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Radiative processes

— Low-energy dipole ops.: L= e"EWCwA wga YPrtpoFp + hec.

— Address the structure of flavor, sources of CP violation

E.M. form factors: Magnetic Dipole Moment (MDM),
Electric Dipole Moment (EDM), etc.

Flavor transitions: y — ey, 7 — (e, )y, V' — v7,
s — dvy, b— (s,d)y, etc.

— Reach to NP scales:
eEDM: |Im[C ]| < (8 X 105 TeV) [ACME]

w— evy: | eﬂ ‘2 < (4 x 10% TeV) [MEG]
nEDM: ‘Im[de, , ’Im[CUA’, ) (2 X 105 TeV) [PRD92, 092003 (2015)]
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SMEFT way: NP sector much above EW scale

— Higher dimensional operators respecting SM local symmetries
and containing SM d.o.f. only, suppressed by Axp > vegw

— Equations Of Motion (EOMs) eliminate redundant cases:
59 linearly independent operators of dimension six,
with 1350 CP-even + 1149 CP-odd couplings,
assuming SM global symmetries, B and L

Warsaw: X3, HO, H*D2, 2H3, X2H2, 2 XH, v2H?D, *

[ fermions; D cov. derivative; X field strengths]

[Buchmiiller, Wyler '86; Grzadkowski, Iskrzynski, Misiak, Rosiek '10]

V?XH class: (go"d)HB,,, (go"d)r'HW,,,, (go* TAd)HG?,,, etc.

[g (d) SU(2) doublet (g:élet)]
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Probing non-dipole operators

L= Lsu+ 2 GQ, C; scales as Ay
Mixing with dipole:

1672 gy Corxn () = Zi( Cyaxr, Cys, Cocs, CX2H2)i(M)“/,-(,ZIz(§Z)

[Alonso, Jenkins, Manohar, Trott '13]

[Pruna, Signer '14; Davidson '16; Crivellin, Davidson, Pruna, Signer '17]

Ex. of bound: [ACME]

CEbeett| < 3% 1070 Tev 2

Mt ITm
Mme

[M: possible vertices]
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Probing non-dipole operators

L= Lsu+ 2 GQ, C; scales as Ay
Mixing with dipole:

1672 gy Corxn () = Zi( Cyaxr, Cys, Cocs, CX2H2)i(M)“/,%Iz(§Z)

[Alonso, Jenkins, Manohar, Trott '13]

[Pruna, Signer '14; Davidson '16; Crivellin, Davidson, Pruna, Signer '17]

Ex. of bound: [ACME]

ﬂlmc(?:),eett
me Lequ

<3x 1070 TeV—2

[M: possible vertices]

HERE: Operators for which 7", lgo)?f, =0 (i.e., no mixing at 1-loop)
= Leading Order mixing W|th the d|pole arriving at 2-loops
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(Off-shell) Renormalization of SM + dim.=6 ops.

L= Leu+ 3 GQ;, C; scales as A3

Cont = —F A, GM = JW, W — 1B, B + (DLHN) (DA H)+ Xy 0,0 T10V
Y (HTH - ;@W) - [HTJHqu,- + AtinY,q; + HYgYel; + h.c.}

[plus gauge fixing and ghost terms]

Full set of local operators required in the renormalization program?
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Full basis of operators

class (J: gauge-invariant operators, e.g., Warsaw basis
class A: BRST-exact operators, i.e., A = dgrsTA’
class B: vanish via the equations of motion

[O]" Zoo Zoa Zos (O] T{A®}|0)on-shett = 0
[A]re | = 0 Zan Zas A <0| T{B¢}|O>on-shell =0
[B]ren 0 0 Zgs B ®: set of local fields

[Dixon, Taylor '74; Kluberg-Stern, Zuber '75; Joglekar, Lee '76; Joglekar '77; Collins '84]

[cf. Herrlich, Nierste '96 for double insertions]

Non-phys. ops. are enumerated systematically by extending BRST

[Henneaux '93; Barnich, Brandt, Henneaux '00]
Ex. of gauge non-inv. structure from non-physical operators:
7 l I
gal(O )T t'ERp] A, - ..
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Mixing into dipole operators

Consider all operators Q that contribute to ¥ ¢Z0qG5* () = Go(-)

= Zoq = linear combination of Go(¢?A*H), Go(¥?H), Go(1?A*), Go(v?)

