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EXPlorarions In supersymmeiric
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The 60 Brane World

Vacuum energy on brane workds can curve the extra dimensions rather
- than their insfrinsic 4D spacetime.

A 3-bBrane in &0 induces a conical defect in the fransverse dimensions:
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B The &0 Brane World

i Vacuum energy on brane worlds can curnve the extra dimensions rather
- than their insfrinsic 4D spacetime.

Puibainn & Shoposhnlow “23
Sgarani-2 e, Dirmcnniice, Kolopesy & Suncinm 16

a Koacfng Sl & e 1R

A 3brane in &0 induces a conical defect in the fransverse dimensions:
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L
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Tanfalizing Numerology

Obsenved scale of Dark Enengy:
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Supersymmetnic Large Exira Dimensions |

AOnOnonons, B S50 Srsuasn T
Blapm=m 1d

.' » Change gravity at the scale of A
» Separation of SUSY brecking scales

i—/'_\

SHsY 2
at Mse~Mw_
M Mgy
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Supersymmetric Large Exira Dimensions i

Explain not only why the cosmological constant is zero. but why it is
(120 4

» Supersymmetry is badly broken on the brane:
Ty o M
This locdized vacuum energy is absorbed by the bulk curvature,
» Bulk susy-breaking is gravitationally suppressed:

My

M on = m—
fsm T

If bulk confribution to vacuum energy is O M35 ) then we are there. ..

Epioroiions in £ ED - p 525
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Overview

1 ¥ 4D Supergravity and SLED
» Explicit Solufions

. » Stability lssues

» Moss Gaps

» Opean Guestions

: ¢ Cosmology at Colliders!
-: ¢ Conciusions

E

L

Egplorions in L ED - pdf35
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ol Supergravify

&0 chiral gouged supergranvity in the bulk;

: , Eppe— | | | .
| 'h!-:lll.' — |I|h_‘_|, -.r — [-— j{ S |:__F1Ir.‘_'|' r._.i"."riT = —.ll’_,_l_f|_-.1:-|_.|'_,?.|,-:]'_p _|I_.|1'rl:f_'| 3
| 4 4 <
E = s I,-.'.rw-"‘ - }_—I FI’ AN 3 2 -'E[J.I -
- T TR NPT 1 Bl & ffy T f
' = fermions]

MAFEE R SR B

Points fo note:

- ¥ Gouged R-symmetry = positive-definite scolar polential, with
minimum ot & — 0 where «(0) — 1.

» Chiral fermicns — in general anomolous.

Eyploions in L ED - p7 25
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Anomaly Cancellafion

For special gauge groups and hypenng reps (ny — ny | 244) the
anomalies cancel via a Green-Schwarz mechanism:

(zauge Group Hyperino Rep
E: x BEg xU{llgn (912,10
Erx Gy xU(1}r (56, 14)0
Fy = Sp(9) = U1} (52, 18y
E Es x Sp{l)a 395(1.1)
SU(2) = U{1)r. SU2) = U{ypy . UL} x Sp(lYrs. | many anomaly
' SU(2) x Sp{l)gy. Sp(1) gy SU{3) x U{l)g cancefling reps
EpEN e RS G 2(133)y + 2(56)
drone K1)'s eg:
IR HR R, SOROP, SR & SR A5

Ayt Kennaas & RonchorDoemil 08
AT & K L
AR & Fachiecasa T
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solve Hnstein's equation in fhe presence of Honans sourncs;

o e i f.fl':';-.,',-'.—leT (e, Y M A5¥ V)

where we take dilaton coupling A — 0.

Egplorions in L ED - p 025
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The Brane

sohve BEinstein's equation in fhe pressnce of 3-brane sournce;

";br e = _TJ- f e [ "'rlll'u" "l,'l_le'T i LT ."-'”Iu.!l K |.-‘I_':1!'- 4 i

where we take dilaton coupling A — 0.

B— R 2y _w)
B Z Y Vm
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4D Effective Vacuum Energy

i Classical
Integrate out fields using their EOMs:

| 2 Le
3 peff = T yvim |5 R+ ] Iy
.. IRt )2

=l

Cancellations do not depend on details of the solutions nor on the
fensions!

