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© Physical context and motivations

@ High string scale - heterotic string

© High string scale - type Il and D-branes

© Low string scale and large extra dimensions

© Experimental predictions
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Fundamental interactions

force

range intensity of 2 protons | intensity at 1071° cm
Gravitation ) 10738 10730
Electromagnetic %) 102 1072
Weak 1071% cm 107° 1072
(radioactivity 3)
Strong 10712 cm 1 1071

(nuclear forces)

At what distance, gravitation becomes comparable to the other interactions?

Planck length: 10733 cm — Mpianc =~ 10'® x the LHC energy!
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Newton’s law

m .
me <—r— em Fgrav = GN? GN 1/2 - MPlanck — 1019 GeV
e2
Compare with electric force: Fo = — =

r

effective dimensionless coupling Gym?  or in general GyE? at energies E

2
F. Gym
grav proton —40
E = mproton = £ = 2 ~ 10 [17]
el

= Gravity is very weak !
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Standard Model of

@ Quantum Field Theory Quantum Mechanics + Special Relativity
@ Principle: gauge invariance  U(1) x SU(2) xSU(3)

Very accurate description of physics at present energies 17 parameters
© mediators of gauge interactions (vectors): photon, W=+, Z+8 gluons

© matter (fermions): (leptons 4+  quarks) x 3

electron, positron, neutrino (up, down) 3 colors

© Higgs sector: new scalar(s) particle(s)
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Electroweak symmetry : spontaneously broken

SU(2) x U(1) = U(1)photon = W=, Z% massive, photon massless
observed at LEP

a new particle is needed : Higgs boson (scalar)

@ break the EW symmetry at ~ 100 GeV
@ generate mass for all elementary particles
through their interaction with the Higgs field
Englert-Brout-Higgs mechanism

Englert-Brout; Higgs; Guralnik-Hagen-Kibble '64

Its discovery was one of the main goals of LHC
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Beyond the Standard Model : Wh

@ to include gravity in a consistent quantum theory

longstanding dream of unification of all fundamental forces of Nature

@ origin of electroweak (EW) symmetry breaking

what is behind the Brout-Englert-Higgs mechanism?

@ hierarchy of masses and force intensities ~ EW /gravity ~ 1032
stability at the quantum level =

fine-tuning of parameters in 32 decimal places!
@ neutrino masses and oscillations

@ origin of Dark Matter in the Universe
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point particle — extended objects

particles = string vibrations
- quantum gravity
- framework of unification of all interactions
- "ultimate” theory: - ultraviolet finite
- no free parameters
mass scale (tension): Mgiring < size: lring
rigid string : known particles (massless)

vibrations : infinity of massive particles
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Strings and extra dimensions

Consistent theory = 9 spatial dimensions !

six new dimensions of space

matter and gauge interactions may be localized
in less than 9 dimensions =

our universe on a membrane ? i

p-plane: extended in p spatial dimensions

p = 0: particle, p = 1: string,...
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Extra Dimensions

how they escape observation?

finite size R Kaluza and Klein 1920

energy cost to send a signal:

E>R1« compactification scale

experimental limits on their size
light signal = E 21 TeV
R <1071 cm

how to detect their existence?

motion in the internal space = mass spectrum in 3d
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Dimensions D=77?
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example: - one internal circular dimension
- light signal

plane waves e periodic under y — y 4+ 27R
= quantization of internal momenta: p=%;n=012...

= 3d: tower of Kaluza Klein particles with masses M, = n/R

_

Po-F-p=0= pP=p=1f

E >> R™! : emission of many massive photons

< propagation in the internal space [i0]
13 / 66
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Our universe on a membrane

8

7~ -

Two types of new dimensions: )

e longitudinal: along the membrane

\S

e transverse: “hidden” dimensions

only gravitational signal = R; <1 mm!
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Adelberger et al. '06

R, <45 um at 95% CL
o dark-energy length scale ~ 85um
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Low scale gravity

