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Abstract: The phenomenology of quantum gravity can be examined even though the underlying theory is not yet fully understood. Effective
extensions of the standard model allow us to study specific features, such as the existence of extra dimensions or a minimal length scale. | will talk
about some applications of this approach which can be used to make predictions for particle- and astrophysics, and fill in some blanks in the puzzle
of quantum gravity. A central point of this investigations is the physics of black holes. | will comment on possible ways to proceed and on the
missing pieces | find most important to look for.
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Models with Extra Dimensions

e ADD-model: large extra dimensions R > 1/Ms

- 2
+ Solves Hierarchy-problem, mﬁ — R Mf+“

Arkani-Hamed, Dimopoulos and Dvali, Phys. Lett. B 429, 263 (1998)
Antoniadis, Arkani-Hamed, Dimopoulos and Dvali, Phys. Lett. B 436, 257 (1998)
Arkani-Hamed, Dimopoulos and Dvali, Phys. Rev. D 59, 086004 (1999)
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Models with Extra Dimensions

e ADD-model: large extra dimensions R > 1/ Mgs

+ Solves Hierarchy-problem, m3 = REMI

e RS-model (I and Il), extra dimension is curved
+ AdS-CFT Correspondence

+ Allows non-compact extra dimension (volume stays finite)

ds® = _2;‘5’11;” dx*dx" — dy?

Randall and Sundrum, Phys. Rev. Lett. 83, 4690 (1999)
Randall and Sundrum, Phys. Rev. Lett. 83, 3370 (1999)

Pirsa: 05120013 Page 11/82



Models with Extra Dimensions

e ADD-model: large extra dimensions R > 1/Ms
+ Solves Hierarchy-problem, mﬁ — Rd Mf+2

e RS-model (I and Il), extra dimension is curved
+ AdS-CFT Correspondence
+ Allows non-compact extra dimension (volume stays finite)

e UXD, TeV-scale dimensions

+ Accelerated unification of coupling constants

Appelquist, Cheng and Dobrescu.Phys. Rev. D 64, 035002 (2001)
Rizzo. Phys. Rev. D 64, 095010 (2001)

|. Antoniadis. Phys. Lett. B 246, 377 (1990)

Dienes, Dudas and Gherghetta, Nucl. Phys. B 537, 47 (1999)

inverse strenght
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Models with Extra Dimensions

e ADD-model: large extra dimensions R > 1/Ms
+ Solves Hierarchy-problem, mﬁ —_. pd ;v'v,'f‘.’”r2

e RS-model (I and Il), extra dimension is curved
+ AdS-CFT Correspondence

+ Allows non-compact extra dimension (volume stays finite)

e UXD, TeV-scale dimensions

+ Accelerated unification of coupling constants
e Split fermion scenario: wave functions delocalized
+ Quick fix for several problems
A Arkani-Hamed and Schmaltz, Phys. Rev. D 61, 033005 (2000)

o Mirabelli and Schmaltz, Phys. Rev. D 61. 113011 (2000)
Arkani-Hamed, Grossman and Schmaltz, Phys. Rev. D 61, 115004 (2000).

Extra Dimensions
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Models with Extra Dimensions

e ADD-model: large extra dimensions R > 1/Ms

2

. _ Dd ppd+-2
+ Solves Hierarchy-problem, ms = R M;

e RS-model (I and Il), extra dimension is curved
+ AdS-CFT Correspondence

+ Allows non-compact extra dimension (volume stays finite)

e UXD, TeV-scale dimensions
+ Accelerated unification of coupling constants
e Split fermion scenario: wave functions delocalized
+ Quick fix for several problems
A Arkani-Hamed and Schmaltz, Phys. Rev. D 61, 033005 (2000)

o Mirabelli and Schmaltz, Phys. Rev. D 61. 113011 (2000)
Arkani-Hamed, Grossman and Schmaltz, Phys. Rev. D 61, 115004 (2000).

