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CP violation and Electric Dipol Moments (EDMs)

u ST A subatomic BRI
1 EDM: d= 3,716 % d-5/|§]
= (polar) (axial)
e P L L
1? d¢ H:—Mg'B—dg'E
- 4 4 P: H=-uS B+dS-E
T — T: "Hz—/x%é+d%é

Fig. courtesy of Wikimedia
A.Knecht 2008 3

A non-zero EDM of a non-degenerate (e.g. sub-
atomic) particle requires explicit breaking of P& T

= Assuming CPT to hold, CP is violated as well (flavor-diagonally)
— subatomic EDMs: “rear window” to CP violation in early universe

= Strongly suppressedin SM (CKM-matrix): |dn|~1072"%ecm, |de|~10"*4ecm
= Current bounds: |dnh|< 3°/1.6%-10726ecm, |dp|<2-10725ecm, |de|<1-10"2ecm
n: Pendlebury et al. (2015)°, pprediction: Dimitriev & Sen’kov (2003)* e: Baron etal.(2014)Jr

* from |d199Hg\ <7.4. 10_3Oecm bound of Graner et al. (2016), t from polar ThO: ‘dThol b 10_21 ecm ' .o
J JULICH

Member of the Helmholtz Association Andreas Wirzba QCHS XIII | August 5, 2018 Slide 2119 Forschungszentrum



A naive estimate of the scale of the nucleon EDM

Khriplovich & Lamoreaux (1997); Kolya Nikolaev (2012)

= CP & P conserving magnetic moment ~ nuclear magneton py

LN = 52 ~10"%ecm.

= A nonzero EDM requires

parity P violation: the price to pay is ~ 107’
(Gr - F2 ~ 107" with Gr ~ 1.166 - 107°GeV2),

and additionally CP violation: the price to pay is ~ 1072
(In+-] = JA(KY = 7wt 77)| [ JA(KS = n¥77)| = (2.232£0.011) - 1072

= In summary: |dy| ~ 1077 x 108 x uy ~ 107>*ecm

= In SM (without @ term): extra GeF? factor to undo flavor change

> |d§M ~ 1077 x 1072*ecm ~ 10-%'ecm

— The empirical window for search of physics BSM(0=0) is

102*ecm > |dy| > 1073%ecm.
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How to handle CP-violating BSM sources?
Evaluation in Effective Field Theory (EFT) approach

= All degrees of freedom beyond NP (EW) scale are integrated out:
< Only SM degrees of freedom remain: q, g, (H, Z, W*, ...)

= Write down all interactions for these active degrees of freedom that respect the
SM+ Lorentz symmetries: here dimension 6 or higher order

= Need a power-counting scheme to order the infinite # interactions

= Relics of eliminated BSM physics ‘remembered’ by the values of the low-energy
constants (LECs) of the CP-violating contact terms, e.g.

4
% S

1TeV

~1/M?

\/

@) JULICH

Member of the Helmholtz Association Andreas Wirzba QCHS XIII | August 5, 2018 Slide 4119



CP-violating BSM sources of dimension 6

from above the EW scale to the hadronic counterparts below 1 GeV

W. Dekens & J. de Vries JHEP’13

150GeV g dp, \/ wur,
e
: N e & >'<
| | T
H H /‘\

| | wr dp
qEDM qCEDM 4qLR gCEDM lq

dp, ur,
10GeV q ; g X X
UR dp
! |
bl ™ : x J & N
< 1G€Vv N N - - d > N

Total #

1 (9_) + 2(qEDM) + 2(qCEDM) + 1(4qLR) + 1(gCEDM) + 2(4q) [+3(semi)+1 (Iept)]
= 1(dim-four) + 8(dim-six)  [+3+1] [Caveat: ms > my, mg (& m,>>me) assumed]

[N —
— 5 discriminable hadronic classes
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Road map from EDM Measurements to the Sources