Expioroions i AED - o 1025
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The Brane

e ch.-*e Hnistein's equdtion in fhe pressnce of 3-biane souncs;

L s —— T /’-1":';1-"—'1"91 {garnetia ¥ M B5¥ V)

where we take dilaton coupling A — 0.

i J'{-__. . j{f\.r"“" . Tt ':'-I:' L — )
' e
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4D Effective Vacuum Energy

i Classical
Integrate out fields using their EOMs:

] = o
1 Peff = f LTV [7 Rz +.. ] + l T
. . |3 ;
= 4]
5 Canceliations do nof depend on defails of the solutions nor on the

tensions!

EpionEors i ALED - o 102
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4D Effective Viacuum Energy

Classical
Integrate out fields using their EOMs:

N o =0
Pefr = rlr_r,r-,..-'_rr;\- I:j 2+ .. ] + Ty
[\4‘: i l

=i

Cancellations do not depend on details of the solutions nor on the
fensions!

Do depend on:
» classical sedling symmetry (4 la Weinberg)
¢ choice for bramne-bullk couplings (. =)

Expiormiiors in A ED - o 1025
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4D Eifective Vacuum Energy |l

Quantum
i.: Casimir energy from integrating out bulk loops with SUSY downito 1/
I-L T b=y Heney, 5 ::—?-l:-i'-lﬁ-r_ ll:I
o Mg e | i 1
1- v — o2 I'E —F _L-Dgl:.”.,i- .:I—I_
-G

If SUSY cancellations are such that — = (1 then vocuum energy is of
correct order o explain Al

— Time-dependent dark energy with a

Albrecht-Skordis dynamical potenticl

Evpioroiiors i A ED - o 11725
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A general class of solufions with:

Agnahaban. Surges. Chna. fRruno

1. Maximal symmetry in 40
2. Axial symmatry in 20
3. At most conical delects

. ]
T — et

A —_..1;_[r-'-l'_"{i'4|'_:_ iF

Ciagep —0. 7 — 1)
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Ao Curnon & Fooe T3

LLF Quevedo. Tesnai & Iowaia "0F

Bir} g 2
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Explicit Solutions

A general class of solufions with: i

Aghababois. Bupes. Cina. frounan. LLF Quervado, Tenaic & Ieraia 05

L 1. Memirnal syrnmetry in 40
: 2. Axial symmetry in 2D

3 3. Al most conical detects

i__ 3 rlr.‘-:-l 2o ) _Ilrl.JL_.ﬂl_'l"h |]IJ"";. + f{]"": I Rir} .u;'l'_-_-l
':. A — Ag(r)Qdis. T — T

. g e | B 1)

Solution has conical defects at » — 0 and r — 7 with deficit angles:

.]:ir(l—é) and 3=i:(1—%]|

wherme o w > 0 ae infegration constants.
Ewpioroiions in S.ED - oo 122
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Negative Tension Branes

Megative deficit angles are also possitble:

Like nanoconss with negotive disclination angles in condensed matter
prysics:

R M
: o o W
. T A
| e

b T‘"T-‘-._.-'-T"'
Trryy w1

ryyr T
Ty ¥

Expioraions in 25D - o 13735
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B Cxplicit Solutions

A general class of solufions with: T

Agnababaoi. Burges. China. Froumonl. TP Quevedo. Teinaic & Ioaia 05

1. Maxirmal symmetry in 4D
2. Axial symmatry in 20
3. A most conical delects

Rir)

da’ — gt Mow dx’ dE dr’ 4-¢ din
A= A (r)Qdis. o — o)

Carnp— I B )

Solution has conical defects at » — 0 and r — 7 with deficit angles:

-]:'Er(l—i_) arnd '?2'3:(1_1.'1

e T

where oo > 0 ae infegration constants.
Expioroions i A ED — p 12535
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| = e T ol -
Negative Tension Branes

Megative deficlt angles are dalso possitle:
|:
. Like nanoconss with negotive disclination angles in condensed matter
pysics:
= :_!f.a
. e A

T-"'TTv'ﬂrT"
""FrT L

Ll & i
Ty ¥
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Sohere Limit

A5 o o the warp factor goes to one — unwarped rugby ball.

I' Dol & Sukon T2
Howrmo T2
i Agreitiois, B, S P & S T

i. 3 ﬁ

Asbothw -+ 1ande - 1 the defict angles go fo zero — classic

sphere-monopole compactification. Supsrsymmetric for monopole in
Il s,

FronciioE-Daenmil, Solar: & Shomies 85

[ CHCET ok S B

Expiorosons in 2ED - o T4ARS
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Topological Consfraints

» Cirac quanization condition:

. kR ] -
v L N

LU 5

i'_- where * are the charges of fields under the monopole background.