Extra large 1 dimensions can explain the apparent weakness of gravity
total force = observed force x volume L

total force ~ O(1) at 1 TeV n dimensions of size R

n=1: R, ~10% km excluded

n=2: R, ~0.1mm (10712 GeV)
possible
n==6: R ~10713 mm (1072 GeV)

e distances > R, : gravity 3d
however for < R : gravity (3+n)d
e strong gravity at 1071% cm « 103 GeV

10%° times stronger than thought previously! (1]
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Low scale gravity

Extra large L dimensions can explain the apparent weakness of gravity

total force = observed force x volume L |5

T T T
GHE*™™ = GyE? x V E"

Gy = M*_(H") : (4 + n)-dim gravitational constant

total force ~ O(1) at 1 TeV n dimensions of size R

= V, =R"

= M2 = M**"R7 for M, ~ 1 TeV = (R.M,)" ~ 1032
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Gravity modification at submillimeter distances

Newton’s law: force decreases with area

3d: force ~ 1/r? \
(3+n)d: force ~ 1/r?t"

observable for n = 2: 1/r* with r << .1 mm p
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Connect string theory to the real world

@ s string theory a tool for strong coupling dynamics
or a theory of fundamental forces?
@ If theory of Nature can string theory describe

both particle physics and cosmology?
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At what energies strings may be observed?

Very different answers depending mainly on the value of the string scale M,
Before 1994: M =~ Mpiapck ~ 1018 GeV [, ~10"32 cm  After 1994:

- arbitrary parameter : Planck mass Mp — TeV

- physical motivations = favored energy regions:

Mp ~ 1018 GeV Heterotic scale
@ High :

Mgut ~ 10'® GeV  Unification scale

@ Intermediate : around 10! GeV (M?/Mp ~ TeV)

SUSY breaking, strong CP axion, see-saw scale

@ Low : TeV  (hierarchy problem)
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High string scale

perturbative heterotic string : the most natural for SUSY and unification

gravity and gauge interactions have same origin

massless excitations of the closed string

But mismatch between string and GUT scales:

Ms = gy Mp ~50 Mcur g4 ~ acur ~1/25

in GUTSs only one prediction from 3 gauge couplings unification: sin? 6y

introduce large threshold corrections or strong coupling - Ms ~ Mgyt

but loose predictivity o
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Heterotic string

gravity + gauge kinetic terms [z
1 1

/[dlox] — Mg RO 4 /[dlox] — M5 Fayy  simplified units: 2 =7 =1
8H 8H

Compactification in 4 dims on a 6-dim manifold of volume V5 =

/ [d*x] M8 @ 4+ / [d4x] MH]-"2
||

M,% 1/g? =>
1 1 1
M,%:g—zl\/lﬁ ?:_2\/6/\/’[6-/ > My=gMp gn=gVVsM}
H

g S 1= Vg ~ string size
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GUT prediction of QCD coupling

input Ozem,sin2 fw = output as

0.150 T L S I — L

ai(Q)

0.125
exp value —

75_ X wssu _
o NEUSM E

2
@

L i 1 J Il 1 I L ' | 1 I | Il 1 I 1 '
000050 109 108 10° 1012 1015 1 Q (GeV)
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Heterotic string: Spectrum

Gauge group G < affine current algebra in the R-movers (bosonic) CFT

[Jﬁ, J,t;,] = fabe ye +mt ke 68,1 m ke : integer level of central extension

2 2
8c = 8i/ke
¢ " => kg =1:
dims of allowed matter reps constrained by kg

@ simplest constructions (CY's, orbifolds, lattices, free fermions)

@ maximum rank: 22

@ guarantee gauge coupling unification at My

@ allowed reps: fundamentals & 2-index antisym of unitary groups,
spinors of orthogonal groups

However: - no adjoints to break GUT groups

- in SM sin? §, = 3/8 = fractional electric charges
Schellekens '90
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(Hyper)charge quantization

