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@ Review Underlying math & physics for
<K—DM

@ Rcport the current status of KK—DM
after LHC7& LLHGCS

@ rossible extensions of KK DM model
E specidlly with bulk mass and BLKTSsS




SOME LATEST

REFERENCES

1. UED an effective theory of RS
C, Csaki, J. Heinonen, J. Hubisz, SCP, J.Shu JHEPO1(2011)089

2. updated experimental status after LHC7/LHCS8
G.-Y. Huang, K. Kong, SCP, JHEP06(2012)099

3. effects of boundary terms
T. Flacke, K.C.Kong, SCP (coming soon)

see Tom’s talk on Thursday



THE PROPERTIES OF
DM TELLS US ABOUT
SOME PROPERTIES OF
NEW PHYSICS



DM IS
HEAVY

sm on o MOST PROBAEBLY

|L_ee—Weinberg, PRL 1977]



DM IS
S>TABLE

IF NOT, LONG LIVED >>13.7BYR

for unstable DM, see e.g. Jongchul’s talk on Friday
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mnp ~ TeV Zo, Symmetric
‘WIMP miracle’
\§ J
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Zs

@ . symmetry can be useful for building
d model of dark matter ..

@ ..bccause the lightest Z, odd particle is
automatically stablel

@ R parity in MSSM, T—parity in Little
Higgs and KK—parity in extra dimension
models ...



UNDERLYING MATH

“no odd function can be decomposed |
into a finite number of even functions™ |

| PHYSICAL CONSEQUENCE

“The lightest odd —particle cannot
decay into even—particles thus Is
stable”



THE PROPERTIES OF
DM TELLS US ABOUT
SOME PROPERTIES OF
EXTRA DIMENSIONS



FERMI, PAMELA FIT BY UED

[Chen, Nojiri, SCP, Shu 2009]
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A TOY MODEL

@ The spacetimeis 5D

@ The 5th dimension is a flat interval [—L, L] or an
orbifold S'/Z,

@® 2. symmetric about the middie point (x5=0)

@ A 5D field is Fourier decomposed into cosine
and sine functions.

QL /Tev

@ I the lightest sine mode is neutral, it can be a
candidate of KKDM!
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MINIMAL VUED

@ he spacetimeis 5D

@ he 5t dimension is a flat interval [—L, L] or an
orbifold S'/Z, .

@ 2. symmetric about the middie point (xs=0)
@ L 1/Tev

@ 4 the SM fields are in 5D (Universal) and they are
Fourier decomposed by cosine and sine functions.

@® Thelightest sine mode (LLKP) is By, it is a
candidate of KKDM!



IN GENERAL..

In  ‘symmetric’ extra dimension, we can
Immediately find d good geometric Zz symmetry:
the reflection about the middle point:

KK-PARITY



IN symmetric space, the KK—basis functions are
even or odd under the reflection about the middle
point .

fly)=(enly).on(y))

It flat {cos(nnzs/L),sin(nrxs/L)}



There always exists the lightest
odd state, which is automatically
stablel
£(y)=(fnly))=(en(y).only)).

O, IS stablel



LESS@N..

O+ (the LKP) in any symmetric extra

dimension can be a good

DM candidate, KK

DM



Q. HOW TO
CONSTRUCT A
SYMMETRIC

SPACE?




P1Y
:SYMMETRIC SPACE




(EX)TWO THROATS RS

RS

IR Uv IR






7T -RS
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hierarchy in terms of geometry ~

22



7T -RS

@ provides a possible understanding of the big
hierarchy in terms of geometry ~

@ aiso provides an interesting (best to date?)
framework to understand the flavor
structure of the SM ~

22



7T -RS

@ provides a possible understanding of the big
hierarchy in terms of geometry ~

@ aiso provides an interesting (best to date?)
framework to understand the flavor
structure of the SM ~

@ LKP dark matter ~KK—parity

22



7T -RS

@ provides a possible understanding of the big
hierarchy in terms of geometry ~

@ aiso provides an interesting (best to date?)
framework to understand the flavor
structure of the SM ~

@ LKP dark matter ~KK—parity

@ theoretically profound (AdS/CFT) and
phenomenologically rich

22
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@ e | HCis limited so that the LHC may not
be able to probe the full RS geometry but only
the vicinity of the IR boundary.
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@ e | HCis limited so that the LHC may not
be able to probe the full RS geometry but only
the vicinity of the IR boundary.

@ Thus, for the purpose of the LLHC, we only
need

@ Mecar the IR boundary, the AdS curvature is
highly red— shifted.

@ tErrectively, the LHC may only see flat’
geometry rather than the
curved ~AdS  geometry .

