Model independent evaluation
of the Wilson coefficient
of the Weinberg operator in QCD

Tomohiro Abe

Institute for Advanced Research Nagoya University
Kobayashi-Maskawa Institute Nagoya University

In collaboration with
Junji Hisano (Nagoya U., KMI, Kavli IPMU)
Ryo Nagai (Tohoku U.)

based on arXiv:1712.09503



We want new physics!

Two approaches for discovering new physics
* direct search (LHC etc.)
* indirect search (precision measurements ---)



We want new physics!

Two approaches for discovering new physics
* direct search (LHC etc.)
* indirect search (precision measurements ---)

Precision measurements
* can prove the existence of new physics
* can search higher energy scale than direct searches
* require high precision calculations



We want new physics!

Two approaches for discovering new physics
* direct search (LHC etc.)
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Precision measurements
* can prove the existence of new physics
* can search higher energy scale than direct searches
* require high precision calculations

Observables
* g-2, flavor physics (B, K, --+), -
» EDM is one good observables



EDM (= Electric Dipole Moment)
Definition
violate T (=CP)
§— -5 E—E

Sensitive to CP violation
» BSM predict new source of CPV in many cases



current status of EDM
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neutron EDM

Energy

TeV —1—

ac -

fundamental CP—odd phases

N
N\
N\

[ 0 ,dq,a?q,w ]

N

Cc C
qe qq]
\\*

nuclear —— N
[ Cspr ] S ! neutron EDM
Y Y Yy
EDMs of EDMs of
atomic —— paramagnetic diamagnetic
atoms (T1) atoms (Hg)

[Pospelov Ritz, hep-ph/0504231]

6 term

gz

3272

0Ge, G

EDM and chromo EDM

dg . L
=S (130" 350F )
dvq g 117
- (030" 754G )

the Weinberg operator

W abe a Ve
—5 [GL GG

[Weinberg PRL63.2333(1989)]



neutron EDM

fundamental CP—odd phases

the topic in this talk

the Weinberg operator
W abe a bv e
_§ f G,LWG pG P

[Weinberg PRL63.2333(1989)]
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GGG~

generated at the two-loop level
* need colored particles
* need a source of CPV

calculation is straightforward but tough
* calculation was done only in a few models
* THDM [Weinberg ‘89; Dicus "90]
* MSSM (quark-squark-gluino) [pai et.al '90]
* LR model [Chang et.al '90; Rothstein ‘90]
* In other models, you need to calculate 2-loop diagrams
* contribution is not negligible



In this work

We have derived model independent formula

W= — (4‘2‘;)46Im(sa*)m14m3

/ X 4 (XTATAXT) fl(mi,mZB,m%) — (XXTTBTB) fl(m%,m%,m%) ;-
'f, .
+ (XTAXTg) | folm?, my,m3) + fo(miy, m%,m3)| ¢

* we do not specify models
* we specify Feynman rules with QCD gauge invariance
* you can apply our result to your models immediately
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Strategy

Setup

* two fermions (A and B)

* one scalar (S)
* QCD invariance is imposed

coupling '- ,

* “g" and “s” are complex numbers
* X contains group theory factor
(examples)
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group theory factor : XTTTX

(ex.) a diagram with 3 fields for GGG~
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9apg =X o(s" — y5a")
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group theory factor : XTTTX

(ex.) a diagram with 3 fields for GGG~

Xt (XBAS(TCLT’)TC)AA,XT_

bv B
fins) (GG, Gl e )

9BAs =Xpas(s +s5a),

9apg =X o(s" — y5a")

10



group theory factor : XTTTX

(ex.) a diagram with 3 fields for GGG~

) (G, GP GE jePhah) Gy G PP is anti-
pr=" pap symmetric under
exchange of a and b

x (XBAS(TaTbTC)AA,Xg,Bg
1
2

(XBAS([Tav T T) gar X,

bv I]
hops) (GG, Gl pe?)

9BAs =Xpas(s +s5a),

9apg =X o(s" — y5a")
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group theory factor : XTTTX

(ex.) a diagram with 3 fields for GGG~

Xt (XBAS(TCLT’)TC)AA,X},BS
1

=5 (XBAS([TayTb]TC)AA’X}/Bg

_3- abd( ) drme Iyt
9pas =Xpas(s +y5a), _2f XBAS(T T )AA XA’BS

) (G, GP GE jePhah) Gy G PP is anti-
pr=" pap symmetric under
exchange of a and b

) (GG, Gl
) (61,6%,G1e)

9apg =X o(s" — y5a")
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group theory factor : XTTTX

(ex.) a diagram with 3 fields for GGG~

Xt (XBAS(TaTbTC)AA,Xg,BS
1

=5 (XBAS([TayTb]TC)AA’X}/Bg

_3' abd( ) drme Iyt
9pas =Xpas(s +y5a), _2f XBAS(T T )AA XA’BS

) (G, GP GE jePhah) Gy G*p ePH is anti-
pr=" pap > symmetric under

) (Ga G e Bepuaﬁ exchange of a and b
pr pa

) (Ga Gbu Gie ep,uozﬁ)
pv pap c

(XBAS(TdT )AA,X},Bg)

9ips =Xl 55(s* — ysa”) = 59 (XTaTaX1)
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group theory factor : XTTTX

(ex.) a diagram with 3 fields for GGG~

Xt (XBAS(TaTbTC)AA,Xg,Bg
1

=5 (XBAS([TayTb]TC)AAIX},Bg

_3' abd( ) drme Iyt
9pas =Xpas(s +y5a), _2f XBAS(T T )AA XA’BS
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(XBAS (TdTC)AA’XjI/BS')
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group theory factor : XTTTX

(ex.) a diagram with 3 fields for GGG~

t _ arpbrc T a bv e af G2,y G, gProB s anti-
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group theory factor : XTTTX

(ex.) a diagram with 3 fields for GGG~

t _ arpbrc T a bv e af G2,y G, gProB s anti-
Xt (XBAS(T TOT%) 40 X A,Bg) (G2, G" G, yeroP) >Sy;gmetrpic s
1 a (& a v C (8%
=3 (XBAS([T JTO\T )AA/X}’BS) (GWGb G g B) exchange of a and b

9BAS :XBA5(8+'Y5CL), 2
U cabd cdc a by c o
— L gt (XTATAXT) (G G, Gl pe™?)