All color singlet states have integer charges

fractional electric charged states: nice prediction or problematic?
lightest is stable = problematic?
ways out: - superheavy + inflate away
- be confined to integrally charged by extra gauge group
live without adjoints = non conventional ‘semi’-GUTs
e.g. break fictitious SO(10) by discrete Wilson lines or projection to
flipped SU(5) x U(1), Pati-Salam type SU(4) x SU(2). x SU(2)g, or direct SM
Heterotic models revived: Orbifold GUTs

groups in Munich, Bonn, Hamburg, Ohio, U Penn
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Open strings and D-branes

string propagation in space-time = 2-dim world-sheet (7,0) X" (7,0)
7: time, o € [0, 7]: spatial extension of the string
closed strings = o: periodic ~ X*(7,0) = X*(7, )
open string = endpoints: ¢ = 0,7  world-sheet boundaries
they also carry gauge charges

D-branes = hypersurfaces where open strings can end
Dp-brane: parallel dimensions: X1, ..., XP (also time X°)

O,XF =0atoc =0 normal derivative vanishes
Newmann boundary conditions = free propagation along the boundary

transverse dimensions: XP*1 ... X°
Xt=X{atc=0 (0;X'=0ato=0)

Dirichlet conditions: endpoint fixed at the boundary
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D-brane spectrum

Generic spectrum: N coincident branes = U(N)
a-stack

endpoint transformation: N, or N, U(1), charge: +1 or —1

= “baryon” number

e open strings from the same stack =  adjoint gauge multiplets of U(N,)
e stretched between two stacks =  bifundamentals of U(N,) x U(Np)

a-stack

b-stack non-oriented strings = also:

- orthogonal and symplectic groups SO(N), Sp(N)

- matter in antisymmetric + symmetric reps
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Non oriented strings = orientifold planes

where closed strings change orientation

= mirror branes identified with branes under orientifold action

e strings stretched between two mirror stacks

Xy
a antisymmetric or
0 = :
Orientifold — O “ symmetric of U(N,)
XJ_ — _XJ_ i /
a*
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Minimal Standard Model embedding

General analysis using 3 brane stacks 53

= U(3) x U(2) x U(1)
antiquarks v, d€ (3,1) :
antisymmetric of U(3) or bifundamental U(3) <> U(1)

= 3 models: antisymmetric is u€, d° or none
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N; stack of D-branes: U(N;) = SU(N;) x U(1);

. gi,
gauge couplings: apy, = — and «;
4

o 1 ap
normalization: TrT72TP = 55"” = q; = Ni

2N;
1 2¢2 4c? 6c2
Y=a@i+oh+a@=>—F5="F+ =
8y i & 83
2
sin® By = 2gY2:212 = 2 2212 2 2/,
g t8y &/8yt1 1+4cs +2cigy/gi +6¢c385/83
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Model A Model B
(3,2;1,1,0)16 (3,2;1,£,0)1/6
(3 1;2,0,0)_5/3 3, 1,-1,0,1) 53
(3,1,-1,0,24)1/3 (3,1,2,0,0)1 3
(1 2 0,—1,e1)-1y2 (1,2;0,e1,1)_1/2
(1,1;0,2,0); (1,1,0,0,-2);
(1,1;0,0,2¢,)0 (1,1;0,2¢,,0)0
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3,2;1,69,0)16
3,1,-1,0,1) 5,3
3,1,-1,0,—1)13
1,2,0,e,1)_1p2
1,1,0,0,-2);
1,1;0,2¢,,0)0

—_ o~ —_

—_ o~
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Model A Model B Model C

1 1 1 1
Y= —= = Ve — Z0s—=
A 3Q3+ 2Q2 B,C 6Q3 2Q1
9 1 3 1 6
sin“fy = ———— = — =
2+ 2a2/3a3 — 8 1+ an/201 + an /63 0,=a, 7+ 3az/a;
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Intersecting branes: ‘perfect’ for SM embedding

product of unitary gauge groups (brane stacks) and bi-fundamental reps
but no unification: no prediction for Ms, independent gauge couplings
however GUTs: problematic:
@ no perturbative SO(10) spinors
@ no top-quark Yukawa coupling in SU(5): 101054
SU(5) is part of U(5) = U(1) charges : 10 charge 2 ; 54 charge +1
= cannot balance charges with SU(5) singlets
can be generated by D-brane instantons but ...
— Non-perturbative M /F-theory models:
combine good properties of heterotic and intersecting branes

but lack exact description for systematic studies
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Type | string theory = D-brane world

e gravity: closed strings propagating in 10 dims
e gauge interactions: open strings with their ends attached on D-branes
Dimensions of finite size: n transverse 6 — n parallel ;37
calculability = R =~ ktring ; R arbitrary
I\/Ig ~ g—lszl\/@*"Rj’_ gs = « : weak string coupling 1]

