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INTRODUCTION: COSMIC RAY ANOMALIES

e PAMELA found rising positron fraction #;)() in energy range
10-100 GeV
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INTRODUCTION: COSMIC RAY ANOMALIES

e PAMELA found rising positron fraction W in energy range
10-100 GeV

e FERMI and HESS saw excess (over expected background) in
et + e~ flux in range 100-~1000 GeV
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INTRODUCTION: SECLUDED DARK MATTER

Are these signals due to annihilating dark matter?
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O(100 — 1000) larger than cross section for right relic abundance

B. VON HARLING (MELBOURNE U.) A WARPED MODEL OF DARK MATTER PACIFIC 2011



INTRODUCTION: SECLUDED DARK MATTER

Are these signals due to annihilating dark matter?

Challenge for model builders:
e PAMELA saw no excess in antiproton flux

e Annihilation cross section to explain cosmic ray signals is
O(100 — 1000) larger than cross section for right relic abundance

ARKANI-HAMED,FINKBEINER,SLATYER,WEINER: Ok if annihilation is
via boson with GeV mass

B. VON HARLING (MELBOURNE U.) A WARPED MODEL OF DARK MATTER PACIFIC 2011



INTRODUCTION: SECLUDED DARK MATTER

Are these signals due to annihilating dark matter?

Challenge for model builders:
o PAMELA saw no excess in antiproton flux
e Annihilation cross section to explain cosmic ray signals is
O(100 — 1000) larger than cross section for right relic abundance

ARKANI-HAMED, FINKBEINER,SLATYER,WEINER: Ok if annihilation is
via boson with GeV mass
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OUTLINE OF THE TALK

0 GEV GAUGE BOSONS FROM WARPED SPACE
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0 GEV GAUGE BOSONS FROM WARPED SPACE
9 MIXING WITH STANDARD MODEL PHOTON

© DARK MATTER
e Dark matter on the IR brane
e Dark Matter in the bulk
e Gauge couplings

@ CoNCLUSIONS
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GEV GAUGE BOSONS FROM WARPED SPACE

Where does the GeV scale come from?

B. VON HARLING (MELBOURNE U.) A WARPED MODEL OF DARK MATTER PACIFIC 2011 5/15



GEV GAUGE BOSONS FROM WARPED SPACE

Where does the GeV scale come from?
@ SUSY (KATZ & SUNDRUM; MORISSEY, POLAND & ZUREK; ...)

B. VON HARLING (MELBOURNE U.) A WARPED MODEL OF DARK MATTER PACIFIC 2011 5/15



GEV GAUGE BOSONS FROM WARPED SPACE

Where does the GeV scale come from?
@ SUSY (KATZ & SUNDRUM; MORISSEY, POLAND & ZUREK; ...)
o We use: warped extra dimension (see also McDONALD & MORISSEY)

B. VON HARLING (MELBOURNE U.) A WARPED MODEL OF DARK MATTER PACIFIC 2011 5/15



GEV GAUGE BOSONS FROM WARPED SPACE

Where does the GeV scale come from?
@ SUSY (KATZ & SUNDRUM; MORISSEY, POLAND & ZUREK; ...)
e We use: warped extra dimension (see also MCDONALD & MORISSEY)

ds? = e~2K (n,, dx*adx”) + dy?

Planck brane TeV brane
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GEV GAUGE BOSONS FROM WARPED SPACE

Where does the GeV scale come from?
@ SUSY (KATZ & SUNDRUM; MORISSEY, POLAND & ZUREK; ...)
e We use: warped extra dimension (see also MCDONALD & MORISSEY)

Idea:
e Localize U(1) gauge boson towards TeV brane

localized massless mode
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GEV GAUGE BOSONS FROM WARPED SPACE

Where does the GeV scale come from?
@ SUSY (KATZ & SUNDRUM; MORISSEY, POLAND & ZUREK; ...)
e We use: warped extra dimension (see also MCDONALD & MORISSEY)

Idea:
e Localize U(1) gauge boson towards TeV brane
e Break symmetry on Planck brane

light mode
break U(1)’ AV
\,}
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HOw TO LOCALIZE GAUGE BOSONS?

e Consider following action for U(1)’ gauge field:

S(A) — /d5x\@ [_l e—2¢ FA/INF/MN]
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HOw TO LOCALIZE GAUGE BOSONS?

e Consider following action for U(1)’ gauge field:

s = [ v

1
e F I_-/MN]

e Assume ¢ in coupling 1as y-dependent vev: (¢)(y) # 0.
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HOw TO LOCALIZE GAUGE BOSONS?

e Consider following action for U(1)’ gauge field:

e Assume ¢ in coupling 1as y-dependent vev: (¢)(y) # 0.
o Massless KK mode has constant profile, f(O)(y) = N(©:
2 1
(A') (0)y2 —2(¢ 4y 1(0) £/(0) v
= S 5 ((NO®)2 [dye 2 /d [ 2Fw'F ]
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HOw TO LOCALIZE GAUGE BOSONS?