Experimentalist’s point of view —

d(n) <2.9 E-26 ecm Lattice QCD
q

« Theorist’s point of view

reduced to d(n) < 1.6 E-26 ecm

A4

>

—

quark EDM

}_

v N
quark chromo-EDM

J€

nuclear theory

d(Tl) < 9.4 E-35 ecm

[ QCD (including 6-term)

_>[ gluon chromo-EDM }—)

_)[ four-quark operators }—)

d(ThO) < 1 E-21 ecm

S r{ lepton-quark operators ]—>

FUNDAMENTAL THEORY

enhanced to d(e) < 8.7 E-29 ecm

|
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Neutron,
Proton
& d(p) < 2.0 E-25 ecm
Nuclei: chiral EFT
2H,3H,3He
d(Hg) < 7.4 E-30 ecm
Diamagnetic (r—
Hg, Xe, Ra t
@
Paramagnetic £
i —] 2
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=
©
Molecules:
YbF, ThO, HfF* g’
Leptons:
muen d(p) <1.8E-19 ecm
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EDM Translator

from ‘quarkish/machine’ to ‘hadronic/human’ language?

3-CPO & R2-D2 Dirk VorderstraBBe
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EDM Translator

from ‘quarkish/machine’ to ‘hadronic/human’ language?

3-CPO & R2-D2 Dirk VorderstraBBe

Symmetries (chiral & isospin) plus Goldstone Theorem
- Low-Energy Effective Field Theory with External Sources
i.e. Chiral Perturbation Theory (suitably extended)
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The CP hadronic vertices from 8 and BSM sources

5 discriminable cases are left: Mereghetti etal., AP325 ('10); de Vries etal., PRC84('11); Bsaisou et al., EPJA49('13)
el g1 ao, dh (myA) Ci2(Cs4)
o1 op, | oF 1+ or | oF ()
7%, 70 [} Y 7\':

Teza N N N § //‘\\ X
o-term: o(1) O(M./my)  O(My/my) O(M2/m3) O(M2/ms)
gEDM: O(agy/4m) O(agy/4r) o) O(agm/4m) O(agm/4m)
qCEDM: o(1) o(1) O(Me/my) — OMZ/mF) — O(M:/m})
4LR:  O(M?/n) o(1) oMy OMifmy)  O(M /i)
gCEDM:  O(MZ /nt)*  O(M? /mE)* o) O(M /m?) o)

4q: O(M2/mi)* O(M2/my)* o) O(M2 /m}) o@)

*) Goldstone theorem ~ relative O(M?2 /mZ) suppression of N interactions
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From form factors to EDMs

(F(D)\ il (D)) = T (D) T (%) s (p) . R
p
o PP ?
r#(qZ):,yHF1(q2)_|0MVqV ;(n?f)+auuqy (q )+(¢qp, 2 p,),y (z )
g
Dirac FF Pauli FF  electric dipole FF (,O*F{ anapole FF (}“)
2
g d = lim F3(q ) for s =1/2 fermion

q2—>0 2my
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From form factors to EDMs

(F(D)\ il (D)) = T (D) T (%) s (p) . R
p
. F2(q? 2
rﬂ«(qZ) :,YIJ«F1(q2)_|O.MVqV 22(,,2 ) +0uuqy (q )+(¢qp, 2 p,),y (z )
f my
Dirac FF Pauli FF  electric dipole FF (,O*F{ anapole FF (}“)
2
g d = lim F3(q ) for s =1/2 fermion
q2—>0 2my
Nucleus A
(1149,(@) 1) _ ° ° . ° I ° i B
in Breit frame . l . 2mA
;»dA
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0-Term Induced Nucleon EDM

Baluni, PRD (1979); Crewther et al., PLB(1979); ... Pich & de Rafael, NPB(1991); ... Ottnad et al., PLB(2010)
Isospin-conserving wNN coupling:

0 (mn_mp)strong(1 _62) 0_

% = iF ~ (-155+1.9)-107%7 (where e = gg;::)
€
o dN”gg\F/)ector ~ (1.8+0.3)-107 "% fecm Bsaisou et al., EPJA 49 (2013), JHEP 03 (2015)

