Physics in extra dimensions:. lecture #£3

Bogdan Dobrescu (Fermilab)

[ ecture 1; Field theory in compact dimensions.
Gauge bosons in the bulk and their collider signatures.

Lecture Z2; One universal extra dimension.
Discrete symmetries and cascade decays at colliders.

I ecture 3: Two universal extra dimensions.

Lecture 4. Particles In a warped extra dimension.



Try to predict physics at the TeV scale by addressing

some of the “problems” of the standard model.

Fermion and scalar gauge charges in the standard model:

SUBB)c | SU2)w | Uy
quark doublet: g% = (u}. d%) 3 2 1/3
right-handed up-type quark: :F.m 3 1 4/3
right-handed down-type quark: %.m 3 1 —2/3
lepton doublet: 1% = (vi, e%) 1 2 —1
right-handed charged lepton”: mmm 1 1 —2
Higgs doublet: H 1 2 +1

1 = 1.2, 3 labels the fermion generations.

e Fermion content looks baroque .




¢ Proton stability:

C 4+ 0

For M ~1 TeV: ¢ < 10725,

e Quark and lepton mass pattern (most explanations run into

conflict with flavor-changing neutral currents).

e Why Mz < Mplanck?



Fundamental symmetries

gauge spacetime global
SU3)x SU(2) x U(1); SO(3,1); U1y ;

Fermions:

gr. : (3.2, +1/6) )
urp: (3,1, +2/3)
dp: (3,1, —1/3) »x 3
ir: (1,2, —1/2)
erp: (1.1, —1)




Fundamental symmetries

SU(3) x SU(2) x U(1) ;

gauge

SU(5) C SO(10)

Fermions:

qrL -
uR :
dp :
Iy, :
eR:

(3,2,

+1/6) )
+2/3)
—1/3)
—1/2)
|Hu_

spacetime global

v x 3 = (104+5) x 3

—

L

50(3,1) ; U(V)B ;

16 < 3



Fundamental symmetries

gauge spacetime global
SU3)x SU(2)xU(1); SO(3,1); U(l)p;

SO(5,1)

60D [orentz symmetry

Fermions:
ar: (3.2, +1/6) "
up: (3,1, +2/3)

dgp: (3,1, —1/3) » x 3

1
1,
lr: (1,2, —1/2)
er: (1,1, -1) | / required by global

SU(2)y, anomaly
cancellation in 6D




Six-Dimensional Field Theory

6D is special...

Fermions in D =4 + n dimensions: chiral representations of

the Lorentz group SO(3 + n,1) exist only for even n.

Properties of chirality in D = 6 mod 4 are different
than in D =4 mod 4.

A chiral fermion in D = 6 has 4 degrees of freedom.:
6D chirality: 4+ or —
4D chirality: L or R

Q+ Hnwn_uthnMn_lm or Q- Hﬁ._wlhl_lnwlm



Six-Dimensional Standard Model

ni+ = #F of spin—1/2 fields with chirality +

5 . = _Hh_.:._q ﬂ“h. _ﬂtt
Local gravitational anomaly in 6D ox ny — n_ i » s
= one right-handed neutrino per generation G Gur

(or else Lorentz symmetry is lost)

Two possible chirality assignments for 6D quarks and leptons:
Ly, E_, N_
Q. .,U_,D_, or
L, &, Ny



Global SU(2)yw anomaly

In 6D there are 12 classes of SU(2)y gauge transformations.

Anomaly cancellation condition:

(Bershadsky, Vara, 1997)

n(24) —n(2_) =0 mod 6

One generation: Q4+ = ng(24+) =3
Li = np(24) =1

Need more than one generation of quarks and leptons:

(3t 1)ngen =0mod 6 = 7Ngen = 3 mod 3




‘Two Universal Extra Dimensions

hep-ph /0601186, hep-ph/0703231
(G. Burdman, E. FPonton, KC Kong, R. Mahbubani, ... )

Il Standard Model particles propagate in D = 6 dimensions.

Two dimensions are t
compactified on a square.

Kaluza-Klein particles are states of definite momenta along
the two compact dimensions, labelled by two integers (j. k).

