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1. Introduction



WMAP found existence of Cold Dark Matter

= Evidence of New Physics

Candidates: neutralino, gravitino, axion, ....

In SUSY GUT, neutralino is one of the promising candidates,

but it may not be unique.

Direct detection of the dark matter is important

for finding the property and constituents of DM.
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Neutralino(LSP) as DM

Neutralino is a combination of gaugino and higgsino.
X = a1B 4+ apW3 + azHy + a4 Hy

Mass and couplings depend on the SUSY breaking parameters,
which should be determined by LHC and ILC

Then one can predict the direct DM detection rate,
which can be measured independently by experiment.

A crucial test for identifying the DM constituent.



Detection rate R
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DM'NUC|e_ar p . DM density at the earth
Cross-section f(v) : velocity profile

Determined from SUSY model Determined from N-body simulation



g YN arises from the interaction with quark
— Spin-independent interaction : higgs exchange
— Spin-dependent interaction : Z and squark exchange

q q q
q q q q
SI interaction SD interaction
Coherent enhancement No Coherent
for large Atomic number enhancement
SD :
‘7;}\7 = A2 oyn o (total spin)

Spin independent interaction is much larger.



Why sigma term Is important?

* A crucial parameter for the WIMP dark matter detection rate.
The interaction with nucleon is mediated by the higgs boson exchange in

the t-channel.

Higgs Yukawa coupling of the proton
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heavy quark loop
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strange quark

Sigma term is the parameter to convert
the quark yukawa coupling to nucleon yukawa coupling.

X
N

K. Griest, Phys.Rev.Lett.62,666(1988)

Phys,Rev,D38, 2375(1988)
Baltz, Battaglia, Peskin, Wizanksy
Phys. Rev. D74, 103521 (2006).

Note: strange quark contribution is dominant.
Nucleon sigma term for strange quark is most important.



What Is sigma term ?

. scalar form factor of the nucleon at zero recoill

oxN = Myg ((Nfiw+ dd|N) - V{Ofiu + dd|0))
ogkn = ms((N[ss|N) —V(0[ss|0)),

My + my

2

where (N(p)|N(p)) = (2)353(p — p'), myq =
o V' . spatial volume
 related quantities
2 ((N|3s|N) — V(0|55/|0))
(N|uu + dd|N) — V{(0Oluu + dd|0)
ms ((N|ss|N) — V{(0]|ss|0))
my

Yy =

I,

We will denote (N|gq|N) — V(0|qq|0) as (N|gg|N)  for simplicity.
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How well IS gm term known?

Theory Group method oy MV g
ChPT Gasser et al.(91) ~ 1-loop spectrum 4(9) v (.2
Borasoy-Meissner(%6) 1-loop spectrum B0) 0202
Borasoy-Meissner(97) 2-loop Spectrum (1) 0.2(2)
Lattice Kuramashi et al(%5)  ny=0 Wilson 3pt /2ot 060 066(15)
Dong et il %)~ ny=0 Wikon 3pt /2ot 03 0.3603)
SEASAM(99)  m=2Whn i/t 185 05(13)
UKQCD(02) ;=2 Clove spectrum(unsubtracted) 053(12)
spectrumSubtracted) 0.30(34)
ChPT+Lattice Procura et al(04)  NNLO, ny=2 Clover spectrum 19(3)

o.ny=30-50 MeV from ChPT
y=0-0.2 from ChPT, y=0-0.5 from lattice QCD

The strange quark content has 100% uncertainty. "



‘e

— v Pa
I I1IT1 1]

NAvry
AMTI

SUSY model prediction of DM cross-section Oxp choosing ¥y = 0.2

Bottino et al. Astroparticle Phys.18(2002)205

& Dottine, F. Donato, N, Fornenge, 5 Scopel (2001)

Present senstivity

New experiments XMASS, SuperCDM
can improve the sensitivity
by 2-3 orders of magnitude.

Determination of y is getting
more and more important.

0,h?
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goal

Our

Determine the nucleon sigma term in unguenced QCD
using the dynamical quark (overlap fermion),
which has an exact chiral symmetry on the lattice.