Note also: g = 8cimyA® +(0.6+1.1)-107%F = (3.4 £+ 1.5) - 10737 with the

2 — —
3-pion coupling: A = £G=) M’Z(M_er% g+--=(-0.37+0.09)-107°%9

single nucleon EDM:

§ isovector
Ve N\ «<
_ isoscalar
95 /8 known ~ “controlled” “unknown” coefficients
— lattice QCD required Guo & MeiBner, JHEP 12 (2012)

Unfortunately, all recent lattice results for the 8-induced nEDM are affected by a
mixing of F3(g?) with F2(g?) and compatible with zero  w. aoramezyk et al, prys fev 096 (2017)
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Lattice Parity Mixing of F3 and F, Form Factors

for the 6-induced nEDM results

¢-ind. CP violation modifies Dirac eq. to
(ipuyu+mne 2“75) {i=0 with altered parity op.

0.4 . . : .
Shintani 2016 &~
Alexandrou 2016 +&—
0.2 GUO 2015 +a— |
% Shintani 2005 =~
0.0 |5 i
Phenomenology
L:’ -0.2 | } 1
0.4 | {J ] ]
06 | {’ Blue: Corrected F; |
Red : Old ?3
-0.8 I I I I
300 350 400 450 500 550
m, (MeV)

M. Abramcyk et al., Phys. Rev. D 96 (2018) 014501

= mixing of F, and F3:
F = cos(2a)f-_2 - sin(2a)I:-_3
Fs = sin(2a)f; + cos(2a)F3

Only limited information on the parity
induced rotation in the original calculations.

Lattice results for F3 consistent with zero.
(This holds also for the qCEDM data.)

Reliable lattice data only for qEDM case:
JUEDM (3/5) x (9EDM

n, lattice n, quark model
dp = gy, + gddy + gas
g5 = —0.211(16), g.‘lj. =0.811(31), ¢ = —0.0023(23)

Figure and references:
B. Yoon, T.Bhattacharya, R. Gupta, EPJ Web Conf. 175 (2018);
Rajan Gupta, EDM Workshop, CERN, 26-March-2018
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Single Nucleon Versus Nuclear EDM

Baluni, PRD (1979); Crewther et al., PLB(1979); ... Pich & de Rafael, NPB(1991); ... Ottnad et al., PLB(2010)

single nucleon EDM:

5

—~

/ N\

—

“controlled”

L E
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Single Nucleon Versus Nuclear EDM

Baluni, PRD (1979); Crewther et al., PLB(1979); ... Pich & de Rafael, NPB(1991); ... Ottnad et al., PLB(2010)

single nucleon EDM:

5

—~

/ N\

—

“controlled”

two nucleon EDM:

L E

|
|
e

controlled
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isovector

~
~N

<

isoscalar
“unknown” coefficients

Sushkov, Flambaum, Khriplovich Sov.Phys. JETP'84

>

unknown coefficient
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EDM of the Deuteron: CP-violating = exchange

LIE = —dNT(1 - 7%)S V" NFu — doNT (1 + 73) SH v NF 1y

+ (MyA) g + goNEFN + gy NT g N
+ CNINDANTSTN) + CoNT2N-DANTFS N + -

5g,|  LO: M (cP,l) — 0 (Isospin filter!)
NLO: giN'msN (CP.]) - “LO”inD case

('Dy)

[ term [[N°LOXPT [N*LO*xPT [ Awvig | CD-Bonn || units |

; dp 0.939(9) 0929(2) | 0914 | 0927 | dn

. dp? 0.939(9) 0.929(2) | 0914 | 0927 || dp
A & a1 0.183(17) | 0.189(1) | 0.186 | 0.186 || gjefm
s Af, || -0.748(138)| -0.737(3) | -0.703 | -0.719 || Aefm

Bsaisou et al., JHEP 03 (2015); A.W., Bsaisou, Nogga, [JMP E 26 (2017)

