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Motivation

Supersymmetry (SUSY) - promising candidate Beyond the SM (BSM)
(Dark Matter, Grand Unification, . . . )

remarkable point

[Parity is violated even in QCD process via SUSY}

(QED) (no PV in SM QCD)

quark-squark-gluino interaction

Lint O V2955°qrm) TG (r) + hec.

g dI.(R)<— L (R):chirality

L(E) <« L(R): justa label

In general, [qu e mE]RJ




Motivation

[mEiL 7 mfflR,J

‘
PV is induced by squark loop

l (contributions from OPs more than dim.6)

(@ indirect search of new physics * top quark pair production

1

* meson decay, etc.

(@ non-degeneracy bound for Mg, and Mg,
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C@ indirect search of new physics )

\%

2, Parity violation in top pair production @ LHC

N. Haba, KK, S. Matsumoto, T. Nabeshima, S. Tsuno,
arXiv:1 109.5082 [hep-ph], PhysRevD.85.014007
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PV in top pair production @ LHC

candidates of BSM : SUSY, Universal Extra Dimension (UED), . . .

(dark matter, . . . )

How can we distinguish SUSY and UED 7
Their signal is similar @

ex) ~ q
q l =

A.Datta, et al., PRD72, 09006

"""" =0
(1 [T
(SUSY: G — qxs — g} — qliﬁi&?)
(UED: Q1 — ¢Z1 — =l — qfiﬁ’h) €:1|:
Xi

final state particles:
,-}/1 | quark + 2 charged leptons + missing energy



PV in top pair production @ LHC

candidates of BSM : SUSY, Universal Extra Dimension (UED), . . .

(dark matter, . . . )

How can we distinguish SUSY and UED 7

Their signal is similar 1=

ex)
A.Datta, et al., PRD72, 09006

""" =0
Q1 [T
CSUSY: g — qxs — gltIf — qliﬁﬁ)
(UED: (h — qZ1 — qﬂiﬂf —» qﬂiﬁfyl) EZF
1 -
X.O
1 final state particles:
,-Yl | quark + 2 charged leptons + missing energy

Spin measurement (j and (J1is necessary  — difficult @ LHC ... = @ ILC

@ I LC ( SUSY UED \ ( 0.012_ T T T T | T T T T | T T ]I- T | T T T T | \
c R~ = b00 GeV 1
0.010 Eqe = 3 TeV |
+ TR - = : :
€ S M € H1 }LLL\ p
F = - i
’ 4 8 0.008— —
r} 7 Z ,’ r}/? Z B i e+e_—>,u.+,u_71'y1 Ll\,-l\'ﬁd\r':
scalar fermion = ]
g % 0.008— “"W —
\‘ F(g i
%
L3 /_"L‘I‘ e p)i'_ E 0.004 — —
I ete st N
5 do o 0.002 — i — —
_ o | = pas®@ - ~ 14 cos® @ [ e %&
d(u(—)bg SUS'Y_ dCUbQ UED D,UDU_ | | | | | | | | | | | | | | 1
~1.0 0.0 1.0
_,/ \ cosﬁﬂ )
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PV in top pair production @ LHC

Should we wait ILC?

We can do something @ LHC

That is ...

PV in QCD process

SUSY UED

QCD PV no QCD PV
\. y

There is a possibility to distinguish SUSY from UED @ LHC

(even if SUSY particles are heavy to observe)




PV in top pair production @ LHC

N. Haba, KK, S. Matsumoto, T. Nabeshima, S. Tsuno,
PhysRevD.85.014007

Parity Violation (@ LHC

[focus on 0(]929 — tLZL) + 0(2929 — tRERﬂ

< Why top quark ?

( k

top quark: heaviest particle in SM particles

4 N - N
life time hadronizatin time

<
94 AL —23
T~ 10 “"s T AQCD 107"s
\. S \ J

top quark decays before forming a hadron

[ We can measure helicity only for top quark ]




PV in top pair production @ LHC

Parity Violation @ LHC

top quark helicity; measured by VW= polarization

ex)
+
tL (helicity -) > P L W’
@ angular momentum @ @
conservation
(top Rest Frame)
[~ J+ [~
tr, < > 17,

It V
& &
(W Rest Frame)

>

angular momentum
conservation

t [

(c.m.s)




PV in top pair production @ LHC

Analysis : dim.6 OP (up to O(g%) )

(= trtp, tptr :nextorder)

— e ETE——
q L q | ™
q 4 : R
q l ' q I /
——0000000)}——
SUSY 9
e G 2 .- -
| oy TEOX
900} ———— o S A
q>—m g4 e T AR

