbifold, or branes. The simplest example of such a case is an internal space de-
scribed as a segment. In this case, some states would be localized at its edges. An important property then is
that since these points break the translation invariance in the corresponding directions of the internal space,
the momentum along them is not conserved. Therefore, single KK modes can decay to, or be produced from,
states localized there. For completeness, we describe below the main properties of orbifold compactifications,
restricting to the simplest case of a line interval. Orbifolds The main motivation comes from generating chiral-
ity, since toroidal compactifications give rise to non-chiral theories since a five-dimensional spinor is reduced
to a Dirac fermion in four dimensions. Emergence of chirality requires internal manifolds with nontrivial
holonomy, while orbifolds are special (singular) limits obtained by quotient of a regular manifold by a dis-
crete symmetry. The resulting spaces have conical singularities at the fixed points of the discrete symmetry
transformations. The simplest one-dimensional example is the line interval I , which can be obtained by quo-
tient a circle S* by the Z, parity z — —z,I = S'/Z, . The two end-points of the interval, z = 0 and z = 7R,

are fixed points under Z, .

55— 73 TS F- A 23 Rl PR TR R T SN B, IX ez B AT DUZ NERZS Rl A REE 5, AT DA
RIS, WRRFEIRHAER, KEMBELT N A R, [HZAEEZIEH S TR, X0
BB TR ASIA, BUR IR, &R RG] 72 et BRI NS ], RIS T, #
DR EBAELRBANIL SR, — DEEMEFUR: BT IR BRI T R R R 75 1) b f A 2R
P, WXLETTAEHRATE, BIAENREIL-FORE (KK) AT AR BUE ST A, fa]
HXEEAST A, WRFERE, BAME PSRN BIERBACR ZEZMT, FHRE I IE Lk R FX — & &
BRI, ## BUBHUE BB DEHUR 5 2 TAEM: BOVIAE R B A S A R iE—
T YEHER LM RIVULE R G2 — DMK TR T PAEERIHIIESRNERRTE R G IEF LUK, 1
B @A IENRIE A B BOS MR RS BIRRE R (B ) ARIR. 15318923 (A1 2E B BOW AR AZ e A3l i
RAFAERIBERT iR B A B —ZEGI R MR T, BEr PUEEN B S M Z, Tz - —z,1 = 5'/Z,
2l ZERERRIIN NG z = 0l z = 7R 2 Z, FHIARER.

Since Z, is a symmetry of the higher-dimensional theory, five dimensional fields should be even or odd

under the Z, parity. They can thus be expanded in terms of cos nz/R or sin nz/R , instead of plane waves in

(15):

HT z, 2E4EBiCIFRY:, HYEGE Z, FARAEHRT N A FEREE FR. R eln PAt%
cosnz/R B sinnz/R JEFF, MAEI (15) A HE R
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1

VaR

c/Iseven (x,—2z) = (/I\)even (x,2) : EI\)even (x,2) =

2 T nz
P60 (X) +14/ =5 D, P (x)cos —
7R Zl n R

+o00

~ ~ - 2 . nz

Poda (X, =2) = ~Pogq (%,2) 1 Poaa (X,2) =1/ —5 D @5 (x)sin R (25)
n=1

where the normalization is fixed for z € [0, 7R] . Note that only the even fields have four-dimensional
zero modes. Actually, there is an alternative way of studying orbifolds by imposing boundary conditions at the
“end of the world” boundaries, which in our example are the two end-points of the interval. The even fields
correspond to Neumann boundary conditions where the derivatives of the fields vanish at the end-points,

while the odd fields correspond to Dirichlet boundary conditions where the fields vanish at the end-points:

HrpIH—tH z € [0, 7R] HiE, EEANABAFAENAETHE, LRk, EalEdE “tHRREL" 2
SHREANA SRR AN, EBAIRIG T FiZiL SR X RPN sl B0 ML TE I 230 57 4%
fF, BRI SEBAEmRAENE; T MAKA eI, R S s e h%:

aZ(/ISeven (X,Z = O) = az(/15 even (X,Z = 7TR) =0 (26)

D g (0,z2=0)=D 44 (x,z=7R)=0 (27)

Consider next a five-dimensional gauge field Ay, (x, z) associated with a gauge transformation:

% NRE R S MV A R FLAEITEY) Ay (x, 2) -

SuAy (x,2) = (%, 2). (28)

Choosing the gauge parameter w to be even under z — —z , it follows that /TM is even while A, is odd.
Moreover, we can gauge-fix the w transformation for d,w # 0 by taking 9,4, = 0, implying that A, vanishes
since it is odd. As a result, one is leftover with A\M which has a KK mode expansion as an even field in (25)
with its four-dimensional vector 0-mode Au(x)(o) associated with a four-dimensional gauge transformation
w(x).

EEBHTESE w 1E z > —z ZH RS, BIbnlG A, A, WA, A&, AN, FATATOEE
0, A; = 0 8,0 # 0 1 o ZEMUHATHIVEENE, IXBERE A, NEFTMIHEL, BERIRGHNA, , 1F
NiEGE A& (25) R REIL-rOEEB R, HPU4ER TR A#(x)(o) X N — N U AERR AR
?ﬁ w (x) o

Let us consider now a five-dimensional massless fermion ¥ (x, z) ; its transformation under Z, has the

form:

MAEBNREE—NRETRRIKT O (x,2) ; BIFE Z, FREREZRN:

U(x,—z) =T¥(x,z) ; T2 =1 (29)

12



Since the vector current @yM ¥ must transform as A\M, @y’“‘@ must be event while ‘/I\’yslf’ must be odd. It
follows that ' = y° , implying that the four-dimensional zero mode of @ is chiral. Thus, orbifold compactifi-

cations lead to chirality.

