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1. Ladder of effective field theories (EFTs) from high
energies to the nuclear scale

2. D parameter in the language of EFT
3. Scenarios for the D parameter from the EFT

perspective

wait for Antonio's talk for concrete examples of leptoquark UV completions of the EFT



Ladder of EFTs:
from high enerqies
to Ehe nuclear seale



EFT Ladder “Fundamental”
BSM model

Connecting high-energy physics to nuclear physics
via a series of effective theories eeaterere bR ba e AR b e RS e

EFT for
SM particles

100 GeV

EFT for
Light Quarks

2 GeV

EFT for
Hadrons

NR EFT for
beta decay

1 MeV



“Fundamental” models “Fundamental”
BSM model

In the SM beta decay is mediated by the W boson

? TeV
d e ‘
W Ps
” EFT for f XA ¢
0 SM particles ‘ Rz
100 GeV «By

Several high-energy effects may contribute to beta decay

dy ‘
w W!

EFT for
Light Quarks

2 GeV

EFT for
Leptoquark . eV Hadrons
NR EFT for
dg Ve beta decay
L W_-Wr mixing
p 1 MeV



EFT at electroweak scale “Fundamental”

BSM model
ZLepr D iCyHD,Huo"d") +iC,,, H'D H"(e‘c"°) > ToV
+CO (1,2 O ey T
+C) () @Gy +C,, (P°)(gd")
+Cy, (1) (d g) +C,,, (%) (u’q) SMEE;_:?;IGS | s !;
+C,,, (") (u‘o,d") 1 100 Gev “!‘ s I'\‘F
+hc [

Above the electroweak scale
~100 GeV, interactions
must be invariant under the full
SM gauge group SU(3)xSU(2)xU(1)

EFT for
Light Quarks

Literally thousands of different

EFT for
interaction terms possible. Hadrons
Above, I'm only displaying a small subset A
most relevant for the D parameter
NR EFT for
beta decay

For any “fundamental” model, the Wilson coefficients Cl-

can be calculated in terms of masses and couplings
of new particles at the high-scale

1 MeV



EFT at electroweak scale “Fundamental”
BSM model

ZLepr D iCyHD,Huo"d") +iC,,, H'D H"(e‘c"°) > ToV
+C,.) (16,,8)(G6" i) +C,)) (1659)(§5,,d)
+C,, (&) gi°) +C, ) (10)(@Gd") |
T_oNg C ToC\( 1€ EFT for uy ) .
+C[edq(le )(d Q) +Clyuq(ly )(u Q) SM particles “Q _E
C C M C c d_c 1 2=
tCaude o' 7Y o,d) { 100 GeV £y
+hc g [
Z Dy $,(00) +y,5,(dV) + hc EFT for
Light Quarks
2 GeV
i e
EFT for
Hadrons
[ 1 GeV
P
NR EFT for
y Ly U beta decay

ch c®
lvgd’ " lvgd M%Q

1 MeV



EFT below electroweak scale «Fundamental”
BSM model

Below the electroweak scale, there is no W,
thus all leading effects relevant for beta decays 2 TeV

are described contact 4_fermion interactions, ......................................................................

whether in SM or beyond the SM

EFT for

SM particles \ IF

2 2 100 GeV el v
d d
VAR A U U2 S
“ " =8 EFT for y
e € , Light Quarks "

EFT for
Hadrons
1 GeV
Much simplified description,
. .. NR EFT for
only 10 (in principle complex) parameters beta decay

at leading order




Quark level effective Lagrangian

Effective Lagrangian defined at a low scale p ~ 2 GeV

Left-handed Right-handed
CKM_element neutrino neutrino
% 2Vud <1 ) o6 U - iiotd + 7, ec i€ - iictd V-A
D — 2 t+€,) eoV - Uo € eo - Uo -
/ == o . 1,C~H]JC ~  Cp 7Cq,C M ]C
Normalization scale, TER cop-uo d T cre o U o d V+A
set by Fermi constant 1 1 _
e FergetoL - utotd + O, aetd Tensor
\/ V2Gr
1 . 1 - Scalar
+eg—e‘v - (ud+ id") + c.—er - (u°d+ ud°)
Pseudo- 2 2
scalar 1 - 1 .
+€P5€CU - (ud — ud") — epaevc -(ud—ud) p +h.c.