e Consider following action for U(1)’ gauge field:

s = [ v

1
e F I_-/MN]

e Assume ¢ in coupling 1as y-dependent vev: (¢)(y) # 0.
o Massless KK mode has constant profile, f(O)(y) = N(©:

S S 5 (NO) [ gy e20) / d*x [—lFL(VO)F’(O)””]

e Normalization factor :>/effective profile of massless mode is

TO(y) oc e
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HOw TO LOCALIZE GAUGE BOSONS?

e Consider following action for U(1)’ gauge field:

s = [ v

1
e F I_-/MN]

e Assume ¢ in coupling 1as y-dependent vev: (¢)(y) # 0.
o Massless KK mode has constant profile, f(O)(y) = N(©:

S S 5 (NO) [ gy e20) / d*x [—lFL(VO)F’(O)””]

e Normalization factor :>/effective profile of massless mode is
TO(y) oc e

e Depending on (¢)(y) can be localized anywhere in 5th dim.
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HOw TO LOCALIZE GAUGE BOSONS?

Easy to analyse: (#) =a— bky

AMewM A) 5 2o 1 o 5 \?
S /d —ZFMV—ée 7 (9,A4)

—%e*ky (b? — 2b) K2A2 — e 2H bk A2 (5(y) — oy — L))]
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An= e (@ A, ) /d5 [_4,__51/_ %e_zky (ayz\#)z
—%e*ky (b? — 2b) K2A2 — e 2H bk A2 (5(y) — oy — L))]

— ’standard’ gauge field in RS but with bulk and boundary masses
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HOw TO LOCALIZE GAUGE BOSONS?

Easy to analyse: (#) =a— bky

A= AN NGO 5 2 1 ok (43 )?
S / oBx —ZFW -5 (9,A,)
1 B ~
—5€ 2K (b7 — 2b) K2A2 — €72M bk A2 (5(y) — Oy — L))]
— ’standard’ gauge field in RS but with bulk and boundary masses

= KK decomposition straightforward (as usual using Bessel functs.)
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HOw TO LOCALIZE GAUGE BOSONS?

Easy to analyse: (#) =a— bky

Au= o A g 5y 2 1 o 5 )2
A g /d [—4FW—2e y (ayAu)

1 B ~

—5€ 2K (b7 — 2b) K2A2 — €72M bk A2 (5(y) — Oy — L))]
— ’standard’ gauge field in RS but with bulk and boundary masses
= KK decomposition straightforward (as usual using Bessel functs.)
= As expected, there is massless mode with wavefunction

A(O)(y) x e_(¢> x e_bky

B. VON HARLING (MELBOURNE U.) A WARPED MODEL OF DARK MATTER PACIFIC 2011 7115



HOw TO LOCALIZE GAUGE BOSONS?

Now break U(1)" at UV brane by imposing Dirichlet boundary condition.
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HOw TO LOCALIZE GAUGE BOSONS?

Now break U(1)" at UV brane by imposing Dirichlet boundary condition.
From boundary conditions, we obtain mass quantization condition:

(1) _ Jo-1(®)
Yo(rey)  Yo1(%)
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HOw TO LOCALIZE GAUGE BOSONS?

Now break U(1)" at UV brane by imposing Dirichlet boundary condition.
From boundary conditions, we obtain mass quantization condition:

(1) _ Jo-1(®)
Yo(rey)  Yo1(%)

Expanding for m, <« TeV, we find exponentially light mode with mass

(b-1)
my ~ <Tek\/> TeV
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HOw TO LOCALIZE GAUGE BOSONS?

Now break U(1)" at UV brane by imposing Dirichlet boundary condition.
From boundary conditions, we obtain mass quantization condition:

(1) _ Jo-1(®)
Yo(rey)  Yo1(%)

Expanding for m, <« TeV, we find exponentially light mode with mass

(b-1)
my = <Tek\/> TeV

= For k =108 GeV, b = 1.2 (fO(y) « e'2¥) leads to m, ~ GeV. ]
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MIXING WITH STANDARD MODEL PHOTON

e Kinetic mixing due to heavy states charged under U(1)y and U(1)’
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MIXING WITH STANDARD MODEL PHOTON

e Kinetic mixing due to heavy states charged under U(1)y and U(1)’
e Prefactor of gauge kinetic term ~ inverse gauge coupling-squared
= position-dependent gauge coupling «x &'¢)
= simplest to have heavy states localized at IR brane
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MIXING WITH STANDARD MODEL PHOTON

e Kinetic mixing due to heavy states charged under U(1)y and U(1)’

e Prefactor of gauge kinetic term ~ inverse gauge coupling-squared
= position-dependent gauge coupling «x &'?)
= simplest to have heavy states localized at IR brane