23



EFFECTIVELY RS
LOOKS LIKE YED!

RS ~=LUIED

.’—-//\

——— T——

Csaki, Heinonen, Hubisz, SCP, Shu, JHEP 1101 (201 1) 089
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SCHEMATIC FORM OF THE
GENERAL VED LAGRANGIAN

5D Lorentz invariant
Gauge covariant Kinetic terms + Mass terms

|

v
S:fdyd4:1:£5+5(y—L)CL—1—6(y—|—L)£_L

Flat geometry \ /

4D Lorentz invariant

assumed BLKT
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SCHEMATIC FORM OF THE
GENERAL VED LAGRANGIAN

5D Lorentz invariant
Gauge covariant Kinetic terms + MaSS terms

| ‘minimal UED’

v
S:/dyd4:z:£5—l—5

Flat geometry \ /

4D Lorentz invariant

assumed BLKT
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5D LORENTZ INVARIANT
TERMS IN THE BULK

£
S5 = /d4m/ dy [Ly + Ly + Ly + Lyyx ,
o

G,W,B
1

Lyrie= Z —Z.AMN - AMN
A
QU,D,L.E o3
Ly = Z iW Dy ITMY — My UU
)

Ly = (DyH)' DMH - V(H),
V(H) = —pg|H|* + Xs|H|?,
Lyw = \LHE + )2QHD + M\ QHD +h.c.,

26



iD LORENT Z INVARIANT
TERMS ON BDYS

L
Sl i / d'z / dy (Cov +Low + Lon + Lovu) 6y — L) +8(u -+ L),

GW.,B

TA
Lav — Z —IAMV ] Al“/’
A
Q.L U.D.E
Loy = ZZ‘T‘IJL‘IJLDM’T“’QL -+ Z ’iT\pR\IfRDu’)’“\IIR,
vy Vg

Lon =t (D H) DFH + ryp2|H? — rads|H|*,
Loyuk = Txe Al LHE + r\oA’QHD +ry,uvAYQHD + h.c..
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MODEL
PARAMETERS

e 1/R ~geometrical data

e \I's: 5D Dirac masses for
fermions : O0in mUED

e r's~the strength of BLTs relative to
the SM ones: O In mUED
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LOWER BOUNDS

@/

ON 1/R ser

IN MUED)

R > 600 GeV (flavor physics .. loose

bound due to MFV type + KK—parity )

®

@/

R > 750 (300) GeV (EW

Mpiggs—115 (750)GeV )

29

R > 700 GeV (LHC7+1L_HCS8)

PT for




UPPER EOUND ON

1/ R (ALLOWING MASS DEEORM)

f 33 o f
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(m"'l + M 3

30



UPPER EOUND ON

1/ R (ALLOWING MASS DEEORM)

f 33 o f

%‘
o

Otreel = @ + bv? + O ('v4)

fa=) —1"*n ( Wt RS / T— :
I 5 9 (m3, +m3,,) ] —smaller cross section
5 4#0%1\'Cm31 4 11m? +14m?m% — 13m4 _T’ .
(Yf,_ i} =larger Relic abundance
sy L + Lo, 7, ‘13’"‘}:-1) 1 =set Tupperbound” on

o (mi4mp ) ) §
W a4 K —seqle

=),

f
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UPPER BOUND ON 1t/R
SET BY DM RELIC ABUNDANCE

(SET llll:glo MUED +ALLOWING TUNING IN KK-MASS)
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' .
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o
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L AR=20 WM:AP

120 111[111'1'11]11111
400 600 800 1000 1200 1400 1600 180(

R (Gev)
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UPPER BOUND ON 1t/R
SET BY DM RELIC ABUNDANCE

(SET llll:glo MUED +ALLOWING TUNING IN KK-MASS)
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.
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R " (GeV)
upper bound

w/ o fine—tuning
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UPPER BOUND ON 1t/R
SET BY DM RELIC ABUNDANCE

(SET llll:glo MUED +ALLOWING TUNING IN KK-MASS)

280
260

240

160

140 |-
L AR=20

120

220

F  wio FS level 2

.
l'l'llllllll

o"'
-
-
-
2%
-

WMAP

uppe
w/ o fine—tuning

31
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UPPER BOUND ON 1t/R
SET BY DM RELIC ABUNDANCE

(SET IMI;IJIO MUED +ALLOWING TUNING IN KK-MASS)

280

260

240
SN >

Pl o Ol e
§ LH C7 4 .v""“o'f'_ 5
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w/ o fine—tuning
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REQUIRED LEVEL OF FINE-
TUNING FOR COANNIHILATION