The Wilson coefficients of this EFT can be connected,
to the Wilson coefficients above the electroweak scale,
and consequently to masses and couplings of new heavy particles at the scale M :



Translation from low-to-high energy EFT

Assuming lack of right-handed neutrinos, the EFT below the weak scale

can be matched to the EFT above the weak scale

5 ,C C T
+ ¢, e0,0° - uctd

Zrrr 2 iCy,HD,H(uc"d")

+ Cl(jq)u(l_&ﬂyéc)(c_]&”’“ﬁc)

+iC,,, H'D,H(e‘c" D)

S= . 1,C M JC = ,Cpq =C,C i JC G (TARHVTCN(Am A€
+epeo,v - u‘old + ¢pefo0uc!d +Clqu(l()' v )(qa,uvd )

1 1

teppeo, uotd + 0y, A + Cl(elq)u(l_éc)(QﬁC) +C /) () (gd")
1 - 1 - 75 By
+€SEeCIJ - (ud + id°) + 5‘55@76 - (ud + ud") +Cledq(lec)(dCQ) +Clbuq(lyc)(ucq)
1 ) | ) +C,,,(e°c" D) ue,d )
+eP5eCy - (ud — id®) —~ éPEéDC (u‘d — ad°) +he

At the scale mw, Wilson coefficients ¢y in one EFT
can be mapped onto Wilson coefficients Cy, in the other EFT

i v
v? N v4 C L= _7C v
€Ep =
Koy, 2 gy, v
V2 R — A evud
" (cW* C* ud : :
€ = v ( lequ + Vud ledq) V2 Known RG running equations can
) ‘ €s = v [Cl(qu)qud - Clyuq] translate it to Wilson coefficients
——— (cW C* “ ¢y and €y at a low scale p ~ 2 GeV
€=~ oV ( lequ ' ud ledq) ~ v2 ) X X H
;d €p=— G Clyqdvud + Clvuq
d
o = 2V cor ) )
T Vu lequ €1 = 2v Clvq J



NR EFT for nucleons «Fundamental”
BSM model

Below the QCD scale there is no quarks.
The relevant degrees of freedom are instead nucleons ? TeV

In beta decay, the momentum transfer
iIs much smaller than the nucleon mass,
due to approximate isospin symmetry
leading to small mass splittings

EFT for

SM particles ‘ s J

100 GeV

Appropriate EFT is non-relativistic!

Zepr = LY+ FV + 6(V*mi) +h.c. o

Leading order EFT described by the Lagrangian Light Quarks

L0 = —(ylw,) lcgéaow Cee v +Cle‘v+ CS‘éDC]

3
F k +5=k + e kecy 0=k k =0y EFT for
+ Z (w,0"y,) [CAea v+Cle‘o’ '+ Cre‘c c"v+Crec " v’ Hadrons
1 GeV
NR EFT for
Now 8 complex parameters beta decay

at leading order to describe physics of
beta decay

1 MeV



Translation from nuclear to particle physics

v
Ci=—on 1+ 851+ e +e) O =—2lgyy [1+AL(E +&)
% v R LT ER % v R\EL T €ER
Non-zero/ V2 V2
in the SM V. Vi L
% %
+ _ lud — _ Tud  ~
Cr = 2 Erer o - Cr = 2 ETeT
Vud - Vud ~
Cy = 2 Es€s Cs =—8s€s

Note that pseudoscalar interactions
do not enter at the leading order

Lattice + theory fix with good accuracy the non-perturbative parameters in the matching

gy~ 1, gy = 1246 £0.028, g¢=1.02+0.10, g, =0.989 =0.034
Ademolo, Gatto : ~ Gupta et al
(1964) Flag’21 N+=2+1+1 value 1806.09006
Matching includes short-distance
V _ Seng et al
(inner) radiative corrections AR = 0.02467(22)