U(1)y gauge boson

Planck brane / TeV brane

N

kKinetic mixing
U(1)’ gauge boson
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MIXING WITH STANDARD MODEL PHOTON

e Action for U(1)y- and U(1)’-gauge bosons including mixing term:

/ d°xv/—g [—162¢F,’\,,NF’MN — %FMNFMN — LCFLFrs(y — L) ]
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e Mixing term mixes KK modes of Ay and A),. Diagonalize action
via suitable KK ansatz, mixing term leads to particular boundary
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MIXING WITH STANDARD MODEL PHOTON

e Action for U(1)y- and U(1)’-gauge bosons including mixing term:

/ d°xv/—g [—132¢F,’\,,NF’MN — %FMNFMN — LCFLFrs(y — L) ]

e Mixing term mixes KK modes of Ay and A),. Diagonalize action
via suitable KK ansatz, mixing term leads to particular boundary
condition

o For {(#) x¥ KK spectrum etc. straightforward to determine. For
weak mixing ¢ < 1 find:

B. VON HARLING (MELBOURNE U.) A WARPED MODEL OF DARK MATTER PACIFIC 2011 10/15



MIXING WITH STANDARD MODEL PHOTON

e Action for U(1)y- and U(1)’-gauge bosons including mixing term:

/ d°xv/—g [—132¢F,’\,,NF’MN — %FMNFMN — LCFLFrs(y — L) ]
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» Spectrum contains mode with mass < TeV (for suitable (¢) and
broken U(1)" at UV brane) as well as massless mode
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condition

o For (#) <y KK spectrum etc. straightforward to determine. For
weak mixing ¢ < 1 find:

» Spectrum contains mode with mass < TeV (for suitable (¢) and
broken U(1)" at UV brane) as well as massless mode
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MIXING WITH STANDARD MODEL PHOTON

e Action for U(1)y- and U(1)’-gauge bosons including mixing term:

[ xva e R G RSy )|

e Mixing term mixes KK modes of Ay, and Aj,. Diagonalize action
via suitable KK ansatz, mixing term leads to particular boundary
condition

o For (#) <y KK spectrum etc. straightforward to determine. For
weak mixing ¢ < 1 find:

» Spectrum contains mode with mass < TeV (for suitable (¢) and
broken U(1)" at UV brane) as well as massless mode

» Light mode and corresponding KK mode tower couple suppressed
by ¢ to U(1)y current but unsuppressed to U(1)’ current

» Massless mode and corresponding KK mode tower couple with
opposite behaviour
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DARK MATTER ON THE IR BRANE

e Simplest: Fermion with TeV mass localized on TeV brane, charged
under U(1)’ but neutral under SM gauge group
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DARK MATTER ON THE IR BRANE

e Simplest: Fermion with TeV mass localized on TeV brane, charged
under U(1)’ but neutral under SM gauge group

e Fermion stable by virtue of a global U(1)
e Annihilation cross section (to U(1)’ gauge bosons which then
decay to SM) during freeze-out:

2
adark

TeV?

= Right relic abundance to be dark matter due to WIMP miracle

(U V> freeze ™~
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under U(1)’ but neutral under SM gauge group

e Fermion stable by virtue of a global U(1)
e Annihilation cross section (to U(1)’ gauge bosons which then
decay to SM) during freeze-out:

2
adark

TeV?
= Right relic abundance to be dark matter due to WIMP miracle

o Direct detection experiments: Kinetic mixing has to be suppressed
by ¢ <1076 -10-8

(U V> freeze ™~
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DARK MATTER ON THE IR BRANE

e Simplest: Fermion with TeV mass localized on TeV brane, charged
under U(1)’ but neutral under SM gauge group

e Fermion stable by virtue of a global U(1)
e Annihilation cross section (to U(1)’ gauge bosons which then
decay to SM) during freeze-out:

2
adark

TeV?
= Right relic abundance to be dark matter due to WIMP miracle

o Direct detection experiments: Kinetic mixing has to be suppressed
by ¢ <1076 -10-8

e But if dark matter is split into Majorana fermions with different
mass, constraints are relaxed

(U V> freeze ™~
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HOW TO GENERATE MASS SPLIT FOR DARK MATTER?

In 4d: Consider massive Dirac fermion x = (x., xg)" with small
Majorana mass. Mass matrix for y; and XL,:

1/ Mua.  Mpirac
2 \ Mprac  MMa..

> = Meigenv. = TMDirac + M\iau.

= For mya,. < Mprac get small mass spilit.
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In 4d: Consider massive Dirac fermion x = (x., xg)" with small
Majorana mass. Mass matrix for y; and XL,:

1< MMay. Mbirac
2 \ Mprac  MMa..