[Go: Green's functions of single insertions of (bare) operator O]
[cf., e.g., Grinstein, Springer, Wise '88 on b — s7]

Again, we want to determine Zg 421 for O such that 7(011!;‘;?,1, =0
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Renormalization of /> H® operators

— Case we will be focusing upon: ¢?H?,
generated in many concrete extensions of the SM

[Davidson '16; Panico, Pomarol, Riembau "18]
— 1-loop: ¥?H* mix only into ¢?H (dim.=4), & H® ¢?H* (dim.=6)
— Mixing with the dipole: Leading Order at 2-loops
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Renormalization of /> H® operators

— Case we will be focusing upon: ¢?H?,
generated in many concrete extensions of the SM

[Davidson '16; Panico, Pomarol, Riembau "18]
— 1-loop: ¥?H* mix only into ¢?H (dim.=4), & H® ¢?H* (dim.=6)
— Mixing with the dipole: Leading Order at 2-loops

Ex. of diagrams necessary to determine the mixing with dipoles:

X ‘.‘ ‘x_ :,’ . _ ’I\‘- i
5 Q X X%

(=)
Neglecting Yukawa couplings: Z2 13 y2xy M5 Clo/ef.[szHg(q/JzAH), k ¢(K)]
: Rl

[x: gauge boson]

[Kinetic basis: p-e(k), p’ - e(k), k- e(k), pg(k), p' ¢(k), k ¢(k)]
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Dim. 6 corrections to Yukawa couplings

Anomalous Dimension Matrix elements
Dipole: gx (Vo™ t'¢ri0) X, (qu, ur), (qu, dr), (L1, €r), ((1. k)

(167%)? gy Cuxr(1) = (g%f/( +gl gl + YZ’YX) Cyams(n)

X =B X =W X=0G
7% | 3QYQNQN+QF) | 3QNQ+QF)| O
§QY 3 0
4 Yo 8
X 0 0 0

Q) = ng =1/2, Q) =-1/2, Q, = -1, Q). = 0; Qg =1/6, Q), = +2/3, Q] = -1/3
7X: cases involving dim.=4 Yukawas Y given in the spare slides

Checks: arbitrary Feynman gauge /
independence of speciﬁc set of Green's functions /

AlSO results agree with ~ ,y, discussed by [Panico, Pomarol, Riembau '18]
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Running of dipole Wilson coef.

L= eVEwc*“WaWPR% , +h.c.

Ce7 — LgyeB — Cg,_eW, Cdﬂ,, — LgydB — CngW
Cw, - nguB + CgLuWa Cuq’ = LCgyuB + Cg,_uW

[ex. pheno: Crivellin, Najjari, Rosiek '13; Panico, Pomarol, Riembau '18]

Consider the pheno. of Cﬁ,(/\l\vp) # 0; and C(Axp) = 0 otherwise

Solution of the RGE: \p?
—T Anp
o) = Sorente) Ot )
—— VEW
_fn (A%) X qugH(/\NP) X <( )47\/ + (43;:)4A’X>
—1 Hlow

+(sub-leading terms)
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Dim. 6 corrections to Yukawa couplings

Tree-level constraints on ?H?

1)?H® changes couplings of the physical Higgs h:
L=—-d0Myu —htV,u+..
(M) =~ e ([Yyly — VEW[OH]U) :

[ ] = L [MU] VEW[C H]U7 ¢ = u, d7 €

VEW

— M, combines the Wilson coefficients of 1/?H and ?H?3

— Meson-mixing (K%, D° B9, B? systems) dominates constraints
on s, ¢, b, t flavor-changing currents w.r.t. s — dv, b — (s, d)>, etc.

