Cafée com Fisica:

Constraining dimension-six hnonminimal
Lorentz-violating electron-nucleon
iInferactions with EDM physics




For starters, what is EDM?¢

» EDM stands for Electric Dipole Moment

» We're talking about the EDM of elementary particles!

EDM Hamiltonian:
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Why is this important?
d— n(L)g I'm glad you asked ;)
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EDMs and discrete symmetries

» C and CP violations are fundamental ingredients to explain
the matter — anti-matter asymmetry in the universe!

» The Sakharov conditions:

1. Baryon number (B) violation
2. Sources of C and CP violation (EDM searches fit herel)

3. Interactions out of thermal equilibrium

» C and CP violation sources in the SM are too small!

» There must be new Physics or unknown mechanisms in the SM!



Current Status: Experiments versus SM

» For an electronic EDM, the SM prediction is of around

AP~ 107%% e cm

» The experiments probe up until [Nature (London) 562, 355 (2018)]

d|<1.1x10 ®ecm

» Two scenarios may fit in these 9 orders of magnitude:
1. Experiments become increasingly precise and confirm the SM prediction

2. EDMs are detected above the SM prediction >>> New Physics!



Experimental detection

» Typical experiments atftempt to detect EDM in atomic systems (why?)

» An electric field is applied on the atom/molecule, but a problem rises!

» The external electric field is counter-balanced by the internal field induced by polarization
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The molecule’s constituents feel NO ELECTRIC FIELD (in average)

No net electric field >>>>> No EDM-induced energy shift

This implies EDMs are undetectable in atomic systems!
This is known as the Schiff’'s Theorem



Bypassing Schiff’'s Theorem

» Schiff's theorem has 3 conditions of validity:
1. Electrostatic interactions only
2. Point-like particles only

3. Nonrelativistic systems
It turns out an EDM is detectable if any of those conditions is not satisfied
1. The experiments are done using electric AND magnetic fields!

2. A nuclear EDM is detectable if the nucleus is not point-like (residual Schiff Moment)

3. An electronic EDM is detectable (and much enhanced) in relativistic scenarios



Who carries the EDM in a molecule?¢

» In an atom, an EDM may be due to:

1. Intrinsic properties of the electrons or nucleons OR

2. The interaction between them

» We will focus on the possibility 2, that is, electron-nucleon (e-N) couplings



Electron-nucleon couplings

» These couplings involve 4 spinors and have the general form

(NT\N) (4T0)

» They have mass dimension of at least é

» Each factorin parenthesis is a Dirac bilinear

» Only the ones with P- and T-odd components are viable candidates!
TABLE III. Behavior of Dirac bilinears under discrete sym-
metry operators.

gy wiysy v wr'y wrlysy wy'ysy woy woely
P + - 4+ - — + - +
T + - 4+ - - + -
C + + - -




Electron-nucleon couplings

» |In the usual scenario, the candidates are:

EXOmgle!

P- and T-odd

NAHN - ey, ~°e

Wy yiysy

N\

P + -
T + -

No"N - 69,770

cC + +

NAF°N - ey,e

S-PS (scalar-pseudoscalar)
V-A (vector-axial vector)
T-PT (tensor-pesudotensor)
A-V (axial vector-vector)
PS-S (pseudoscalar-scalar).

» But only the FIRST, THIRD and FIFTH contain P- and T-odd components

Effective Lagrangian
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Electron-nucleon couplings:

an example

» Now we'll outline how to read an EDM contribution from an effective 4-spinor Lagrangian

» Consider the (dominant) term

» First we apply the nonrelativistic limit for the nucleons

Remaining (electron’s) Lagrangian

_ 1 0 ON Gr -,
N;N; = <gb}“v X}kv> ———) | Lop_ = ——=C g An(r)Yivysy)
0 -1 XN \/i
~ lon|?, Note the nucleons’ densities
3 added up coherently to A.n(r)

Nucleon’s
. 2
n(r) = |on| probability density!




Electron-nucleon couplings:

an example

» The electron’'s Hamiltonian is then

Hep) = iG—\/ngAn(r)v%w

» Next, we need to find the energy shift this Haomiltonian piece generates:

AE = (Y|Hcp|¥)

Where the wavefunction is that of the electron in an atom under an external electric field!