Relates tensions and bulk gauge couplings via a topological guantity.

Expionoiions i A.ED - o 15135
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Topological Consirainis

- Cirac quanfizafion condition:

i e

0 farz)t "

where ' are the charges of fields under the monopole background.

Relates tensions and bulk gauge couplings via a topological guarntity.

u » For monopole embeddings in 17 1) at least one of the branas must
A be negalive.

F Canwe describe arbitrary brane tensions with a conical-z &P
solution’?

gk alodeteinn, KSelcHO S (0RO LD

ApFeeEaes e S0 E S alsssln 1L

Epioroiiors in SLED - o 1525
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Stability: Scalar FAuctuations

Before gauge fixing:

. M Minirnal rmodal: {86, 66 . 66 o, 5G oy, 8. 60, 8By, 84,0, 5A.Q }
oy (N Anomaly cancelling matter mulfiplets: {.-E_J;J,T". FATT b}
(I Brane bending modes: {41}

Expioroiions i 25D - pU 1455
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Stability: Scalar Auctuations

Before gauge fixing:

M Minimal model: {665, G . 66 o, 6G oy, 8. 6, 8B, 54,0, 54, 1
(h Anomaly cancelling matter muffiplets: {4.4,77 44T, i3}
(I Brane bending modes: {51 }

Project out (Il with orbifolding.

(N gives rise to:
» massess mode due lo sponfaneously broken global classical scaling
SYMIMmETy.
b masskess mode due to unbroken Kalb-Ramond gauges syrmimetry
» Kaluza-Klein towers of heavy modes with M* =~ 0

Farpam, o B, | el Mnson & Toliey Ta
PAH Her e s & ol i

Expionaiions in 25D - o 14535
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] Dol ST B F 7, oA
2A0Q0INTY: IVIASs cDeCcTTum

i We know from fthe classic sphare-monopole compactificafion thar
n embedding the monopole in a Yang-Mills sector genericdlly leads fo
L frstabilities.,

Prnclinos-Doeimi. Soiam: & Soommdas 34

Expioraiions i 25D - o 17 7235
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Stability: Scalar Fuctuations

Baame goge fixing:

= M Minimal model: {362, 66 . 66 .. Gy, b 60, AB o, 8.4,Q.54,Q)
. () Anomaly cancelling matter mulfiplets: {54,T", 54.T' i}
(I Brane bending modes: {447}

Project out (Il with orbifolding.

(I gives rise to;
» massless mode due lo sponfaneously broken global classical scaling
SYImImeEtTy.
b mMassiess mode due to unbroken Kalb-Ramond gauge syrmimetny
» Kaolura-Kiein towers of heavy modes with M >0

Rrgas, o BN, | ioness, Mason & Tolsy' T8
P R s O R i

Epioroiiorns i ALED - 0 1&2S
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Stability: Mass Specfrum

We know from the classic sphare-monopole compaciicafion that
i embedding the monopole in a Yang-Mills sector generically leads fo
' instabilities.
Roncn -, Sodoem: & Srmes 34
Scalar fluctuations of gouge fields orthogonal to monopole bkgd:
AT =A% V!

Kahza-Klein expansion:

'- VilX) —ZT: i VismnlZ) falr)e""

n—i m— oo

Expioroiions in 2.ED - o 17 f25
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Stability: Mass Specirum

3 We know from the classic sphare-monopole compactification that
embedding the monopole in a Yang-Mills sector generically leads fo

L instabilities.
Pl DT, Sl & Sreies, 34

Scalar fluctuations of gouge fields orthogonal to monopole bkgd:
A=A eV

Kaheza-Klein expansion:

l'rl."l.ljl_i i ll..-nm':.i"lf..li-'jn"m‘:

=il m— o0

1.2 P Rondoos-Dioseml B Solein snon

Linearized dynamics leads to Mass Spectrum:

WE i ’V.l.:f—l —{§:|_|

s 7. |
with P =i — (e — Ncrand ! = S, e+ 1L+ _F"."l +

Expioraiions i1 25D - o 17 125
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Stability: Mass Specitrum Il