Tree-level masses: /j° + k?/R

Momentum conservation — KK-parity given by 3 + k

= (1,0) particles are produced only in pairs at colliders



Chiral boundary conditions on a square

Identify pairs of adjacent sides: z°
hﬁHtﬂ_ 'E Ov — hAHtu 0, @.H. L
hAHt“_@;Uv — hAHtuH;@w |
0 L

®(y,0) = mﬁ.m.ﬁ.ﬁou@_v_

= 0 =nmn/2

inm/2
50| (g1,45)=(y,0) =~/ 0Pl (4145 —(0,y)



Complete sets of functions satisfying the boundary conditions:

1 rd + kx® kxd — jz°
.w._“.,.._ﬁ__mﬂ L T°) = cos [ 2 + + cos /
1+ 4 .0 R R
P 5 4 - D
(3:k) 2. %) = isin JT” t ke sin kz” — gz
fi3 ' (z%.z°) = + =

Spectrum of KK modes:

(2:1) (2,2) | (3,0) (3, 1)
(1,2) (1, 3)

M;.R| 1 v2 | 2 v | 2v2 | 3 V10

(7.k) | (1,0) | (1,1) | (2,0)




KK decomposition of the gauge fields:

H I . . ]
kﬁtﬁﬂtﬂﬂm, Hmv _ — hﬁv_u__uu_mﬂtv + MU MU .ﬂ._m_u_.ﬁnu_mﬂhﬂ Hmvgﬁm_w:ﬂtv
- =1 k>0 -
k&.m + Hhﬁ.m__ = hﬁl_l—”HT_th,H _ MU MU %..m.w._.uﬂvﬁﬂ Hmvxﬁ u_mﬂvﬁﬁﬁv
.uw.__,H k>0
k&.h . Hkﬁm — kﬁ|ﬁnﬁ~xu T MU MU -..«..H.“___anﬁ“ﬁ H.m.v;ﬁ .u_mnvﬁmn?_v
.uwv“_. k=0

Physical degrees of freedom:

kﬁﬂn_.uu,_hnw_ — .H.. I_I 1k Ahﬁﬂu_mﬁu H_H Hhﬁﬂ.ﬂ_ uv

V32 + k2
AY") is the longitudinal polarization of A"
(3:k)

hm is a real scalar field ( “spinless adjoint”)




Kaluza-Klein spectrum of gauge bosons

EM,EAHHJ becomes the longitudinal degree of freedom of

the spin-1 KK mode bm.ﬁ;ﬂj,

(2, 2 (2,0) (2,0)
ARO 2 AZD AP
2 (1,1 (1,1
hﬁm“ﬁ_ fh_m__l km_:.m ) hﬁm, )
h1n_r_q_wu_u_”_ W kﬁmu_u“_ hﬁmu_u“_
A(0.0)



Kaluza-Klein spectrum of quarks and leptons

ﬁ.hmﬁu“.u.,_ . .m__mﬂwun.w_w_ w A_H:_%M“.u”_u m_w.u.,_w_ HJ.__HH_M“.”._ w .h_wu.uw_
ﬁ.hm. ”_..,._ : .w.m_. ”_.u“_ #w AH.HJM_.“H“_"_ mm.”_.u“_ HHH__...”.H“HU #.__“HM .h_”m”_. ”_.u
ﬁ.hm.“.u.,_ . .m___”ﬂ“_.“.uw_w_ w AH.HJM_.“EU_"_ mm.n..,_w_ hHHJ.__“”_“_.“.H._ w .h_”m“_.“.u“_

_Hﬁ..h"_ .m..hw_ —_— tr



Symmetries of the “Chiral Square”

1. Kaluza-Klein parity

Reflections about the center of the square (L/2, L/2),
(z*, 2°) — (L — z*, L — z°)
— invariance under Z- transformation

PUk) (zh) s (—1)I1k $l3:k) (z1)

2. 6D Lorentz symmetry is broken by compactification,

but not completely: SO(5,1) — SO(3,1) X Zg

Field theory on the chiral square has Zg xX Z> symmetry



Fermion Zs charge Zero-mode
(conserved mod 4)
Qi —1/2 qr = (ur,dr)
U_n D_g —1/2 ug, de
@+m. mmlh. Hulh +H\M o
Cip F1/2 Iy = (vis er)
Exn Nzg F1,/2 Vg, ER
Lip, ExL, .Em_”.m +1/2 -

Zz; Imposes an exact selection rule on the low-energy 4D Lagrangian:

3AB + AL =0 mod8

ﬁ.m:mma Luences:
¢ ho Majorana r masses

e neutrino-less double-beta decays are forbidden (AB = 0, AL = 2)
e no neutron—anti-neutron oscillations (AB =2, AL = 0)

e long proton lifetime because the QQQL operator is forbidden
(AB =1 transitions induced by very high-dimension operators)



Perturbativity breaks down at a scale Mg =~ 5/R
= 6D standard model is an effective theory valid up to M.

Most general operators invariant under Zg and

SU(3)e X SU(2)w x U(1)y gauge transformations are
expected to be present at M, > 2.5 TeV.