A little digression is needed to find || V)




Electron-nucleon couplings:

an example

» Without an external electric field, the electron’s Hamiltonian is

0 Modified Tiez-potential
Hy=a -p+my’ — eDiyy(r) P> Ry —ZD exp (—ar) + L
P (’I”) - N r(1+br)? p r
int -

(Z-1) _r2) 1
Whose solutions are ||1y, ) r<By |y exp(-ar) + 1} (3 R? ) 2Rn
» As an external electric field is applied, the ground state is modified as

W) = [¢ho) + eE|n)
Where, by perturbation theory

=2 EO -

n=#0

Note it has opposite parity if compared to the ground state




Electron-nucleon couplings:

an example

» The energy shift is then

» So that we identify

» Let us make a few

AE = eE (Yo|Hor|n) + eE.(n|Hcpltho)

= 2eE.R ((Yo|Herlm)

AL = dequisz -

dequiv = 2eft (<¢O|HC'P|77>)

comments on these spinors

The shift is proportional to E_,!
The constant factor should be
equivalent to an EDM.




Electron-nucleon couplings:

an example

» The spinors of the ground state |[vo)| and ||n)| are solutions of the Dirac and of the
Sternheimer equations, respectively

» We will use data on the thallium atom (A=205 and Z=81)

The ground state is while the first-order correction is
; In these spinors we use: i3S l
=1 FGZ J:%(T)¢%’% P 1=0 . TGZ’J:% (T)Qb%’%
($0) 7=t s = 1 2 [ L \/gylo Nr=1m=1 = | s L
PRy () (o), )] = e e P (r) (o 7) by o
1 2 d 1 2
—G+-G=« Wo—l——Q—i—(I)z F, —G+-G=a({Wy+ —=+,; | F,
r o Di dr r o
rac Sternheimer
equation equation
iF—lF:—O{(W()—F(I)Z‘)G, iF—lF:—a(WO+¢¢)G
dr r dr r ’




Electron-nucleon couplings:

an example

» Using these spinors, we get

L, Gr3ACs
equiv — \/i 47TR?V

RN
/ (GF®+G° F)dr
0

» Using the numerical estimates in [B. Lee Roberts and W. J. Marciano, Lepton Dipole Moments]
doquiv = 6.8 x 10*CsG

» This conftribution cannot be larger than the experimental upper limit, which implies
doquiv = 6.8 x 10'CsGr| < 1.1 x 107%%¢ - cm

>

Cg < 7.3 x 1079 The Fermi constant G; is known




Generalized electron-nucleon couplings

Now we know to read EDM contributions from the couplings;
» Next we need to generalize them using Lorentz-violating background tensors

» First let us look at the rank-1 case

Liv = (kxx)u [(NT1N) (¢ Ta9)]" 4mm nspired by [Phys. Rev. D 99, 056016 (2019)]

» Each X stands for the type of Dirac bilinear: Scalar (A), Pseudoscalar (P), Vector (V), Axial Vector (A),

and Tensor (T) (remember they have dimension-6)

» Letf us have alook at the possibilities (LOOK FOR P- and T-ODD COMPONENTS ONLY)



Motivationse

» Non null vacuum expectation values from possible higher-energy Physics
» Anisofropic properties to the spacetime > (minute) Lorentz Symmetry* and/or CPT violations

» Please have a look at <<https://lorentz.sitehost.iv.edu/kostelecky/fag.himi>>

» A very versatile framework subject to stringent experimental data



Rank-1 LV electron-nucleon couplings

TABLEI. General CPT-odd couplings with a rank-1 LV tensor
and Dirac bilinears. NRL stands for the nonrelativistic limit for
the nucleons (). In this limit, the coupling component can be
suppressed, “S,” or not suppressed, “NS.”

Coupling P-odd, T-odd piece  NRL EDM
(ksv), (NN ) (Wrrtw) (ksy) (M )(W/illf) NS Yes
(kys), (NVY*N) () (kyvs);(Ny'N) () S

(kyp) (NY*N)(Friysw) — (kyp)o(NY'N)(@iysy) NS Yes
(kpv), (NWSN) (wrty) (kpyv)o(NysN)(wy'w) S
(ksa),(NN)(@y*ysw) None

(kas) L ( “ysN) (W) None

(kpA)ﬂ(N iysN) @y ysw) None

(kap),(Ny*ysN) (wriysy) None

We could try other possibilities, but
they are redundant

(particular cases of rank-3 couplings!)

TABLE II. Redundant CPT-odd couplings with a rank-1 LV
tensor and matrixes y*, o, and y5.

Coupling P-odd, T-odd piece NRL EDM
(kyr),(Ny,N)(@o" ) None

(kar), (Ny,ysN)(Wot y) (kar)o(NyiysN)(we w) NS Yes
(krv ), (N N) 77,) None
(kza),(No**N)(@r,rsw) (kra)o(No'N)(Wyysw) S

Free Lorentz-index >>>> More possibilities!