1807.10197

A4 — AY = 0.036(8) Cirigiiano et a

2202.10439



Summary of the language

L0 = —(wiy,) [C;éc‘;‘)w Cec v +Clev+ CS_éDC]
3
+ ) (wio'y,) [C;éc‘;kw Clreo* o'+ Cle‘o v+ C;é&"&ODV]
k=1

See the talk of Martin Gonzalez-Alonso for the constraints on the real parts
of these Wilson coefficients from CP conserving observables

e Using this low-energy non-relativistic EFT Lagrangian one can calculate
differential distributions in nuclear beta transitions, in particular the D
parameter

e Using the dictionaries above one can express the D parameter in terms of
Wilson coefficients of the relativistic EFTs below and above the electroweak

scale

e \Via this ladder of EFTs, one can connect the D parameter to parameters of
fundamental UV models, e.g. to leptoquarks masses and their CP violating
couplings to matter



D Parama&m A EFT



Observables in beta decay

Electron energy/momentum

E,=1\/p2+m

Neutrino energy
Ey =Py~ mN_mN’_Ee

N — Netv

(j,m=x1)

Information about the Wilson coefficients can be accessed by measuring (differential) decay width:

Control lifetime Routinely measured correlations

N,

Main focus here

v/pe Py, l <J>-pe+B J)-p,

a___ F(Ee){ 1+b—
dE.dQ.dQ. E_EE ' JE JE,
+Cpe Py — 3(pe J)(py J) J(J_I_ 1) - 3(<J> 1)2] D <J> ) (pe va) }
3EE, J2J—1) JEE,

No-one talks about it



(0) A +-=0 — ¢, 0=c + ,c —==C
Jackson Treiman Wyld (1957) L= =) [CVeG vt+Cpeto v +Coet v+ ev]

+ Z wio*y,) [C+é6kv+ Cle‘o*v'+Cleo'6 v+ C;é&k(}ODV]
For same spin (J'=J) mixed allowed beta transmons
Im{ CHChH—C{Ct+ Cy,Cy - CS‘C’;}
D=-2r /
VI 1 1Gi P+ 1CE P +ICo P+ 1Cs P+ 2[ICEP + I CEP + 1 Cr P + [ Cr 1]

Ratio of GT and Fermi
matrix elements
measured by experiment

For D parameter to be non-zero:

- Beta decay has to neither pure Fermi nor pure GT
' N — p / g A - At least two distinct Wilson coefficients have to be non-zero

- There has to be a relative phase difference between
these two parameters

So-called
mixing parameter



D parameter

Translation to the quark-level Wilson coefficients ., | _ 2Via (1+¢,) 25, a5"d + ¢, o0 - achd
below the electroweak scale: v2
+egeo v u‘ctd° + 5 ecaﬂﬂcucaﬂc?c
1 1 -
+€Tzecaﬂy1/ -u‘otd + 'éTZé"&WDC - uotde
| _ 1 -
+655er -(ud+ud°) + észéﬂc -(ud + ud")
| - 1 -
+€PEecy - (ud — ud") — epaevc - (ud — udc)} +h.c.
4rg J
v8A 8S8T ~ ~ ~ ~
D= ——Im|ep(1 + €F) + (eg€X + €¢€E) — ER€EF
4% 8A EvEA

“Fundamental”
BSM model

EFT for
SM particles

At the linear level in Wilson coefficients, i
] ] At the quadratic level,
D parameter measures the imaginary part sensitivity to imaginary parts |
of non-standard right_handed currents . =0 ... eeeeeeeeeseeeeesnereeene

: : . of scalar and tensor current
involving the left-handed neutrino and to interactions of

right-handed neutrino

EFT for
Light Quarks

EFT for
Nucleons

NR EFT for

beta decay
1 MeV



Translation to the quark-level Wilson coefficients:

v2

2
F>- V”d{ (1+¢,) @50 - ac"d

+epeo, V- u‘otd”

U
1

c c
+€TZe o, VU

U

1 ,
+6556"1/ -(ud + id")

1 _
+€P5€CV - (ud — ud°)

e DF - 1M

+ ¢, €0, 0" - uctd

~  ,Cp 7Cy,C M ]C

+ cpe‘o, 0 u‘ctd

- 1—c— =C | 7 =§U JC

+ ¢,—e‘c, 0" - uctd
T4 v

U
o"d p

e’ - (ud + iid°)

éDC-(ucd—ﬁJC)} +h.c.