Ny
jTQ
. )
3
+

:

Cx |
» 9 % 000 —e—1—— —— 00000000 — =
_ — oo+ — T—>— Yoo —>— OO+ — 1> o s M
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PV in top pair production @ LHC

to obtain dim.6 OP

effective action is defined by integrating out heavy fields ( @h ) — written in terms of only SM fields
(heavier than SM fileds)

eiSett|Psm| — fD@he?:S[QbSMaQbh]
Sett|Psn] = Ssar + S [%’M]

not applicable when E > heavy particle mass

. . . [:2 — S Cz
merit :systematic and accurate calculation

demerit : calculation becomes complex in higher order /many ¢h

Wilson coefficients

C‘D/-—-\
o
—”’

/

dim.6 operators

(ex. SUSY)
_._Fm_;_
Vg I I ¥
q q : Ry
| I | / i e &
o 4dr, 4r, 4
g

integrating out
3

3 types

Our ~(qry"q )@ aqr),
(@rY*qr)(@rY"qr),

? quG ™~ QLFEGMQLj QRF%G,LL(]R

quGG N@LF%VGMGVQLJ
qRF%VGMGVQRJ

(coefficients of OPs of L and R are different)




PV in top pair production @ LHC

helicity dependent top pair production

typical diagrams

SM

SM QCD

i, d, g
>mgmz<
u, d, g

LL(R)

LL(R)

SMEW

tL(r)
>\/\i\/\<

LL(R)




PV in top pair production @ LHC

helicity dependent top pair production

typical diagrams

o SM QCD ) SMEW )
u, d, g tL(R) LL(R)
g A
SM
u, d, g LL(R)
SUSY |— -
7 L(R)
g
BSM . &Y
Z?L(J;:)“"
LL(R)

2 2 12 2

n g 27 g 1 g A

Sy = (—) godt_y = — log —
TP T\R ( 1672 © 161672 ' 16 167r2> R

2 2 2
_(n 9s g A
Oy = (R) (316772 I 16772) g




PV in top pair production @ LHC

helicity dependent top pair production

typical diagrams

SM QCD SMEW )
tL(r) tr(r)
VA
SM
LL(R) trir)
SUSY
tL(R)
L(R)
BSM
tL(R)
LL(R)
5mtg¢): n 3 ;2—1—— 2+— 7 log 7
Little HIggS - ((i)) %31693 :6;,@2 )101;[1&% ) H
Qw 1 ~ _ tr R 1672 1672 p?
oL — ; cos” e iz, (t~v* Prb) (by" Prt)
G o 2 1
Zq: 5t Oudeos” By (qv" PLq)(ty* Pit)

v <= VEV of SM Higgs

cos~1——
& 2f . VEVofLH

(tree)




PV in top pair production @ LHC

helicity dependent top pair production

helicity asymmetry

’

S

doRR doRry, dor i, dorr O-)\t X At . top helicity
0A — i dmg dmy g dmyg Az ' anti-top helicity
LR doRRr doRry, I dor i, I dornr ex)
- dmeg © dmeg A orr = 0(pp — trlR)
LL(R)
4
~ O(g5)
LL(R)
R
(UP to O(Qj) . OLR and ORJ, are redundant)
SA g~ Sl CTo4E
e dopr | dopr
dmt{ | dmtf



PV in top pair production @ LHC

SUSY contribution

check that ITlg; = INlggr contributes the helicity asymmetry

i 05: rrrrrrrryr T e Tt T T T T T

0.455 :

0.4F O

SUSY 0.35F . E
5ALR = :

| 0.3:— . =

Chi L 10250 . E
Tl £ :
dmg Cdmyr 02:— m 3
0.155 i E

0 1E . Equ = 7TeV E

005;- - m(g) = 2TeV, m(q;) = 1Te\/_§

0E ! | | i .

il wlg looslisal gy o
0 200 400 600 800 100012001400
Mg, — Mgp [GeV]

When mg, —Mgr becomes large, the asymmetry increase.