TR DyMO RGNS, Ay, Dyr® FONEFRR, T Oy ® BTN FH, Hlt
AET = 5, XEWE O WIS BEREFE, B, SUFESIL T P4 A,

Searches for Extra Dimensions

FHMEREIR R

In the previous section, we have pointed out manifestations of extra dimensions: the KK modes and
modification of gravitational interaction by the presence of a lower fundamental Planck mass. We shall use

these two facts here to search for experimental signatures of extra dimensions.

FERT—T, WANCEHEH THIMEERRIE R FEIL-FOREBS (KK BE), DUEERE
EARE v SR AT AR5 T E R IE. BATRAEXEMARXMNMER, FHEIMERZR

KRES,

Tabletop Experiments

SIS

From now on, we consider a space-time of dimension 4 + d which factorizes as 3 + 1 non-compact

dimensions times an internal space K of dimension d .
FETORBATICHEE D 4 + d FIINZE, ERIEN 3 + 1 DMFRBEEE R DAL d INZH K o

At large length scales, the typical energies of particles are far too small to produce on-shell Kaluza-Klein
modes. No signal propagates in K ; the space-time appears four-dimensional. By increasing the energy, we
eventually reach values sufficient to create KK excitations, and we then start to probe the K space. At length
scales much smaller than the radii of § compact dimensions, among the d of K , the gravitational interactions
are locally well approximated by a 4 + & dimensional description. Applying the Gauss law, one expects a

1+8

transition from a gravitational potential from an 1/r behavior to an 1/r'*° . At lengths comparable to the

compactification scale, the gravitational potential can be parametrized as

FERRET, KFRIAIRE R T 7 A 72 R EL- 7K A (Kaluza-Klein, KK) BAFFHRAVEER,
HESHEME K e S &, RN REDyUgE, SeERTHm, BMIRESIRERLI=4 KK
BURASHIRER, HEMITHARI K 423 H, /T § DMRBEEFEMRET, £ K HNZREd
W, SIOMHECERAE R A DARGFHIA] 4 + 6 4ERRIE L, ReEmETERE, BANBUHSIHHBEM
Ur ATREEEN 1/r+0 158, EMEBCREHYMKET, 5105 USRI
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V(r)= —GN% (1 + ae™?), (30)

where 4 = 1/m is the wavelength of the lighter KK mode of mass m . For § extra dimensions, one has:

Hrb 2 = 1Um BFEN m KR KK BRI, NT 6 MMEE, f:

88
=, (31

providing the strength of the extra Yukawa-type force relative to gravity.
B THONZN RN T 5 58,

Many tabletop experiments have been designed to investigate the existence of new forces at very short
distances (for a review see, e.g., [14]). In particular, the tightest limits for extra forces of strength compara-
ble to gravity (a ~ O (1)) are obtained by torsional pendulum kind of experiments. Basically, in this type of
experiments, the idea is that a torsion pendulum is holding a disc placed over another rotating attractor disc.
The upper disc is put in movement by twisting the cable of the pendulum, while the lower one is rotating at
constant speed. Due to the presence of holes on the discs, there is a contribution to the torque when all the
holes are not facing each other. The hanging disc feels a periodic torque that can be measured with a very high
precision. In fact, one measures a set of oscillation frequencies and compare with expectation. The measured
torques are now consistent with a purely inverse square law interaction and thus allow us to put bounds on

new forces and possible large extra dimensions.

M T R B R W SR KA R B NP 50RT IR AE (SRt ] WHIANSCR [14]), Hrr, SRS
THSBRIFEINI (a ~ 0 (1)) BT AEERFIR B HERTR, XELRIEARRE: H83TE —
ANEEE, BT RS — e 5, HERsts) By Riash, ST RESEREE. BT
PN BEEEITEIL, SN, S E T, SRR =Rz 2 T,
AR AT DAY R U R, SEA6 R R B — IR FR I EIC BT e, AT RS 2IHES
AP 7T S AR B —8,  [RIH AT DO R0 AT REA R AIS M R 40 th FR A

The forces we are trying to measure accurately are gravitational in nature and therefore very weak. There
are many sources of background and noise to contend with, which one needs to be able to evaluate theoreti-
cally and reduce their importance in the experiments. We do not discuss them in detail here. Instead, we just
very briefly mention how the treatment of certain background sources limits the domain that can be probed
by these experiments. Firstly, in order to avoid the presence of Coulomb forces that cannot be evaluated,
conductive materials are used. Secondly, to minimize the effects of potential differences between the crystals
at different locations on the facing surfaces, a gold coating is used. Finally, to reduce all these effects as well
as the effects of Casimir forces, the detector and attractor surfaces are moving relative to each other, but also
a stiff, stationary, conductive membrane is placed between them. To improve the minimum separation be-
tween the pendulum and the attractor has been a challenge because of sensitivity to alignment uncertainties,
vibrations, and even dust particles. The thickness of the membrane means however that it is not possible to
go to distances of less than about ten microns. All together with an important improvement in modeling and
data analysis during the years has allowed to get to an impressive sensitivity. The strongest limit for § = 2
extra dimensions is today of order R < 30um [15,16] .