Planck mass in 4 + n dims: M2+"

small Ms/Mp = extra-large R}
Ms ~ 1 TeV = R} =10% /]

Ri~1-102 mmforn=2—-6

distances < R, : gravity (4+n)-dim — strong at 1071® cm
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Type /1l strings: gravity and gauge interactions have different origin

gravity + gauge kinetic terms
1 1,
/ [d1%x] g—g/wgf R0 4 / [dPH1x] ;Mf 3SFn 2
Compactification in 4 dims =

/ [d*x] M8R<4 / [d4x] Y me SF2, Ve=VVL

H
M,% 1/g? =>

8s = g2\/||Mf_3 S 1= V| ~ string size

Vi
> M3= ?Msz‘“’ gs ~ g2

S
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Braneworld

2 types of compact extra dimensions: e parallel (d): < 10 ' cm (TeV) s

e transverse (L): 5 0.1 mm (meV)

p=3+dy/-dimensiona brane

3-dimensional brane open string
closed string
2
S
‘B
53
£
3 >
—
+
™
ﬁ ; O
5
<
£
=
Extra g L NS
a d/me,w [e] d\“\eﬂg
(S) per e
P.tothe )
rane Il
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Standard Model on D-branes

Uu@),

u(1)

e U(1)* = hypercharge + B, L, PQ global

U(3)c e vr in the bulk = small neutrino masses
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R-neutrinos: in the bulk

Arkani Hamed-Dimopoulos-Dvali-March Russell '98
Dienes-Dudas-Gherghetta '98  Dvali-Smirnov '98

R-neutrino: vg(x,y) y: bulk coordinates

. / dx H(x) L(x) g (x,y = 0)

v
(H) = v = mass-term: %VLV% < 4d zero-mode
Ry
: . v M
Dirac neutrino masses: m,, ~ £V 2
n/2 M
R P
L

~1073-10"2eV for M, ~1—10 TeV

m, << 1/R; = KK modes unaffected
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Experimental predictions

@ No little hierarchy problem:
radiative electroweak symmetry breaking with no logs
A ~ a few TeV and m? = a loop factor x A2
@ particle accelerators
- Large TeV dimensions  seen by gauge interactions
- Extra large hidden dimensions  transverse => strong gravity
- other accelerator signatures
@ microgravity experiments

- gravity modifications at short distances

- new submillimeter forces
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Accelerator signatures: 4 different scales

@ Gravitational radiation in the bulk = missing energy
present LHC bounds: M, 2 3 —7 TeV

@ Massive string vibrations = e.g. resonances in dijet distribution
sz = Mg + /\/Iszj ; maximal spin: j 4+ 1
higher spin excitations of quarks and gluons with strong interactions
present LHC limits: Ms = 5 TeV
@ Large TeV dimensions = KK resonances of SM gauge bosons [|.A. '90
MZ = M2+ k*/R? ; k=41,+2,...
experimental limits: R~ 2 0.5 — 4 TeV (UED - localized fermions)

@ extra U(1)'s and anomaly induced terms
masses suppressed by a loop factor from Mg 51
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LQ1(e)) x2 stopped gluino (cloud)

La1 (?EQLF‘)("g stopped stop (cloud) .
-Q2(p) X: HSCP gluino (cloud) e
Loz(ﬂ)}glf%?(vg HSCP stop (cloud) LO n g leed
Vo)X =2/3¢ HSCP i
LQ3(tb) x2 a pabogizes Particles
'L‘gg((::; :g chargino, ctau>100ns, AMSB
Single LQ1 (et) neutralino, ctau=25cm, ECAL time
Single LQ2 (\=1) 0 1 2 3 4 Tev