BSM CF sources: g; mNN vertex is of LO in qCEDM and 4qLR case

(ALs. AsFR) = {(0.45,0.5); (0.6, 0.5); (0.55, 0.6); (0.45,0.7); (0.6, 0.7)} GeV

l) JULICH

Member of the Helmholtz Association Andreas Wirzba QCHS XIII | August 5, 2018 Slide 13119 Forschungszentrum



EDM of the Deuteron: CP-violating = exchange

LIE = —dNT(1 - 7%)S V" NFu — doNT (1 + 73) SH v NF 1y

+ (MyA) g + goNEFN + gy NT g N
+ CNINDANTSTN) + CoNT2N-DANTFS N + -

5g,|  LO: M (cP,l) — 0 (Isospin filter!)
NLO: giN'msN (CP.]) - “LO”inD case

('Dy)

Yamanaka & Hiyama, PRC91 (2015): dI\DI = (1 - gPIiD1 )dN

[ term [[N°LOXPT [ N*LO*xPT [ Awvig | CD-Bonn || units |

; dp 0.939(9) 0929(2) | 0914 | 0927 [ dn
. dp? 0.939(9) 0.929(2) | 0914 | 0927 | dp
A & a1 0.183(17) | 0.189(1) | 0.186 | 0.186 || gjefm
s Af, | -0.748(138)| -0.737(3) | -0.703 | -0.719 || Aefm

Bsaisou et al., JHEP 03 (2015); A.W., Bsaisou, Nogga, [JMP E 26 (2017)

BSM CF sources: g; NN vertex is of LO in qCEDM and 4qLR case
(A s AgFR) = {(0.45,0.5);(0.6,0.5); (0.55,0.6); (0.45,0.7); (0.6,0.7) } GeV
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3He EDM: results for CP-violating = exchange

_ § gN'7- 2N (GP,I)  gN'mN (CP.])
' LO: ¢-term, qCEDM LO: qCEDM, 4qgLR
3 & €
e " N2LO: 4qLR NLO: ¢ term
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3He EDM: results for CP-violating = exchange

£

QN'7-#N (CP, )

g1 NT7T3N (/GP/', I)

: LO: #-term, qCEDM LO: qCEDM, 4qLR
e W 9 e N2LO: 4qLR NLO: 6 term
[term [ A ][ NPLOCHhPT | Awjg+UIX [ CD-Bonn+TM [| units |
dy SHe 0.904 +0.013 0.875 0.902 dn
3H ~0.030 +0.007 | —0.051 -0.038
dp SHe || -0.029+0.006 | -0.050 -0.037 dp
3H 0.918 +0.013 0.902 0.876
A SHe || -0.017+£0.006 | -0.015 ~0.019 Aefm
3H —0.017+0.006 | -0.015 -0.018
9 SHe 0.111+0.013 0.073 0.087 go efm
3H -0.108+0.013 | —-0.073 -0.085
g1 %He 0.142+0.019 0.142 0.146 gs efm
3H 0.139 +0.019 0.142 0.144
Afy, || ®He || -0.608+0.142 | -0.556 —0.586 Aefm
3H —0.598 + 0.141 —0.564 ~0.576
C SHe || -0.042+0.017 | -0.0014 -0.016 C; efm™2
3H 0.041+0.016 0.0014 0.016
Co SHe 0.089 +0.022 0.0042 0.033 C; efm™2
3H —0.087 +0.022 | -0.0044 -0.032

Bsaisou, dissertation, Univ. Bonn (2014); Bsaisou et al., JHEP 03 (2015)

Member of the Helmholtz Association
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3He EDM: results for CP-violating = exchange
LI = —daNT(1-7%)S"V"NFuy — dpNT(1 +75) S* v/ NF .,
+ (mNA)Tl'27T3 +goNT7?"7iN+g1 NT7T3N
+ CINTND,(NTS*N) + CoNT#N - D, (NT72S#N) + ..

