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Large extra dimension(LED) model
In the LED model, the space-time

dimension is D = n + 4, and the n =
dimensions are compacted to a torus

with radius R. 2 <\
Arkani-Hamed, Dimopoulos, and i :
Dvali proposed that, SM particles live * \'”/

in 4 dimensional space, gravity can

— | U (<<R)

propagate in a higher-dimensional -
space.
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that is, the Plank scale be expressed as:
M3 ~ R"MET"

suppose that R is large enough to make Ms ~ Myy, then the hierarchy
problem is naturally solved.
If Ms = 1TeV, then

@ n=1,R ~ 10"8cm, violate Newton’s law, ruled out;

@ n=2, R ~1mm, latest result: R < 44um, ruled out;

@ n>3, R~ 1nm, testable at future colliders

Expand the D-dimension field hMN(x“ y') in its Fourier series

hun(x*, y i = Z h Zmy

. meZ”
This can be expressed as: _
a lot of massive KK

a massless graviton in o
dimension
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Randall-Sundrum(RS) model

17 R R B s A iR

° relation 1

PUHER % real world hidden world

D=4+1, ds? = exp(—2kRl¢|)n,,dx dx” — R?d¢?
0 < ¢ < 2x: the coordinate along the extra dimension of radius R,
k: the curvature of the AdS space.

Two 4-dimensional branes are put at ¢ = 0 and ¢ = .

The first KK-state mass might be several hundred GeV.
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Extra dimension models

How to test

@ Direct graviton production

9 9
e monojet + missing Et % M
q g9

e Vector boson + missing

E7, used at ete™ collider :/ O;;o jiwj M >%

@ Virtual graviton exchange
o fermions/bosons

pair, used at hadron and >mw’< M
linear colliders ;e ! AR
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What we did

@ ete” — HZZ/HHZ, virtual graviton exchange. Cross section
calculation, limits for Ms, in e e~ unpolarization and polarization
cases. These processes are important in testing Higgs self-coupling
and Higgs coupling with gauge boson.

@ yy — ete Gy, real graviton emission. Cross section calculation,
signal analysis, give limits to Ms. Also in yy unpolarization and
polarization cases. yy — I7I~ is the best process for the
measurement of the luminosity, so it is convenient to select events
with missing energy from these beam calibration processes.
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ete” - HZZ/HHZ
The vertices we used

de Donder gauge

f .
o Cppe = —if [l +p2)y + (pi+
G, »:
" : )= 2 (b1t f2 — 2my)]
h .-
Pl 20

- g1 2
Cune = i6(Buappips — 30um3)

i 2
G, w p  Caac =ik [Buvagmy + (Cuvagps
) b

A4 ~Ciuvaasp) K{k5) 5

‘
G, -
M Crrac = 19’5 (Vuvp + Witup — 27, ) T
1

where ,
Br = ‘E(QWM - g g” - g¥g"),
oromap = ‘5 (79" 9% - (97 g™ g + 9" g7 g + ' 9P g + 9P g7 g")],
K = 167Gn
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ete” - HZZ/HHZ
KK modes summation

Summation of KK modes 2 »
n n
__ 2aim| _ 2 M Ms\ 2 12n-31
o = 24— 2= 5 w1 (1) 107y
20 KeV, HHn=4f7;
7 MeV, Zn=6Kt;

AM ~ 0.1 GeV, Zn=8HT; Summation J = Integral

@ Summation of KK modes for real graviton
the number of KK modes between |m| and |m| + dm:

27"/2
— n-1 —
R"MFp 2 2
= ——————— dM;, = p(M M.

153 S (VL TIARS 1T 1= W1 o T Y Il S earch for extra dimensions at a linear collid: April 27, 2008 9/27



differential cross section:

d?o dowm
29 M m
arane ~ P Mm) =g

@ Summation of KK modes for virtual graviton
Graviton propagator : Pt

S—M%—i—ie,
where Pyvaﬁ — nyanv,B + nyﬁnwy _ %nyvnwﬂ
i 00 j
D(s) = _ = f am?, o(Mp) ———— ,
(s) ;s—Mrzn+is o Mo (Mm) ==
Using
1 = ind(s — m?)
s—m+ie  \s—-m2] "
We obtain
n/2 1 Rn
D = 2il
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What we did ete - HZZ/HHZ

where

Ms/ /s yn—1
I(Ms/Vs) = Pf dy 5 -
0 1-y

This principal integration can be carried out as:

n/2-1 2k 2
1 (Mg 1 Mg
RRC T e 1 s P LY
kzz; 2k \ s 2 s
(n-1)/2 2k—1
- _ Z 1_(%) + 1_|0 (M) n = odd.
“ 2k-1\4s 2 "\Ms- Vs
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ete” — HZZ: Feynman diagrams and amplitudes

ngD(S)P/)m);B

G _ -
Mz = 25w Cw (T8, + 291 -p2) V(k1, A1) [Veegloou(ka, 12)[VzzGlapuy €(P2)€x(P3)
M((i,) = Mg) [(p2,v) © (pa, )]
-gm D S P)(r(y -
M(GC) = 91t D(S) Poco V(ky, A1) [Veealpo k2, 22) [VHHGap Guver (P2)€u(P3)

28w CG,((p2 + p3)? - mZ)

Total amplitudes: M = MC + MSM
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ete” - HZZ/HHZ
cross section

cross section with unpolarized initial beams:

unpol.
Oep T f‘bs IM(21, 22) P2,

A1,A2

after polarized:

Z IM(/11,/12)|2 — (1 + %) (1 +P )lM(—|— +)|2 MMWH,_W

£ 2 2 2
41,142
(1-P%) (1 +Pp) o (1) (1-7) :
> > IM(=, +)FF + > T'M(_’_)l
NF-N; Ny -N,
Pe = N++N_ ,Pp = N++N_ , polarization efficiency
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ete” — HHZ: Feynman diagrams and amplitudes

(b)

gD(s1) oaff

Mg) = m V(kt, A1) yu(1 - 483, - v5)(ki— p3)[Veealook (K2, A2)[Viralaseu (P3)
—gD(s1) oaff

M(CZ) = m V(kt. 1) [Veeglor (ha— ba)yu(1 = 4SF, — vs)u(kz. 22)[Virclap€u(Ps)
D(s1)Ppoap _

Mﬁ,) = 750((15) : ﬂ) (k. 21 )yy(1 = 4S5, — y5)u(ke. 22) [Vzzalporyu [ Viriclapeu(P3)
D(s1)Pyoq

be) = M V(ki,1)[Veezalpou (K2, 42)[Viralopeu (p3)

Total amplitudes: M = M® + MM
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e i
Input parameters

Pe = 0.8,P, = 0.6
Lot = 50017
a=1/127.918
S3, = 0.2312
M, = 91.1876GeV
| cos Bfinall < 0.966
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ete” — HZZ: numerical results and analysis
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What we did ete™ — HZZ/HHZ

ete” — HZZ: discovery and exclusion limits on Ms

Ao — S5VoepL
O = OLED—O0SM2 — 7z
Ao — 3vVoepL
O = OLED—O0sM =< -7z

, EDdiscovery limit

,  ED exclusion limit
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yy—ete G
vy — ete~G,: Feynman diagrams, amplitudes, cross
section

Spin-2 graviton
no spin-0 because o pin-o « Mz ~ 0

ie®k 1 _
Ms = PRV (P1) €, (P2) €0z (Ka ) UCKS) (Vo My v + Vi Ttz = 2Yvi Mt saz)
4 (ks —p2)

(o2~ ks)yv,v(Ks),
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What we did RS EER-Ra-mCH

squared amplitudes:

T4 2[5 (S

Spin-sum of the polarization tensors:

5

Z EHV(k’/lS)GZﬁ(k’/IS) = Puvap(k).
do=1

where
1
Pyvﬂﬂ - E (nywnvﬁ + Nuptlve — nuvnaﬁ)
1
- om?2 (nﬂakvkﬁ + nvﬁkyka + nyﬁkvka + nvakykﬁ)
1 2 2
+€ (nuv + kakv) (%p + Fkakﬁ) .