RS1(WW—4j), k=0. 1+MET, €=+1, SI/SD DM=100 GeV, A = new
3 4 Tev -1, SI/SD DM=100 GeV, A (since ICHEP)

0 1 2
CMS Preliminary 14MET, E-0, SI/SD DM-100 GeVl A

0 1 2 3 4 TeV J+MET, vector DM=100 GeV, A
J+MET, axial-vector DM=100 GeV, A ‘
RS1(yy), k=0.1 +MET, scalar DM=100 GeV, A
RS1(ee, ), k=0.1 V+MET, vector DM=100 Gev, A Dark Matter
RS1(j), k=0.1 V+MET, axial-vector DM=100 GeV, A

SSM Z'(t7)
SSM Z'(jj) I ADD (y+MET), nED:
oM Z o) 7300 foeian e Dimensions

SSM Z'(ee)+Z'(up)
ssMwi) |

SSM W'(lv)
SSM W'(WZ-Ivll) | |
SSM W'(WZ—4j) Jet Extinction Scale
0 1 2 3 4 Tev String Scale (j)
o 1 2 3 4 5 6 7 8
Excited

e (M=A) F : Composite
(M=) — €rmions dijets, A+ LLRR
a* (ag) dijets, A- LLURR
q* (ay) dimuons, A+ LLIM

dimuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM

coloron(jj) x2 o single e, A HnCM
coloron(4j) x2 Multijet single p, A HNCM
gluino(3j) x2 Resonances inclusive jets, A+

gluino(jjb) x2 inclusive jets, A-

01234567 8910111213141516171819 TeV

d, 2015
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Tree level superstring amplitudes involving at most 2 fermions and gluons:

model independent for any compactification, # of susy's, even none

no intermediate exchange of KK, windings or graviton emmission

Universal sum over infinite exchange of string (Regge) excitations

Parton luminosities in pp above TeV

are dominated by gq, gg

= model independent

89 — &9, 88 — 88, 88 — 49
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String Resonances production at Hadron Colliders

" o 1074 —A
— nio
———NNPDF23-nlo-as-0114 —— NNPDF23-nlo-as-0114
— —~ —— MRST2004« it
% 1074 MRST2004qed_proton < 10°4 ST2004qed_proton
o
g o
£
gmza € 10*]
=
% 10°+ 2
] _g 107
4
107 10°
3000 4000 5000 6000 7000 3000 4000 5000 6000 7000
M (GeV) M(GeV)
Mg =5 TeV: dijet at LHC14 v+ jet
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String Resonances production at Hadron Colliders

S L 3107“‘ rrrrTTTr T T T T T

b 4 0 r ]

2 N\ 0 ErTT T ] r ]
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ir 10§\HMH\\HH\ B 55 102? \.\'\. E E

= = — C Ne 3 —

[ i F 7\\‘\\\\‘\\\\‘\\\\‘\:'\{ 1

6 [ M,(Te\/) B 4 10 275 30 32.5 35 37.5

3 ] E M,(TeV) 1

4 - 3 - —

[ vs=100Tev ] o E n=2 E
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F B 4 | fLdt= 3000 fb™' -

) N I R R N N R R o b v
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[41]
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Localized fermions (on 3-brane intersections)
= single production of KK modes

|.A.-Benakli '94
f

e strong bounds

=}

indirect effects: R~! > 3TeV
e new resonances but at most n =1
f

Otherwise KK momentum conservation s

= pair production of KK modes (universal dims)

AVAYAVAVAVE

e weak bounds

n R=1 2 500 GeV
R
n ® no resonances
f\/\/vvv\—ﬁ
o lightest KK stable = dark matter candidate

Servant-Tait '02
I. Antoniadis (Corfu School 2015)
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R™1 =4 Tev

Events / GeV

L L L L
1500 3000 4500 6000 7500
Dilepton mass

I. Antoniadis (Corfu School 2015) Extra dimensions and string phenomenology 47 / 66



Universal extra dimensions (UED) : Mass spectrum

Radiative corrections = mass shifts that lift degeneracy at lowest KK level

divergent sum over KK modes in the loop = cutoff scale A ~ 10/R

650 650 850
(a) ¢ (b)
t2
600 - 600 Q - 600
s s u b
= =
550 - - 550 - 550
tts Ww.Z
»
H 2° L TaVr
I 7 ST
V e T
500 Je dmd ke beTuTels gggp U © 4500
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UED hadron collider phenomenology