1L B Rorcioos-Doceml & Sofekn soan

b Form< - ljwandm < N | /&

M2 = —-%-; min +1) — (r:' - —i-) [mw + (m — N)@] + m{m — N :\.._':}.
D 2

b For—1/wr<m< N4+1/T

_.||,|r'I = —!'l-' {(.rr-i— é)_ - i - (rl -+ i) [u:...:— | e — _1||-|_':-}
T 2 1 2
pFOEN 1o cm< 1w
¥ o { =1 ( 1)' (e — V) ]}
— Ty T — — I = - TR — FTRL — (g
] 2
FForm> —ljeandm >N | 1/w

= i, nin + 1) + (H - %) [ + (m— N )@ + m(m — N L..:I'} :
D 2

era=012. ..

Exploroions i 25D - o 1825
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Stabiiity Condifions

For stability we require 17* = 0

Exact and complete mass specirurm =

¥ stability if:
N =<1

warping and brane defects do not infroduce new instabilities

» with positive tersion branes only, stability #F |1V < 1

Therefore:

¢ if we embed the monopole in an Abelion factor, then the
compactification is stable.

p if we embed the monopole in a non-Abelion factaor, then it is
genarncally unstable.

Expioraions i 25D - o 1925
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Topological Consfrainis

3 Dirac guanfzotion condition:

i ok | =
T .-I'rJ
;M )t

i~

where ' are the charges of fields under the monopole background.

Relates tensions and bulk gauge couplings via a topological guantity.

¢ For monopole embeddings in 17 1]z at least one of the branas must
bE ﬂEgﬂfi‘-“E‘ Hgipik ldsadinn, KSmndilor & 0kl DB

P Conwe describe arbitrary brane tensions with a conical-zEP
solufion’?

A ans (e S0 S & ol (L

Expionoiions 1 25D - o 1535
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Stability Condifions

For stability we require A7* = 0

Exoct and complete mass specirum =
¥ stability if:
V<t
warping and brane defects do not infroduce new instabilities

» with positive tension branes only, stabillity #F (V'] < 1

Therefore:

¢ if we embed the monopole in an Abelion factor, then the
compactification is stabls.

p if we embed the monopole in o non-Abelian factor, then it is
genancally unstable.

Expionoions i AED - o T35
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Stable Models with Positive Tension Branas

For example, consider the anomaly free modesls
Recdll positive fension branes forbid the I7(1 ) & monopole embedding

Then the only stable models are:

» Ez « Fs = U7{1)r with monopole lying in Es
b SU2) « U{1)r and T(3) + 2{5) 4+ 31T
» Any of the drone U 1) models

Epioroions i AED - p O3S
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Anomaly Cancellafion

For special gouge groups and hypeino reps (ne —ny | 244) the
anomalies cancel via a Green-Schwarz mechanism:

(zauge Group Hyparinog Hep
Er x Ee x U{l)r (912, 1)
Erx Gy xU(l)r (56, 14)n
’: Ey x Spl9) x U(l)r (5218},
Eg = Sp(l)a 3251(1.1)
SU(2) = U{1)r. SU2) = ULy, UL} x SpllYrs. | many anomaly
:. SU(2) x Sp(1)py. Sp(1)py. SU{3) = U(T)R cancefling reps
Rk PR d S NS o e e 2(13%)s + 2(56)0
drone (1)'s eg
MoHECE-Thon Ik SO, S & S eSS (85

Auramis. Eehohs & RondhorDasmil 5

AT & R L

AU & Fachioea 0
Enploroiions in 60 - p 725
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Stable Models with Positive Tension Branes

For example, consider the anomaly *free models
Recdll positive fension branes forbid the I7( 1) @ monopole embedding

a, Then the only stable models are:

» Bz = Eg = U7{1) p with monopole lying in Es
b SU2) = U1 e and T(3) + 2(5) 4+ 31(T)
» Any of the drone U1 models

Evpioroiions in ALED - pU0RS
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Siable Models with Positive Tension Branes

For example, consider the anomaly free modsls
Recdll positive fension branes forbid the I7(1 ) & monopole embedding

Then the anly stable models are:

b F7 = Es = I7(1)p with monopole lying in Es
P SU2) < U{1)r and T(3) + 2(5) + 31T
» Any of the drone U 1) models

With monopole in drone U7 1) there 5 no Dirgc Guantization
— sirmpla explictt realzation of self-runmdg’?

