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String theory

Is it a tool for strong coupling dynamics or a theory of fundamental forces?

If theory of Nature can it describe both particle physics and cosmology?
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Problem of scales

describe high energy (SUSY?) extension of the Standard Model

unification of all fundamental interactions

incorporate Dark Energy

simplest case: infinitesimal (tuneable) +ve cosmological constant

describe possible accelerated expanding phase of our universe

models of inflation (approximate de Sitter)

=> 3 very different scales besides MPlanck :

✲
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Problem of scales

✲
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1 possible connections

MI could be near the EW scale, such as in Higgs inflation

but large non minimal coupling to explain

MPlanck could be emergent from the EW scale

in models of low-scale gravity and TeV strings

2 extra dims at submm ↔ meV: interesting coincidence with DE scale

MI ∼ TeV is also allowed by the data since cosmological observables

are dimensionless in units of the effective gravity scale [27]

I.A.-Patil ’14 and ’15
2 they are independent
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Braneworld

2 types of compact extra dimensions: • parallel (d‖): <∼ 10−16 cm (TeV)

• transverse (⊥): <∼ 0.1 mm (meV)
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closed string
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Experimental predictions

No little hierarchy problem:

radiative electroweak symmetry breaking with no logs

Λ ∼ a few TeV and m2
H = a loop factor ×Λ2

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∗ >∼ 4− 9 TeV

Massive string vibrations => e.g. resonances in dijet distribution [9]

M2
j = M2

0 +M2
s j ; maximal spin : j + 1

higher spin excitations of quarks and gluons with strong interactions

present LHC limits: Ms
>∼ 7 TeV

Large TeV dimensions => KK resonances of SM gauge bosons I.A. ’90

M2
k = M2

0 + k2/R2 ; k = ±1,±2, . . .

experimental limits: R−1 >∼ 0.5 − 4 TeV (UED - localized fermions)

extra U(1)’s and anomaly induced terms

masses suppressed by a loop factor from Ms [11]
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CMS Exotica Physics Group Summary – Dec Jamboree, 2015
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String Resonances production at Hadron Colliders
I.A.-Anchordoqui-Dai-Feng-Goldberg-Huang-Lüst-Stojkovic-Taylor ’14
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String Resonances production at Hadron Colliders
I.A.-Anchordoqui-Dai-Feng-Goldberg-Huang-Lüst-Stojkovic-Taylor ’14

[7]
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D-brane spectrum

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

ւ
endpoint transformation: Na or N̄a U(1)a charge: +1 or −1

=> “baryon” number

• open strings from the same stack => adjoint gauge multiplets of U(Na)

• stretched between two stacks => bifundamentals of U(Na)× U(Nb)

 
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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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 ≃ gAMs

- 4d non-anomalous U(1)’s: (but masses related to 6d anomalies)

MNA ≃ gAMsV2 ← (6d→4d) internal space => MNA ≥ MA

or massless in the absence of such anomalies [14]
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Green-Schwarz anomaly cancellation

II

A

= kAI ∼ TrQAQ
2
I → axion θ : δA = dΛ δθ = −mAΛ

− 1

4g2
I

F 2
I −

1

2
(dθ+mAA)

2+
θ

mA

kAI TrFI ∧ FI

տ
cancel the anomaly

D-brane models: U(1)A gauge boson acquires a mass

but global symmetry remains in perturbation theory [17]

GS anomaly cancellation => extra scalars and axion-like particles (ALP) [19]

coupled to gauge kinetic terms

lighter than the string scale (masses loop-factor suppressed)
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Standard Model on D-branes : SM++
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6B) + B , L [21]
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Extra U(1) 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 => 1
Ms

LLHH → Majorana mass: 〈H〉2

Ms
LL

տ∼ GeV
B , L => extra Z ′s

with possible leptophobic couplings leading to CDF-type Wjj events

Z ′ ≃ B lighter than 4d anomaly free Z ′′ ≃ B − L

Anchordoqui-I.A.-Goldberg-Huang-Lüst-Taylor ’11
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Diboson and dijet excesses at LHC around 2 TeV
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similar for CMS

possible explanation:

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

Anchordoqui-I.A.-Goldberg-Huang-Lüst-Taylor ’15
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Exotic U(1) anomaly induced couplings
I.A.-Boyarsky-Ruchayskiy ’06, ’07

Non trivial anomaly cancellation → new dimensionless couplings

mixed U(1) anomalies

=> Z ′ may couple to SM gauge bosons with no mass suppression

A ∧ X ∧ FX A ≡ Z ′ , X ≡W ,Y

2 axionic phases: A→ θA, X → θX ≡ SM Higgs => [13]

DθA ∧DθX ∧ FX → Leff = c1DθA
H†DH

|H|2 FY + c2DθA
HFWDH†

|H|2

D’Hoker-Farhi type terms

c2 → AW+W− c1 → AZY (AZγ,AZZ ) vertices
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Γ(Z ′ → ZZ ) =
c21 sin

2 θWM3
Z ′

192πM2
Z

(

1− 4M2
Z

M2
Z ′

)5/2

Γ(Z ′ →W+W−) =
c22M

3
Z ′

48πM2
W

(

1− 4M2
W

M2
Z ′

)5/2

Γ(Z ′ → Zγ) =
c21 cos

2 θWM3
Z ′

96πM2
Z

(

1− M2
Z

M2
Z ′

)3 (

1 +
M2

Z

M2
Z ′

)

Fit data with c1 ≃ 0.08 and c2 ≃ 0.02 [13]
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Diphoton excess at LHC: M ∼ 750 GeV Γ ≈ 45 GeV
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Main data

ATLAS 3.2 fb−1 data => best fit: M ∼ 750 GeV, Γ ≈ 45 GeV

spin-0 => significance 3.9σ local / 2.0 global

spin-2 => significance 3.6σ local / 1.8 global

CMS 3.3 fb−1 data => best fit: M ∼ 760 GeV, Γ ≈ 11 GeV

spin-0 => 2.8σ local / < 1.0σ global

spin-2 => significance 2.9σ local / < 1.0σ global

combined LHC13/8 => M ∼ 750 GeV, Γ ≈ 0.1 GeV

local significance 3.4σ / global 1.6σ

σLHC13(pp → ϕ+ X )× B(ϕ→ γγ) ∼ 10± 3/6 ± 3 fb ATLAS/CMS

but σLHC8 < 2 fb 95% CL

=> need more statistics for a firm conclusion (summer 2016)
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Proposal: closed string state coupled to F
2
γ or FγF̃γ

Anchordoqui-IA-Goldberg-Huang-Lüst-Taylor ’15, ’16

Requirements:

coupling to 2 photons: fϕϕF
2
γ (dilaton-like) or fϕϕFγ ∧ Fγ (axion-like)

suppressed couplings to SU(3) and SU(2)

suppressed mass compared to the string scale Ms
>∼ 7 TeV

For instance:

modulus associated to the wrapping cycles of U(1)R and U(1)L [14]

with a loop factor suppressed mass due to anomalies

ϕ localized in the bulk at the orbifold singularity =>

coupling strength set by the string scale and not the Planck mass [23]

fϕ =
cγγ

Ms

=> partial width Γγγ =
c2γγ

4π

M3
ϕ

M2
s
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production via photon fusion

σLHC13(γγ → ϕ→ γγ) ≃ 4.1pb

(

Γt
45GeV

)

B2(ϕ→ γγ)

Harland-Lang, V.A.Khoze, Ryskin ’16

B(ϕ→ γγ) =
2.3 × 106c2γγ

π

(

Ms

GeV

)−2 ( Γt
45GeV

)−1

photon distribution function at small x :

f γs (x) =
1

x

2α

π
log

[

q∗

mp

1

x

]

mp : protonmass , 130 MeV < q∗ < 170 MeV

Fichet-Gersdorff-Royon ’15, Csaki-Hubisz-Terning ’15
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Scan of the parameter space for γ-fusion
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Comments