Proton Decays

L chirality assignment: O7 =

B-violating processes: p — e nwn vy and n —e wirv

Emm”ﬁ,EiLEL ﬁ H\m ﬂu ﬁmﬁmﬂu
Tp =
P77 C%2 | ®5F(nm) | [0.5TeV 5

Tn/Tp = 103 (larger phase-space)

Look for nucleon decays into 3 leptons 4 pions.



Implications for neutrinos:

(Appelquist, Dobrescu, Ponton, Yee: hep-ph/0201131)

— 3 vR’'s required for gravitational anomaly cancellation

— Neutrinos are of the Dirac type due to 6D Lorentz invariance

¢ Smallness of neutrino masses due to small wave-function overlap
with the vgp’'s (assuming a nonuniversal 7th dimension)

Typical prediction:
large 6,3 & large-mixing-angle solution for solar v’s.



(1,0) modes have a tree-level mass of 1/R, and KK parity —.
One-loop contributions and EWSB split the spectrum

(Cheng, Matchev, Schmaltz, hep-ph/0204342 ; Ponton, Wang, hep-ph/0512304)

Mass spectrum of the (1,0) level:

TO0 = -
gt L/B = 500 GeV
w._m_m_u = -
(L, 0]
Q Q2 —  mil,0]
G ﬂ_‘ﬁ.r__n__ —— T_
=1 500 - pil.0) = SARLETEE
7
[y 550
M M E— EiLe0) rh L0
B (L,0] (L.,0f ——— N
500 ) gt —— E
(L0
150 | R .
”m.m_.__n__
400 -

Homework 3.1: compute the branching fractions of the (1,0) particles.



Production of (1,0) particles at the LHC

P
g ﬁm”_ BOCO™ Gy

Use CalcHEP to compute cross section for (1,0) pair production.

http://theory.thal . gov/people/kckong/6d/



C E 0) ,(1,0)
At one loop: mlu By FHY

Competition between 1l-loop induced 2-body decays and tree-
level 3-body decays of the (1,0) bosons.

Br Amm_cv — mm.._cw_%v ~ 30%

Br (B — Byt ) ~ 23%

— Events with leptons, photons and missing Eq.

Work with K.C. Kong and Rakhi Mahbubani (hep-ph/0703231 ).



Multi-lepton signal at the LHC: Leptons 4 photons at the LHC:
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KK parity is conserved: _MIS.Tl.a

At colliders: s-channel production of the even-modes at 1-loop

(1,0)
ol e
_M.m_".uv a

(0.0)




(1,1) modes have a tree-level mass of »\Mxmq and KK parity .

Mass spectrum of the (1,1) level for 1/R = 500 GeV:

1050 m.r__ﬁ_f: 1/BR = 500 GaV
1000 .
w. 950 b Ew:,:
“ +_m__._.q._.__H _H_M_.._._
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Spinless adjoints interact with the zero-mode fermions only via
dimension-5 or higher operators:

Emﬁa‘.mm y— (7,k)a
Mg (@yHT"q) G &

@mw are real dimensionless parameters.
k!

= G, Wy and By couple to usual quarks and

leptons proportional to the fermion mass!

= KK-number violating couplings of the spinless adjoints are
large only in the case of the top quark.



Signals of (1,1) particles at the Tevatron and LHC:
1. s-channel production of a (1,1) gluon of mass ~ ;\m\mﬁ + ag)

— tt resonance + 2 jets (~ 50 — 100 GeV):




More signals at the Tevatron and LHC:
2. s-channel production of a (1,1) electroweak gauge boson

— #1 resonance:

|




Production of # pairs at the Tevatron from mass peaks at:

o Gy + Wit M, ~ 1.10 v2/R
. - — My ~ 0.96v/2/R

Mgz ~ 0.87v2/R

o S TS TS DU T D S T
400 500 600 70O 800

M (tt) [GeV]

900 1000 1100



MM_E ( “spinless photon” ) is a viable dark matter candidate
(hep-ph/0706.34009)

B . B B B
Direct detection: gl R
, '
q q q _ q
| 1 I o1 I |l il ik
. - — . Lasasl T | ..“
100 200 300 500 700 1000



Conclusions (2 UED)

e 6-Dimensional Standard Model

— 3 generations of quarks and leptons are required
for global SU(2)ys anomaly cancellation

— proton is long-lived

due to 6D Lorentz invariance

— neutrinos are special

e Al colliders, look for:

Eogdan

- £ and tb resonances
many leptons 4 jets 4 missing Ep

- leptons 4 photons 4 jets 4+ missing Er
- other signatures of Kaluza-Klein modes

Dobrescu (Fermilab) — Academic lectures



