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Motivation: Neutron Electric Dipole Moment

e Baryon asymmetry of the universe = BSM CP violation.
o EDMs (e.g. nEDM) are interesting probes of BSM CP violation.

dy ~ Y Li (N|OM|N7)

These matrix elements are non-perturbative quantities —
Lattice QCD.

Lattice scheme has to be converted to MS!

Ultimate goal: Translate the bounds on low-energy observables
(nEDM) to constraints on heavy new physics.
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Experimental status of the nEDM
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nEDM and the GF: Status

At one-loop, the Short Flow Time expansions for operators
contributing to the nEDM are now known

] Quark dipoles ﬁC]X (Mereghetti, Monahan, Rizik, Shindler, Stoffer, 2021)
e Four quark operators gqqq (Biihler, Stoffer, 2023)
e Weinberg operator GGG (OLC, Monahan, Rizik, Shindler, Stoffer, 2023)

O (10 — 25%) uncertainties are required for meaningful nEDM studies.
(Alarcon et al., 2022)

e O (40%) uncertainties at one loop = we are not precise enough!

e Progress on the 2-loop dipole SFTE.
(Borgulat, Harlander, Rizik, Shindler, 2022)
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https://arxiv.org/abs/2111.11449
https://arxiv.org/abs/2304.00985
https://arxiv.org/abs/2308.16221
https://arxiv.org/abs/2203.08103
https://arxiv.org/abs/2212.09824

Nuisance operators for the LEFT SFTE

In a general off-shell matching

Oi(t,x) = C;j O; —I—CE{OM (’),;EOM +Cfl & —|—C{;/ N; .
N~~~ S~—— ~~ N~~~

physical EOM evanescent gauge variant

The basis of nuisance operators A relevant for the nEDM is known.
(Cirigliano, Mereghetti, Stoffer, 2020)
However:

o Basis of nuisance operators is large, computationally expensive to
compute at higher orders!

e Basis of nuisance operators not known for the whole Low Energy
Effective Field Theory (LEFT) basis.
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https://arxiv.org/abs/2004.03576

Background Field Method applied to the Gradient Flow

o We decompose flowed gauge fields into background and quantum

parts
—_— =

background quantum
o Let us define the notion of background gauge transformation
By (t,x) = By (t,x) + Dyw(x), by (t,x) = by (t,x) + [bu(t, x), w(x)]
which reproduces the full gauge transformation

By (t,x) = B, (t,x) + Dyw(x) .
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Background Field Method applied to the Gradient Flow

We split the conventional flow equation
0By (t,x) = DyGyy (t,x) + 2oDy0, By (t, x)
into two flow equations (Suzuki, PTEP 2015 (2015) 10, 103B03)

0B (t,x) = DyGyy (t,x) + aoDyDVBV (t,x),

atéy (t,x) = D,,GW (t,x)

where both flow equations transform covariantly under background
gauge transformations!
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https://arxiv.org/abs/1507.02360

LEFT SFTE

o Goal: SFTE of all the operators in the LEFT containing quark
and gluons — connection to lattice and extraction of RGEs (talk
by R. Harlander).

@ Basis of physical, EOM and evanescent operators is known.
(Naterop, Stoffer, 2023)

@ The background field method lets us avoid nuisance operators.

o Flowed calculations at one-loop are accessible: master integrals +
method of projectors (talk by R. Harlander).

o — all ingredients ready for the LEFT SFTE at one-loop!
(OLC, Stoffer, to appear)
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https://arxiv.org/abs/2310.13051
https://inspirehep.net/authors/2650737

Chiral Symmetry Breaking in the 't Hooft Veltman
scheme

o Chiral symmetry broken in the LEFT by mass terms and higher
dimensional operators

Emass — _ﬁRMl,UL - @LM,HPR .

@ We can preserve chiral symmetry by promoting masses and Wilson
coeffs. to be spurions

M — UgMUf, M"— uMtuyt.
e HV breaks chiral symmetry
Lyin = YilD = P, iDL + PRilDPr + P, iDPr + Ppildipy .

e Breaking of spurious chiral symmetry due to HV can be cured by
finite counterterms. (Naterop, Stoffer, 2023)
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https://arxiv.org/abs/2310.13051

Summary

@ One-loop SFTEs relevant for the neutron electric dipole moment
are done.

e Background Field Method applied to the gradient flow lets us
avoid mixing into gauge variant operators.

@ One-loop SFTE of the QCD sector of the Low Energy Effective
Field Theory ready soon.
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Future work

o SFTEs relevant for the nEDM at two loops.