KK modes summation to integral:

Vs
0':Za'm—>f(; p(m) om dm
n
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vy~ ete Gy
input parameters and notations

e a=1/128
@ 2° < fe, <178°
@ polarization

Incoming yy polarization modes: + —,— +,+ +,— —, unpolarized
+ - represents helicities of photons being 11 =1, 1o = -1,

Because IM(+ +)P = IM(- =), IM(+ =) = IM(- +)I?,we only
consider + + and — + cases

polarization efficiency P, (P, = y“7-) set to be 0.9
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yy > ete Gn
numerical results of cross sections

o [fb]

[ Vs[GeV] | [6=8]6=4]06=5[05=6]

unpolarized | 46.46 | 13.92 | 4.692 | 1.700

500 + - 60.01 | 19.35 | 6.853 | 2.576

+ + 32.91 | 8.493 | 2.532 | 0.821

unpolarized | 371.7 | 222.7 | 150.1 | 108.8

1000 + - 480.8 | 309.6 | 219.3 | 164.9

+ + 262.6 | 135.8 | 80.93 | 52.75

180 220
1604 200 o e
180 —5=3 pol. + - ]
140+ unpol. 160 - Z:g ]
120 1 1404 -==-5=6 g
100+ 4 ngm e
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What we did RS EER-Ra-mCH

signal analysis
Signature for this process: yy — eTe~ + missing energy.
Main background at the lowest order:

vy — eTe™— totally removed by a cut on Og+e-

yy > ete Z — ete (vv)

vy — Wrw- - (e*ve)(e’v‘e)

yy ="

Contributions from these backgrounds:

T = (eTverr) (e Vevy)

Tete-z = o(yy—> ete Z)xBr(Z - vv)
10.65fb  (for v/s = 500 GeV);
417 b (for /s = 1000 GeV).
_J1011fb  (for /s =500 GeV)
~ 1019 (for v/s = 1000 GeV).
. {243.1 fo  (for Vs =500 GeV)
162361 (for s =1000 GeV).

gww
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What we did RS EER-Ra-mCH
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Figure: Distributions of the open angel between the electron and positron for the
signal process when extra dimensions 6 = 3 and the background processes. The
vy c.m.s. energy is 1 TeV and Mg is set to be 1 TeV.
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What we did  [EESESS-g-aIcH

yy— e’e G .Mmiss y— WW.Mmiss
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Figure: Distributions of the missing invariant mass of the signal process and the
WW-background process after applying CUT1 when extra dimensions § = 3. The
vy ¢.m.s. energy is 500 GeV and Mg is set to be 1 TeV.
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yy—ete G
Events selection strategies

@ For v/s =500 and s = 1000GeV,
o Take into the detector acceptance:
@ 5° < f,, <175%
@ p%>5GeV;
e E,>1GeV.
@ O > 5°.

e To eliminate the WW, 77, yy — ete™ and e™e~Z backgrounds,
5° < fee < 6%U = 90°.
denote these cuts as CUT1 set:
5° < 0y < 175°, p% > 5 GeV, Ee > 1 GeV, and 5° < fee < 654" = 90°

© when s =500,
one more cut needed, denoted as CUT2:
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yy > ete Gn
events selection results

Table: Event selection on background and signal(é = 3) with unpolarization case.

Vs = 500GeV Vs = 1000GeV
ete G, WW T ete Z | eTe G, WW e e ete Z
N before cut 4646 101100 | 24310 1065 37170 101900 | 6236 417
N after CUT1 1805 5402 0 86 17790 649 0 31
N after CUT2 1616 3427 0 86 / / / /
efficiency e 34.8% 3.39% 0% 8.08% 47.9% 0.64% 0% 7.43%
SB 27.26 682.2

Table: Event selection on background and signal(é = 3),with +— polarized photon
beams(P, = 0.9).

Vs = 500GeV Vs = 1000GeV
ete G, WW T eteZ | ete G, WW T ete Z
N before cut 5926 96159 | 38271 1340 47400 99065 | 10299 480
N after CUT1 2104 5152 0 59 21524 631 0 19
N after CUT2 1782 3268 0 59 / / / /
efficiency e 30.1% 3.40% 0% 4.40% 45.4% 0.64% 0% 3.96%
SB 30.89 844.2
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What we did RS EER-Ra-mCH

limits on Mg
significance of signal over background(SB):
SB — Nsignai _ O-CS:UT Ly
\/ Nbackground \/O'gUT L,
CcuTt

oo 1/MG, - SB o 1/ M
suppose that the signature can be detected only when SB > 5, then with
0 =3,

Vs=1TeV  unpol. M <267
pol. Mg <279

vs =500GeV unpol. Ms < 1.40
pol. M <1.44
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Summary and outlook

@ We considered some processes at future linear colliders, calculated
the cross sections and exclusion limits on Ms. For the graviton
emission process, we made some signal analysis and present
strategies to distinguish graviton from background.

@ More research can be done in ADD model and also RS model,
including QCD corrections, at pp colliders, et.al.
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Summary and outlook

Thank you
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