14



BATA G RN DA L2510, FEAEREMES. KR FERER SRR, TN
EIEEFFRACEMNIRIRN, A SRR ENARITITIE, (EZ g0 5 IR HEA AR 773X
KL ARMATEE, &I, N TRRTTETENESCH, KEEHSEME. HR, N THEME
xR A FEAE AR B ERRN, SERSER. &5, N 7R IR DU R PER/RTE)
oM, RIS A 5 | BRSNS B8, S 3 2 R CE — RN PR EE B S i, BT
IR ZE, IRATE SR AERBUR, g/ MBS |82 R &N A — B2 — kiR, iR
(R PUE T RIRRTCIEGE NI HROKR AT . 00 28 RATUANEER AT 222508, SRR T4k
TR RBUE, B 6 = 2 FIMERRTRERHIZIN R < 30um [15,16]

Astrophysics and Cosmology Bounds

RBPIBEE 54 S PR

Models with extra dimensions are subject to cosmological and astrophysical constraints [17-19].
AR RS2 21 52 5 - 5 ROV BRI 203K [17-19]6

The first constraint is that the gravitons in the bulk should not store too much energy. Relic gravitons
should not close the Universe: this constrains, for example, the fundamental scale to > 7TeV for § = 2 extra

dimensions.

FNAHE, WERETHGIFAREMFE ZRER, BTS00 FARESETEMG: A, Xut
R E 6 = 2 X R A EERFREERR N 2 7Tev o

Then, these KK relic gravitons can decay into photons and contribute to the cosmic diffuse gamma ray.
By imposing that the models do not predict a too bright sky, one obtains limits on the fundamental scale, e.g.,
for § = 2 extra dimensions, the fundamental scale of the theory must be > 100TeV [18,19] .

AN, IXLE KK 85| 7 AR T, NFEHIREUN ST ZE ok, 18 B R EAIR 20
SHRAKE, AISRERERERRRE: G0, S&ER 6 = 2 I, BCHIHEAFRELTN >
100TeV [18,19] .

Fairly light KK excitations of gravitons are abundantly produced in the interior of stars. These particles
carry a quantity of energy which can be non-negligible. The agreement of stellar models with observations
leads to limits on the number of such KK states. The limit on the fundamental scale from the supernova
SN1987A is of order of 27TeV for § = 2 extra dimensions [20]. After a supernova explosion, the least energetic
KK gravitons remain gravitationally trapped in the remaining neutron star. The requirement that neutron
stars should not be excessively heated by the decays of these KK modes into photons gives the strongest limit
such as 1740 TeV for § = 2 extra dimensions [21], excluding this scenario as a solution for the electroweak

versus Planck scale hierarchy problem.

15



B/ NIF 0¥ KK MR S EEENEREE, REN IR RN, EEAES
WLIMAT—BERTIXZE KK SHIEER S TR, >R BT 2 SN1987A FUEMFRERRE, T 6 =2
NEGNMEL N 27TeV [20], EHT BRI, RERRIKK KK 5|0 FRPFRRPF 2R, mixX
£ KK AR LML F AR EMRSF2, X—ZREGH TRMBAIRRS], FIWNT 6 =2 NS
o, PRIDY 1740 Tev(21], HERR 7 IZBR(EN B AR 535 B e b L S 4 (P AR DR 75 SR A ] RE

Searches at Collider Experiments

XTHERLSE b S

Analyses of the data collected from experiments at colliders allow to put other bounds on the size of extra
dimensions (A detailed discussion can be found in the Particle Data Group section on extra dimensions [27].).
The main searches can be separated into two categories: searches for Standard Model particles, in particular
gauge bosons [8,22], their KK excitations on one side, and graviton KK modes [23- 26] on the other side.
In each case, one can search either for on-shell production or for virtual exchange effects. With increasing
energy, the string substructure can also be excited, leading to stringy effects at colliders. These can be on-shell

production, or give rise to dimension 6 or 8 effective operators.

X MK HRATL S B S B Y 5 O 0 Ar R ORI S/ N Y K/ N EE LA RR A (PR T8 RT R 2508 )
HRTRIMEEETTHERE [27], ) EEME I A AR — 2R 2 IR, JEEEM
UK T [8,22] HI-REFL-5EK M (KK) ik, 5—X2MI51F KK KX [23-26], MBI,
HBERT DA S on-shell 724, AT DS S EASHRIN, BEEREEF &, AW ATHEEL, fEx
ML EF= RS2, IX RN AT DASE on-shell =4, AT RAS % 6 4Enk 8 4EH RELT,

The graviton KK excitations produced in colliders interact very weakly and thus appear as missing trans-
verse energy. Following the non-observation of this missing energy in jet production, ATLAS [28] and CMS
[29] give limits of the same order, with 139 (137) b

A= AERS]F KK R B ERAER S5, RIS RIMAFIMEE, EBE = A2 AR
M XFELRE RS, ATLAS[28] Fl CMS[29] 44 7 FIERIIFRE], 1F 139(137) b " :

Mp4is 2 55— 11TeV S = 6 — 2. (32)

ATLAS [30] and CMS [31] bounds on the fundamental scale, from nonobservation of string resonance

modes in di-jets, are

ATLAS[30] A1 CMS[31] JEid A AE XM HLm 252 R, 28 H I SEEARPREE R A

Mstring 2 8TeV (33)