» There are 2 contributions arising from rank-1 couplings

Hiyveo: = [~ %M (ky p)o Air®ys] - n(r)

» According to the results

/RN 1 S S
— i5¢3/0 [§F (rG(r)+ G (r)F(T)] dr Later we'll assume the 39 is

Ry approximately this (known) integral
(Yolvys|n) = 7,/ [—F2(r)G(r) + G*(r)F(r)] dr | Ry S
0 / (FS(G(r) + GS () F(r)] dr
0

1

alinln) =da [ |55 0060) + G F() | ar

» Only the kyp conftribution is real in AEE — 2R (1| Hprln)] = dequie] 1S CONTriOUTION Is:

The only contribution of rank-1

d1-equiv| = 2e (kvp)()%/o T FS(G(r) + GS(r)F(r)] dr ‘ | (kvp)y| < 1.6 x 1071 (GeV) 2.




» For the rank-2 case, the possibilities are

Rank-2 electron-nucleon Couplings

Coupling P-odd and T-odd piece NRL EDM

Rank-2

(kyv)w (NVAN) (7 y) (kyy)io (NY'N) (77°w) S =

(kyy)oi(NY'N) (wry'w) NS Yes

(kav), (NY*ysN) (Wry*y) None

(kyva) (NY*N) @y ysw) None e

(kaa)u (NY*ysN) (r*ysy) (kaa)oi (N7 ysN) (wry'ysw) S
(kan)io(NY'ysN) 0y rsw) NS Yes

tan
~
95)
~

(k7s) . (N6* N) (i)
(krp), (N6* N) (riysy)
(ks7)u (NN) (0" )
(kpr), (NiysN) (po* )

oy
~
~
~

None
None
None
None

2 candidates,

but we'll see only 1 yields non-zero EDM




Rank-2 electron-nucleon Couplings

The Hamiltonian arising from these two contributions are

Hiyve—2 = [— (kVV)Oi AVOWi - (kAA)iO <‘7i>N’V5] | n(r)

Observe

AFE
E,

The first term yields no contribution because = 2eR [(Yo|Hp,r|n)] = dequiv

The second term depends on the valence nucleon’s spin, because the nucleon’s spins do

not add coherently! But it does not matter: its contribution is not real.

The take-home lesson: for couplings dependent on the nucleons’ spins, the bounds are 205

larger (less stringent) than the one on rank-1 (only the valence nucleon’s spin counts!).




Rank-3 and 4 electron-nucleon

Couplings

» We can extend the same analysis for the rank-3 and rank-4 cases:

Rank-3

(kv7) g (Ny“N)(wot ) None .

(kaT) gy (N7 75N ) (0" yr) (kat)oij(NYysN) (o' y) S e
(kar)io; (NY'ysN) (o y) NS Yes
(kar)ijo(NY'ysN) (o w) NS Yes

(k7v) gy (NS N ) (7w ) None . o

(k7A) gy (NG N) (ry v sy (k7a)0ij (NG N) (@7 ysw) NS Yes
(kTA)l()] (NUOjN) (W?’i}’slﬁ) S T
(kTA)zJO (NGjON) (Wr'ysw) S

Rank-4

(k77) e (N o’ N)(wo" ) (krr)oijx (N o"'N)(po’"y) S
(kr1)i0ju (N6 N) (yo' ) S e
(kr7)ijox (NG N) (e y) NS Yes
(kr7) 10 (NG N) (6 y) NS Yes

We found, |(kAT)iO3| <32 % 10-13 (GeV)‘2 Note this bound is 205 times larger than

—15 -2
for example: the one we found for the rank-1 case: [0 20" " (GV)™




Rank-3 and 4 electron-nucleon

Couplings

» The Hamiltonian contributions from the rank-3 and rank-4 cases
— 0 0
Hiyes = [(kAT)i0j<al>NW ol — (kAT)ijo<"l>Nl}’ o

— (kTA)OiJGijk<0k>N75] -n(r),

[ k

Hiyes = [—(kTT)ijOkGijl<0 >Ni700‘

+ (kTT)ijkoeijl<Gl>Ni700‘k] -n(r),

Bounds on rank-3 fensors: Redefining: Bounds on rank-4 tensors:
[(kar)ios] < 3.2 x 10713 (GeV)~2, krr)ijoweist = (Krrdow-] | |(K 7)o | < 3.2 % 10713 (GeV)2,
_ _ H
[(kar)izol <3.2x 1077 (GeV)~2, (K77)s01] < 3.2 x 10713 (GeV)~2.