> = Meigenv. = TMDirac + M\iau.

= For mya,. < Mprac get small mass spilit.
In 5d: Consider massive bulk fermion with Majorana mass at UV brane:
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HOW TO GENERATE MASS SPLIT FOR DARK MATTER?

In 4d: Consider massive Dirac fermion x = (x., xg)" with small
Majorana mass. Mass matrix for y; and XI?:

1 Myay.  MDiRAc
2 \ Mpirac MM

) = Meigenv. = TMpirac + MMay.

= For mya,. < mMprac get small mass split.
In 5d: Consider massive bulk fermion with Majorana mass at UV brane:

zero-mode  light KK mode

_——//

Majorana mass
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DARK MATTER IN THE BULK

e Lagrangian for bulk dark matter fermion:

i/_ = _ L ) a  _
L=— [2 <XFMDMX — DMXFMX> +ic' kxx + Ié(y)E (xCx + h.C.)]
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DARK MATTER IN THE BULK

e Lagrangian for bulk dark matter fermion:
i (_m = _ M o . d .
L=— > (Xr Dyrx — Dyxl X) +ic’kxx + 15(}/)? (X“x +h.c.)

e Modified boundary condition at UV brane due to Majorana mass.
Resulting mass quantization condition (k4 = ¢/ +1/2):
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DARK MATTER IN THE BULK

e Lagrangian for bulk dark matter fermion:

i/_ = _ L ) a  _
L=— [2 <XFMDMX — DMXFMX> +ic' kxx + Ié(y)E (xCx + h.C.)]

e Modified boundary condition at UV brane due to Majorana mass.
Resulting mass quantization condition (k4 = ¢/ +1/2):
o () _ e () F G e ()
Ve (/) Yo () F 5 Ve ()

e Solving for my, finds that Dirac KK modes are split into Majorana
states with mass split
mn 2c’/
i~ (%)

k
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GAUGE COUPLINGS

e Coupling of gauge boson KK modes A'(" to Majorana KK modes
x(" given by

55 [[ax (3 g x50

r,s,4

B. VON HARLING (MELBOURNE U.) A WARPED MODEL OF DARK MATTER PACIFIC 2011 14/15



GAUGE COUPLINGS

e Coupling of gauge boson KK modes A'(" to Majorana KK modes
x(" given by

r,s,4

s> [dx (z grse X0 5 ALY w)
e Gauge couplings grs¢ given by overlap integral:

Grst = b / dy &= ({04950 — {0150 ) .
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GAUGE COUPLINGS

e Coupling of gauge boson KK modes A'(" to Majorana KK modes
x(" given by

r,s,4

s> [dx (z grse X0 5 ALY w)
e Gauge couplings grs¢ given by overlap integral:

Grst = b / dy &= ({04950 — {0150 ) .

e In particular, for coupling to GeV state find:

g 94 split states
0~ / .
® gy (M) otherwise,
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CONCLUSIONS

e Dark matter explanation of the PAMELA/FERMI/HESS anomalies
possible if dark matter annihilates via O(GeV) gauge boson
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e In warped extra dimension, GeV mass by localizing U(1)’ gauge
boson away from Planck brane and then breaking U(1)" at Planck
brane
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possible if dark matter annihilates via O(GeV) gauge boson

e In warped extra dimension, GeV mass by localizing U(1)’ gauge
boson away from Planck brane and then breaking U(1)" at Planck
brane

o Gauge boson can be localized if kinetic term has form e=2(?) F/2,
with y-dependent vev (¢)
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CONCLUSIONS

e Dark matter explanation of the PAMELA/FERMI/HESS anomalies
possible if dark matter annihilates via O(GeV) gauge boson

e In warped extra dimension, GeV mass by localizing U(1)’ gauge
boson away from Planck brane and then breaking U(1)" at Planck
brane

o Gauge boson can be localized if kinetic term has form e=2(¢) Fja,
with y-dependent vev (¢)

e Case (¢) x y easy to analyze. Checked also presence of light
mode for case (¢) x e~4. Showed how to obtain such vev.
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CONCLUSIONS

e Dark matter explanation of the PAMELA/FERMI/HESS anomalies
possible if dark matter annihilates via O(GeV) gauge boson

e In warped extra dimension, GeV mass by localizing U(1)’ gauge
boson away from Planck brane and then breaking U(1)" at Planck
brane

o Gauge boson can be localized if kinetic term has form e2(?) Ff2,
with y-dependent vev (¢)

e Case (¢) x y easy to analyze. Checked also presence of light
mode for case (¢) x e~4. Showed how to obtain such vev.

e Small mass split for dark matter for bulk fermion with Majorana
mass term on UV brane (useful to avoid direct detection
constraints and to reconcile DAMA with other experiments via
inelastic dark matter scenario)
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