ITII]ITTTIIIII]ITTT]TTIIrlIIT]TTII]II1TITITT]ITII

0.175

0.15

0.125

QK

01

0.075

0.05

0.025

0
0 0005 001 0015 002 0025 003 0035 002 0045 005

Fine tuned %~
A, = (me}2 - mBl) /mp,

32

== Mass splitting

¥ less tuned
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THERE ARE TWO MORE
SETS OF PARAMETERS
IN GENERAL VED

@® Bulk masses for fermions : Dim—4
operators

@ Boundary localized mass & kinetic
terms : Dim—5 operators

33



A VECTOR LIKE MAGS

S = — / d?il?Mq;@qf

the Dirac mass term is generically allowed

My x pué(y)
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15 (18) BULK
MASSES




15 (18) BULK
MASSES

Mgy, Mq,, Mg,

ML3 3 MLza ML1
Meg: M€27 Mel



15 (18) BULK
MASSES

MQ3=MQ2:MQ1




15 (18) BULK
MASSES

Mgqs, Mg,, Mq,

My =M

Mrpy, Mp,, My, (simpler)
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15 (18) BULK
MASSES

MQ3>MQ2=MQ1

Mq

(MFV)
My =M

Mrpy, Mp,, My, (simpler)
Meyy Me,, Me, ML — O(mUED)
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WAVE FUNCTIONS FOR FERMION
f%/L(y) ~eT S ims W)y f?z/L(y) — NR/Le%EuIyI

My (y)= py tanhmy

—py  ify<0

2% pwsgn(y) =
+pg ify>0"

KK—padrity
conserved!

(bonus)
| Room for
g ~|Flavor physics

=1.0 -0.5 0.0 0.5 1.0
y/L

“split-UED”
SCP, Shu Phys.Rev. D79 (2009) 091702
36



‘RUNNING” COUPLING
CONSTANT

Imin — / dywm (y)wﬁ (y) (y)

- QSang(mxpL)

T — ‘
1=0, MUED limit N S

1.0

o
on

/gsM
L
= ¢

E8 0.0 k
=47 I
& .
I o i

2n
F 00

; ‘, 0—0—(2n) couplings
i § can be sizable! |

L 1 i 1 1 1 1 b
6 8 10 “ ik SR i W I N A L N = S P e Y ) e NP = I ... k

-1.5—

L
Kong, Park, Rizzo THEP 1004 (2010) 081
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‘RUNNING”
KK-MASS

4 - -
o !
=1
e IR I e e Sy R s v 3 R
i n 2
o - -.. ..................................... 2
(b)
O | 1 P | 1
—4 -2 0 2 4

Kong, Park, Rizzo JHEP 1004 (2010) 081
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‘RUNNING”

4 — —
Dd‘: i
v Y 0L 8 ST a SO 4, Tk TR oSSt o A
! n 3 /
2 |- -..- ....................................... -
| /n=1
(b) .
o | ey 1 1 | |
—4 /—2 0 2 4
the domain wall fermion e Kong, Park, Rizzo JHEP 1004 (2010) 081

(an origin of 4™ generation)

Kong, Park, Rizzo JHEP 1007 (2010) 059 -



Q. WHAT IS THE
MOST PREFERRED
PARAMETER SPACE

FOR
(1/R, M)?
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THEORETICALLY

@® Natural” choice is M~1/R (the only
scale in the theory)
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THEORETICALLY

@® Natural” choice is M~1/R (the only
scale in the theory)

@ ANy value of M below cutoff scale is
dllowed,

40
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EXPERIMENTALLY

@ /R>TeV. theory decouples (hard to
get tested ..)
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EXPERIMENTALLY

@ /R>TeV. theory decouples (hard to
get tested ..)

@1/ R~TeV, theory can get constrained
by EWPD(S,T,U)., 4Fermi, g—2, LLHC,
Dark matter..

4]



S, T.Y

MUED Appelquist-Yee (2001)

% 2 m? g° 1 mi :

' SuED = == | famy? \ 9 2= (w/R)? ) * 242 (617?) @)

1| 3¢ m: [2 m? g® sin? Oy 5 m?
Tuep a [2(4%)2 m%tv (§ En: (n/Itz)Q) * (47)2 cos? Oy (_ﬁl/_;%) CQ)]
-4 sin? Oy [ g2 sin? 9W m%v 1
oosn = 2 [ e (560~ Tsapc)] |
KK H1ggs., W, Z

Note

1. other loops with KK fermions are negligible (fermion mass suppression)
2. the Riemann zeta functions are from infinite sum over KK—tower.

3. For Mh=120 GeV. 1/R>700 GeV at 95% CL_.
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KK-NUMBER
VIOLATING
CONTRIBYTION

gOOZn
0Gr =
" f Z m2, + (2n/R)?

m? m
L3 f \ f
for fermion KK—tower E (TI,/R) En: ,UJ2 4+ k?z -+ m?