Extra Dimensions
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Observables of Extra Dimensions

e Excitation of KK-modes

Fourier-expansion

—|—-:>c-
vix.y)= Y v (x)exp(iny/R)

i———oo
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Observables of Extra Dimensions

e Excitation of KK-modes
e Black hole production and evaporation

e Real graviton production

gaB =MaB +V¥agB

Decompose: spin-2 hyy, vector V,;, scalar ¢;; ( trace (p"; =)
Coupling L = Lgr+ L

Energy momentum tensor on brane T g = nyAT]‘lg Tuv(x)o(y)

— Yields coupling terms: L;,; = —%Tq:- — T™h,,
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Observables of Extra Dimensions

e Excitation of KK-modes

e Black hole production and evaporation

e Real graviton production

e Modified cross-sections from virtual particle exchange

Summation over tower diverges:

” L
r/ "+ (n/RYT
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The Minimal Length Scale

Lowering the Planck mass means raising the Planck length!
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The Minimal Length Scale

Lowering the Planck mass means raising the Planck length!

e Very general expectation for quantum gravity: fluctuations of
spacetime itself disable resolution of small distances

=9 IR
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The Minimal Length Scale

Lowering the Planck mass means raising the Planck length!

e Very general expectation for quantum gravity: fluctuations of
spacetime itself disable resolution of small distances

e Can be found e.g. in string theory, Loop Gravity, NGC*, etc.

* Recent progress understanding how Deformed Special Relativity is related to Non-Commutative Geometries, e g.
Kowalski-Glikman and Novak, Int. J. Mod. Phys. D. 12 (2003) 299: Girelli and Livine, gr-qc/0407089
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The Minimal Length Scale

Lowering the Planck mass means raising the Planck length!

e Very general expectation for quantum gravity: fluctuations of
spacetime itself disable resolution of small distances

e Can be found e.g. in string theory, Loop Gravity, NGC”*, etc.

e Minimal length scales acts as UV cutoff
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An Effective Model for the Minimal Length

e For large momenta, p, Compton-wavelength A can not get
arbitrarily small A > L =1/M;

W)

SH et al, Phys. Lett. B598 (2004) 92-98
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An Effective Model for the Minimal Length

e For large momenta, p, Compton-wavelength A can not get
arbitrarily small A > L =1/ Ms

e Modify wave-vector kK and commutation relations
k =k(p) = hp+a1p>+ axp’... = [pi.x;] = i9op;/9k;

kAN

1/L £

P

-1/L,

SH et al, Phys. Lett. B598 (2004) 92-98
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An Effective Model for the Minimal Length

e For large momenta, p, Compton-wavelength A can not get
arbitrarily small A > L =1/ M;

e Modify wave-vector kK and commutation relations
k =k(p) = hp+a1p>+ axp’... = [pi.x;] = i9p;/Ik;
e Results in a generalized uncertainty principle

2
AxAp > ;ﬁ(ubl&‘” )

M3

SH et al, Phys. Lett. B598 (2004) 92-98
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An Effective Model for the Minimal Length

e For large momenta, p, Compton-wavelength A can not get

arbitrarily small A > L =1/ M

e Modify wave-vector kK and commutation relations
k=k(p) = hp+aip>+azp’... = [pi.xj] = idp;/k;

e Results in a generalized uncertainty principle

2
AxAp > ;ﬁ(1+b1&p )

e A squeezed phase space at high energies

; n\_ap /

dk dp _ dk

SH et al, Phys. Lett. B598 (2004) 92-98
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An Effective Model for the Minimal Length

e For large momenta, p, Compton-wavelength A can not get

arbitrarily small A > L =1/ M;

e Modify wave-vector kK and commutation relations
k =k(p) = hp+a1p>+ axp’... = [pi.x;] = i9op;/Ik;

e Results in a generalized uncertainty principle

2
AxAp > ;ﬁ(ublﬁp )

e A squeezed phase space at high energies

ap dk dp dk

/ e S(n—n' = — M

SH et al, Phys. Lett. B598 (2004) 92-98
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An Effective Model for the Minimal Length

e For large momenta, p, Compton-wavelength A can not get
arbitrarily small A > L =1/ M;

e Modify wave-vector kK and commutation relations
k— k(p) = TTP+81P3 +32P5... — [p;.Xj] = fap,-{f'akj
e Results in a generalized uncertainty principle