PV in top pair production @ LHC

each contribution of SM, SUSY, UED, LH

tendency of the asymmetry

% 1 00 T T T T T T T T T T T T | T T T | T % 1 00 i T T T T T T 1T T T 1T T T | T T 1 | 1T T T |
@) - J (d')) _ _
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o\o :_D _'_D_|_D_‘—D—'—D_I—D_!—EI—'_D_' D—'—D—: — :—D—o—D_:_D_'_D_'—D—:_D_'—D—'—D—i—m—n—m—n—m—n—mﬂ_m_,—m—g_m;
I & L ]
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2 L | L @ T |
= - E e —8—L g
:—ﬁ AP ._:—._l—l—g_._:—l—l—-—: j!_'_._‘_._'._.—;-—-E—--é:i%:;-—'—z—l—-—u'_._':.; 8 W s_._|_.E
50 1 s rrey]
L T i - - .
i —8— J . i
i — % _g ¥ — e &8 —— |- _
-100— O SM QCD pp — T e -100— O SM QCD pp — tt —
- SM EW pp— i i B SM EW pp — tt il
= 1 SUSY (m( "g]),m(dl),m(q;)):@TeV, 2.1TeV, 1TeV) - = L] SUSY (m(“g'),m(c"q'L),m(qE)):(2TeV, 2.1TeV, 1TeV) —
1 50__ B SUSY (m( “Q),m(c'il),m(q;)):@TeV, 1TeV, 2.1TeV) O _1 50__ B SUSY (m(ﬁ),m(ﬁL),m(qﬂé)):QTeV, 1TeV, 2.1TeV) ]
B L A UED (R_1, A)=(2TeV, 20TeV) = L A UED (R, A)=(2TeV, 20TeV) |
i ® LHVEV =2 TeV i i ® |HVEV=2TeV i
Y I Y YT A H O S A SN ORI A A TN A N NN Y O O O N SO Y P OO I (O SOOI O N A Y A O
400 600 800 1000 1200 1400 0 100 200 300 400 500 600
m, [GeV] pT(top) [GeV]

Clearly there is a difference between SUSY and UED



PV in top pair production @ LHC

Interference of SM contribution

3¢ cross section in SM (O'SM (pp — tt) ~ 125 pbj

oSMEW ~ 3 5 % 107! pb
o P ~ 138 pb

EE)  SUSY effect is interfered

¥¢ cross section in SUSY : ( SUSY (pp — ) ~ O(10™ pb)

(mé,mgL?ng) (GeV] USUSY(pp — 1) [x 10_4pb]
(i), (2000, 2100, 1000) 1.5
(ii), (2000, 1200, 1000) 2.2
(iii), (400, 1200, 410) 8.8

( large when SUSY particles are light)

event selection for jets

PT > 40 GeV (LHC)
pT > 30 GeV (Tevatron)

(jet ~ mass difference) g and CjR are degenerate within 30 GeV



PV in top pair production @ LHC

Discriminate SUSY from UED

Asymmetry given by SM + SUSY ( UED )

;l 2: | ! l l | ! l l | | ! ! | l | l | ! 7] ;l 2 T T 1T 7 T T T T T 1 T T T | T T 7 | T T T _]
O 1 5:_ = ) - -
S : Eon = 718V < 0 1o Eey = 7TeV -
\9 1= — X 1= E
X - - S : -
2% 0.5 = o 0.55
s = = <E_I - =
g O: — @ - Q O; _;
-0.5- e e - -0.5- -o- £
i} 1f— —f _1:_ () Standard Model (QCD+EW) =
- R Y [] SM+SUSY (m( g),m(q,),m(q.)) ]
-1.5 O standard Model (QCD+EW) — -1.5F = (2TeV, 2.1TeV, 1TeV) =
- [ ] SM+ SuUsY (m(g),m(q),m(q.))=(2TeV, 2.1TeV, 1TeV) . - B SM+ SUSY (m( g),m(q),m(q.) N
'2:_ B sv + susy (m("g]),m(cil),m(q"é)):(zTev, 1TeV, 2.1TeV) - -2 = = (2TeV, 1TeV, 2.1TeV) =
2 52_ A SM+UED (R, A)=(2TeV, 20TeV) ps 55 = A SM+ UED (R, A)=(2TeV, 20TeV) =
"M @ sM+LHVEV=2TeV = g = @ SM+LHVEV=2TeV =
> O T YT N Y Y O Y N > 1 O S T S P N T A N NV
2?00 600 800 1000 1200 1400 30 100 200 300 400 500 600
m. [GeV] pT(top) [GeV]

It seems difficult to see ...