A priori, one might think that a limit on the fundamental scale can be derived by considering that the

exchange of virtual modes of KK gravitons will induce an effective operator of the form:
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BEZT, ANATREX NN A] DOEI I BB S R AR RIRRH:KK 5140 7RISR R %
e N ERETT:

4 1
(1. T —
A(“” 5+2

where Ty,,, is the stress-energy tensor and A is of the order of the fundamental Planck mass. CMS (2018)

T,Q‘TVV) (34)

bounds the size of this operator from analysis of the dijet angular distribution with 35.9fb" to be of order
[32]:

HA T, RAERANEKE, A WRFOVEAG TR, CMS(2018 4F) BT /4T 35.9fb™ AL
AN, FZETRR DR [32]:

A 2 9.1TeV (35)

However, this limit should not be taken too seriously. In any quantum theory of gravity, one expects to
see new states, new interactions at this scale. These will induce new effective operators of dimension 8, or
worse of dimension 6, which will pollute or dominate the virtual graviton exchange operators. This has been
studied in particular for string theory in [33-35]. These operators are therefore too polluted to extract robust
bounds.

HIXADRGIEATE, EEME 50T, BATETUHSEREREHAS, FriHEER, X
LXEL 84, BE 6 ENHANES, TIMSERES N TERT, s2BIeH EAE A [33-35]
I T LTI BIRRBEAZ THER, TR EER] SRR,

Another prediction of extra-dimensional models is the existence of KK excited states of Standard Model
particles. We will not discuss here in detail the different possibilities, but we will comment on the case of KK

gauge bosons.

HRONAE FERS L) 55— TS RAFAEPR RN 71 KK UK AS, AT Ie AR AT RENE, (O
KK ALEHE 7 B IR DL s A,

The simplest case corresponds to the KK modes which appear as a sequential tower of Z, W’, gluons,’
and photons’ which interact with localized states at the boundary. Limits were derived from the analysis of
the 2018 LHC data (36 fb-1). Rescaling the ATLAS [36] and CMS [37] experiment bounds would give a limit
roughly in the range % 2 10TeV .

TR BRI IR I KK AN ZEBURIR R B 22, W2, IS 7 FIDE T 35, BA1S5R e s E
e, MITEZJEIL 53 #T 2018 4F LHC 48 (36 fb—1) 1581 T IR, EHARE ATLAS[36] £ CMS[37]
(SR FREIS, 1581 ABRBRHITE % > 10TeV .

How Many KK Modes?

A2 P REIL- RO RR?

17



In the case of on-shell production of KK modes, their number is determined by the available energy and
phase space. But, in the case of an exchange of virtual KK modes, one has an infinite number that can be
exchanged. At first sight, the contribution of the sum then seems to diverge [7]. Indeed, let us consider the
sum over the propagators, for example, of modes exchanged in the s — 0 channel of a 2 — 2 interaction. This

reads:

TERBIL- TR EE T, EREHTHEENESRIE, E7EE FEIL- kR
RETEE T, AR R EIL- WA E R TS 2. FEZ T, XPRMNELIr2%
B [7]e FRATPRIFRE fE— TEREFIIRF, Hlals —» o lHEMEMH 2 - 2 BRI ERE 7K
i, ERWE:

2
z Y " (36)
ny g —S+t MG+ ni+ o+ ng
This sum diverges for d > 1 if the couplings g, of the KK modes are independent of n . Often in the
literature, one finds that the sum is made finite by cutting off the number of KK states, to take into account
only those below the fundamental Planck mass. However, as we will see in the next section, the whole infinite
tower of KK modes is required in order to preserve all symmetries of the theory, and such a truncation is not
justified. We then turn to string theory where such sums exist and give finite and consistent results. Let us
suppose for instance that we exchange the KK excitations of gauge bosons [7]:

A FREBIL- SO E g, 5 n Jok, EZORAX d > 1 & S WL EE N R EHL-5
SRS R B R, JOREEA LM E DL NIE, ISRFIZEN AR, ERMNSE N —TEE,
N T RIS FTE R, SR EBEANTC I REIL- R AELE, XMENH S8, &
KB FZIE, IXERMAEZICHFEFFA AR H BTaRIEE R, BB R #ir) 2 mynsi
BT REIL-FRRBL [7]:

At y) = DAL @ e {l%} (37)

L

The result can be described by an effective theory where the coupling of the gauge bosons to the localized

charge current takes the form [35]:

ZEER A VA REHIC TR, HApledit v 5 e BB A S T T [35]:

—InAY 'zf p

f d*x e LR () AR (%), (38)

n

After Fourier transform, this reads:
EENTHE, B8
1 2 __y*

fd4yfd4x <%> e 21§1nAjM (x) AH (x,y) (39)

S

The localized matter is then felt as a Gaussian distribution of charge:
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TE IR BE e = R BN i T LA 70

_¥
e 22 j,(x) o =VInAl ~ 1.66; (40)
where A > 1isamodel/compactification-dependent parameter defining the localization width. A similar

parameter enters in the coupling of KX gravitons to D-branes.

Hit A > 1 2R TER/ ZBUIZSE, X TEEERE. FEIL-7RE 51015 D ERIME +
MRS,

Symmetry Breaking Through Extra Dimensions

YIS HRY M JE S BO FR TR RpZ

Suppose that to hide the extra dimensions, one "chooses” (We have seen above that the size of the extra
dimensions is a vacuum expectation value of the redion field, which must be dynamically determined by
the minimization of a corresponding scalar potential.) a very small size for the compactification radii. The
natural scale would of course be of the order of the string scale % ~ My , which is then roughly 1% ~ Mp
. The isometries of the compactification space allow us to obtain gauge symmetries, for example, in section
”Kaluza-Klein Excitations” we obtained a U (1) gauge symmetry. Unfortunately, as noted by Oskar Klein, a
quantized elementary charge implies particles of mass ~ % ~ Mp . Note, however, that this is a consequence
of having imposed periodicity of the fields along the internal directions, an unnecessary condition as we will

see for two cases in this section.