2
AxAp > ;ﬁ(ubl‘ﬁp )

e A squeezed phase space at high energies

" , ~dkdp dk

e And a modified dispersion relation

-
0> — k? — i = N(k,®)
SH et al, Phys. Lett. B598 (2004) 92-98
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Quantizing with a Minimal Length

e The Klein-Gordon equation

> 2

E’—p’=m" = 1"p(K)pu(k)y=m’y

Explicitely in NLO M¢

s Hall. B
= 'hznﬂ“-' (dv — ;dg) (r)u — ;aﬁ) Y = mzw
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Quantizing with a Minimal Length

e [he Klein-Gordon equation

.

E>—p’=m’ = n"p(k)pu(k)y=m’y

e The Dirac equation

(p(k) —m)y = 0
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Quantizing with a Minimal Length
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The Klein-Gordon equation

",

E°—p°=m" = nv"p(k)pu(k)y=m"y
The Dirac equation
(p(k)—m)y = 0

(Anti)-commutation relations

12| = 3p-F)

dk

8p‘

Lagrangian for free fermions L =1y (g (k) — m)y

Coupling of the gauge field via dy — D, := 9y —i€Ay yields the

interaction L= Lr —ePy, WA + O(e/M7)
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Quantizing with a Minimal Length

irsa: 05120013

The Klein-Gordon equation

2

E°—p’=m" = nv"p(k)pu(k)y=m"y
The Dirac equation
(p(k)—m)y = 0

(Anti)-commutation relations

13| = 3p-F)

dk

8p‘

Lagrangian for free fermions L =1y (g (k) —m)y

Coupling of the gauge field via dy — Dy := 9y —i€Ay yields the

interaction L= Lr —ePy, WA + O(e/My)

Model can not predict interaction — higher order terms?
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Deformed Special Relativity

Notation: k= (w.k) , p=(E.p) . k= f(.p) = (fo(p)-f1(p))
Transformation: p—p'=Ap , k — k' = A(k)
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Quantizing with a Minimal Length
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The Klein-Gordon equation
E°—p’=m" = nv"p(k)pu(k)y=m"y
The Dirac equation
(p(k)—m)y = 0

(Anti)-commutation relations

12| = 3p-F)

dk

Bp‘

Lagrangian for free fermions L =1y (g (k) —m)y

Coupling of the gauge field via dy — D, := 9y —i€Ay yields the

interaction L = L —ePyRYAY + O(e/ ME)

Model can not predict interaction — higher order terms?
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Deformed Special Relativity

Notation: k= (w.k) , p=(E.p) . k= f(.p) = (fo(p)-f1(p))
Transformation: p—p'=Ap , k — k' = A(k)
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Quantizing with a Minimal Length
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The Klein-Gordon equation

3

E°—p"=m" = n"p(k)pu(k)y=m"y
The Dirac equation
(p(k)—m)y = 0

(Anti)-commutation relations

SP1A)| . = 3pB-F)

dk

ap‘

Lagrangian for free fermions L =1y (g (k) —m)y

Coupling of the gauge field via dy — Dy := 9y —i€Ay yields the

interaction L = L — ePpWA' + O(e/M?)

