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BSM-induced CP
violation at dimension 5



The CP-odd effective Lagrangian

o /.4 below weak scale, including leading (dim=6) AF=0 BSM effects:
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® Dim4: CKM + “theta”-term
® Dim 5: quark EDM and CEDM

® Dim 6: gluon CEDM (Weinberg), 4-quark operators



The CP-odd effective Lagrangian

o /.4 below weak scale, including leading (dim=6) AF=0 BSM effects:
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® Focus on dim=<5 operators:

® Phenomenological relevance of quark EDM & CEDM

® dim=6 operators not needed to define finite dim=>5 operators



The CP-odd effective Lagrangian

® /.« below weak scale, including leading (dim=6) AF=0 BSM effects:
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The CP-odd effective Lagrangian

® /.« below weak scale, including leading (dim=6) AF=0 BSM effects:
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® After vacuum alignment (see Tanmoy Bhattacharya’s talk)
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The derivation assumes that quark mass is the
dominant source of explicit chiral symmetry breaking



® After vacuum alignment (see Tanmoy Bhattacharya’s talk)
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® After vacuum alignment (see Tanmoy Bhattacharya’s talk)
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® After vacuum alignment (see Tanmoy Bhattacharya’s talk)
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® Assume PQ mechanism

: r
Flavor structure /’ [5M- — 5 [dCE]
controlled by [dce] [Dce] = [deE]
[De] = |dg]




® After vacuum alignment (see Tanmoy Bhattacharya’s talk)
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® TJo compute dnp (dg, dce), need nucleon matrix elements of

diagonal ng Xng matri
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® Need renormalization of P E,and C in a scheme that can be

implemented non-perturbatively, e.g. in lattice QCD



Operator renormalization
in RI-SMOM scheme



Renormalization: generalities

® P: dim=3 quark bilinear, renormalizes multiplicatively

® [: tensor quark bilinear x EM field strength. é@@%
Neglecting effects of O(Xem), E renormalizes .
multiplicatively (as tensor density) \ PT

Bochicchio et al, 1995

Non-perturbative renormalization well known
Aoki et al 2009



Renormalization: generalities

® P: dim=3 quark bilinear, renormalizes multiplicatively

® [: tensor quark bilinear x EM field strength. é@@%
Neglecting effects of O(Xem), E renormalizes .
multiplicatively (as tensor density) \ PT

® (: self-renormalization + mixing with E and P

%g gY

Even richer mixing structure in subtraction schemes that involve
off-shell quarks/gluons and non-zero momentum injection at vertex




Operator basis (I)

o C =ig YouysGMeY can mix with two classes of operators:

Kuger-Stern Zuber 1975
Joglekar and Lee 1976

() ZO ZON () Deans-Dixon 1978
*\* O Z N 4\7

ren bare

® (O: gauge-invariant operators with same symmetry properties of C,
not vanishing by equations of motion (EOM)

e N: o
Vanis
Neec

berators allowed by solution of BRST Ward ldentities.
h by EOM, need not be gauge invariant.

ed to extract Zo, but do not affect physical matrix elements



Operator basis (Il)

® Flavor structure of operators: use “spurion” method

® /o + Lacp -i(gs/2) YOo,vysGHY [Dce ¥ invariant under
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Operator basis (lll)

¢ Dimension-3: | operator OB = P = hivgt)

® Dimension-4: no operators if chiral symmetry is respected

® Dimension-5: |0 + 4 operators

()55) = (' =1 g L‘&' Ky ) #Vta'@'}
O = 0°P = 0 (Viyst?e))

OP¥) = E = 7 € DM F {0, 19}



Operator basis (lll)

¢ Dimension-3: | operator OB = P = iyst®)
® Dimension-4: no operators if chiral symmetry is respected

® Dimension-5: |0 + 4 operators
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Operator basis (lll)

® Dimension-3: | operator OB = P = hivgt)
® Dimension-4: no operators if chiral symmetry is respected

