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UED review
UED “common kn
UED phenomenolog

UED as an effective f

UED review

» UED models are models with flat, compact extra dimensions

in Wthh a//fleldS propagate. [Appelquist, Cheng, Dobrescu,(2001)]

» The Standard Model (SM) particles are identified with the lowest-lying

modes of the respective Kaluza-Klein (KK) towers.

» In order to obtain chiral fermions in the KK-decomposition, the

extradimension is compactified on an orbifold (for 5D UED — S'/Z2).

» The underlying 5D parameters are fixed by matching the zero mode

couplings and masses to the SM values.

Tom Flacke Phenomenology of Non-minimal universal extra dimensions



UED review

UED “common kn
UED ph

UED as an

Disclaimer

Here, | will focus on the simplest UED model.

» One flat extra dimension only — S'/Z.

(For work in 6D, see Dobrescu et al.. (2004 ff); Chris Jackson’s talk)
» Only Standard Model fields and their KK modes.

» No background fields.

(For fermion bulk masses via a background field see Jing Shu’s talk)
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UED review

UED “common knowledge”
UED phenomenology

UED as an effective field theory

UED “common knowledge”
Main UED features:

» Every Standard Model field is accompanied by an infinite tower of
partner-fields - its KK-excitations.

> The masses of the KK-excitations of any field A are
mA = (n/R)? + mA (0) «

» The 5D couplings are related to the SM couplings by
92 =g?7R, A = rR,and i = p.*

» The couplings at zero mode and higher KK mode level are the same.”

» 5D momentum conservation — conserved KK-number in interactions.”

» In particular, this implies that the lightest KK particle (LKP) is stable
— a dark matter candidate.

* not exact, but corrections are considered to be small (loop suppressed)
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UED review

UED “common knowledge”
UED phenomenolc

Tree level and one-loop corrected MUED spectrum:
[Cheng, Matchev, Schmaltz, PRD 66 (2002) 036005, hep-ph/0204342]
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UED review

UED “common kr dge”
UED phenomenology

UED as an effective field theory

Mini 5D (M)UED pheno review

» Phenomenological constraints on R~"
> lowerbound = R~'>300GeV

» no detection of KK-modes [Appelquist et al. (2001); Rizzo (2001); Macesanu et al. (2002)]
» FCNCS [Buras, Weiler et al. (2003)]
» EWPT (appelquist, Yee (2002)]

> upper bound: preventing over closure of the Universe by B(!) dark matter

= R71 S 1.5TeV [Servant, Tait (2002); Matchev, Kong (2005); Burnell, Kribs (2005)]

» Distinguishing UED and SUSY at LHC

[Datta, Kong, Matchev (2005); Smillie, Webber (2005); Kane et al. (2005, 2008); Csaki et al. (2007)]; see also talk by Zhenyu Han

» For a review see [Hooper,Profumo (2007)]
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UED review

UED “common knowledge”
UED phenomenology

UED as an effective field theory

Electroweak precision tests:

1000 \

200

200 400 600 800 1000
mH
95% (dashed line) and 99% (dotted line) confidence limit exclusion zones for the UED model

as a function of Higgs mass in the range 115 GeV to 1 TeV,
and mass M; = 1/R of the lightest KK excitation in the range 200 GeV to 1 TeV
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UED review

UED “common knowledge”
UED phenomenology
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Relic density of the LKP as a function of R~ in the Minimal UED model.

Red line is the result from considering ~{ 4 annihilation only.

Dotted line is the result from the full calculation in MUED.

Green horizontal band denotes the preferred WMAP region 0.094 < QCDMhZ < 0.129.
Cyan vertical band delineates values of R~ distavored by precision data.
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UED review
UED “common Knc
UED phenomenolc

UED as an effective field theory

UED as an effective field theory

» UED is a five dimensional model

— non-renormalizable.

» It should be considered as an effective field theory

with a cutoff A.

» Naive dimensional analysis (NDA) result: A ~ 50/R.

This cutoff is low!
» Bounds from unitarity imply A ~ O(10) (chivukuia, Dicus, He (2001)]

» Without knowledge of the underlying theory

all operators allowed by all symmetries should be considered.
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UED review

This in particular includes operators which are localized on the orbifold fixed
points but otherwise respect all SM symmetries.
» These operators break 5D translation invariance which however is
broken anyway when compactifying on S'/Z,.
» The Z, symmetry dictates that the operators are included symmetrically
on both branes.
» KK-number is broken in the presence of such operators, but the 2,
symmetry guarantees that KK-parity is still conserved — the LKP
remains stable.