Model can not predict interaction — higher order terms?
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An Effective Model for the Minimal Length

e For large momenta, p, Compton-wavelength A can not get
arbitrarily small A > L =1/ M;

e Modify wave-vector kK and commutation relations
k= k(P) - 'hp+alp3 —|—32P5... — [p;.XJ;] = fap,-fakj
e Results in a generalized uncertainty principle

2
AxAp > ;ﬁ(1+b1&p )

e A squeezed phase space at high energies

C o 9P , dk dp  dk e

e And a modified dispersion relation

=
0> — k? — i = N(k.®)
SH et al, Phys. Lett. B598 (2004) 92-98
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Quantizing with a Minimal Length

e T[he Klein-Gordon equation

3

E’—p’=m" = 1"p(K)pu(k)y=m’y

Explicitely in NLO M¢
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Deformed Special Relativity

Notation: k= (w.k) , p=(E.p) . k=1f(p) = (fio(p)-fr(p))
Transformation: p—p'=Ap , k — k' = A(k)
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Deformed Special Relativity

Notation: k= (w.k) , p=(E.p) . k=1f(p) = (fo(p)-fr(p))
Transformation: p—p'=Ap , k — k' = A(k)

e Generalized Uncertainty — Deformed Special Relativity

A~

A(k) == F(AF(k))
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Deformed Special Relativity

Notation: k = (.k) , p=(E.p) . k=F(p) = (fo(p). i(p))
Transformation: p—p'=Ap , k — k' = A(k)

e Generalized Uncertainty — Deformed Special Relativity

e

A(k) = F(Af(k))
e Deformed Special Relativity — Generalized Uncertainty

f(p) :=A(Id(A'p))
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Deformed Special Relativity

Notation: k = (@.k) , p=(E.p) . k=f(p) = (fo(p). 1(p))
Transformation: p—p'=Ap , k — k' = A(k)

e Generalized Uncertainty — Deformed Special Relativity

A~

A(k) = F(Af(k))
e Deformed Special Relativity — Generalized Uncertainty

f(p) :=A(Id(A'p))

e From both follows a modified dispersion relation

Nk) = o —(f (k)" —k*+(f " (k))’
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Deformed Special Relativity

Notation: k = (w.k) , p=(E.p) . k=1f(p) = (fo(p).fi(p))
Transformation: p—p'=Ap , k — k' = A(k)

e Generalized Uncertainty — Deformed Special Relativity

—

Ak) = F(Af(k))
e Deformed Special Relativity — Generalized Uncertainty
f(p) :=A(Id(A'p))
e From both follows a modified dispersion relation
Nk) = o' —(f (k) —k>+(f (k)

e Use to build self-consistent QF T with minimal length ...
e Multi-particle kinematics?
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Consequences of a Minimal Length

e High precision: hydrogen, g —2,...
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Consequences of a Minimal Length

e High precision: hydrogen, g —2,...

e Stagnation of energy dependence of cross sections

13
“ B
. T
1=F M= 1 TaV
M. =2 TaV
1.1 F
: | )
& 1.0 = B
--E -| - _.|. =
a9t .
. SH, M. Bleicher, 5. Hofmann, S. Scherer, J. Ruppert
i ' and H. Stoecker, Phys. Lett. B598 (2004) 92-908
a7 - - '
120 140 160 180 200 220

s [GeV]
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Consequences of a Minimal Length

e High precision: hydrogen, g —2,...
e Stagnation of energy dependence of cross sections

e Black hole production becomes more difficult

a(pp -> BH) (pb)

SH, Phys. Lett. B598 (2004) 92-98
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Consequences of a Minimal Length

High precision: hydrogen, g —2, ...

Stagnation of energy dependence of cross sections
Black hole production becomes more difficult
Cosmic ray puzzle? (modified treshold)

Varying speed of light! (energy dependent TOF)

Amelino-Camelia, Phys.Rev. D64 (2001) 036005
Magueijo and Smolin, Phys. Rev. Lett. 88 (2002) 190403
Judes and Visser, Phys. Rev. D 68 (2003) 045001
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Consequences of a Minimal Length

e High precision: hydrogen, g —2,...

e Stagnation of energy dependence of cross sections
e Black hole production becomes more difficult

e Cosmic ray puzzle? (modified treshold)

e Varying speed of light! (energy dependent TOF)
e Regulator!