Ssu,u — SL ED;

y 160G
¥ Tsurep = 1TueDp — ——f
4 (8 Gp

4sin? Oy 6G g
t Usuep = Uyep + ]
, a G}«‘ &

Carena et.al. (2003), Flacke,Pasold (2012), Huang, Kong, Park (2012)
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COLLIDER
BOUNDS

® crember (0—0—2n) is allowed and can be
sizable at tree—level in general

@ ot degenerate mass spectrum..depends
on the details..

@ The existence of the 2"° Gauge boson
Resonances iIs characteristic featurel

* pp — Wo > I MET

* pp —> Zo— 1, jj

44



Huang, Kong, Park (2012)

1.00 20 T T T T T 200 A | = T T T
i \
Ly = 1.08 fb™* for e’e” ALLAS ook ' '/\_
0.50f Ly = 1.21 b~ for p*u” ‘ 100K & :
4 '~_.l \ :
50 > o
0.20 - \-\ 1
’g 0.10 é 20 -~ O .\'\
o = & .
o &

0.06 10 2
. sl 1.04 71N N
0.02} uL=0.208\ 2, < ERPEINAG e, ooy
(a) \ @ (c) \, CMS. (1.03¢1.13) fb~".
o‘ol....l.-.‘l---.l....\ ..... | NP 2l 1 R | .‘\ a—l 1
1 1250 1500 1750 2000 2250 2500 750 1000 1250 1500 1750 2000

My (GeV)
Figure 5. Bounds on KK resonances in dijet (jj in (a)), dilepton (¢£ in (b)), and lepton plus missing

momentum (Yv in (c)) channels. Curves with dots represent the 95% C.L. upper limit on signal cross
sections.
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THE 15T OFFICIAL LHC BOUND ON

SPLIT-UED BY CMS

—A —a

o-BR(W'— e/ p +v) [fb]

<L

o(.\)

2

95% Observed Limit (Electron)

95% Observed Limit (Muon)

95% Observed (Combined)

95% Expected (Combined)

Theoretical Cross Section SSM W' with K-factor
Theoretical Cross Section SSM W' without K-factor
Theoretical Cross Section for W, (x = 10 TeV)
Theoretical Cross Section for W, (1 = 0.05 TeV)

: I l 1 i )

CMS ¢
Vs=7TeV 4

fLut-s.om“

S — — — —

1 l Rl | L 1 A 1 I

1000

1500 2000 2500 3000

W' mass [GeV]

;‘10: l T T]I ]:
|O_J _ CMS Electron E
';" Vs=7TeV channel 3
f Ldt=501b" ]

[7] Muon '
1H CMS collaboration (2012) - — chann?l =
Comblned'
channels |
Excluded -
107"} rj =
| | | I i 1 1 | | l ! 1 1 I 1 v 1 I | ‘ | 2

0 0.5 1 15 2
1/R [TeV
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FOR UNIVERSAL MASS

2.0 —T———————————————————————
| Huang, Kong, SCP (2012) CMS W' search

s -
| h, resonance ¥ (1:13:4b7)
1.5 included / -
| -~ 95%
1.0 5 b 1) =
et K2 R
i ............................. 857

0.5
’ | .~ ATLAS dilepton
™. (10 fb~', projected)

0.0 - - \ :

| ATLAS W s-eIarch ¢ m, < m
»l (1204!b| ) W 00 ) AT b i ‘
250 500 750 1000

R™! (GeV)

1250 1500
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FOR NON-UNIVERSAL MASSES

1.50 [——T T T T
i H1§1a+g Kong, SCP\(2012) | Excluded,

125F, 99% C.L. -
toof |\ .

L ' \\
— i 700 -
o -
3 0.75 _
. : :
g \ _—
0.50 | \ .

\

0.25 1.08+1.21\fb™") -
-\ i o (b) :
| \9\00 . (10 7Y projéé'téc'}x; ........ :
0'00 2 2 . N N 2 2 2 -
0.0 0.5 1.0 1.5 2.0
pp L

** Contours for Qh2 = 0.1123
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INCLUDING ELKTS?

See T. Flacke’s talk on Friday!



SUMMARY

In symmetric extra dimension, the LKP is a good DM
candidate thanks to KK-parity.

UED, an effective description of more generic geometry,
e.g. RS, provides a useful framework to study KKDM.

provide rich phenomenology

DM+LHC/7&LHC8+EWPT already started to probe a
part of parameter space in mMUED and its generalization.

LHC 14 and future DM searches(Direct/Indirect) will give
us more definite answers for KKDM.
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