Q-0

Expionoiiors i AED - pu 03RS
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=

Negafive Tensions and Stabilify

Megative fensions can relax the stability constraint!
For exarnple;

» Forl = Dand T = 0 stability ifF

V] <14 o

AR
s

. b For T — T < 0 stability i

For example:

A rugby ball with deficit angle 7 < —r stabilizes models with |[V'| < 2.

Expioroiions i 250 - p.2 1735
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Mass Gagps

31 P o Do B Salvio 08

Conical defects give rise to non-corventional behaviour for mass gaps:

Volurme of infernal manifokd:
Va = dm= -

3

._
=

)

Take volume — = by faking - — U and mass gap rermains finike!

v

Same behaviour observed for:
¢ vector uctuations descending from the gauge fislds

» gougino and hyperino fluctuations.

Standard Model! could arise from the bulk in large extra dimensicns.

Expioroiiors i SLED - po XS
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Open Guestions

Classical dynamics: Tovlew, Beayen. ch I & blowma Ty

¢ 4D Landscape and inificl conditions:
» (singular) static solutions with 4D Poincaré, de Sitter or Anti de
Sitter dicings

» (singular and conical) time-dependent solutions with scaling
Eehoviour

¢ Are there flal solufions for arbitrary brane fensions?

¢ Scaling solufions: fost-rolling attractors fo marginagl or unstable
directions?

Quantum dynamics: Fampeas T

» Are the choices required for 4D flat cosmologies stable against

renormalization?

¢ Do bulk confributions fo the vacuum enery cancel down fo M 537

Epioroiiors i BN o 2108
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Cosmology at Colliders!

o a
i LS

Dynamical Dark Energy and': B Mol B Crveck: ‘T8

¢ Deviations from irverse squarne o for grovity of v/ 27 ~ L g
¢ A particular scala-tensor theory of grovity ot large distances

» Potential atrophysical signals (and bounds) due fo energy loss info
exfra dimensions by stars and supemovae,

» Distinctive missing energy signalks at the LHC due to emission of
parficles into the exira dimensions

Predictions at the bounds of experiments in gravity, cosmology.
asfrophysics and accelerators!

Expioroiiors in S50 - pu s
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Conclusions

¢ Supersyrmmmetric Large Bxdra Dimensions may provide a technically
natural sohufion fo the cosmological constant problem:

» change gravity af the scale of A
» SUSY helps in non-corventional woay

» H0 supergravty provides a laborafory inwhich to explore these
ideas and codimension fwo branes in general

¢ Self-tuning solutions are stable only in a few special models: drone
'(1)’s...
» Explicit calculations reveal surprising dynamics for 60 brane worlds:
» negative tension branes can relax stability constraints
» conical defects allow a large mass gap for large volume
compoctifications
» Several open guestions. ..
¢ Many and diverse predictions within reach of upcoming
SXpETImants

Expionoiiors in ALED - puXSI0S
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= - Kl I e GE, 2 -
40 Effective Vacuum Ener gy Il

Suantum

Casimir energy from infegratfing out bulk loops with SUSY downi to 1/
R & | v 05
FHency=g Hooeey, Sapgem & Sueseadn Th

: e .L.'r"l i oy 3
£ ol T, % L] ol i) = | —
. ¥irl—ma by ILog (Mg =) + ¢}

If SUSY cancellations are such that « = i then vocuum energy is of
correct order o explain Al

— Time-dependent dark energy with a

Albrecht-Skordis dynarmical potential

Epionoiiors i AED - o 1125
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Anomaly Cancellation

For special gauge groups and hypenno reps (ny —ny | 244) the
anomalies cancel via a Green-Schwarz mechansm:

SUT2) = Sp(1)ry . Sp(1) gy, SU(3) = U(1)R
many models with
drone LKI's eq

Ew L I'l]'l_, “ L' 1R

zauge Group Hyparino Hep
Er = Es x U{l)r (912, 1)

Er = Gz xU(1)r (56, Id)n

Fy = 5p(0) = U{l)gr (562 18)g

Ee = Sp(l)a 325(1.1)

SU(2) = U{1)r. SU2) = ULy . UL} x Sp{lYrs. | many anomaly

cancefing reps

2{133)p + 2(56)n

I
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