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Introduction

Hierarchy problem in Standard Model (SM)
* Mpw ~ 10° GeV M, ~ 10 GeV

Tiny neutrino masses

() 2
ATn’solar

=7x107%eV2, tan?6,,, - =04

* A,rn’gtm

=25x1073eV?2, tan?0.im =1

Large Extra Dimensions (ADD) + Bulk vg
® “Solves” hierarchy problem

® Small neutrino masses natural

* What are the constraints and collider signatures?
e Can we probe v mass scheme, absolute mass?
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Large Extra Dimensions (LED)

e Usual picture
* 3space + 1time  Gravity scale M,; ~ 10* GeV

® Arkani-Hamed, Dimopoulos, Dvali (ADD)
® n (compact) space extra dims Radius R
® Only fundamental scale M, ~ 10° GeV
° M% =MV, V,~R"
® Gravity in bulk, SM on brane
* S=[d'%zd"y [Lux + 6(y) LBrane]

Extra
Dim

Gravity

Our 4D
Brane
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LED + Bulk vy

[Dienes, Dudas, Gherghetta]
[Davoudiasl, Langacker, Perelstein]

® |ntroduce Bulk vg propagating in § dimensions

o (g o) — [ YLEY)
Lot ) (w%(x“,w

We will consider § =1, 2,3

) (6 =1) a — Generation

® Louk D Y T'MD,, e
A;B

LBrane O Lsv — (\/W hwg I/g + h.c.)

®* y; — Usual SM left-handed neutrino

* ¢Yr — Bulk right-handed neutrino = vg
® ¢ — No direct coupling to SM
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Kaluza-Klein (KK) 4D theory

KK expansion

* Yr(zH,y) = Zﬂ ¢R(ﬂ) (") fn(y) d=4minl’

PRy fr ) fm(y) =87 fa(y) = e\/% \V

® MNS rotation Go to “mass” basis

=

(suppress generation index) ! RS
(1) (n)
° VE(VL>7 V(l)E VLl l/(n)E VL
VR V](%) Vl(rin)
| | sterile v4

® LW = Loy — Blg®u® - mv (hoy 4 Vo (2, 5™ Py + he.) |

my = 2.2 ~1072eV  (v=246 GeV) AY ~ O(1)
Vs M2

n— 0,1,2... n— 1,2, ...
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Neutrino mass matrix

mass —
( my \/im,,PR \/§m,,PR \
1
\/imuPL R
Mp = : )
\/imuPL (%)dﬁ X dgp
\ 1N
R
X =M. di73 ~4mn?

>
—
A

]

e m® ~m, m(® = K1
R

® L and R diagonalize M p

2 ~
® 100 _1_%.5d, LO%"=,2%
n o p2on n . N . .
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Experimental constraints

® LED constraints
® Table-top gravity experiments

® Supernova
® Collider
® Bulk vr constraints

® Supernova: § = 1 (literature)

® . oscillation

® hh — hh unitarity
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Neutrino Oscillation

B  H 2
® Py = ‘<VL|6_Z t|1/g>‘

SM

Vactive — Vactive : Pl/a—nzﬂ
Bulk VR
Vactive — Vactive : Pua—nxﬁ
o . . . —
Vactive —7 Vsterile - Pua—nxs =1- ZB Pua—nzﬁ

Standard 3 v oscillation provides fit to data

Limits on vactive — Vsterile  (90% C.L.) [Davoudiasl,Langacker,Perelstein]
® CHOOzZ: P, ., <0.058

PVH—)I/S — Pue—)us < 0.17 3

1

® Atmospheric v:
5 [Prp—vs + Puessu,] <0.39.
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Neutrino mass schemes

Am?2  =T7x107°eV?, tan?0,4, = 0.4
Am?2,  =25x1073eV?, tan?0atm =1

Oscillation data does not fix the mass scheme

m

1,2,3
m, 22
1
m 2
m, m,——— e
NORMAL INVERTED DEGENERATE

® We will not address LSND data
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Oscillation constraints

* Lower bound on % (eV)

Normal Inverted Degenerate (m =~ 1 eV)
CHOOZ Atm CHOOZ Atm CHOOZ Atm
§=1 0.03 0.15 0.5 0.13 10.6 4.1
§=2 0.32 1.5 5.3 1.3 100 41.7
§=3 | 24x10% | 5.6 x 103 | 1.2 x 10* | 4.9 x 103 10° 5 x 10%

* Cut-off dependence (from 3", 4 )
® No dependence for 6 = 1

® Logarithmic dependence for § = 2

® Linear dependence for § = 3
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(Perturbative) Unitarity constraints

v Y

\ VL

® Higgs Higgs — Higgs Higgs scattering
® A(hh — hh) = (327) Y24 (20 + 1) Pi(cos 0) a;
® Im(ag) < 1

Ve
(n) 4 h
14
R /
¥y VL vy
(:) h
m
vp \\ h
N
N
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(Perturbative) Unitarity constraints