Sidereal Variations

» The LV tensors are not constant in the Lab’s Reference Frame (RF)
» The closest to an inertial RF we got is the Sun >>> A fransformation is needed!

» It turns out that, for not-so-long-experiments, we only need a rotation!

(Lab) (Sun) . _
Bpw — RﬂaRUﬁBaﬁ I 0 0 0 Chi: Lab’s colatitude
0 cosycos€Qt cosysinQt —siny
_ R,Lll/ — . . y .
0 —sin Q¢ cos Ot 0 Omega: Earth’s rotation
0 sinycosQQr sinysint cosy angular velocity

Next we time-average them in the Sun’s RF.

Not all of them survive this step; here goes a list of the ones that do



Sidereal Variations

TABLE V. Bounds on the LV tensors of ranks ranging from 1 to 4. )
» These are the first bounds on these
Component Upper bound .. .
5 . coefficients, which where recently
kyp) S 1.6 x 10715 (GeV .
(kve); : . S (Gev)™ proposed by Kostelecky;
| o)™ + (ear) 5 = 2(kar) 5™ | sin 27 3.2 107 13<Gev> =
o 0| Nox e comment on o fow e
: ((kAT)ﬁf;‘;“) (kAT)§%3“)>sin2;( + (kAT)g%gn)cosz)(} ‘ 32 x 1071 (GeV)™? PING
ka5 (har) S5 = 2(kar) 537 sin 2y 32 1077 (GeV)™? .
~Ear) S + ()] sing 32 % 10- (Gev)~? These results were published in
_% ((kAT)ssll(;n) (kAT)gZO )) Sln ){ + (kAT):()EO ) cos ){] ’ 3 2 X 10 13 (GeV) -2 PHYSICAL REVIEW D 100, 015046 (2019)
$| DG + (K = 20K sin2z] 3210713 (GeV)~
( KTT)(()SI;H) ( KTT)(()S;;“)] sin )(‘ 32 x 10713 (GeV)™2 Constraining dimension-six nonminimal Lorentz-violating electron-nucleon
s (Sun) (sun) interactions with EDM physics
1 ((Kp)S™ 4 (K )2 Kpp)Su 2” 3.2 % 1071 (GeV)™ |
12 < TT(OH TT()OZZ) S %—t ( )TT)033 oS X x ( © ) Jonas B. Araujo “ A.H. Blin,>" Marcos Sampaio,”** and Manoel M. Ferreira, Jr."*
Sun Sun Sun . 1 . L
‘lT |:( K )101 ( KTT)ZOZ _ 2( KTT)303 :| sin 2)(‘ 32 x 10~ 13 (GCV) -2 Departamento de Fisica, Umver:;wdciaii gf;;zl ggol(;/locfgaolzzagm;t;mpus Universitdrio do Bacanga,
Sun Sun . 2Centre for Particle Theory, University of Durham, Durham, DHI 3LE, United Kingdom
(K )(102 ) (KTT);OI ):| Sln%‘ 3.2x 107 B (GCV) - 3CFi;UC, Depai’tment ofghysics, Ungersily of Coimbra, P-3004-516 Coimbtra, Poré;ugal
r (Sun) (Sun) . (Sun) 4CCNH, Universidade Federal do ABC, 09210-580, Santo André—SP, Brazil
(K)ot + (Krr) S ) sin? x + (Krp) Q3 cos? 7| 3210713 (GeV)2




Comments on other couplings

» Kostelecky's paper contains terms as

(kss)(NN)(py),  (kpp)(NiysN)(wiysy),
(ksp)(NN)(wiysy), (kps)(NiysN)(py),

» These are not LV. In fact, one of them is identical to the usual Scalar-Pseudoscalar contribution

G

55/61/)/ = i(ksp) (py) Wy w). s identical to Lop = —7; Z CsN;N;iyst)
J

at

kep < 1.6 X 1071 (GeV) 2.

Also, we consider different spinors,
SO our possibilities double!




Future Perspectives

» Improve bounds by evaluating the integral:

wolir) =5 [ [——FS@»)G(r) LGSR |ar.

» What if we consider only usual couplings:

NN -éey’e
N~# N -ev,~°e
Not” N - éaw,75e
NAH*~5N - EYpe
N~°N - ee

And then correct the electron’s spinor by a dimension-5 coupling?

5) = .
—5m 2 Foagpp — Jim

FaB",—Z)’YSw . %ag)MQBFaBE'YMw . %bg)uaﬁFaﬁE’YB’Yuw N %HéB)uuaﬁFaﬂEUpuw

mmm) Numerical issues!




Thank you for your fime ©