» Example
Set O / XY Wy W (6(y) + 8y — 7))

Naive dimensional analy3|s |mpI|es: rw/R ~ 67 /(AR).
» An analogous BLT exists for every term in the UED bulk action.
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UED review

UED “common Knc
UED phenomenol

UED as an effecti

Suep,butk = Sg + SH + St

with

sg:/ds{

Sy = /d5x (DyH) (DMH)+ﬁ2HTHff\(HTH)2}
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S

/ dx {%MDW T <5\EZEH + AuQUH + ApQDH + h.c.) }
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Boundary localized terms in UED

Toy model: i alar field with BLTs
BLTs in the electro tor

Toy model: a massive 5D scalar field with BLTs

[generalization of Dvali et al. (2001); Carena, Tait and Wagner (2002); Santiago et al.(2003ff)]

s 1 .m A o2
Sk = [ PxzdMooud — -
2 2
. 2
Spy = /d4x (%"a%aﬂ - %cbz) ly=0,R

Resulting EOMs and boundary conditions are

0 = (00— +m)o
0 = [0+ (reld + m})]®[y—0
0

= [05 + (re0 + m3)]®|y=rr
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Boundary localized terms in UED

Toy model: i alar field with BLTs
(o]g

BLTs in the

» Decomposing ®(x,y) = 3=, ¢ (x)f(y)
yields the determining equation for the KK masses:

(rom? —m?) | tanh(¥27f)  even
M coth(¥=rF)  odd

(rom2 —mg) | —tan(¥8)  even
M, o

cot(Mzrf)  odd

where M, =~/ M2 —m3 & M, =/ m2 — im?
«
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Boundary localized terms in UED

Toy model: a massive 5D scalar field with BLTs

3LTs in the ak sector
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(a) change of the KK spectrum for varying re with R~ = 1TeV, m = .5TeV, m, = 0
(b) change of the KK spectrum for varying m,, with R~ = 1 TeV, m = .5TeV, ro = 0
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Boundary localized terms in UED

Toy model: a massive 5D scalar field with BLTs
BLTs in the elec or

Qualitative features for UED with BLTs:

» The KK-masses are modified (lowered by kinetic and raised by mass

boundary terms).
» The 4D to 5D coupling relations are modified.
» The KK-mode couplings are not equal to the zero mode couplings.

» 5D momentum conservation is broken by the Z, which implies

KK-number violation, but a KK-parity is still conserved.

» This implies that the LKP is stable.
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Boundary localized terms in UED

Toy model alar field with BLTs
BLTs in the electroweak sector

BLTs in the eletroweak sector

» On top of the UED bulk action we allow for boundary terms

Sor = /dsx [5(y) + 8(y — 7R)] x
I's v 'w "
(—ZB,“,B“ - Swg,w
+r(D*H) Dy H + ppHTH — Ab(HTH)Z) ,

where for simplicity, we assume v, = \/ 12/ Xp = 1/ 12/A = 0.

» Gauge fixing the action with an R¢-type gauge, the EOM
and boundary conditions for the gauge and Higgs fields are found.
(see [TF, Menon, Phalen [PRD 79, 056009], Appendix B] for details)
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Boundary localized terms in UED Toy anm ar field with BL

BLTs in the electroweak sector

Result: (rom?, — m,z,) _ tanh(w) even
: Mer coth(MacmRy - oqg

(rd,m% — mg) B { — tan( M”ZWH) even

Mn cot(MazB)y  ogq,
where My, = v/mz —m2, My = \//m% — m? and the bulk mass, brane mass and brane kinetic parameter for each particle is

m mp I
w 939% /4 3R /4 w

z (@8 + 822 /4 | (@3 + 822 /4 | nylitrg =)

ki 0 0 ry (ifrg = ryy)
h f tp H
at 9202 /4 a3 v2 /4 y
a | @3 +82)2/4 | @l + 822/ .
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Boundary localized terms in UED

Toy model r field with BLTs
BLTs in the electroweak sector

With the wave functions determined, we can calculate:

» The zero mode spectrum in terms of the 5D parameters

— determines the 4D to 5D parameters identification.

» The modified KK mode spectrum

— the LKP is not necessarily the B(").