PV in top pair production @ LHC

Towa rd n eXt Ste P (work in progress)

precious analysis was up to O(Qi)

asymmetry can be large if we consider contributions of O(gZy;)

(insmall tan (3)
Higgsino diagrams

’\N‘ | h:l: >> ’\‘v‘ 4 h:l:
br, ™~ br ™

(expect O-tSfUSY ~ 1072 pb)

3% evaluate not only dim.6 OP but also all contributions from more than dim.6

(preliminary)



(@ non-degeneracy bound for 14, and mfiR)
\'4

3, Parity violation in meson decay

(and nucleon interactions)

N. Haba, KK, T. Onogi,
arXiv:|109.5442 [hep-ph], Acta.Phys.Polon.B (to appear)



Parity violation in meson decay

PV in (c€) meson decay

parity violating

/ X . JPC =0t
\ m(p)m(—p S-state (L=0, S=0) system
JPC _ O——I— JPO _ O++ p_ (_)L} C (_)S+L _, gPC _ g+




Parity violation in meson decay

PV in (c€) meson decay

parity violating

(from PDG)

X o(1P)

++

direct PV (decay)




Parity violation in meson decay

PV in (c€) meson decay

parity violating

parity conserving

( Ne — T

) Xeo — T

/ \

Br(xgo — mr) = 8.4 x 1077

JPC — ot JPC’ _ O++ JPC —0ott JPC’ — o+t
THE CHARMONIUM SYSTEM
V/(QS) (from PDG)
//’//’ hadrons
hadrons 0~
1+- ++

direct PV (decay)




Parity violation in meson decay

PV in (c€) meson decay

parity violating parity conserving
( Ne — T ) Xco — T
X
/ \ Br(xa — 7r) = 8.4 x 1073
JPC — o=+ JPC _gt+ Jre — ottt JP¢ — ot +

THE CHARMONIUM SYSTEM

V/(QS) (from PDG)
n,(25) é,ﬂ’" ;,L Xo(1P)
Y
hadrons ¢ hadrons

1+- ++

direct PV (decay)




Parity violation in meson decay

PV in (c€) meson decay

parity violating parity conserving
( Ne — T ) Xco — T
X
/ \ Br(xew — 7r) = 8.4 x 1073
JPC — o=+ JPC _gt+ Jre — ottt JP¢ — ot +

THE CHARMONIUM SYSTEM

V/(QS) (from PDG)
28 ,;V’/ | \
hadrons ¢ P - hadrons
L hadrons w0~
indire—/——™++——«—"F-+——" = ~

experimental limit

Br(n,—nTn")<11x10™", Br(n — n'7°) <3.5x107°
y

1++ 1+- ++

direct PV (decay)




Parity violation in meson decay

Method - Non-Relativistic QCD (NRQCD)

(heavy quark)

(q7) bound state
(QCD)

NR-limit

Schrodinger eq.

(NRQCD)




Parity violation in meson decay

Method - Non-Relativistic QCD (NRQCD)

Step 1.

da )
(heavy quark)
_ NR-limit |
(97) bound state Schrodinger eq.
(QCD) (NRQCD)
\. J
3¢ from QCD to NRQCD ( 3 steps)
integrate out gluon from QCD Lagrangian
S~ [ -ma+ (- | [ @D @ - i
- &£ Y ~ . 200
N Sz — y0)4398_,g —  (tree level)
m|Z — gl



Parity violation in meson decay

Method - Non-Relativistic QCD (NRQCD)

da )
(heavy quark)
_ NR-limit |
(97) bound state 3 Schrodinger eq.
(QCD) (NRQCD)
\. J
3¢ from QCD to NRQCD ( 3 steps)
Step l. integrate out gluon from QCD Lagrangian
S~ [ -ma+ (- | [ @D @ - i
- &£ Y ~ . 200
N ~ §(z" — y0)4%gig —  (tree level)
m|Z — gl

Step 2. quark in NR-limit (large T & v K ¢c=1)

Xeimt 4 an gpe_imt

—m NG im
q(x) = ( o tfg%—mxe t )

¥ particle component

X - anti-particle component

(Foldy-Wouthuysen Transf.)



Parity violation in meson decay

Step 3. introduce a bi-local field

i (@)t o(y) = P (7)
L |

c.m. coordinate relative coordinate

Hisano, Matsumoto, Naojiri, Saito (2004)

= / [[PeDs! e / / iz, 1) (z,v) — ¢! (2)o*x(®)),

1= [TIPD4 et | [ dutau)(s#i(a,) ~ ¥ wotptw))

& integrate out st (:23, y), (,0(:23), X(:]J)




Parity violation in meson decay

Step 3. introduce a bi-local field

Hisano, Matsumoto, Naojiri, Saito (2004)

— g : g g
(@)oot o(y) = ¢§( (’I") 1:/11@8 Dot e | [ dliw ) @) - pl@otx(w)
i 1 1= [T[P08" et | | (00 w3) — X @ e(w),
c.m. coordinate relative coordinate W. v 7
we obtain NRQCD action &integrate out 8" (1, ), (), x(2)

. A3 ”
Seft = /X [f/ﬁ? (7) [389( - ﬁ + H(r)| ¢x(7) (Schrodinger eq.)