If ϕ couples to hypercharge =>

additional decay channels ϕ→ γZ ,ZZ :

ΓγZ
Γγγ

= 2 tan2 θW ≈ 0.6 ;
ΓZZ
Γγγ

= tan4 θW ≈ 0.08

Partial width Γγγ ≃ 10 GeV

Missing width (if Γtot large): invisible decays to bulk fields?

KK gravitons suppressed but bulk fermions can do the job

may also be dark matter component

Dienes-Thomas ’12
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production via gluon fusion

ϕ coupling to gluon kinetic terms
cgg

Ms

ϕG 2

=> partial decay width to dijets Γgg = 8
c2gg

4π

M3
ϕ

M2
s

σLHC13(gg → ϕ→ γγ) ≃ 5.8× 103 pb c2gg

(

Ms

TeV

)−2

B2(ϕ→ γγ)

σLHC8(gg → ϕ→ gg) ≃ 7.6× 103 pb c4gg

(

Ms

TeV

)−4( Γt
45GeV

)

< 2.5pb

σLHC13/σLHC8 ≃ 4.7 => consistent with no excess in LHC8 data [4] [30]
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Scan of the parameter space cgg vs cγγ (Γt = 10 GeV)

Ms = 7 TeV Ms = 12 TeV

blue curve: best fit contour of diphoton cross section σLHC13 ∼ 5 fb

shaded regions: excluded at 95% CL by dijet bounds

slanted curve: transition between gluon (above) and γ-fusion dominance
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Cosmological observables

Power spectrum of temperature anisotropies

(adiabatic curvature perturbations R)

PR =
H2

8π2M2
∗ǫ
≃ A× 10−10 ; A ≈ 22

տ−Ḣ/H2

Power spectrum of primordial tensor anisotropies Pt = 2
H2

π2M2
∗

=> tensor to scalar ratio r = Pt/PR = 16ǫ

measurement of A and r => fix the scale of inflation

H in terms of M∗ :
H

M∗
=

(

π2A r

2× 1010

)1/2

≡ Υ ≈ 1.05
√
r × 10−4
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Effective Planck mass and the scale of inflation
I.A.-Patil ’14 and ’15

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

fundamental gravity scale M2+n
s Rn = M2

Pl

N = all KK states with mass less than H => N ≃ (HR)n

M∗ = MPl/
√
N = Ms(MsR)

n/2/(HR)n/2 = Ms(Ms/H)n/2

H = M∗Υ = Ms(Ms/H)n/2Υ => H = MsΥ
2/(n+2)

=> H ∼ 1-3 orders of magnitude less than Ms for 0.001 <∼ r <∼ 0.1

as low as near the EW scale [4]
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A brane-world model

5D brane-world realisation: empty bulk with two boundary dS branes

ds2 =
(1 + H|y |)2

H2τ2
(

−dτ2 + dx21 + dx22 + dx23
)

+ dy2

dS brane

H = −κ25Λ0/6

dS brane

|yc | = 6(Λ0+Λc)
κ2
5Λ0Λc

y = 0 y = yc

Λ0 ΛcΛ = 0

bulk

=> keeping H fixed one can make yc large, so that H2 ≫ 1/y2c [4]
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Conclusions

String phenomenology:

Consistent framework for particle phenomenology and cosmology

at least 3 very different scales (besides MPlanck)

electroweak, dark energy, inflation

their origins may be connected or independent

Low scale gravity and strings at the (multi-)TeV scale:

offer connection of scales and spectacular new physics to discover

production of string and KK resonances, gravity emission,

extra U(1)s, dilaton and axion like particles

may be already hidden in LHC excesses...
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