[cf., e.g., Harnik, Kopp, Zupan '12]
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Finite parts of loop diagrams

— Loop-induced finite effects from flavor violating Higgs couplings:

Ex. of Barr-Zee diagram:
Ex. of 1-loop diagram:

Lt = top

2K
X X
[cf. Barr, Zee '90; Harnik, Kopp, Zupan '12; Brod, Haisch, Zupan '13]

— By avoiding a small Yukawa coupling, 2-loop diagrams may
(over) compensate for the loop-suppression

— Analogously, the 2-loop mixing-induced effect will also be
enhanced compared to 1-loop finite terms
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Bounds from effects induced at 2-loop

— Pheno. results, comparison with Barr-Zee (Cyn = VJCwH):

EDM: [Im[CS5, (Axp)]| < 0.004 x Y2me
W

[ACME]
~ /2me
p—ev: (I (Axp) P + (1 <> €))/? £ 0.1 x ﬁ
[MEG]
nEDM: |Im[CW(/\Np)]| ) S 12 Vamg
EW

[PRD92, 092003 (2015); theory: e.g., Pospelov, Ritz '05]

[Values for Axp = 1 TeV, and p = My: further RGE corrections are omitted|
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Bounds from effects induced at 2-loop

— Pheno. results, comparison with Barr-Zee (Cyn = VJCwH):

Barr Zee

0.002 x Y2me

EW

EDM: [Im[CS5, (Axp)]| < 0.004 x Y2me
Bw [ACME]

s ex: (ICH(ANP)R + (1 45 €))1/2 £ 0.1 x YoqeT Barrfee g gy o V/27em
EW

YEW
[MEG]
WEDM: ’Im[cww(,\Np)” ) S12x \;nvd BarrZee 5 \/g;nvd

[PRD92, 092003 (2015); theory: e.g., Pospelov, Ritz '05]

[Values for Axp = 1 TeV, and p = My: further RGE corrections are omitted|

— Enhancements in the finite corrections (such as )
compared to mixing-induced effects (for which )
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Dim. 6 corrections to Yukawa couplings

Renormalization of four-fermion ops.

— Four-fermions: only Qeequ mixes directly w/ the dipole at 1-loop

— Ongoing analysis of four-fermion operators mixing into dipoles

eEDM: Qé;g,u, Qézgu; Qéedq: Qee

|Imceett

- —6 -2
et | 10751070 Tev

[eEDM: Panico, Pomarol, Riembau 18]

1)

nEDM: QY Q¥ - QW) Q®
12 1 4 1 [} 1
eqt equ(S) a au Possible enhancements: color factor,

QLY. Q¥ quul,d, QY 4 Qeda

large Yukawa, strong coupling

— Analogously to Barr-Zee type of contributions: top in loops

— Typically, Wilson coefficients < ((0.1) TeV~2 w/o considering
mixing With dipOleS [(semi-)leptonic, low-energy + LHC: Falkowski, Gonzélez-Alonso, Mimouni '17]
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Conclusions

Conclusions

— Dipoles: probe very high energy scales, e.g., EDM, u — ey

— Generic tool for improving our understanding of flavor and CPV

— SMEFT: systematic approach in the absence of new d.o.f. (so far)

— Finite contributions dominate bounds on 12H3 Wilson coef.

NP?
—Axp  2XH, X3, X2H?,

C z 12773
(Fope)ee(diarvu) ¥ H

2
— vrw VX H

— Flow
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NP?
—Axp  2XH, X3, X2H?,

C z 12773
(Fope)ee(diarvu) ¥ H

2
— vrw VX H

— Flow

Thanks!
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Extended BRST-variation

— Extend BRST-variation to “anti-fields"; dgrsT = d + v increases
the mass power counting and the ghost number by one unit

— Consider all polynomials of dim. < 5, and ghost number -1

V4 §Z ~Z
Al 0 D,C'

gl 0 —eC'Tj¢l
c! 0 Lefl,cIcK
Cl | —DuA" —egf Tig | effCIC
Al L ef [ CI AL
13 Li eClel T

I _ / I Al cK n _ Iw K aJ Atk w_ bL
D, C! = 9,C' + efj ALCK, DAY = 9, A" — ef f ALAY, and L} = Jb-,
L= (-1) (?SL,-, where L is the action.

The field & designates a fermion or a scalar.

[Batalin-Vilkovisky; Henneaux '93; Collins, Scalise '94; Barnich, Brandt, Henneaux'00]
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Appendix

Some calculation aspects

J flinternal momenta g, external momenta p, masses M|

Expansion in external momenta for simplifying integrals:

1 exact 1 +M2—p2—2q-p—m%, 1
(g+p2—M> —  q2—mp g2 — mp (g+p)2 — M?
——
sup. deg. of div. +2 sup. deg. of div. +2 sup. deg. of div. +3

[Chetyrkin, Misiak, Miinz '97; Gambino, Gorbahn, Haisch '03; Zoller '14]
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Basic formulas

T —
gty = —CT (%527 = Z(ed +uN)Z ) = CTy
for Y?H3* A =—-3,n=2;
for *: A =-2,n=2;
for g?XH: A = —1,n=2.