» The modified KK mode couplings

— overlap integrals of the KK wave functions.
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Split" UED
NUED sample scenarios E gs LKP from NUED (?)

99 of
UED with a w3(1) Lkp (1)

NUED sample scenarios

The programme to match non-minimal UED to the SM:
» Set the parameters R, ry, ra, rw, (b, Ab)-

» Determine the underlying parameters go, gy, v, (&)

from the measured SM parameters «, G, mw, mz, (mp).

» This matching over-constrains &, 9v, v, (i)

— one obtains a bound on R, ry, 15, rw, (b, Ab)-

» |If the parameter point R, ry, ra, rw, (us, Av) is allowed,

determine the masses of the first KK modes to identify the LKP.
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NUED sample scenarios a LKP from NUED (?)

UED with a w3(1) LkP ()

In detail, we match in the following way:
» We calculate G; and my which are determined from the charged sector.
» We then use (G, mw) to determine (ge, V).
» We calculate « to fix gy.

» Thereby my is determined,

which we compare to the tree-level SM value defined by

mee(mw, Gr,0) = | lim_ mp" (R, rw, .., mw, G, o)

W —0
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“Split" UED
NUED sample scenarios E gs LKP from NUED (?)

9 of
UED with a w3(1) Lkp (1)

Scenario I: Split UED

We choose a uniform boundary kinetic term rewy = ry = rg = rw # 0.

» Main modification in the KK mass spectrum:
The electroweak partner KK masses are reduced wrt. to the fermionic
KK partners (“split UED”).

» The LKP wave function is modified.

= the couplings of the LKP are modified.
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NUED sample scenarios

with a W3(1) LkP (1)

» Matching relations:

mEO — my

oo}

~2
92 b2n
G =
! 4\/§7FR ,72::0 mﬁv(zn)

» where
1
bo 1 + 2rEW
b 8sin? ”R
n= in MW =R MV =R
(1+ S + ¢ cos? znT) (MYnR)®

» and y s
1 9v9>

Qem =

7T(7TR + 2wa) gY + g2
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“Split" UED
NUED sample scenarios a Higgs LKP from NUED

UED with a w3(1) Lk

As constraints from the tree-level mz; mass we find

a,
00917/ : @ . : T 0.0917, T : (b) . T
0.09168| 1 0.09168 1
< oo9t66- 1 S oosee- 1
& ()
— 0.09164f R_1 =1TeV 1 L_/ 0.09164[ = 1
N N R =2TeV
1S 0.09162[ ] 1 0.09162 1
Electroweak Allowed Regiar Electroweak Allowed Region
0.0916f 4 0.0016F 4
o . . I . . . N , . . .
(] 05 1 15 2 25 3 3 0 2 7 s 8 1
rew /R Tew /R

Variation of mgUED for different values of rgyy with R™1 =1TeVand R = 2Tev.
P The yellow band corresponds to the 2o allowed tree-level value of mi€€.

z
P The region within the black lines is the 2o predicted tree-level value of m}UED.
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“Split" UED
NUED sample scenarios a Higgs LKP from NUED (?)

UED with a w3(1) Lkp (1)

A sample mass spectrum:

() (b)
550

540 r'R=0 - 5401 masses of QLudeg>2Te)
S R= 0.5 Tev' e
g —n 2"=175Gev  —— 1@ [ ]
S wl 1S (IR=2 |

= —Z, R=2 TeV
e @t T —=a h 2"l =175 GeV 1
a Qud Le b a~
50 —y —— g =~ ==  —— 4  s0Ff —y B

Sample spectra for UED.
(a) The tree level UED spectrum without BLTs (first KK level) for R—1 = 500Gev.
(b) The tree level UED spectrum with rg = ryyy = ryy = 2R, jup = 0, R—1 = 2Tev and mp = 115GeV.

P Parameters are chosen such that the LKP mass of both models coincide.
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Split" UED
NUED sample scenarios a Higgs LKP from NUED (?)

UED with a w3(1) LkP (1)

Scenario II: KK Higgs dark matter

We now choose ry = rw = 1 < ry.

» Here, the Higgs KK masses are more strongly reduced
than the gauge KK masses.
= A candidate model for h(") or 8°" LKP.

» From the EOM and the boundary conditions it follows that

Mz 2 My > My
Mz > Myt 2 M)

My+ay > M)
» The LKP in this scenario is v(V,a*™, or ("),
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Split" UED
NUED sample scenarios a Higgs LKP from NUED (?)