BRI T BN EE, A1 Nk (BAIATEEW], BOMERR RS2 AR H S e
{H, 08 /M MRS SHE) 1ERX B RBEER/MIE, BRNRESRZZRE
% ~ My B9, ZRERBON % ~ Mp o REALZBIFFERFRIE R RS SREFRE, B0
fE TREILEREEA —WPRARE T U Q) AEFRPE, BREE, B a3k A
9, B CRITTHATZE SRR &N ~ % ~ Mp o HIEER, KBTS [R5 A HEANE
MRAREINER, BIMNIKEATHINDROIFUH, XNEAFIRBLE,

Wilson Lines and Gauge Symmetry Breaking

JRIR RS RN PP ik

For a scalar field @ , the four-dimensional effective potential can be written in the Schwinger represen-

tation as

MTHRRS: ©, DA R R 4R T 5
4

Vs @ =3 5 [ L tog[i? 4+ 7 @)
T (27)
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-1 F(Tdt [ )
2211( ) /o t./(Z )

1 ®dt
- _ _NFr A —tMi@)
3272 ZI:( ) / B¢

0

[e5]

— > () f dlle~Mi@/1 (41)
1

3272 o

where the sum is over all bosonic (F; = 0) and fermionic (F; = 1) degrees of freedom with ® -dependent
masses M; (®) , and we have made the change of variables t = 1/I . It is useful to keep in mind that the
ultraviolet (UV) and infrared (IR) contributions correspond to the integration regions t — 0(l — o0) and

t - oo (I - 0), respectively.

FoAr RN A A @ SRISHTR M; (@) FIIKE T (Fr =0) MIgk+ (F;, =1) BHHEE, &IE
ST EREF t = 1/1 . TEFICHZE: HML (UV) TTBRFIZLAME (IR) DTk 7 AN AR 73 DX I3
t—- 01— o0)flt— o0 (I—>0),

Here we are interested in a peculiar case of scalar fields: Wilson lines that descend from the dimensional
reduction of a vector A, in higher dimensions (The material presented here follows the work [38,39].). To
illustrate this, let us consider the action:

BADXHE AT RS HNRED: fE SRR A, BEAMLHE/RIS (RS2 NEET S0k
[38,39] By, RMHHIX — i, BATH R FEMHE:

_ / &xv/(=1)P8 [Dy@DM " — i1 %ﬁMNﬁMN}, (42)

where ﬁMN is the field strength of A\M . We consider that A; M is periodic:

Hep Byy 2 Ay 558, TfTBIR Ay, 2RI

an

Ay (x,z 4 27R) = Apy (x,2) = Ay (x,2) = (43)

n——oo

while ® changes by a phase:

Eogi = I VA R

+o0

Z ®n (X) el(VH'th)CU)

1
V 2R n=—oo

® (x,z + 27R) = 209D (x,z) = D (x,z) =

(44)
where q¢ is the U (1) charge of ® and w an arbitrary constant. This boundary condition is allowed since
the five-dimensional theory has a global U (1) symmetry (as part of the gauge symmetry). Let us now con-
sider a nonvanishing internal component of the gauge field < Ay (x) >= hy # 0. The mass term in the

Lagrangian for the scalar KK modes takes then the form:
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Hrqe BRI U Q) i, w B2ERERHE. IAFRFMARAVN, FVIAEHIEREAEAE U Q) MR
T (ERMTES RN —&R ). BIERANF BAETHIIEINER & < Ags () >=ho #0, F&
FL-F3EA (KK) drE B A H & E R E TR 5o a0 ME

2
(4[5 Yo @3)
where a is the Wilson line given by
B a ZBEURIE, &SN
dy!
a = qo® — qoghoR = qo |0 —g(D A, ). (46)

It is straightforward to generalize to the case of d extra dimensions compactified on circles with radii

R; > 1, in units of the fundamental (string) length scale, with i = 1, ...,d . Then, equation (45) becomes:

] DR EREHIAE 2 d DNEYMEESULIE RN R, > 1 WE LB, PR (5%) KEARE R H
fr, WEi=1,..,d. I, 75HE 45)ZN:

My, =M} ($) + Z

i=1

(47)

l

m; + a; <¢)]

where I labels bosonic, but also fermionic, fields and m = {m,, ---, m4} with m; integers, while the yi

coordinates parametrize the d -dimensional torus.
Hep 1iridi a7 58K, m = {my, -, mg} 8 m; NEEEL, ' RSt d 4E3RTH,
In the following, we take M% =0, leading to the one-loop effective potential:

fERXH, BATRM? =0, G2HEGEWH:

(my+al

1 (7 i
Vet Ol ==L 1555 [ e T 7 a8)
I m 0

We start by commuting the integral with the sum over the KK states. As the number of KK states is

infinite, we can perform a Poisson resummation:

BATE AT KK SRR 5 RKMNUT, BT KK SEEICR, BATA] DUEIERA R

d
H

eff (¢)| torus Z

2n12na ©  2+d -7y R}
f dil 2 e i
I 3271 2 0

=y

(49)