4rgy8a J
D =~ kpIm|ep(l 4+ €F) + 0.4(eee + €€F) — €p€F] Kpy =
D [R( L) (ST ST) R™L P g2+ 22V J+1
“Fundamental”
BSM model
Parent J r KD D exp AD future v
n | 1/2| V3 | 088 | —1.2(2.0) x 107* [12] ? . G
YNe | 1/2 | —1.26 | —1.04 0.0001(6) ? & ©
Mg | 3/2 | -0.44 | —1.30 - < 1074 [13]
#Ca | 3/2| 052 | 1.42 - ?

EFT for
Nucleons

NR EFT for
beta decay

1 MeV



T o W ORI Fary 3 iCHDHUAE) D
+C,.) (16,,2)(q6" i) +C,) (16536,
+CL) () (@gin) +C,, (7)(qde)
+C,0,(1E°)(d q) +C,,,, (D) uq)

+C, /(e CG”DC)(ucaﬂch)
+hc

~/ ~/

D = kpIm|ep(1 + €) + 0.4(ege + EE%F) — Exe¥]

2 \Y%

v & =——C
€p = C(/) J L y e
v, M :
2 & = __V J
\" R — evu
— _ (1)* *
€g = v (Clequ + ViaC: dq) 22Vud
: gy = = [ Wy C
A% €s = Cl 4 ud — “lug
I 2 ¢) 2V vq
€p = (clequ VidCiso) ud
2Vud V2
= (1)
2 €p = — [C |% d + Cl ]

Via ' ) = 2v2CO
vq



T scenarios
for D parameter



D parameter scenarios

D = kpIm|eg(l + €) + 0.4(ege + EE%) — ExeF]

{ Scenario #1 i Scenario #2{ |Scenario #3} | Scenario #4

Scenario | vYWEFT vSMEFT max |D|
[ €R HD,Hu‘o"d° [(I1HG, HI)(uotd)] 7
11 €ss €1 (lf_fuvéc)(q&“”ﬂc) (le°) (que), (le°)(d°q)
N | e e (157608, (1) (@), (7°)(uq)
I\Y €L, €r | H'D, H eCotv¢ [eatv°qH o, Hq|, (eCotv°)(ufo,d°)



D parameter scenario #1

D =~ kpIm 0.4(eg€7 + €4€7) — ERET]
2
A%
&2V, Coua ZEFT @f(uca% +iC,,, H'D,H' (‘" 7°)
€s =~ v (Cz(l)* +V, dcl*d ) +Clequ( 5;“1/@0)(@5#1%0) +Cl(1/3q)d(l_5ﬂypc)(qgﬂl/dc)
2Vud equ Ud-ledq _ _ _
e ) +C) (It +C.) (I)Gd")
ep= ————(C" —V,,Cr _ _
Py, tew Tedledq +C oy, (169)(d€q) +C,,, (D) (uq)
2 —_
er = — ?/Vd Cl(e?’q); +C,,, (e "D )u‘c,d)
' +hc

One can generate imaginary right-handed currents
from a dimension-6 or a dimension-8 operator



D parameter scenario #1a

T ()4'(656}X< T gSé;k,) - gRéik]

ZLgpr 21C,HD,H (uca% +iC,,, H'D H"(e‘c"°)
C

+C (16,2 (q6" i) +C (16" 5°)(36,,d°)

lequ lugd
+C) (12)(qir) +C,, (7)(ad°)
+C,,(1E°)(d q) +C,,, () (uq)
+C, d(eCG”DC)(ucaﬂJc)
+hc
v2
Dimension-6 is naively a better option, because then D ~ p

where v=246 GeV is the electroweak scale, and A is the mass scale of new BSM particles

Moreover, the Wilson coefficients C¢ud is generated by many motivated BSM models,
for example by the left-right symmetric models

However, there are strong model-independent constraints from EDMs...