The advantage of the exact chiral symmetry
— No power divergence - subtraction of the vacuum condensate
IS numerical much more stable

— No unwanted operator mixing

In this study, we work in nf=2 unquenched QCD
nf=2+1 QCD will be studied very soon

We exploit mass spectrum method ( explained later)

13



Basic Methods

Feynman - Hellman theorem
dmN

= (N|gq|N)

qu

Moreover, partial derivatives with respect to the valence and sea quark
masses give contributions from ‘connected’ and ‘disconnected’ diagrams.

omy (my,, m _
wrval, msea) _ (N1qg|N)conn. O ivaly Tisea) _ (20| Ny e

amval Omsea
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Many unquenched simulations are performed or starting now.

3. Lattic

SD_

ﬁ
LIVUIL ]

In addition to rooted staggered by MILC collab.,
Wilson-type fermions and Ginsparg-Wilson fermions are in progress.
Important for cross-check and theoretically clean

Group Action J a (fm) mr (MeV)
MILC Staggered 2+1 0.09, 0.12 >300
Del Debbio et al. | Wilson, O(a)-imp Wilson | 2 0.052-0.075 | > 300
PACS-CS O(a)-imp Wilson 2+1 0.07, 0.10, 0.12 | >210
ETMC twisted Wilson 2 0.075,0.096 | >270
JLQCD Overlap 2(241)]0.11 >300
RBC UKQCD | Domain wall 2+1 0.09-0.13 > 310
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Ginsparg-Wilson fermion

Ginsparg-Wilson relation  Ginsparg and Wilson, Phys.Rev.D 25(1982) 2649.

D~s +v5D = aDvysD

Exact chiral symmetry on the lattice (index theorem)

Hasenfratz, Laliena and Niedermayer, Phys.Lett. B427(1998) 125

Luscher, Phys.Lett.B428(1998)342.
v — Y +ivs(l—aD)y =9 + iy
Y — Y+ iys

Overlap fermion ( explicit construction by Neuberger)

1 .
D =—[1+yssign(Hw)],  Hw =75(Dw + Mo)
Dy @ Wilson Dirac op., My : negative mass
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Numerical simulation

Dynamical simulation with Nf=2 overlap fermion
e 16”3 x32,a=0.12 fm, L=1.9 fm
e quark mass 6 values in the range of ms/6-ms

» fixed topology
« At Q=0 accumulated 10,000 trajectories

A good test for real calculation with Nf=2+1.
Nf=2+1(u,d,s) simulation will finish within 1-2 months.
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We have 6 and 9 quark masses
for the sea and valence quarks, respectively.

aAMsgeq

mx [GeV]

confs

0.015
0.025
0.035
0.050
0.070
0.100

0.3063(20)
0.3905(14)
0.4635(14)
0.5549(14)
0.6608(11)
0.7993(15)

500
500
500
500
500
500

-
Q.
<

1.9 fm
0
1.69 GeV

= 0.015,0.025,0.035,0.050,0.060,

0.070,0.080,0.090,0.100
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4. Results

* Nucleon masses from 2-pt functions

eff (1) — Cz(t—|—1)>
m t) = —1In (
v () 310
I = ]
| Om,,=0.015
m,,=0.025 1y -
| ©m,=0.035 IIi
| Am,=0.050 = — T
| <im,.=0.060 ===
| m,=0070 & +
| - m,,=0.080
L +m,,=0.090 :E’:I‘:I'ZAF#“TTTI %
m,=0.100 A e KA
val #ﬁ@ﬁ ]
. -

0

Effective mass plot for amg=0.035

Solid lines are the mass from the fit

Nice plateau for t >4

We fit the 2-pt function with a single
expoential function

Cgt(t) = Zrexp(—mpt)

with fitting range t=5-10
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Sea and valence quark mass dependences

The valence quark mass dependence is very clear,

while the sea quark mass dependence is small.