The n = 0 contribution is a cosmological constant which is divergent in this simple case, but irrelevant

for the purpose of this review. For all n # 0, the change of variables: I’ = 721 Y n?R? and integration over I’
i

leads to

n = 0 FREFAEHE, EX LY FRRMN, 8T AZRIITOT S EX 8, A
fin0, WERBHRY =Y ngRg HX 1 B

l_,(4+d) d 271'12;1(1(43)
1%wmm—§xﬁ HMHRZ———jg (50)

327-[ 2 i=1 n#0 s 2
1

which is finite for the ¢ -dependent part of the effective potential and, thus, computable in the field theory
limit. It is important to stress again the importance, illustrated by this computation, to keep the whole infinite

tower of KK modes and not to truncate them at some UV cutoff of the effective field theory.

ZEEFO A R A ¢ B2 ARRAT, BIR] ESZIEHR IR R IR, SRR XN HE
RN T, REBDIIR KK BIUE, TAZIEA RO IEHISEA RSN Hlr, 2AFHE
%E(‘;E/‘Jo

The gauge field A, could in general be part of a non-abelian group. In this case, Wilson lines can be
turned on along the Cartan generators leading to breaking patterns of the gauge group associated with vacuum

expectation values in the adjoint representation.

BYEss Ay — AT DU TARRT DUREE, IXFMESE R, FFETSE YA BUTBURIEE, 7] DS 2IRERE
PR E 7 HERE X B AT RS 2

Coordinate-Dependent Compactification and Supersymmetry Breaking

(R BRI AL e PRAR R

It may happen that in particular compactifications, the internal scalar component of the higher-dimensional
gauge field does not survive as physical excitation in the spectrum, but still discrete values are allowed asso-
ciated with a discrete symmetry of the theory. In this case, hy in (46) is absent and the parameter w takes
discrete values. Still, this leads to gauge group symmetry breaking, even in the absence of the corresponding
Higgs scalars in the spectrum. The net effect can also be interpreted as discrete Wilson lines. This symmetry
breaking by boundary conditions is also called “coordinate dependent” (or Scherk-Schwarz) compactification
[40,41], since zero modes of charged fields acquire z -internal coordinate dependence, as it can be seen in the

KK-mode expansion (44).
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R RS, S4ERTE N R0 Bl NSV ERUL (R AR, (Hi 7
VA SEIC R B BOS R M SCBATR BORE, IXAMEILT, (46) AT hy NFTE, S BUEHL
{Ho BIERENE R ANEAEXT B AR AIAR R, XI5 RO FRIERGER, g On thn] DRy
B RUBURIDER . IR A SIS R B FRUERBR R N “HRIARARAYT™ (SR T - FLYR) 1K
[40,41], FRDWHFHIZFRERIRG 2 -PIERABARAOME, 3X—mA] A KK BRRITR (44) HE Hio

The above mechanism of gauge symmetry breaking can be generalized to any symmetry, such as super-
symmetry that we discuss here. The relevant symmetry one can use to break supersymmetry is R-symmetry
that acts as a phase rotation of the fermionic coordinates in the superspace. As a result, bosons and fermions
which are different superfield components transform differently and have different boundary conditions (44),
breaking supersymmetry. In general, such as in string theory, global continuous R-symmetry is broken by the
compactification to a discrete subgroup, so that the supersymmetry breaking scale is not a free parameter, in-

dependent from the compactification, or the string scale [42].

RO PR BRI AT DAHE T BN PR, BIANFRAIFE M N E RN PR, P T RsE Fk
AR AR PR R FRYE, EAEEZE RIS oK AR 8580, 4551, BT EiEm 7 ERI3
BT MR T GRIETAR, e AR (44), NIMBEENTR, —Mmi=, FlanEszie
1, BAES: R MR SRR B RCTRE, BRI PRAER R AR T R AR EEEE R
FEH E 2 [42],

The simplest and universal example is a Z, parity that corresponds to the fermion number. Thus, fermions
change sign and, thus, qw = 1/2 in (44) leading to KK modes with half-integer frequencies, corresponding to
a = 1/2 in (45). On the other hand, bosons are invariant and their KK modes remain unaffected. The result-
ing supersymmetry breaking spectrum is identical to the Matsubara frequencies at finite temperature, where
the compactified space coordinate z is replaced by time with the radius being replaced by the inverse temper-
ature. Bosons are periodic with integer frequencies, while fermions are antiperiodic leading to half-integer

frequencies [6,43,44] .

B ] B HARIE R 720 N BOR T HH Z, FFR. BRI SOK 7 RERRTS, A (44) P52
qo =1/2, FPAEBRAFEEIRIFEIL-FORRE, M 45) AP a=1/2, 5—77H, HET
REFAZE, EANR KK BERSZRN, REISEIRIENFRIERRERS 5 A IRIEE P RIMRER—8, H
HRAC AR AT z N (R, R POSIR R, T RAREIR, WEEE, meky
TR RN, SEIEREUIR [6,43,44] o

It turns out that coordinate-dependent compactifications are examples of freely acting orbifolds without
fixed points, implying the absence of boundary states (associated with twisted sectors). This is illustrated in a

simple Z, example described below.