(6)(,3(1) = ZiM—2'u—A,-e[Ci(u)]ﬁa[Qibare]ﬂa
i g M2 NG (ZF - 57)]P[QP)% + ... + hec.

$2H3 g2 XH (am)* ar)? @) @

)
ZI(VT)HXV/B (1) (VT) QX(YT)M (1) T Yak X (V) (1)
- Sea(ZX ) + 7%”)4 5 )1 e E5ep(Z5 V1 |2+

a g2 g 2 X
2, B [( 7 2 )(1 5 (ZZ()(ll)+ gc4(23<)(11)+ 24(Z§)§1)+7lk( detz)(l))éfﬁ(;ga
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Appendix

Dipole: gx(¥rot'¢r) X}, (aL. ur), (gL, dr), (L, €r), (€L, Vr)

X=8B X=W X=G
(Zé)g 2QYQY(Q+QY) | sQX(QI+QY)| O
(Z)) 5 Q) » 0
(zX)M 0 0 0
(Z) 0 0 0
(Zi)) | 56(5Q7 +QF) b :
(Zv,y)l 0 0 0
ZE)P | E(QF +5Q)) = :
(2% ) 0 0 0

QY =-QY =1/2 Q) =-1/2, Q. = -1, Q). = 0; @ =1/6, QJ, =+2/3, Q7 = —1/3
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Appendix

Channel Coupling Bound
H—ey VIVeP+ ¥ol? <pslx 107°
— 3e Yie2 + [Yeul? <31x1079 X

s el + el ~ [Table adapted from Harnik, Kopp, Zupan '12]
clectron g — 2 Re(YouYie)
electron EDM T (Ye, Yo )| <o)< 107°
1 —+ € conversion [Yiel? + [Yenl* <12x107°%
M-I oscillations [Yie + Y2 <0.079 B(h — £¢') @ 95% CL:
T ey Yrc? + [Yer < 0.014 = =6

VICH2 +1CLT12 < 1.3 x 1072 TeV 2
Tl NomiEarms $012 |Cer 2 + 1€ 12 <
electron g — 2 Re(VerYre) [ =ae] x 10~ |C§§\2 + |Ce7—lj|2 < 5.6 X 1072 TevV—2
electron EDM T (Y., Yz.)| <poi]x 1078

CHT |2 CTH|2 -2 -2
rm (e 0016 [Copy 12+ 1G4 17 <81 x 107 TeV
T8 Y2, + V2 <025
muon g — 2 Re(Y,:Yz,) (B3] £p71]) = 1073
2 ~
muon EDM Im(Y,,,Y;,) —08...1.0 Y_HKZ _ VEw [ C’[] i
1,

e (¥ruYerl? + [Vir¥re) v V2
neutron EDM [37, 52] JEm (Y V2| <[id]x 1077

[t (Y ¥ic)|

<f2]x 107
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Appendix

B(h — eﬂ/) < 35 X 10_4 (95% CL) [Khachatryan:2016rke]
B(h — eT) < 69 X 10_3 (95% CL) [Khachatryan:2016rke]
B(h — ,U,T) < 1.43% (95% CL) [Aad:2016blu]

B(u — ew) < 4.2 x 10713 (90% CL) [TheMEG:2016wtm]
B(T — ev) <33x10°°® (90% CL) [Aubert:2009ag]
B(T — ,LL’)/) < 4.4 x 1078 (90% CL) [Aubert:2009ag]
Aae - agXp - aSM - _088(036) X 10_12 @ 10 [Parker:2018]
Aa'u - aZXp - aSM - 268(63)(43) X 10_11 @ 1(7 [Tanabashi:20180ca]
|de|/e <11x 10729 cm (90% CL) [Andreev:2018ayy]

|du|/e <19x%x107 % cm (95% CL) [Bennett:2008dy]
dT/e € [—2.2,4.5] x 10717 c¢m (95% CL) [Inami:2002ah]

|dy|/e < 3.0 x 1072° cm (90% CL)  (archooissia)
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