100 T T T T T
] l 1.00 I I
B 0.95 __%/5 —
0.90—
0.90 _
- O am,=0.035 |
Z - — -
% 0.80— %Z 0.85 - o am,=0.050 u
B B amva|:0.060 i
L A am a|:0.070
0.80 — -
B - < am_=0.080
0.70 _
i i am _=0.090
0.75~ > am,,=0.100 ]
| 1 | 1 | 1 | 1 | 1 | _I 1 1 I 1 1 I 1 1 I 1 1 ]
0.60 0.70
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.05 0.10 0.15 0.20
amval amsea
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Fit of the quark mass dependence

1. Fit of diagonal (unitary) points with Chiral Perturbation Theory (ChPT)

304 3
mﬂ-
3272

my = Bg + Bymg + Bomg —

g4:. axial coupling of nucleon
Phenomenological value: g4 = 1.267

fit 1: gA fixed (gA=1.267), fit 2: gA free
Both fits uses 6 points My = My, = Msea = 0.015,0.025,0.035,0.050,0.070,0.100

05 By | B By |y
fit1 [ 0.5398(77) | 12.05(29) | 59.8(2.4) | 1.267(fixed)
fit2 | 0.575(26) | 7.2(3.4) | 13(33) | 0.73(52)

ChPT fit with fixed gA or free gA
give consistent results.

1 n n n n i n n n n 1
0.00 0.05 0.10

am, 21
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Box size of L=1.9 fm is rather small for baryon with light quarks.

We can estimate the Finite Size Effect(FSE) using ChPT.
After correcting the lattice data including FSE, we can redo the ChPT fit.

® data
¢ FSE

--- fit (g, free, 6 points )

— fit (g, fixed, 6 points)

: By By By 94

1| Without FSE correction

1| ga(fixed) | 0.5398(76) | 12.05(29) | 59.8(2.4) | 1.267(fixed)

1| g4(free) | 0.575(26) | 7.2(3.4) | 13(33) | 0.73(52)

11 With FSE correction

1| g4(fixed) | 0.4855(73) | 13.20(28) | 53.3(2.3) | 1.267(fixed)
q4(free) | 0.498(25) | 11.5(3.3) | 36(32) | 1.10(33)

0.1

0.3

0.4 0.5 0.6

2 2
m,s [GeV']
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* Result of sigma term from ChPT fit

9nr N [MeV]
FSE uncorrected | FSE corrected
ga fixed 48(2)stat 54(1)stat
gu free 33(11)stat 49(10)stat

1. Although there are finite size effects (FSE), sigma term gets
only about 12% change.

2. ChPT fit (gA fixed) without considering FSE gives
reasonable result.

3. We take ChPT fit (gA fixed, FSE uncorrected) as our best fit,
assuming possible 12% finite size error.

0 6
orn = 48(stat(T0s)extrap. (15 Fse [MeV]

Preliminary — ,,



2. Global fit using partially quenched chiral perturbation
(PQChPT)

my = Boo + B10Mya; + Boimsea + B11mseamyq, + Baogm2,; + Boam?2

2
ok 0d [F7Om)3 + 16(my0)3 + omer(m3)?)]
i]% [—19(m’70r’0)3 + 10(m17)T5)3 14 9m%’”(mf§)2)}

9194 [_13(m20)3 4 4(m2)3 + 9me (ms)2)]}

Q N

(mg’?})Q — Amvab (m%S)Q — é(m/ual -I_ msea,), (mer)Q — Amsea, A Constant

gA,g1: axial couplings of nucleon
Phenomenological values:
ga = 1.267, g1 = —(0.4 — 0.6)

1 By | Bp o 0

o0t fxed | 0.519(8) 1 29(3) | 9.81(7) | 44(7) | 38(26) | 47.003) | -0:4(Fxed) | 1.267(fed)
oaftee, qfved | 0517(8) | 37(4) 9.001) | 18(2) | 45(26) | 33(2) | -0.38(1) | 1.267(fwed]
onorfiee | 055(0) 26(7) [6.6(11) 8.2(6)1-06(39) 18(7) | 0.29(4) | 0.94(20)
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dmN/dm