H(?") = —V,?,./m -+ V(?") <« (gluon) potential



Parity violation in meson decay

Step 3. introduce a bi-local field

i (@)t o(y) = P (7)
L |

c.m. coordinate relative coordinate

we obtain NRQCD action

Hisano, Matsumoto, Naojiri, Saito (2004)

= / [[PeDs! e / / iz, 1) (z,v) — ¢! (2)o*x(®)),

1= [TIPD4 et | [ dutau)(s#i(a,) ~ ¥ wotptw))

& integrate out st (:23, y), (,0(:23), X(:]J)

| AZ
S = | [ oK@ |0k — 3% +H

(r)| ¢x(r)

(Schrodinger eq.)

potential

15F
10F

05+

r [GeV-']
* Coulomb potential is dominant

(Schrodinger eq. is analytically solvable)

H(?") = —V,?,./m -+ V(?") <« (gluon) potential

K r
= —— — . Cornel potential
" a (k =0.52 2.34 GeV-')
K=UoLa= .. ey’
f f
Coulomb  linear (confinement eff.)

Schrodinger eq. cannot be solved analytically.

\

numerical analysis is needed

E.Eichten, et.al, Phys.Rev,, D17, 3090



Parity violation in meson decay

Step 3. introduce a bi-local field

i (@)t o(y) = P (7)
L |

c.m. coordinate relative coordinate

we obtain NRQCD action

Hisano, Matsumoto, Naojiri, Saito (2004)

= / [[PeDs! e / / iz, 1) (z,v) — ¢! (2)o*x(®)),

1= [TIPD4 et | [ dutau)(s#i(a,) ~ ¥ wotptw))

A2
Sa= [ [ o8 [iog - 35+ H)| ox

© c.m. coordinate and relative coordinate are separated

& integrate out st (:23, y), (,0(:23), X(:]J)

(Schrodinger eq.)




Parity violation in meson decay

Step 3. introduce a bi-local field Hisano, Matsumoto, Naojiri, Saito (2004)
XT (ZL’)O'MQO(ZJ) > ¢/~;{ (,}:’) i= /EDS“%I”' eXpi/M/yCﬁL(ﬂs;y)(S“(ﬂs,y) — pl(z)o"x(v)),
i 1 L= / | [ Ds*1D¢” exp //y $ulz, v)(s* (2, v) — X (2)ot o (),

c.m. coordinate relative coordinate

we obtain NRQCD action

A2
[Seff = [X ﬁéu (7) lzaX _ R + H(r )] ¢x (T) J (Schrodinger eq.)

c.m. coordinate and relative coordinate are separated

& integrate out st (:23, y), (,0(:23), X(:]J)

expand @’;( (F) by complete set of eigenfunctions 2/, (T°) (H(r)n(F) = Eqxpn () ) : (bX Z ab (X)), (7)
[p iQ ESp?n si_nglet ] (zs+1L ;) jpc) )
/J—\’l/ . Spin triplet L = 0 ; L - 1 P o (L) G ()4
g_o |2x(r) = ay (X)Uy (7) i aj (X)Un () +
(*Sp, 07F) 1 (LP, 177)




Parity violation in meson decay

Step 3. introduce a bi-local field Hisano, Matsumoto, Naojiri, Saito (2004)

XT (IL’)O’M @(y) > ¢/;’( (77) 12/1_[98“%”" eXpi/M/yfﬁL(ﬂs,y)(S“(ﬂs,y)—@*(ﬂﬁ)v“x(y)),
1 0) L= / || Ds#1D¢" expi //y ¢z, 1) (s (2, v) — X (@)oo (v)),
c.m. coordinate relative coordinate W. 7
we obtain NRQCD action & integrate out S (% y)a <,0(a:), X(x)

A2
[Seff = [X ﬁéu (7) [ZGX _ R + H(r )] ¢x (T) J (Schrodinger eq.)

c.m. coordinate and relative coordinate are separated

expand @’;( (F) by complete set of eigenfunctions 0y, () (H(r)t, (7) = Enin(7) ) : (bX Z ab (X)), (7)
[p iQ ESp?n si_nglet ] (2‘9+1L ;, JPC) )
M—\’Zx/ . Spin triplet L = : L - 1 P=()FH, @ = (-)S+T
0 =7 il 0 —?N ; 0 —
s_g |2x(7) =|an (X)¢n. (P ap (X)Pn. () +
| (180, 0_+)j E R () direct PV




Parity violation in meson decay

n28)

Y

hadrons

THE CHARMONIUM SYSTEM

(from PDG)

Lo(1P)

hadrons

direct PV
r R
— time
i T [ParityVioIating ]
Ne | / dim.6 OP
N
\. Y,




Parity violation in meson decay

direct PV

contribution to the PV

C ——mooseoor—

(¢ ——00000000—— |/

—  fime

iwis

/N




Parity violation in meson decay

direct PV

contribution to the PV

C ——mooseoor—
| |
| |
| |

C ——os0e000 — 7

e

dim.6 OP '
Op.V ]‘
<7T7T | AF | 77c3>

4 N\

129f 1 i, i, i, i,
A= Z(—CEL ) 00 4 o8 _ oli)

12921 1 XY XY XY &:a
Coeffs.of dim6 OP PV from Mg, = Mgy, ..