[term [ A ][ NPLOCHhPT | Awjg+UIX [ CD-Bonn+TM [| units |

dn SHe 0.904 +0.013 0.875 0.902 dn
3H ~0.030 +0.007 | —0.051 -0.038

dp SHe || -0.029+0.006 | -0.050 -0.037 dp
3H 0.918 +0.013 0.902 0.876

A SHe || -0.017+0.006 | -0.015 -0.019 Aefm
3H —0.017+0.006 | -0.015 -0.018

9 SHe 0.111+0.013 0.073 0.087 go efm
3H -0.108+0.013 | —-0.073 -0.085

g1 SHe 0.142+0.019 0.142 0.146 gs efm
3H 0.139 +0.019 0.142 0.144

Afy, || He || -0.608+0.142 | -0.556 —0.586 Aefm

3H —0.598 + 0.141 —0.564 ~0.576

C SHe || -0.042+0.017 | -0.0014 -0.016 C; efm™2
3H 0.041+0.016 0.0014 0.016

Co SHe 0.089 +0.022 0.0042 0.033 C; efm™2
3H —0.087 +0.022 | -0.0044 -0.032

(ALs: AgER) = {(0.45,0.5); (0.6,0.5); (0.55,0.6); (0.45,0.7); (0.6,0.7) } GeV
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Discriminating between three scenarios at 1 GeV

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

The Standard Model + @
L = Lo + 0myqivsq
The left-right symmetric model — with two 4-quark operators:

Lig=-1Z[1.1(UpvuUg)(dy"dL) +1.4(Ugt%y,ug) (dt?y*d,)] + h.c.

The aligned two-Higgs-doublet model — with the dipole operators:

dg . v o 5. v W mag
LaoHm = 76? dla’p,l/YSdFM - I dlU’,u,t/'YSAad G 4 ? facha“ GﬁpGC/;

— with the hierarchy dy ~ 4dy ~ 200y
matched on
z:;g’EFT = —dpNT(1 = 7%)S* VY NF,, — dpNT(1 +73) S* VY NF,,,

+ (mNA)”"27T3 +goNT# - #N + gy NTmgN
+ C{NTND,(NTS*N) + CoN'#N - D, (NTZSHN) + ---.
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Discriminating between three scenarios at 1 GeV

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

The Standard Model + @
ﬂgM =Lsm + ém;ai%q

The left-right symmetric model — with two 4-quark operators:
Lip=-1Z[1.1(Uayuup) (diy*dL) + 1.4(Tpt*y,.uR) (dLt?yH dL)] +h.c.
The aligned two-Higgs-doublet model — with the dipole operators:

Loy = —e% diopysd FPY - % dio,ysA3d GHY + % fapc G2 GE,, G,

— with the hierarchy dy ~ 4dy ~ 200y

matched on
— = + —m + o e
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Testing strategies: SM + 6

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the helion
and neutron EDMs

l) JULICH
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Testing strategies: SM + 6

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the helion
and neutron EDMs

& dayyg - 0.90 = =6 (1.01 £0.31p,q £0.297,,) - 10 % ecm

Extraction of §

*includes +0.20 uncertainty from 2N contact terms
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Testing strategies: SM + 6

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the helion
and neutron EDMs

& dapye —0.90n = =0 (1.01 £ 0.310q £ 0.29],,;) - 107"®ecm
Extraction of §

dp —0.94(dn + dp) = 6 (0.89 £ 0.29p,,q £ 0.08,,,c1) - 10 ®ecm

Prediction for dp — 0.94(d,+dp)

(& triton EDM): ay ! » ~gu! w § gl

*includes +0.20 uncertainty from 2N contact terms
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Testing strategies: SM + 6

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the helion
and neutron EDMs

& dayy — 0.9y = —6 (1.01 £ 0.31},,q £0.297,,,) - 10 ®ecm
Extraction of §
dp —0.94(dn + dp) = 0(0.89+0.29,,4q +0.08,14c1) - 10-"%ecm

Prediction for dp — 0.94(d,+dp)

(& triton EDM): du! ~ —dfiucl 1 gfiucl

strong 1
MQ (“1652)10-%0

% = ,4Fre,

t
i N 8oy (M2 4 —M )srong - my-mg
969 ~ (mp— mp)strong ) = myrmy

6l/gh ~ 02

*includes +0.20 uncertainty from 2N contact terms
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Testing strategies: minimal LR symmetric Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