/ d4 ~ In— for d=0

*(p— f-'f')“ Ho

1 7 B
i = (-) for d>1?
/ P2 (p—q) Ho
; dk 1
N d4+d *i
/ Plop | p2(p—q)2
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.

e Minimal length naturally regulates divergent integrals.
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.
e Minimal length naturally regulates divergent integrals.

e Example: selfenergy TRK ™,

* Looking close, the propagator exhibits complex structures

D*(q) = —g"/q° % — D

* Expansion in series of one-particle |rrec|uc1b[e contributions

iD® = iD* + i D*[ie? I'I;._b,:,-]n‘_“»lm + iD* [ie? HRG]IDGK[IE Myp]iDPY +

* Can be summarized in [ngpv—ezﬂpv]!ﬂjf = —8
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.
e Minimal length naturally regulates divergent integrals.
e Example: selfenergy

e Interpretation: finite resolution of vacuum structure.
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.
e Minimal length naturally regulates divergent integrals.

e Example: selfenergy RS

* Looking close, the propagator exhibits complex structures

D*(q) = —g"/q° A“@@AM — D

* Expansion in series of Dne-partlcle |rrec|uc1h[e contributions

iD= iD* + i D**[ie? I'I;,_bﬁ];Dm + iD* [ie? HRG]IDGK[IE Myp]iDP +

* Can be summarized in [ngpv—ezﬂpv]f)ﬁ = —8&
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Consequences of a Minimal Length

e High precision: hydrogen, g —2,...

e Stagnation of energy dependence of cross sections
e Black hole production becomes more difficult

e Cosmic ray puzzle? (modified treshold)

e Varying speed of light! (energy dependent TOF)
e Regulator!

/ﬂ'4 2 In— for d=—0

- f-}') Ho

1 A\
o> — (—) for d>1?
/ P2 (p—q)? Ho
i dk 1
- d4+d i
/ Plop|p2(p—q)2

Pirsa: 05120013 Page 55/82



The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.

e Minimal length naturally regulates divergent integrals.
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.
e Minimal length naturally regulates divergent integrals.

e Example: selfenergy KK ™

* Looking close, the propagator exhibits complex structures

* Expansion in series of one-particle wrecluub[e contributions

iD® = iD* + i D**[ie® I'I;,__G];Dm + iD* [ie? HRG]IDGR[IE Myp]iDPY +

* Can be summarized in [ngw—ezl'lw]ﬁf = —&u.

Pirsa: 05120013 Page 58/82



The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.
e Minimal length naturally regulates divergent integrals.
e Example: selfenergy

e Interpretation: finite resolution of vacuum structure.
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.
e Minimal length naturally regulates divergent integrals.
e Example: selfenergy

e Interpretation: finite resolution of vacuum structure.

e Example: running of coupling constants

i gt
....... Cut 08

— Wi Length
e

d=3 . M=100 Ta¥ +
WP 2 s 10

d=4  Wl=100 Tey +
10° 2 s 10°

z 'Ii_::l'I

piGeV]

SH, Phys. Rev. D70 (2004) 105003
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.
e Minimal length naturally regulates divergent integrals.
e Example: selfenergy

e Interpretation: finite resolution of vacuum structure.

e Example: running of coupling constants

To do:

e Constrain model from top-down!

e Non-commutative position space - curved momentum space?
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Information content of Black Holes

Thermodynamics
General Relativity

Quantum Field Theory

Stringtheory

Loop Gravity
Particle Physics
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.
e Minimal length naturally regulates divergent integrals.
e Example: selfenergy

e Interpretation: finite resolution of vacuum structure.

e Example: running of coupling constants

To do:

e Constrain model from top-down!