@ large rates for KK-quark and KK-gluon production
@ cascade decays via KK-W bosons and KK-leptons
determine particle properties from different distributions
@ missing energy from LKP: weakly interacting escaping detection
@ phenomenology similar to supersymmetry

spin determination important for distinguishing SUSY and UED

gluino 1/2  KK-gluon 1
squark 0 KK-quark 1/2
chargino  1/2 KK-W boson 1
slepton 0  KK-lepton 1/2

neutralino 1/2 KK-Z boson 1
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SUSY vs UED signals at LHC

Example: jet dilepton final state

SUSY UED

9L jnear

At
by
Fact]
[Er=]
!
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Extra U(1)’s and anomaly induced terms

masses suppressed by a loop factor
usually associated to known global symmetries of the SM
(anomalous or not) such as (combinations of)
Baryon and Lepton number, or PQ symmetry
Two kinds of massive U(1)'s: I.A.-Kiritsis-Rizos '02
- 4d anomalous U(1)'s:  Ma ~ gaM;
- 4d non-anomalous U(1)'s: (but masses related to 6d anomalies)
Mpna ~ gaMsVa < (6d—4d) internal space = Mpya > My

or massless in the absence of such anomalies
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Green-Schwarz anomaly cancellation

X

= kf‘ ~ TrQAQ,2 — axion 0 : A=dN 00 = —muN\

1

1 0
——— Ff — Z (d0+maA)>+— k' Tr F; A F,
| | ag? ! 2( +mA)+mA/ rFpAF

cancel the anomaly
string theory: 6 = Poincaré dual of a 2-form  df = xdB>
Heterotic: single universal axion
D-brane models: U(1) gauge boson acquires a mass

but global symmetry remains in perturbation theory
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Standard Model on D-branes : SM™"

2- L7/f 1-7:ight
gluon
.. .- u@d)

QL U .,D

R’ TR
\}W

1-Leptonic U(l).

SN

Sp(1)=SU(2) u),
U(1)3 = hypercharge + B, L

3-Baryonic
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global symmetries

@ B and L become massive due to anomalies
Green-Schwarz terms

@ the global symmetries remain in perturbation
- Baryon number = proton stability
- Lepton number = protect small neutrino masses

no Lepton number = M%LLHH — Majorana mass: %ZZLL
N

~ GeV
@ B,L = extra Z's

with possible leptophobic couplings leading to CDF-type Wjj events
Z' ~ B lighter than 4d anomaly free 2/ ~ B — L
Anchordoqui-1.A.-Goldberg-Huang-Lst-Taylor '11
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Diboson and dijet excesses at LHC around 2 TeV

3
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2.0 TeV Bulk Gy, kil =

— Significance (stat)

B Significance (stat + syst)

T T
—e-Data
= Background model
—15TeVEGMW,c=1

2.0TeV Buk Gy, kil
— Significance (stat)
B Significance (stat + syst)
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similar for CMS
possible explanation:

a Z' decaying into W, Z but with suppressed couplings to fermions

Anchordoqui-1.A.-Goldberg-Huang-Liist-Taylor '15
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Exotic U(1) anomaly induced couplings

Non trivial anomaly cancellation — new dimensionless couplings

mixed U(1) anomalies
= Z' may couple to SM gauge bosons with no mass suppression
ANXNA Fx A=Z' X=W,Y
2 axionic phases: A — 04, X — 0x = SM Higgs =

HtDH HF DH?