® Constraints weak for 6 = 1,2

® Constraints strong for § = 3

Im(a,)
- R | 2000 ———
6F 3 =(eV) i
10 1/R=100 eV R
10°F 3 1600 .
1/R=500 eV ]
0F o e e T e ___ 7 i i
10 1200 7
10-32 E :
1 800
10°F /R=5000 eV i
10°F 1/R=10000 eV 3 400 .
10—12: PR S S S S AN S ST ST S NS SR S R S ST - P S O T P PR PPty P P PRl R PP S P
2000 4000 6000 8000 10000 2000 4000 6000 8000 10000
/s (GeV) /s (GeV)
() (b)
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Collider signatures

® vgr couples only to v, and A (Yukawa)
® )5 — [% (hl/Rl/L + \/52,& hul(%ﬁ)uL) + h.c.]
® New Higgs production mechanism (Signal)

qf — W* — £+ hl/l(%n) (L=e,u,T)

® Signal can be enhanced due to large number of final state ul(%")

®* New Higgs decay mode

® Invisible mode: (h — VLV(Rn))

[ . 7
(SM . h — bb) Constraints and collider signatures of bulk right-handed neutrinos — p.13




Signal cross section

® Monte Carlo for Tevatron and LHC
(cross section very small for § = 1)

% T T T T TTTT | T T T T TTT ? G(fb) % T T T T TTTT | T T T T TTT ?
E — mh=115 GeV 5 E g
- S mh=150 GeV ] o 3
2
- ] 100 F ]
! ] L N LHC ]
100 ~ — 100 — _|
E N E|
= Tevatron "\ 3
10° N
E 3
10* -
E 3 E 3
—6 - 1 1 L1 1111 | 1 1 L1111 |: -6 - 1 1 L1111 || 1 1 L1111 |:
10 10
10" 10” 10' 10° 10° *
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Higgs decay branching ratio

0.2

Br _IIIIII|T| IIIII|'|T| IIIIIIL|'|_ T T TTTTIT T T TTTTT] Br LI | LI | T 1T T T TT | T T TT | LI
1 [ —— m=115GeV | ] 1 OO - Invisible \__
---- m, =150 GeV _| | -
R N S ] T bb el ]
| \\ Invisible | Invisible | RN ]
0.8 —+ — -
T ] "7 Invisible T .
0.6 - — a
T ] 10 | AN
—_— —] — 3 AN —
iR ] - — 8=3,1/R=10"eV A
T 6=3 . B ---- 8=2, 1/R=1eV Y
0.4 -1 — N
T 7] A

o' 10° 100 107 e e 100 110 120 130 140 150 160
Lev) m, (GeV)

® For 1/R small, invisible decay dominates
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® Signature: (T B (L=e,p) or

h production and (h — VLVJ(Qn))

7T Fr (from 7+ decay)

® Signal SM Background
q Yy
-
q o
® Cuts:
(t(l=e, u)+ B T + B
Basic cuts p% > 15GeV pZ > 15GeV
Er > 15GeV B > 15GeV
nf] < 2.5 n™| < 3.0
Second cuts Er > 400 GeV Er > 400 GeV
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h production and (h — VLVj(Qn))
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LHC Discovery potential

Significance Sp = - = j/g—L‘”i VS =14 TeV, £ = 100, 1000 fb~!
Tbkgd

1()3 S T T T T T T T3
C l++}§7T 3
3 10° = E
g F :
.q:. ~ —
510 g .
wn E ........................................................................................................................................ ‘E — Norrnal
B ] — Inverted
10° - | s — Degenerflte
= 100 fb
107 10t | 4
103 E T T T T T T 13 1000 fb
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h= - ]
5 10' £ .
n e N \ ................................................................... 3
ol ~N N
10 E 1 \I 1 1 1 1 1 1 IE
10° 10° 10"
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Probing neutrino masses

® Normal, Inverted or Degenerate? What is the absolute mass scale?

® Asymmetry

_ Nu+Fp)—N(e+Fp)

+0.5 Am?2

A e = ~ > at En
a N(N"'ET )‘l‘-/\/—(e‘*'E1 ) 2m1:|:0.5 AMG i,
1
Ape T
“os + =
0.6 =
0.4 —
NORMAL
0.2 — + —
0 4 DEGENERATE|
——
+-
0.2 —
{ INVERTED
-0.4 =
| ' | |
0 0.1 0.2 0.3 0.4
m, eV)

® For my small, can probe masses

— 9

p

\

> 0 (normal)
< 0 (inverted)
~ 0 (degenerate)
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Conclusions

Bulk vr explains the smallness of v mass
® Qscillation constraints can be strong, esp. for § > 3
® Unitarity constraints also quite strong

® |LHC can probe bulk vz physics in £ E channel
® gi - W* ¢t hl/l(Qn) (h — VLV(Rn))

® Backgrounds can be suppressed by cuts discussed

® 2_50if§=3, 1/R ~ 900 eV

* A, can probe v mass scheme and m,
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