e Non-commutative position space - curved momentum space?
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.

e Minimal length naturally regulates divergent integrals.

e Example: selfenergy

e Interpretation: finite resolution of vacuum structure.

e Example: running of coupling constants

Bl — — —

d=3 . M=100 Te¥ 1

1w 2 e ygh

= '!i_:l'I

n[GeV]

SH, Phys. Rev. D70 (2004) 105003

Pirsa: 05120013
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The Minimal Length as UV-Regulator

e In higher d coupling constants of QF T's dimensionful.
e Minimal length naturally regulates divergent integrals.
e Example: selfenergy

e Interpretation: finite resolution of vacuum structure.

e Example: running of coupling constants

To do:

e Constrain model from top-down!

e Non-commutative position space - curved momentum space?
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Information content of Black Holes

Thermodynamics
General Relativity

Quantum Field Theory

Stringtheory

Loop Gravity
Particle Physics
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Black Holes in Particle Collisions

With large extra dimensions, black holes could become observable

at the LHC.
ZRH
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Black Holes in Particle Collisions

With large extra dimensions, black holes could become observable

at the LHC.
2RH
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Black Holes in Particle Collisions

With large extra dimensions, black holes could become observable

at the LHC.
ZRH

e |ncreased interest in examination of horizon formation and
evaporation/decay
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Black Holes in Particle Collisions

With large extra dimensions, black holes could become observable

at the LHC.
2RH

e |ncreased interest in examination of horizon formation and

evaporation/decay
e Clear signature at LHC _5” - r_vm
e Virtual black holes ju .y ﬂ:
e Colored black holes ? e ‘. F :
(non-abelian) n’“-’%;-.ﬁk w iy
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Black Holes and the Minimal Length

A simple argument:

e Usual uncertainty for AE < m,: AE ~1/Ax

2
p

e S0, a quantum particle with Compton wavelength A = 1/E receives an
additional position uncertainty Ax ~ E/m?

e General Relativity says: Schwarzschild-radius Ry ~ AE/m

p
1 2AE

>~
BXZoRE " m2

P
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Black Holes and the Minimal Length

A simple argument:

Pirsa: 05120013

Usual uncertainty for AE < m,: AE ~1/Ax

2
P

So, a quantum particle with Compton wavelength A = 1/E receives an

additional position uncertainty Ax ~ E_.-*"mg

General Relativity says: Schwarzschild-radius Ry ~ AE/m

1 2AE
Ax >

~2AE " m2

Minimal length simulates non-local interaction (locality bound)
Reduces degrees of freedom — entropy bound?
Holographic principle?

Non-locality spoils unitarity — information loss problem?
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Phenomenological Quantum Gravity is...
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Phenomenological Quantum Gravity is...

. the attempt to connect pieces of the puzzle by
focussing on specific questions.
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Missing Pieces
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Missing Pieces

Homework:

e What is quantization?
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Missing Pieces

Homework:

e What is quantization?
e What is matter?
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Missing Pieces

Homework:

e What is quantization?
e What is matter?

e Why is our space-time 3+1 dimensional?
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Models with Extra Dimensions

e ADD-model: large extra dimensions R > 1/ Mg
+ Solves Hierarchy-problem, mf, = R4 MFH

e RS-model (I and Il), extra dimension is curved

+ AdS-CFT Correspondence
+ Allows non-compact extra dimension (volume stays finite)

e UXD, TeV-scale dimensions
+ Accelerated unification of coupling constants
e Split fermion scenario: wave functions delocalized
+ Quick fix for several problems
4 Arkani-Hamed and Schmaltz, Phys. Rev. D 61, 033005 (2000)

'l[-' Mirabelli and Schmaltz, Phys. Rev. D 61, 113011 (2000)
Arkani-Hamed, Grossman and Schmaltz, Phys. Rev. D 61, 115004 (2000]).

Extra Dimensions
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