® Dimension-5: |0 + 4 operators

|
02(35) = (m*P); = 5 V175 {MQ, ta} 0

O = (m>P)y = Tr [M?] $inst®

Oy = (m*P)3 = Tr [Mt*] diys M)



® Dimension-3: | operator

Operator basis (lll)

OB = P = iyst®y)

® Dimension-4: no operators if chiral symmetry is respected

® Dimension-5: |0 + 4 operators
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Mixing structure
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Valid in any scheme <= dimensional analysis, momentum injection, EOM




Mixing structure
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Physically relevant block Zo




Mixing structure

® TJo identify [Zo]ij, need to study the following Green’s functions:
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Renormalization schemes

® MS scheme: use dim-reg and subtract poles in 1/(d-4)

® Simple, widely used in calculations of Wilson coefficients
® Subtlety: need to specify scheme for Yys

- NDR: {yu,ys}=0 vy
- HV:  {YuwYs} = 0 for p=0-3, otherwise [Yu,Ys] =0



Renormalization schemes

® MS scheme: use dim-reg and subtract poles in 1/(d-4)

® Simple, widely used in calculations of Wilson coefficients

® Subtlety: need to specify scheme for Yys

- NDR: {yu,ys}=0 vy
- HV:  {YuwYs} = 0 for p=0-3, otherwise [Yu,Ys] =0

® RI-SMOM class of schemes: fix finite parts by conditions on quark
and gluon amputated Green’s functions in a given gauge, at non-
exceptional momentum configurations, such as

(/1
O = tree level
T

P2=P’2=q2=_/\2

® Regularization independent: can be implemented on the lattice



RI-SMOM scheme

e Require conditions on C (14), mGG (2), O23¢.10 (one each)



RI-SMOM scheme

e Require conditions on C (14), mGG (2), O23¢.10 (one each)

® On the lattice, first subtract power-divergence (C < P mixing) :

4 p
Ct > C =CL-ZcpP
\ J
(/l
~_ =0 = Zcp (a,N\o) ~1/a?
N
P v Ys t* projection

p2=p2=q®=- Ao



RI-SMOM scheme

e Require conditions on C (14), mGG (2), O23¢.10 (one each)

® Conditions on C: amputated 2-pt functions
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RI-SMOM scheme

e Require conditions on C (14), mGG (2), O23¢.10 (one each)

® Conditions on C: amputated 2-pt functions

ql

_ Coefficients of
//Q R =0 7 spin-flavor structures™**

L l),

_ | condition for gluons,
=0 | condition for ph
o photons




RI-SMOM scheme

e Require conditions on C (14), mGG (2), O23¢.10 (one each)

® Conditions on C: amputated 3-pt functions (gq-g-gluon)

q

k
e Kinematics:
/@ — tl’ee-level** = (P+q)2
-~ SN

p P u = (p-k)?
P2 = P’Z = qz =k2=— A2 t = (P_P’)Z
s=u=t/2 =-A?

[** 3 spin-flavor structures: Ouvysk¥Vt3, OwYs(p-p)V 3, Ys(p+p)u taj




RI-SMOM scheme

e Require conditions on C (14), mGG (2), O23¢.10 (one each)

® Conditions on C: amputated 3-pt functions (gq-g-gluon)

q k
- Kinematics:
= - KK
//(Di{ tree-level ¢ = (p+q)?
p p u = (p-k)?
P2 = P’Z = q2 =k2=- A2 t = (P-P’)z
s=u=t2 =-A\?
S point: can’t have s=u=t = - A2 but E E<
s=u = - A? and conditions on 2 pt- /O/* (f

function eliminate non-1PI diagrams



RI-SMOM scheme

e Require conditions on C (14), mGG (2), O23¢.10 (one each)

® Conditions on C: amputated 3-pt functions (q-gq-photon)

~ /v Y Kinematics:

— Kk
//Gi{ 0 = (o)
p P u = (p-k)?
pt=p2=q2=k?=- A2 t = (P_P’)Z

s=u=t2 =-N\2

[ 2 spin-flavor structures: Opvys kY t?, Ys(ptp)u J




RI-SMOM scheme

e Require conditions on C (14), mGG (2), O23¢.10 (one each)

® Conditions on (mMGG): amputated 2-pt functions

| spin-flavor structure:

ql
S — O M t2
O~ Yuq© Ys

L /‘)’

M = tree | condition




RI-SMOM scheme

e Require conditions on C (14), mGG (2), O23¢.10 (one each)

® Conditions on E,(mdA)i2 and (m?P);23: amputated 2-pt functions

ql

/Q“\\ = ftree | spin-flavor structure each
A7 SN

p p'

Conditions are equivalent to RI-SMOM conditions on A,P'T

Aoki et al 2009



Matching RI-SMOM and
MS at one loop




One-loop calculations

Insertions of C
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One-loop calculations

® Insertions of MGG
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® |[nsertions of E~T, (mJdA)|2 and (m?P)23
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One-loop calculations

® Schematic form of all |-loop results
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Time-consuming part of the calculation
Work in covariant gauge: Landau gauge (§=0) can be implemented on the lattice

® Determine Zo
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One-loop calculations

® Schematic form of all |-loop results
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® Determine Zo
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One-loop results (1)

 /inMS
ZIIZSCF_QCA
212 =10
213 = 4CF
21420
215:—2
216 = C —1C
16 — UF 1 A

3

217:3CF_ZCA

3
218 = 6CF + §CA

Zlg:O

21,10 — 0

3
21,11 — 6CF — §CA
3
21,12 = —3CF + ZCA
3
21,13 — ZCA
3
21,14 = ZCA -

299 = —3CF

233 = CF

244 = 3CF

S _llCA —34Tpnp 30,
256 — 6CF

266 = 277 = 288 = 299 = 210,10 = 3CF

NZ -1
C — ’
F= N,

Cs = N¢ Ty
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One-loop results (1)

e C-matrix connecting MS and RI-SMOM
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One-loop results (1)

e C-matrix connecting MS and RI-SMOM

C4(23 +9¢) — 32C C
4(23 + 9¢) F oy 94

C =
11 12

9

+ Cp(2-&)+ &(—5 + 2¢)

3 12
25 1 Ca
+Cp<3+§f) ?( —2¢)
c1g =0
ci5 = —4
Cig = 3617
C .
C17 = 2€ Y+ (Ca—2CF)(1-¢)
13
+ Cr(8—¢)+Ca (__ _5)
SCF — CA(I + 6)
C1g8 =
2
10 21
+ Cp (?‘*‘f) + Ca <___€
c1g =0

cr0 =0

(Ca —2Cr)(1 -

— 2Cp CA - 2CF

(1-¢) K —

10 31 Ca
+ —npTy + Cp < ——f) —(—646—365-{-952)

e1p = (__cp L9y g)) ) — %(CA —2Cp)(1-€) K - %(CA —2Cp)(1+§) log2

K — 2(Ca —205)(1 - £) log?

— (C4—2CF)(1 — &) K +2(Cp — 2Cr) log?2

)

(1+¢) log2

£) K + (Cy — 2Cp) (1 + €) log2

Loop expressed in terms of |st
derivatives of Digamma function:

P (346) v - Cr12+6)

Caa = Cgg = Cog = C10,10 =

—‘nFTF
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Impact on phenomenology