~ =5 (Aue + Beu)d™ (z — y) ([’ (x)uly) | 0)0 | X" (2)d(y) | ne)

|
F*(my,)

( T (scalar) form facor @ "Tip.)

77(3 decay constant
(O 5 (7) | ney = 1, (e

S-wave solution of

HQCDan(’F) — Enzpn(??)

TP X



Parity violation in meson decay

direct PV

contribution to the PV

C ——mooseoor—
| |
| |
| |

C ——os0e000 — 7

dim.6 OP '

e

1
p.v

<7T7T | O4F | 77c3>
4 e
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1 .
~ = (A + Be) P (my, by, (0)<
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|
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Parity violation in meson decay

Step 3. introduce a bi-local field Hisano, Matsumoto, Naojiri, Saito (2004)

XT (IL’)O’M @(y) > ¢/;’( (77) 12/1_[98“%”" eXpi/M/yfﬁL(ﬂs,y)(S“(ﬂs,y)—@*(ﬂﬁ)v“x(y)),
1 0) L= / || Ds#1D¢" expi //y ¢z, 1) (s (2, v) — X (@)oo (v)),
c.m. coordinate relative coordinate W. 7
we obtain NRQCD action & integrate out S (% y)a <,0(a:), X(x)

A2
[Seff = [X ﬁéu (7) [ZGX _ R + H(r )] ¢x (T) J (Schrodinger eq.)

c.m. coordinate and relative coordinate are separated

expand @’;( (F) by complete set of eigenfunctions 0y, () (H(r)t, (7) = Enin(7) ) : (bX Z ab (X)), (7)
[p iQ ESp?n si_nglet ] (2‘9+1L ;, JPC) )
M—\’Zx/ . Spin triplet L = : L - 1 P=()FH, @ = (-)S+T
0 =7 il 0 —?N ; 0 —
s_g |2x(7) =|an (X)¢n. (P ap (X)Pn. () +
| (180, 0_+)j E R () direct PV




Parity violation in meson decay

Step 3. introduce a bi-local field Hisano, Matsumoto, Naojiri, Saito (2004)

3, = ED T ; p 7
XT (IL’)O'MQO(y) » ¢/;’( (rr') L= /EDS D¢ esz/M/yéL(%y)(S (#,9) — ' (@)o"x()),
i 1= [ [[P¢ epi [ [ du(en)len) - X @a olo))
c.m. coordinate relative coordinate W. - 7
we obtain NRQCD action & integrate out 8" (1, ), p(2), x(2)

A2
[Seff = [X ﬁéu (7) [ZGX _ R + H(r )] ¢x (T) J (Schrodinger eq.)

c.m. coordinate and relative coordinate are separated

expand @’;( (F) by complete set of eigenfunctions 0y, () (H(r)t, (7) = Enin(7) ) : (bX Z ab (X)), (1)
[p:Q . Spin singlet j (2‘9+1L ;, JPC) )
p =1 : Spin triplet - (YL O o ()
/ pin triple L — 1 P—( )+}C—( )S-i-

S=1 | ¢&(F) = aj/w( VU1 (T) it axco( )Uxe0 (T)

|
(381, 1——) ] (BPO; O—I——i—)

indirect PV




Parity violation in meson decay

n28)

Y

hadrons

hadrons

hadrons v+ radiative

THE CHARMONIUM SYSTEM

(from PDG)

Lo(1P)

hadrons

JPC 0—+ 1—= o+ 1++ 1+ 5++
indirect PV
r a
B .
o t’iT . Te /S Xeo
o | / [ParityVioIating — e
= " | dim.6 OP P
e i ! \ i g
< E - - - - =
\ = = p




Parity violation in meson decay

indirect PV e o " " )
ncg'“i\g"')(czo ncg-"§°'gxw

3¢ introduce PV potential to the NRQCD action

s— [ [ fiog 2%+ 1

+oV{(

SUSY-induced PV potential

T we
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\. J
; . . SUSY-induced PV potential
3¢ introduce PV potential to the NRQCD action
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s— | [ [fza% - 2X L HE V)| %)
X J 4m A
%