UED with a w3(1) LkP (1)

Results for dark matter candidates: R~ = 1 TeV

@)

! [l Excluded by Electroweak Fit
08 Mg, LKP & my >115GeV
e | my, LKP
3 . AtA: mh(1)= 444 GeV
AtB: m_ =447 GeV
hw
02 AtC:m_ =457 GeV
hw
0

24 25
ry, IR
LKP phase space inthe rg = rg = ry # ryy scenario for R=1 = 1Tev.

> The Higgs brane mass parameter has been set to 1, = 0 and the zero mode Higgs mass has been set to 115 GeV.
P In the white region the LKP is the KK Higgs.
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Split" UED
NUED sample scenarios a Hit LKP from NUED (?)

UED with a w3(1) LkP (1)

Results for dark matter candidates: R~ = 2 TeV

(b)

! T [ Excluded by Electroweak Fit
I ma, LKP& my >115GeV
T A ~LKP
25 L4 rny(1)
T .l AtA:m =497 GeV
< 15+ h(l)
’ At B: m, =491 GeV
1r 1)
B AtC:m_ =822GeV
' c ° M
0 L L ’ i I L L L
0 1 2 3 5 6 7 8 9
My IR

LKP phase space in the rg = rg = ryy, # ry scenario.
P The Higgs brane mass parameter has been set to 1p = 0and the zero mode Higgs mass has been set to 115 GeV.
P In the white region the LKP is the KK Higgs.
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Split" UED
NUED sample scenarios a Higgs LKP from NUED (?)

UED with a w3(1) Lkp ()

KK W3 dark matter
As a third example, we choose ry =15 =0,rw # 0

» The first KK mode masses of W* and W? are reduced while all other
modes remain at R~".

— A candidate model for W3(") dark matter.

What happens qualitatively ?
The neutral gauge boson mass matrix at the first KK level is
Mgy Mis

2 2
M3 Myse

2
Mgy waey =

where /\/lf,1 is determined by an overlap integral.
» The LKP is (approx.) the lighter eigenstate of this matrix.
> If M5, < M), the LKP is mostly W3().
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Split" UED
NUED sample scenarios a Higgs LKP from NUED (?)

UED with a w3(1) Lkp ()

Quantitative results: Bounds from matching to the SM.

(@)
0.001 T T T T T T 0.0017 . . ®) : T
0001681 Electroweak Allowed Regio 00913
% 0.09166 R?=1Tev ] < oosiss
2 @)
= 0.091641 1 = o004
N
€ oo £ 009162
0.09161 1 0.0916
009158, o5 B I B FER 3 0.001
r. IR

Variation of mgUED for different values of ryy, with R~ = 1Tev and R~ =2Tevin the ryy # 0 = rg = ryy scenario.
P The yellow band corresponds to the 2 allowed tree-level value of mlzree_

P The region within the black lines is the 2o predicted tree-level value of m}UED.
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Split" UED
NUED sample scenarios a Higgs LKP from NUED (?)

UED with a w3(1) Lkp ()

Results for dark matter:

- —R%1Tev

I [—=R™=2Tev
o8
G 042—

0.2~

coov vl il
0
10 10° 10* 10° 102 10" 1
rw/R

Modification of the Weinberg angle of the first KK mode as at R(=") = 1 Tev (black) and R(=1) = 2Tev (red).
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w3(1) dark matter phenomenology

An Application: W3(") dark matter and neutrinos from the sun

We showed that boundary kinetic terms modify the KK spectrum
and can thereby change the LKP.
WIMPs at the first KK level of UED:

» U(1)y gauge boson B(") — the “standard” UED DM candidate,

v

neutral SU(2) gauge boson W3(1),

v

scalar Higgs KK partner h(") — is strongly constrained by SM matching,

» pseudoscalar Higgs KK partner a8%(Y) — no explicit models known,

v

KK neutrino v(1) — is experimentally disfavored [servant, it (2002)]
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w3(1) dark matter phenomenology

Only eXiSting Study of W3(1) dark matter: [Arrenberg, Baudis, Kong, Matchev, Yoo (2008)]