D parameter scenario #1a

2
VvV —
°CZI/SMEFT :) _W+ 175'”8 + Vudl/_lg'ud + 7C¢uducdﬂdc

Integrating out the W boson
Z swerr 2 — Cpua@6,p)(i@6"d) = V,yCp,i(dé,u)(ucd’) + h .c.

Contributesto D Contributes to EDM

C¢ud contributes not only to the D parameter, but also to a 4-quark operator contributing
to nuclear EDM, with both contribution being governed by the same parameter

EDM constraints dominated by 199Hg

vZ [ Im[Cy, 1| $3 % 107°

It follows that assuming absence of fine-tuning

| xp | _
ID| ~ ; v2|Im[C,41| S 2% 1078

See Ramsey-Musolf & Vasquez [arXiv:2012.02799] for a more general discussion allowing fine-tuning EDM against QQCD

v |[ImCy,4| S 1% 107
if only neutron EDM contraints used

ID| $<5%x107°




D parameter scenario #1b

~ N

+ 0.4(ege7 + €5€7) — ERET]

Zrepr D iCy, HD, H(u‘c"d ) +iC,,, H'D,H"(e“c")
®) (5 W act i G (1675 a5. d

+C lequ(l aﬂyec)(qaf”’ i) +C g d(l ot vc)(qaﬂyd")

+C,) (1e)(qir) +C,, (I7)(ade)

+Cledq(l_é_c¥dcq) +Clmq(l_DC)(ucq)

CyIHG,HD(uo"d) > +C,,, (e0" D) uo,d)

+hc

v4
Generating D parameter via a dimension-8 operator means that D is more suppressed: D ~ F

where v=246 GeV is the electroweak scale, and A is the mass scale of new BSM particles
This dimension-8 operator can be generated at tree level in certain leptoquark models
Ng Tulin
arXiv:1111.064¢
Constraints from EDMs are now weaker and model dependent...



D parameter scenario #1b

UR dr
As soon as 4-fermion vertex leading to non-zero ¢, appears,
A 4-quark operators leading to EDM is generated at 1 loop in EFT
although its coefficient is not calculable in EFT
Z werr 2 — C; LR(J5'MM)(MCG”CZC) +h.c.
A Cy\?
~ v2AmC, < 3% 1074
dp ur, 4
4
D v ImCqg 4 v
n/ —

In the scenario 1b the D parameter can be large only when new physics is at the EW scale,
which is difficult to achieve in realistic models.

As soon as new physics is at 3 TeV, we are back to the severe constraint |D| < 107°

Mind that these are just rough estimates, a quantitative limit can only be obtained
In specific UV models where the quadratic divergence is resolved



D parameter scenario 1c

~ N

+ 0.4(ege7 + €5€7) — ERET]

LrrT %ﬂucaﬂdb +iC,,, H'D H"(e‘c"D°)

3) (T= 3C\(z=HVUC (3) (T=uv=c\(z= JC
+Clequ(laﬂye )(got* i) +Cll/c] d(la” U )(qaﬂyd )
2 (1) (73C\( 7€ (1) (776N 7 7€
P _%(Cl(elq); B V”dC;:dq) +Cle‘1”(le @) +Clqu(ly (gd’)
2V; ’ + Cledq(l_ éc)(dcq) + Clvuq(l_ Z C)(MCQ)
T Cl(j):: C.(IH6 HD)(u‘c*d* C  (e“c*T°) (uo d°
Vud 1 8( u )( ) + eyud( )( U )

+hc

One more possible option is that operators contributing to ¢, are real,
and the imaginary part is contained in ¢; .
Note that the real part ¢, can be at percent level, as constraints are relatively weak