JULICH
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Testing strategies: minimal LR symmetric Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)
Measurement of the deuteron
and nucleon EDMs

Q dp —0.94(dr+dp) =~ dp = —(2.1£0.5")AFefm

Extraction of A7

*includes +0.1 uncertainty from 2N contact terms
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Testing strategies: minimal LR symmetric Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

Q dp —0.94(dr+dp) =~ dp = —(2.1£0.5")AFefm

Extraction of A7

/ day. —0.9dn = da,,, = —(1.7 £0.5") A Fefm

Prediction for the helion EDM
(& triton EDM): dp ~ daye ~ day

*includes +0.1 uncertainty from 2N contact terms
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Testing strategies: minimal LR symmetric Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

Q dp —0.94(dr+dp) =~ dp = —(2.1£0.5")AFefm
Extraction of AR

/ day. —0.9dn = da,,, = —(1.7 £0.5") A Fefm

Prediction for the helion EDM
(& triton EDM): dp ~ daye ~ day

8cimy ALF (-7.5+2.3)AA,

o str
{mn mﬂ;’% "N ALR = (0.12 +0.02)ALR

LR
91

o =
-gtR/1gsf > 1 ()

*includes +0.1 uncertainty from 2N contact terms
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Testing strategies: aligned 2-Higgs Doublet Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs
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Testing strategies: aligned 2-Higgs Doublet Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)
Measurement of the deuteron
and nucleon EDMs

K db - 0.94(dy+dy) = [(0.18+0.02)g; — (0.75+0.14) A]efm

Extraction of g5 (including A correction)
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Testing strategies: aligned 2-Higgs Doublet Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)
Measurement of the deuteron
and nucleon EDMs

K‘ db - 0.94(dy+dy) = [(0.18+0.02)g; — (0.75+0.14) A]efm

Extraction of gi™ (including A correction)

+ Measurement of ds, (0r dsy )
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Testing strategies: aligned 2-Higgs Doublet Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)
Measurement of the deuteron
and nucleon EDMs

K‘ db - 0.94(dy+dy) = [(0.18+0.02)g; — (0.75+0.14) A]efm

Extraction of gi™ (including A correction)

+ Measurement of ds, (0r dsy )

day, —0.90h
=[(0.11£0.02")go+(0.14+0.02") g; - (0.61 + 0.14) A]efm

Extraction of go

*includes +0.01 uncertainty from 2N contact terms
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Testing strategies: aligned 2-Higgs Doublet Model

Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)
Measurement of the deuteron
and nucleon EDMs

K‘ db - 0.94(dy+dy) = [(0.18+0.02)g; — (0.75+0.14) A]efm

Extraction of gi™ (including A correction)

+ Measurement of ds, (0r dsy )

day, —0.90h
=[(0.11£0.02")go+(0.14+0.02") g; - (0.61 + 0.14) A]efm

SR Gl — Prediction of dsy, (or day,)

*includes +0.01 uncertainty from 2N contact terms
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Summary and Outlook

Deuteron EDM might distinguish between @ and other scenarios and
allows extraction of the g; coupling constant via dp — 0.94(dh+dp).
(The prefactor of (dn+dp) stands for a 4% probability of the 3Dy state.)

3He (or ®H) EDM necessary for a proper test of # and LR scenarios:
The deuteron & helion work as complementary isospin filters of EDMs
2N contact terms cannot be neglected for nuclei beyond D

aligned Two Higgs: both ®He and ®H EDMs would be needed for a proper test
(But deuteron and 3He results already allow for extraction of both N couplings, gy and gp)

pure qCEDM: similar to aligned Two-Higgs doublet model scenario
pure gEDM: dp = 0.94(d, + dp) and dsye sy = 0.9dy
gCEDM & 4quark chiral singlet: controlled calculation difficult (lattice ?)

Ultimate progress may eventually come from Lattice QCD
as GP Nr couplings go & g1 might become accessible even for dim-6 case
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