\.

g PV potential (e.g. 4 Fermi OP)

19272 2
PV form Mz, 7 Mép

iw . 1207 1 ¢ @8 G B o P B & p—_
O*F > (0l - o) 84w — ey e@) Ewnaey)] —> Wi >

NR & bilocal fields

124% 2

19272 8m . N¢

(o - ) (

0 4V(r)d?
5V i SR

)
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i B
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indirect PV /
nC ...XCO nc o ee ® e XCO

g ) .

o J
3¢ introduce PV potential to the NRQCD action sU¥Tinduced F¥ potentia
A2
= / /¢§ (7) [i0% — =2 + H(r)+5V(r)| % ()
X Jr 4m v

5

\.

g PV potential (e.g. 4 Fermi OP)

1293

AF (c &) (c ) 4
© 319%22(}?R )5(

PV form Mg, 7 Mey

y)[e(@)yie()][e(y) vy e(y)] —> VL D

NR & bilocal fields

124% 2
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19272 8m . N¢

0 4V(r)d?
5V i SR
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S

3¢ expand by new eigenfunctions

[HYP(F) + 6V ()] Ta(F) =

= 240

EfUHKIJ ( )
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indirect PV /e

nc e ...XCO nc ®oee® o e XCO
—F . :
k J
. . . SUSY-induced PV potential
3¢ introduce PV potential to the NRQCD action
. A3
= [ [t fiog - 35+ H+aVE)| 5
X Jr m T uv
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PV potential (e.g. 4 Fermi OP)
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. Py
¢ expand by new eigenfunctions 3¢ |Ist order in perturbation HYP o (F) = Eptpn(7)
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3¢ introduce PV potential to the NRQCD action
. A3
= [ [t fiog - 35+ H+aVE)| 5
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PV potential (e.g. 4 Fermi OP)
0 5 229 L (06D — o) d4(a - wiE@p el Ewmate)] —> D et (08 - o) (s s )
PV form méL # méR NR & bilocal fields
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¢ expand bY new eigenfunctions 3¢ |Ist order in perturbation HYP o (F) = Eptpn(7)
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Parity violation in meson decay

Numerical Results

Direct PV

parameters
GeV | m; Mag | Ma, | Mg, | Mg, | May experimental bounds 4 . 5
(a) 1400 1 2000 | 2500 | 2100 | 2600 | 2200 | Brin. — ) <11 x107%, Br(n, —mm)<3.5x107°.
(b) 850 860 | 2500 | 870 | 2600 | 8&0 SMEW background
'\\ // Br(n, — 7m)gm =~ 7.0 x 10722
degenerate
Br(ne — 7 )air. Br(n, — 77) dir.
: Fe=1 =1
1o~ / 10715 £
10—18‘§ 7L F° =0.1
: F* =0.1
10719 ¢
| F* =001
(0220 / e e
| F =001,
Sl PRI s A e | sMv -
9l SM 5
0 II 5 " _%J%ER is 20 oy é s ™ 12 14 6 s 2
; mg, —mz,
(a) (b)
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parameters
GeV | mgz | mea,
(a) | 1400 | 2200
(b) | 850 | 880
\ /
degenerate

Numerical Results
Indirect PV

experimental bounds

Brin, »ntn7) <11 x107*, Br(n, — n'x°) < 3.5 x 107°.

SMEW background
Br(n, — 7m)gm =~ 7.0 x 10722

2.x10711 |
1.5%x10711
1.x10-11

5.x10712 ¢

Br(ne — 77 )indir.

Br (770 — ﬂ'ﬂ-) indir.

10
2 2
mEL - mER

=
8.x10711
6. %1011
gt -
2.x10-11
| |
15 20 | | L L L L | L 1 L L | L L 1 1 |
5 10 15 20
2 2
mz, —mz,
2
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NG, vy MG, non-degeneracy bound

from nucleon interaction

(m, w, p) — N couplings (there are experimental bounds)

* PV in SMEW > PV in SUSY
— bounds for Ma; 7 Map & myg. 7 mgi.