@ Other SFTEs at two loops that are relevant to make a connection
to lattice (e.g. talks by F. Lange and R. Harlander).

e LEFT SFTEs at two loops give RGEs that are not known yet and
are relevant for phenomenology studies!
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Thank you! &
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Back up slides
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nEDM in terms of LEFT Wilson Coefficients
dy ~ ZLi (N|Oj|N7)

d, = —(1.5+0.7)-1073 fefm — (0.20 +0.01)d,
+(0.78 £0.03)d; + (0.0027 + 0.0016)ds — (0.55 + 0.28)ed,,
— (1.1 +£0.55)ed; + (50 +40) MeVedg .

where d,; denotes the EDM of a quark g, qu denotes its chromo EDM,
and d¢ denotes the gluon-chromo EDM. (Alarcon et al., 2022)
Lessons learned:

o We need to measure multiple EDMs.

o Uncertainties in matrix elements are too big, we should aim for at
most 25% uncertainty.

o Lattice is key!
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https://arxiv.org/abs/2203.08103

Operator basis relevant for the nEDM: Physical (I)

Basis from (Cirigliano, Mereghetti, Stoffer, 2020):

1
S

ol Tr[Gu Gl

054) = 0u (FYur5q)

N1(4) = (Fe75q + qvs9€) ,

0P = €ijk€1mn MM iysq'
Oiﬁ) = glzTr[GﬂmaGAvA] = Occé -
0Y) = (1 Mt')Gl,

O = (70, MQg)Fyy
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https://arxiv.org/abs/2004.03576

Operator basis relevant for the nEDM: Physical (II)

1 A
0 = LTATGAG, ),

1 .
ol = ?avTr[(DyGM)GM]
1
o =3 (FvuysM?q) — —ol),
6 H " Nf 7

O = Tr[M]9y, (d1u754)
05(36) =0, (77,QqFw) ,

6) _ 1 N
O = ZOTGWGl.

O = 00, (q7,759)
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Operator basis relevant for the nEDM: EOM

N = (G660t + 35t°q8) Gl
NS = (3£0,0Qq + 30,0 Q4E) v,
N3® = (qEMyuv5Dug +v/§y7ws/\/lq£)
N = (qeMPysq + GMPsqr) — f/v ()
NI = Tr[M?)(Geysq + Gvsae),
NG =2, <JEWSDM - qu%%) ,
N7(6) = 0u(qe0w Dvg — ‘7%1/(7#%) ,
N = Lo, (63 (0168 ~ £307) ) v
N =3, (QEMWWI + ﬁMvwqu) ,
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Operator basis relevant for the nEDM: Gauge variant

(D

1
N = 3G (01 (Dol = 20700 = 2 (008)¢°) ) cure,

N1(26) = (7e759 + 4759E) G, Gy, ,

Nf? = (geyst'q + qut“qE)GﬁG;d‘Zbc,
N = @est'g - 7vs5t"qe)9, Gy,
N1(56) = (Fev5t"Dug — qﬁy'}’St’ZQE)Gﬁ-

Oscar Lara Crosas (UZH and PSI) SFTE of the LEFT basis October 1st, 2024 6/10



Operator basis relevant for the nEDM: Gauge variant

(1)

N = (qeMyurst'q — GM Y, v5t'9e) G,

1
M = 59 (4G (DoGpe = £t 700 = £ (36 ) ) €
NG =2, ((67E75f”17 - 077515”%)@;1) ,

Nz(g) =y ((anuvt””l + qﬁuthQE)GC’) .
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Background field method

Background Field Method in QCD (QFT and the SM, Schwartz, 2014): Split
gauge field in background and quantum parts

a Ara a
Ay — AL + Ay
~—~—
bckg. quantum

QCD Lagrangian is invariant under background gauge transformations:
Au — Aa + la o _fabcabAc A% 3 A4 _fubclbec
4 M < H ’ 4 M e

We can now gauge fix A, through Faddeev-Popov and choose the
gauge condition DyAy = 0 to obtain

~ 2
LGep BrM = EQCD,A;;—%;;—FA,Z — (DHA;> + ghost terms.

Sl =
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https://inspirehep.net/literature/1276589

Background field method applied to the GF: Fermions

We split the fermion fields in a quantum and background part
x(Hx)=x(t,x)+k(tx)
and change the flow equation from
dtx = DuDyux — a0 (94By) x

to (Suzuki, PTEP 2015 (2015) 10, 103B03)

dix = DuDux — ao (DyBy) X,
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https://arxiv.org/abs/1507.02360

Background field method applied to the GF: Feynman
Rules

e Flow vertices involving only quantum gauge fields are equal to the
ones of Ry gauge.

e Flow vertices involving only background gauge fields are equal to
the ones of Ry gauge setting ap = 0.

e Flow vertices involving both quantum and background fields
involve new formulae:

P1,H1,01

— [ f01,a2,03 " _ oMips H2 _ H2
if /0 dt( g (2p3 + (1 —ap) py )
— ghke (2P£{3 n pgs)

gl (2(,10 —1)ph" + (ap + 1)?’?1) )

. a
P2:12,42 P3,H3,a3
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