DOs N DOx N\ Fx — Eeg:chHAWFy—FczDOA |H|2

D'Hoker-Farhi type terms
o — AWTW— a — AZY (AZvy,AZZ) vertices
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Mz > 77) c?sin? Oy M3, _
192w M2 M2,
27013 2
[z — wrw-) oMz ( LT
487 M2, M2,
[(Z' = 2Zv) = o cos” Ow My 1-
967 M2 M2,

Fit data with ¢; ~ 0.08 and ¢ ~ 0.02
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microgravity experiments

@ change of Newton's law at short distances
detectable only in the case of two large extra dimensions
@ new short range forces
light scalars and gauge fields if SUSY in the bulk
or broken by the compactification on the brane
|.A.-Dimopoulos-Dvali '98, |.A.-Benakli-Maillard-Laugier '02
such as radion and lepton number
volume suppressed mass: (TeV)?/Mp ~ 10~* eV — mm range

can be experimentally tested for any number of extra dimensions

- Light U(1) gauge bosons: no derivative couplings

= for the same mass much stronger than gravity: = 10°
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Randal Sundrum models

spacetime = slice of AdSs : ds® = e_zk‘y‘nw,dx“dx” +dy? k*~ N/ M3
bulk

UV-brane —IA| IR-brane

y = O y = rc
o fine-tuned tensions: T = —T' = 24M2k

@ exponential hierarchy: M, = Mpe=2kr M,% ~ I\/Ig’/k

Ms ~ Mgyt

@ 4d gravity localized on the UV-brane, but KK gravitons on the IR
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@ main prediction: spin-2 resonances at the TeV scale
m, = coke 2k ~ TeV ¢, ~ (n+1/4) for large n
= spin-2 TeV resonances in di-lepton or di-jet channels
@ weakly coupled for m, < Ms e=2kre = k < Ms
@ viable models: SM gauge bosons in the bulk, Higgs on the IR-brane
® AdS/CFT duals to strongly coupled 4d field theories

composite Higgs models, technicolor-type  gyn = Ms/k > 1
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More general framework: large number of species

N particle species = lower quantum gravity scale : M2 = M3/N

Dvali '07, Dvali, Redi, Brustein, Veneziano, Gomez, List '07-'10

derivation from: black hole evaporation or quantum information storage

Pixel of size L containing N species storing information:

localization energy E 2 N/L —

Schwarzschild radius Rs = N/(LM3)

L >
no collapse to a black hole : L 2 Ry = L2 V/N/M, = 1/M,

M, ~ 1 TeV = N ~ 1032 particle species !
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More general framework: large number of species

N particle species = lower quantum gravity scale : M2 = M3/N
Dvali '07, Dvali, Redi, Brustein, Veneziano, Gomez, List '07-'10

derivation from: black hole evaporation or quantum information storage

M, ~1 TeV = N ~ 1032 particle species !

@ Large extra dimensions SM on D-branes

N = R" I : number of KK modes up to energies of order M, ~ M,

@ M, ~ TeV = low inflation scale

allowed by the data since cosmological observables are dimensionless

in units of the effective gravity scale .
I.A.-Patil '14
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Cosmological observables

Power spectrum of temperature anisotropies

(adiabatic curvature perturbations R)

H2
Pr=———~Ax10710 . Ax22
R 8r2M2e
—H/H?
H2
Power spectrum of primordial tensor anisotropies P; =2———
w2 M2

= tensor to scalar ratio r = Pt/PR = 16¢

measurement of A and r = fix the scale of inflation

H in terms of M,

H _< 2 Ar

1/2

I. Antoniadis (Corfu School 2015) Extra dimensions and string phenomenology 64 / 66



Extra species as Kaluza-Klein states

D = 4 + n extra dims of size average size R =

fundamental gravity scale M2t"R" = M,%,

N = all KK states with mass less than H = N ~ (HR)"
M, = Mp;/v/'N = My(MsR)"? /(HR)"? = Ms(Ms/H)"/?
H=M.T = M{(Mg/H)"2T = H= M2

= H ~ 1-3 orders of magnitude less than M, for 0.001 < r < 0.1

as low as near the EW scale
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Conclusions

String theory has many appealing properties:

@ it provides a consistent quantization of gravity

@ it gives a framework of unification of all interactions
@ it inspired most of BSM new ideas

@ it also inspired new results in mathematics

@ it is a tool for strong coupling dynamics

@ it has spectacular predictions if its scale is accessible to accelerators

It remains to be seen if it is a Theory of Nature
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