Rk, AMERRE R R A AR E R HUEEARE] ¥, XERE EE (S sector
RERH)) IS, PXHIRIER Z, Bl 7R BIX — o

Freely acting orbifold Let us replace the interval S'/Z, by combining the parity transformation z - —z
with the Kaluza-Klein parity (—)" . This amounts to shifting z by 7R and eliminates the fixed points since
the end-points of the interval are now exchanged by the orbifold action. Unlike the KK-mode decomposition

(25) in the S1/Z, orbifold, now both even and odd fields under z -parity can have cosine and sine expansions,
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depending on the KK-parity which is even for n = 2k even integers and odd for n = 2k — 1 odd integers:

I FPUETE AT’ X E] SY/Z, B TRRER z > —z 5 FEIL-FRR TR ()" AR,
XA TR z A8 7R, FEHBR TSN, BN X RIS R E S e Al F s, 5 Sz, Bl
EIEA PR KK B (25) AFE, BIEX z FHR S FEZ T 78 Al DURJT N RTZFIIEZE K,
IXHRT KK F20R: 2 n = 2k NEEE KK FFO2E, 2 n =2k — 1 a8 KK FHOZ A

(/15 even (X, Z) = gog,e (x) (51)

1
VAR
Z P (X) cos Z Pyr_q (x)sin @

N 2 - 0,e (k kZ
B o (1,2) =\ 2 3 9 (oo TZDZ 4 §;¢2k ()sin 22
k=1

where the second superscript of the mode functions ¢, refers to the even (e) or odd (o) transformation
with respect to the KK-parity that is combined with the action of the z -parity of the five-dimensional field

and z -parity of the wave functions (even for cosine and odd for sin) to form an overall even action under Z, .

HAP BRI @, 19 _EARSE D abrfa U T KK FARIIE ((e) ) BLAT (0) Z8HE, RS H4EH)
z FRREASI RN z TR CRoz 08, 1IEs2N&) HAE)E, £ 2Z, NRENEEM.

Scherk-Schwarz compactification Let us consider now a Scherk-Schwarz compactification described pre-
viously based on a Z, symmetry acting on the five-dimensional fields and imposing boundary conditions as
in (44) with qw = 1/2, so that odd fields are antiperiodic. This leads to the following KK-mode expansions:

/RS-t LR BEACIREBATIIHE AT AR - FLR B AL, ERTERE R4S B Z, Xt
FREE, F40 (44) IAE qo = 172 NHENDASREAE, BRIt E REHITE, A2 KK BRI

Dp (x,2) = P (x)e"R (52)

\/_ nEco

—of (x 0+ -1 3 g (ycos 22

\/ 7R k=1

+—Z(p (x)smE
Rkl

z
i(n+3 )§

D, (x,2) =

\/_ M

+0o
AR (2 k
@, (x)cos
V k=1

where P (A) refers to periodic (antiperiodic) fields, while the superscripts R and I stand for the real and

Jonan Ck=1)z
Zgok (x)s1n—2R ,

imaginary part of the corresponding mode function.

FHorb P (A) 18RI RJED) £, _BAR RATT 73BT X AR R 45 ) S BT R
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It is now easy to see that the expressions (51) and (52) can be identified upon doubling the radius from
the interval in (51) to the circle in (52) and the identification:

WMEREZEL, SR, M (51) REXEZN (52) KAYE, #LRTPLRRIATK (51) 1 (52)
FHEER, WRRRN:

Pk = Pk — 9% 5 e = Poi — iP5 (53)
Extra Dimensions and the Swampland Conjectures

FYMAENE 5 T PR A AR

Additional dimensions play a central role in string theory. Indeed, one does not have to live in the flat
space-time of the critical string dimensions, but by means of a different "dimensional reduction,” one can
restrict the number of infinite dimensions of the space where the effective field theory lives. Several properties
of the known string theory compactification models have recently been promoted as properties of all quantum
theories of gravity by a series of conjectures. Two conjectures are of particular interest here. The first is the
Distance Conjecture stating that in directions of large distances in the moduli space, there is a tower of light
states with masses exponentially small with the proper distance measured in Planck units. The second is the
Weak Gravity Conjecture stating that gravity is the weakest force. This implies the existence of a state with
charge bigger than its mass in Planck units, allowing black holes to decay, evading stable remnants.

WONMEREAEZIe T SR Oz, SRR b, SZIRFFAERBATATE ARG FRZ4E R - 2,
HAFER) T4ERLI ), AMTATCARRMIA ROAIE b S R Fh T 55 4e4E R ECR . L4k, BHsXie
BRI TR — R IR VT A &5 B ER A e IR, A SORFER %
EHFWANMEE, B NRERFR, wEEREH: ERSRPEETTEN AL, FE—-FDE
D, HJEREY I v s R R A A B R RO, NS5 R, R s S 2
FrEHEE R iR ESH ). IXREIRE DRTFE— D HA (BRI ) RTHRERZ, My
FRIEAR, BRI AR IR

Very Weak Couplings

SR

The Swampland Conjectures [45,46] forbid arbitrarily small gauge coupling. This is if we can take it
to zero, we get a global symmetry which is argued to be absent in quantum gravity. We will illustrate the

obstruction to taking this limit in an example, that of the dark photon.