—— 6 parameter
— g, free, g, fixed

g, free, g, free

— 6 parameter
— g, free, g, fixed

g, free, g, free

SRR T T L L

i u | LT ]
A T T e oobl 1 1 . Lo
0.04 0.06 0.08 0.00 0.02 0.06 0.08
amval = amsea sea
Connected Disconnected
fit mq omp /Omyg| | Om/Omsea
g4, g1 fixed 0.0033 | 7.10(9) 1.65(25)
g4 fixed, g free | 0.0033 | 6.55(12) 2.06(26)
ga, gy free 0.0033 | 4.50(33) 0.95(38)
ga,g1 fixed 0.080 . 0.42(11)
g4 fixed, g1 free | 0.080 - 0.42(11)
g, gy free 0.080 - 0.39(11)
ga, g1 fixed 0.090 - 0.41(16)
ga fixed, g1 free | 0.090 - 0.44(16)
ga, g1 free 0.090 - 0.34(16)
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I 1 III

cted and dis cted contributions for myy = msea

CATLITWA i1l III

Taking PQChPT fit with fixed g1,gA, the disconnected contribution turns out as

2<N|JQ|N>diSC. = 1.65(25) for mqg — Myd — 0.0033

It is not possible to extract strange quark content (N|ss|N) from 2-flavor QCD.
For final result, we should wait for 2+1-flavor QCD result (coming soon).

In the present study,
We take ™q = 0-09result as our best estimate
and use mq = 0.0033result to estimate the chiral extrapolation error.

2(N|5s|N)
(N|au + dd|N)

14 -
C — 0-05(2>stat.(__|_o )extrap. Preliminary
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Comparison with other results

OrN
— ChPT results and previous results are consistent.
— Our results with ChPT is consistent
— Previous lattice calculation sea/valence. Is larger than 1
— Our lattice calculation sea/valence n is about 0.1

Y

— ChPT predicts y=0-04
— Previous lattice results y ~ 0.5bdue to large sea quark contribution
— Our results gives y = 0.04 — 0.2

28



Why Is y so different ?

« ChP
Large uncertainty from Low Energy Constants.

* Previous lattice caculation
Why disconnected contribution Is so large?

mixing with wrong chirality?

29



Operator mixing due to Wilson fermion artifact

If there is an additive mass shift there can be operator
mixing which should be subtracted (but not subtracted
except for UKQCD) for disconnected diagram.

(lﬁsea ¢sea) at
= Col + Zg [(@seaTﬁsea)MS + 9Amy

(@Zval@bvaI) M_S] + O(a)

amsea

Subtracting this mixing effect by using the sea quark mass
dependence of the quark mass shift, the disconnected
contribution becomes tiny ( consistent with zero).
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Additive mass shift and sigma term

am= €9+ D = hu= O

Wilson fermion has an additive mass shift through tadpole diagram
which mimics mass operator insertion to the valence quark due to
the lack of chiral symmetry

2 R
(N|(72)"* |N)gisc. = /j\ 4 TN

N

Normal disconnected Operator mixing induced
contribution connected contribution
(long distance effect) (short distance effect)
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Additive mass shift and sigma term

Same phenomena can be understood in the mass spectrum approach

Fixing the bare valence quark mass and changing the sea quark mass
effectively induces the change of the ‘physical’ valence quark mass
due to the additive mass shift.

Msea
A

v phys __ ¢
Amva| \,fnjval - flxed

\
\
\ A
\
\
\

N

bare
val

> m
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Discussion and summary

We studied the nucleon mass spectrum for nf=2 unquenched QCD
using exactly chirally symmetric dynamical fermion.

It is expected that our calculation is free from dangerous lattice
artifacts ( power divergence, operator mixing )

Our result is consistent with ChPT prediction.
We found disconnected (strange quark content ) part is tiny.

We pointed out that the descrepancies from previous lattice
calculation can come from artifact in Wilson fermion.
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0K N (polynomial)

_ 9
2ANRSNgisc. = 5" Imarmmugmss=m, = Bot + By
2(N[38\N)gisc. = 0.36(9)stat
_ 2WNIsSIN) g 0a5(11)
(Nl|uu + dd|N) '

Preliminary
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