5 LU A M i T
0.3
25 100%
AN
1003 : ®)
\§ H
3 ; §\ / ton—scale E
L -+ Ny detector
0.2 a2 % R - 1
O
N
mg (7) N
SN
. L % N\ y
L1
R
L N
AN
X
17 10%
0.0 1 1 1 I 10-3 | ekl 1
) 500 1000 1500 2000 2500 3000

100 200 300 500 7001000 20003000
m,, (GeV) my, (GeV)

. 3(1 i —
> Left: Thermal relic density of the W3(1) as a function of m,3(1) for several values of Aq = (mq(1) = Mua1))/ M ya(1) -

P Right: constraints on mw3(1) and Aq from direct detection.
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w3(1) dark matter phenomenology

Indirect DM detection from neutrinos via DM annihilation in the sun.
(in collaboration with K. Freese, D. Hooper, and A. Menon).
The basic idea:

» Dark matter is captured by the sun via scattering with the sun’s nuclei.

» It accumulates and eventually annihilates.
For W) we are in steady state
— the annihilation rate is given by the capture rate.

» Amongst the direct or indirect annihilation products are neutrinos which
are radiated out of the sun and lead to an excess of the sun’s neutrino
flux which can be detected by SuperK or ICECUBE.
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w3(1) dark matter phenomenology

» Lets look at the annihilation first:

The main annihilation channel is WM W3 — W+ W~ via T-channel

exchange of a charged KK W, while annihilations to fermions are

subdominant

<OV >pus)ywdth ww—

<OV >psmws)

4
g 19
-5 1t 0(B)
mf/vSU) 727
5 3N
gZ C + O(ﬁ)

M2 (1) 2567
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w3(1) dark matter phenomenology

Results for neutrinos from DM annihilations in the sun. (PRELIMINARY)

Applying neutrino propagation results of [Cirelli et al., (2005)]

d®/dEy per sm? GeV —

- w

1078 Y

- T

— 1

10710 o b

— C

102 q
w20 x0 a0 s eo VGV

» Contributions to %(Eu) at earth (for my sy = 600GeV, ry = 0.14).
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w3(1) dark matter phenomenology

» The capture rate is determined by W?3(") scattering off nuclei via

T-channel exchange of a KK quark with a cross section

g5 My 2
2 p p p
OHSDW = meg—— (AL + AL+ A
s 128m431r2( v d O

wsa(1)
where

mqm — Mys)

r=—~
Myys1)

and

A =078+0.02A5 = -0.48 £0.02 A% = —0.15 £ 0.07.
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w3(1) dark matter phenomenology

Following the standard procedure ungman etar, 19961, We calculate the rate per unit
detector area for neutrino-induced throughgoing-muon events I yatact-
Results (PRELIMINARY; only including the light elements in the sun)

I per km? yr — =001
— =002
1o° r=0.05
1000 — =01
100
— r=02
10
r=0.3
1t ~

‘ ‘ ‘ ‘ ‘ . Wimp mass(GeV)
400 500 600 700 800 900 1000
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Conclusions and Outlook

Conclusions

UED models are effective field theories with a low cutoff.
The full UED parameter space includes boundary localized terms (BLTs).

BLTs modify the KK spectrum and the KK mode couplings.

» BLTs in ED theories imply tree level corrections to SM processes.

>

Phenomenological studies so far focussed on a small subspace —
» old UED bounds can be affected,
> the new parameters ought to be constrained by existing data,
> large potential for novel signatures at colliders and for dark matter.

We provided a “toolbox”

to study the electroweak sector of non-minimal UED at tree-level.
We presented three sample scenarios

(“split UED", Higgs LKP UED, and W3(") LKP UED)

We presented first (preliminary) results on indirect W*3(") detection.
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Conclusions and Outlook

Outlook
Theory questions:
> Implications of fermion BLKTs?
> One-loop corrections to non-minimal UED? generalization of [Cheng,Matchev.Schmaltz]
> How do BLKTs arise from an underlying theory?
Phenomenology of UED with W*(") dark matter:

» Changes of UED collider constraints

v

Bounds from non-detection of KK-modes? eg. a la [Rizzo; Macesanu et al]
» Modification of bounds from EWPT ?eg. ala [Appelquist, Yee]

» Modifications of other collider bounds? see UED review of [Hooper, Profumol
> Novel signatures?

» Changes to DM bounds:

> Indirect detection: p, e™, v, synchrotron radiation, ...? [Bergstrom et al; Bringmann; ..
» Comparison to Wino DM? [kane et al]
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