® Goal: evaluate hadronic CP-odd couplings from

[(SL:CPV ~ cll\p'ls pPY 4 C%IS EMS 4 (1}% CMS J




Impact on phenomenology

® Goal: evaluate hadronic CP-odd couplings from

[5£CPV -~ MS PMS 4 CMS EMS 4 (léVIlS;1 (vMS J

oMs — [0—1]” O;}I—él\vIOI\fI

ij

Al @ pRI-SMOM Cll\;ISRI SMOM A5 ZRI SMOM

Corrections range from few % to > 30%




Impact on phenomenology

® Goal: evaluate hadronic CP-odd couplings from

[5£CPV -~ MS PMS 4 CMS EMS 4 (1(\712 C«MS J

oMs — [0—1]” O?I—éMOI\fI

ij

1}\)1 PRI—SMOM 4 C%ISRISMOM 4 Clgls? RI SMOM
n=|,3,5,8y

4 )

Only C, E, mGa, (m?P)123 contribute to (n|J5y, / d*z O;(z)|n)

Need tensor charge (E) + P, C insertions




Steps towards LQCD
implementation

® Neutron EDM from quark EDM (E): tensor charge (see B.Yoon’ talk)

® Neutron EDM from quark CEDM operator (C):

|. Carry out non-perturbative renormalization: requires qq, gg,

qqg correlation functions with insertion of O;, i=1,14.

2. Extract CPV form factor: tensor charge + correlation of P

and C with Jem in the nucleon

4 )

(n| T / d*z O;(z)|n)

. : J




Conclusions

Defined RI-SMOM scheme for CEDM and other CP-odd
operators of dim < 5, suitable for implementation in LQCD

Computed one-loop matching factors between MS and RI-SMOM
First step towards LQCD calculation of dn(dcg). Future work:
® Exploratory studies on the lattice, estimate resources

¢ CMDM renormalization (vs CEDM), relevant to the
extraction TINN CP-odd couplings

® | ook at dim-6 operators



Backup slides



Axial Vard ldentities

® |n a given scheme, operators satisfy renormalized PCAC relation
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Axial Vard ldentities

® |n a given scheme, operators satisfy renormalized PCAC relation

N
‘0 A] = iimP|+ el g C'(' +1Pg
1672
J
A, = 3(1/2)]

7Y
/

Vo> V5] (mP) = Y M5 Pr = Yy + Yystp

® Ci(g?) #I are finite coefficients related to Z; and &, B, Y

[‘X =X 4+ ad-A + B2i(mP) + 7 GC"J

/ . 1 | Explicit form of X in
Evanescent operator: X — ~ {75“ B B ZD} " — dim-reg

its insertions vanish when 2
removing regulator

X, B, Y calculable (non)-perturbatively



Axial VWard ldentities

® |n a given scheme, operators satisfy renormalized PCAC relation

N
0 Al = 2ilmP| + nr (¢ GG +iPg
1672

y,
Ay 1/2 ) Vs 50 (mP) = = Y M5 P = Ypvs¢ + Yste
AMur = Ci(g?) [A*
Finite rescaling leads to [ hwr B —1(92) - |
. mPly; = Calg”) [mP]
properly normalized WI ) - o g
| F°GG| = Cag?) [5°GE]
- N
. A - ng
0 - [A]W’I = N [77‘2..P]\.VI | 167 [J CC]V\I == ZPE
\ y,
2~ Qs
M Py [g GG] Wi have no anomalous dimension, while ~ VAw; = 7




Axial VWard ldentities

® |n a given scheme, operators satisfy renormalized PCAC relation

.
a A = i[mP) + "F 12 GG +iPg
1672 )

Ay 1/2 7;1 Vst (mP) = tM%u Pg = Y5t + ¥s¢E

® Explicit scheme-dependent rescaling:

C, = 1—4Cr = 1+ 0(a ) C, = 1+0(a})
47r — o
N Vel — —g
Cz; = 1+0(a?) Cs 1+ch, RI-SMOM

MS-HV RI-SMOM



Extraction of nNEDM from qCEDM

® Extraction of the CPV form factor
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® Requires 4-point function T
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Extraction of nNEDM from qCEDM

® Extraction of the CPV form factor
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® Or 3-point function in external background E field
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