9apg =X o(s" — y5a") 5

l aoc rya v C «
=5 (XTATAXT) (£7°G, G, Gl e )

= 0% (XTaTaX")
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group theory factor

All the group factors we need to calculate are
* XTATAXT, XTAXTTB, and XXTTBTB
= All the others are expressed by these 3 factors
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Result
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Applications

nEDM from the Weinberg operator

dy(w) = +e Apppm w(1 GeV), (N =n,p),

AnEDM = 10 — 30 MeV

[Demir-Pospelov-Ritz ‘03, -]

RGE fOI" w [Degrassi-Franco-Marchetti-Silvestrini ‘05]

d _g:(p)
dln,uw('u) 1672

(No + 2Np)w (i)

Im(sa*) = 0.25

(A,B,S) ~(3,1,3)

10—32 :.I

prospect 1
prospect 2

Lol Lo
10~ 109

Ll Lol Lo
10’ 107
mg = mg [TeV]

current bound [Barker et.al. hep-ex/0602020]

[Altarev et al. Nucl. Instrum. Meth. A 611, 133 (2009)]

[Lehrach et al. 1201.5773]
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Summary

We have derived model independent formula

W = — (4{‘;)461m(sa*)m14m3

¢
/ X { (XTATAX") fr(m%,m%,m%) + (XXTTTg) fi(m%, m%, m3) ]
; L
+ (XTAXTTB) fa(m?, mp,mz) + fa(mp,m%y, ms)| ¢

* we do not specify models
* we specify Feynman rules with QCD gauge invariance
* you can apply our result to your models immediately
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Backup slides



group theory factor : Ts

diagrams with gluons from the scalar field
* (ex.) diagrams with one gluon from the scalar field

oC (X}BS(TG)S,SXBA,S,) = (XTTSX) (T%) an

We do not need to use factors with S
» X and X' contains the information of the representation of S

* (ex.)

XT"TeX =XTTpX — (XTATAXT) tr(T9T?) = N(r)§e®

N(ra)
(the proof is given in our paper)
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technique to simplify calculations

Calculation is complicated
* GGG~ contains
+ 3 gluons + 3 external momenta
+ 4 gluons + 2 external momenta
+ 5 gluons + 1 external momenta
* 6 gluons
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technique to simplify calculations

Calculation is complicated

* GGG~ contains
+ 3 gluons + 3 external momenta
+ 4 gluons + 2 external momenta
+ 5 gluons + 1 external momenta
* 6 gluons

Fock-Schwinger gauge
* gauge fixing condition
et A, (x) =0

Refs:

Hisano-Ishiwata-Nagata [1007.2601]

Natsumi Nagata [Master thesis]
Novikov-Shifman-Vainshtein-Zakharov [ITEP-140-1983]
Shifman [Textbook “Vacuum Structure and QCD Sum Rules”]

* gauge field is expressed by its field strength

1

A (@) =52 Gy, (0)
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11 vy

1
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2$V3DV3DV2 GVlM(O)
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fermion propagator in FS gauge

gluon is treated as back-ground fields

P = - + + + .
fermion propagator
/ e~ iP(z—y)
p m
e—z(p—l—lﬂ)x 2 10T~ A k G e—ipy
/pkl p+%1 ( 9T7%) M( 1)p—m
+ eI rtkitha)e —igT ") A, (k e (—igT ") A (ky) ——e P
/pklb ;;H%lﬂég—m( g ’y)u(l)p+k2_m( g ’Y)u(2)¢_m
gauge field
oo 2m)t 054 (k) . (2m)t 9%0%(k) o |, @2m)t  0%5%(k) o
Aulhk) = 2 0k, Coun T 3 i@kyliakygD 2 4-2! iakyliﬁk,,Qi@kygD o Da G,y ¥
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Diagrams

diagrams for DDGG~, DGDG~, GDDG~ (note [D,D] ~ G)

All the other diagrams do not contribute to GGG~
« at least two gluons from the fermions are needed to obtain €,
e diagrams with a gluon from the scalar vanish in the FS gauge
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Comparison with other works

Effective field theory approach [chang-kephart-keung-vuan '92]
« Ais in the color fundamental representation
e Ma << Mg, Mg
« CEDM of A is generated by B and S
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~ 1
L2Q <§gsdc'750-le/u/) Q. - <
, >
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Ceff. _ d*
g 3272m 4

\
Y
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Y
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Compare with our result

1
Ca=— WGIm(sa*)mAmB
X {(XTATAXT) Fi(m%, m%, m2) + (XXTTBTB) Fr(m%, m%, m2)

 (XT1X15) [t + )] |

e two results should agree with each other in my << mg, mg limit



Comparison with other works

Comparison in three difference representations
(ma = 100 GeV, ms = mg)

2.2:—
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s 18] -
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S © 100
14 -
121 095
1 0 ; | | . . | R | | . . [ . PE—— I | | | | | | | |
100 200 500 1000 2000 5000 |10 100 200 500 1000 2000 5000 | 10*
mp [GGV] mp [G@V]

Agreement in my << mg, Mg limit
« non-trivial check of our calculation
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