NG, vy MG, non-degeneracy bound

from nucleon interaction

(m, w, p) — N couplings (there are experimental bounds)

* PV in SMEW > PV in SUSY
—> bounds for Ma; 7 Mag & mg. 7 mg, |

[PV in the SM J

- | w-N, p-N couplings
Y
G 28
<« Cb (41 =0) = P4 qyiatysg
d | le 4 u g 4-Fermi |
| » — V2 G, (2sin’8y, — sin’f. ) gy*r'aqy,st'q.

o

TT-N coupling

%_
_/
1

s

EEV(AI=1)= — %ﬁGwSinzawéT”‘?@'usﬁq

()=
)

N
\T/ M.J. Duncan (1983)
W. Bertozzi, et. al. (2000)



Mgy vy MG, ; non-degeneracy bound

from nucleon interaction

f

%\

(m, w, p) — N couplings (there are experimental bounds)

* PV in SMEW > PV in SUSY

— bounds for Ma; 7 Map & myg. # mg.

h

[PV in SUSY J

[y
|
d |u d
i \ !
5,
SUSY
|
u u 'd

d ju
f r
—
u
a |
|

coeffs. of 4-fermi operators

Ci(j'r) =

Chw) -

G (p) =

— ~ 2 [e(may) — elma,) — c(my,) + c(mg, )]
= 252 p [e(ma,) — clma,) +c(mg,) —c(my,)]

= 2oop[elma,) — o(ma,) + e(my,) — e(my, )]

_;_;P [fl('maLamch) B f1(maR,m(§L) == fg('mﬁL,méR) + fg(mﬂR,m&L)}

3af (2 8 \ \ . :
T (5 i fj p[2fi(ma,,my, ) — 2fi(mag,mg,) — falmag,mg,) + 2fa(may, mg,)
- fi (ma’z'Lama’fL) - fl(mafR:mai'R) — filmg,,my, ) — filma,,ma,)
+f2(.méf£,:m5£,) + fQ(miR:miR) + fg(mﬁl,?frn’ﬁl,) + fg(mﬁR?mﬁR)}

o? 32
_£§P [Qfl(mﬁpm&,) - Qfl(mﬁR,m&R) — fg(mﬂL, m&L) + sz(mﬁR?m&R)

- fl(méLa mc'fL) - fl(ng,ng) — filmag, ma, ) — filma,, mag)

+ha(my, ,mg ) + falmg,mg ) + falmay, ma,) + fo(mag, mag) |

( c(mg), fi(mg), f2(mg) ~ Mgisy )




NG, vy MG, non-degeneracy bound

from nucleon interaction

parameters
GeV Mg | May | Ma, | Mg,
heavy 1400 | 2000 | 2500 | 2100
‘degenerate’ | 850 | 860 | 2500 | 870

'& degenerate




from nucleon interaction

NG, vy MG, non-degeneracy bound

parameters
GeV Mg | May | Ma, | Mg,
heavy 1400 | 2000 | 2500 | 2100
‘degenerate’ | 850 | 860 | 2500 | 870
- '& degenerate
o
m — N coupling
CPYSY () [GeV 2] CPY5Y () [GeV 2]
m—N T =N
107°F 1075
________________ B st SRR
1077 ¢ 10-7?
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10‘9/ 109r
10~ 1 1o-11
2'1'20""1'5' I2|0 IIfI§III1|0III21|2II2I1|4III1|6IIIIISIIIZIO
heavy ‘degenerate’
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w — N coupling heavy ‘degenerate’
CBYSY () [GeV 2] CPYSY () [GeV 2]
1073 {f)_j_A_f ____________________________________ 10_5
SM ST Y
1077 10-7 L
9 SUSY | SUSY
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10711 - 10-11 L
5 2 19 15 20 T 1 12 14 1. 1w
e my, —my,
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e
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w — N coupling heavy ‘degenerate’
CBYSY () [GeV 2] CPYSY () [GeV 2]
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1077 ¢ 10-7 E
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109 b 109
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i _ﬂig 5 2 3 0 21I2 . 4 16 s »
/
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p — NN coupling heavy ‘degenerate’
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Parity is violated even in QCD process via SUSY
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Summary

Parity is violated even in QCD process via SUSY
mt 2 \/_gsgaq_L Tach( R) + h.c. & [mQL 7& quj

»
¢ D indirect search of new physics

—> We analyzed helicity dependence of top pair production @ LHC
(= sizable asymmetry can be appeared)

= |t is useful to discriminate SUSY from other BSM candidates (e.g. UED)
\ J




Summary

Parity is violated even in QCD process via SUSY
Lint O V2953°qr.r)Tqr(r) + h.c. & [qu 7 quj

r p
¢ D indirect search of new physics
—> We analyzed helicity dependence of top pair production @ LHC
(= sizable asymmetry can be appeared)
= |t is useful to discriminate SUSY from other BSM candidates (e.g. UED)
\ J
r N

¢ @ non-degeneracy bound for Mg, and Mg,
= PV has not seen in QCD process

= Mgy, 3& MGr non-degeneracy bound should exist

= We evaluated PV in meson decay (but small)

© Our method is applicable for other new physics inducing PV
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