TRPEHIIE AR [45,46] ZIEER/DNHIALERE S X2 EIVINR BB MEE S BN E, SRS E—1
BAIFRME, MR BIAN DA ERAIFRIE, B TR PAREYE 70 B B BZ AR R FE RS

In string theory, one can suppress the strength of gauge coupling gy by taking §x extra dimensions to be

large. Indeed, one can express gx as

25



fEszieH, AR DU IR 6y WUOMER I IORIEAR gx MYEABSHUIRE, FK E, FATATLIRE gx
TN

)
, _ Mg

8 = (54)
Vv MOX
or equivalently as
HEM TN
dx/d 26x/d

8 M
¥=27 (—) ( S) (55)

8x 8s gg MPI

Taking all the compact dimensions large (6x = d) , we get [47,48] :

S BB EABURE (6x = d) I, FAT1FE [47,48]

1/2
167 MS _14(0.2) < MS )
8x =1\ g, m, ~ 10 G 10TeV (56)

For g ~ 10~ , we see that new physics would appear at the scale: Ay S My ~ gMyp ~ 10TeV . This is

the order of magnitude of the smallest string scale allowed by experiments, as we have seen above. So much
small values of gauge couplings are not allowed in such theories. Moreover, independently of experiments,
we see that the limit gx — 0 implies Ay — 0, and there is no more energy region where the effective theory
is valid. This is an illustration of Magnetic Weak Gravity Conjecture.

MF g ~1071, BATATIABRIHEL HIAERERR: Ay S M ~ gMp ~ 10TeV o IEAIFRATTRTC
TR, IXIETRSEE0 AR VF R B/ N R B ), RO SR B R VFRLTERR S B0/ ME,  IHEAh,
ML T BN HBEEE R, HFR gx — 0 BRE Ayy — 0, PEEMEMRELLAREILRAZARER X
BT o eSS S | IR RRR — LA,

On the other hand, taking §x = 0, or alternatively chosing V x of string size ~ Mg ox , one obtains
gx ~ \/g while My ~ g¢Mp when all compactification sizes are of order the string length. Thus, gx can
because small by choosing a tiny string coupling g, . A realization of this possibility is within the limit of little

string theory [49, 50] , or using heterotic small instantons [51].

75T, WRER Sy =0, MEERRRT ~ Mz* MV, MFTEEER 5% KRG,
AIDMSE gy ~\[gs, [ My ~ goMyp o BRI, JEIEIERANISZAES g5 AT LALE gy 22/ IXAHRA]
REME AT DATE/ N2 IE [49, 50] RUARBRASEIR, AT DU A/ Mgt S23) [51],

Consider heterotic strings compactified on a K3 fibered over a two-dimensional base P! such that the

approximation

FERMUZRBAE A RTY P 9 K3 AR 4E(L b, TR B
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<VgiVpr >2< Vg3 ><Vp1 > (57)

is valid. Here, V p1 and V g denote the volume of P! and K3 , respectively. If all the compact dimensions

are large

TBRALH e AL V 1 FV g3 225IFRIR P AT K3 B, AN AT A BRI ME AR K

64
Mg = ﬂMS <ViVp1 > (58)
S
We assume here that the Standard Model states arise from small instantons localized on K3 . The volume
V p1 is then forced to remain of order one to avoid suppressing the Standard Model gauge couplings [51]. We

have [48]:

PATNHAL BRI B R AE K3 _EB/INBEFo N 7 T AR R AL RO &, (AR V b1
IRERFFHE— [ B Y% [51]. BAFE] [48]:

M
2 gS —14 N

_ 4«/ M2\<V ~6X10

8 T3 M, < Vpl > <Vks>~6X 10TeV (59

where in the last estimate we used a string size K3, < V g3 >~ M;*. We can get now tiny gauge coupling

for the dark photon not by large V g5 but also taking a tiny g, . For instance, g5 ~ 107" leads to M ~ 10TeV.

SIS RN TR K3.< Vi > Mt BUERIATEBIK Vs, 2
SER NG gg kAT S BIRSEF RO MU RS, B0, g, ~ 1072 4AH My ~ 10TeV

We conclude that tiny couplings request either very large extra dimensions or a low string scale, therefore
an infinite tower of KK states or of string resonances. The weaker the coupling, the lower the energy at which

these towers appear.

BANFHEEL: RS ELTEIFFHRIFOMEE, E2TEMZAE, Bt HITIHH KK
DIEEGEIRASE, MERES, XL HIN R,

The Dark Dimension

1:3513]3

We very briefly mention the recent proposal for one extra dimension of length in the micrometer range.
There are indications that if one continuously takes the limit of an AdS space cosmological constant toward
-1/4

[52]. In

[53], the authors assume that dS solutions will behave in this respect as AdS spaces. Further, they assume

zero, there is a tower of states that become very light with masses that go parametrically like |A|

that these towers of states have the description of KK modes of an extra dimension. Given the tiny size of our
Universe dark energy, these states are very light and do not decouple from the EFT:
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PATARH ) E O EHEHHE H R ROREIMERE T R, AR KI, WIERELL AdS ZERIF 25
KOs TRIIR, STEAE— DRSS, HRR S BUER A |7 [52]. Tk [53]
AR RiZ, TEPRHRIEIX —TT TS AdS A —%, IE#E— PRI EAEE A] DA R
—NESMER R KK 5, RN T HEEEIMNE, XESHENRE, ~TaNER7IE
FHIRA:

1
m~ AN, X ~10-10° (60)

This requires R ~ 0.1 — 10um and corresponds to a fundamental scale of order ~ 10° — 10'°GeV which

falls in the intermediate energies region mentioned above.

IXESR R ~ 0.1 — 10um , A NVAIFEEAFRE N ~ 10° — 10'°GeV B2k, FVETERTCHEFAF EIREX
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