[arXiv:2010.13797] with Martin Gonzalez-Alonso, Oscar Naviliat-Cuncic



D parameter scenario 1c

D ~ KD Im T 04(656}I< T gSé;k,) - éRéik]

One more possible option is that operators contributing to ¢, are real,
and the imaginary part is contained in ¢;

This is not a very attractive scenario for BSM,

because dimension-6 operators lead to areal ¢, ,

V6

thus D would be at least of order F

However, ¢; effectively acquires a complex part due to SM loop effect,

because of a photon going on-shell in the loop

Thus, in the scenario 1c the D parameter may be a sensitive probe of

V2

A2’
as long as the SM contribution can be reliably calculated

CP conserving new physics contribution to ¢, ~



D parameter scenario #2

~ k) =~ Ak & ok
D =~ kpIm [GR(l +€7) + €5€7) — €g€T ]
2 -
€p = szud ud Prpr D iCddel_)ﬂH(uCa”dc) +ic¢eyH_TDﬂH”f (eca/"ﬂ_")
\% lequ(lgﬂ’/éc)(zl&u T Cl(ugq)d( lgﬂyﬂc)(qglﬂ/dc)

+C D (1) (gir®) +C'Y ([0°)(gd°)

lequ lvgd
+Cledq(l_éc)(dcq) +Clmq(l_170)(ucq)
+C,,, d(eCG”DC)(ucaﬂa?C)

+hc

This scenario is doomed from the start, because EDM constraints on the imaginary
1,3 = - -
parts of Cl(ew), Cledq are prohibitive

v ImC | $3x107" v [ImCY | S1x107"  v*[ImCyy, | S 3% 107!
equ lequ eaq

de Vries et al arXiv:1809.09114
Dekens et al arXiv: 1810.05675



D parameter scenario #3

D = kpIm|ep(l + €) + 0.4(ege - — EgE
é = —V;C(,sey ZLepr D iCy,HD,Huc"d") +iC,,, H'D,H'(e‘c"7")
+Cp) (16,26 ic) CL) (16736,
+C,,) (1e)(qi) +C,, (P)(Gd")
+C,y,(1€°)(d g) +C,,,, (D) (u’q)
+C,,,(ec"'D c)(uc%dc)
+hc

This scenario does not have the EDM problem,
because the neutral curent from the scalar and tensor operators with RH neutrinos

do not generate eeqgq terms. Moreover, constraints on ¢ - from beta decay

are less stringent, at the percent level, because of the lack of interference with SM
amplitudes

However it has the pion decay problem ...



D parameter scenario #3

~ Y K Rt S
D =~ kpIm [GR(I + € ) O.4(€S€T ERET
V2 _
L= =7 ZLgpr D 1€y, HD,H(u c"d") +iC,,, H'D H (e c"0°)
+C) (16,86 i) T (16"0(36,,d)

+C) (1e)(qir) +C,, (P)(Gd")
+C,,(1E°)(d q) +C,,,, (D) uq)

+C,,, d(eCG”DC)(ucaﬂa?C)
+hc

The problem here is that this scenario generically predicts ¢; ~ €p
and from measure Br(x — ev) one has |€p| S 107>

ET gS
10-1 ) \ 103

D ~ 10~%,Im = |D| < 107°




D parameter scenario #3

~ %Y 1 % _ ok
D =~ kpIm [GR(I + GL) O.4(€S€T ERET
g, = —V?cw Prrr D iCy HD, H(u o d°) +iC,,,H'D,H'(e‘c"1")

+C) (16,86 i) T (16"0(36,,d)
(1) (73¢\¢( =mC (1) (17¢\( = ¢
+C{) (Te°)(qit) +C) (@)

+ Cledq(l_éc)(dcq) +C,, q(l_Dc)(ucq)

+C,,, d(eCG”DC)(ucaﬂa?C)

+hc

Additional constraint is provided by the fact that the gauge invariant operators,
contribute to the neutrino masses and neutrino magnetic moment,

which requires fine-tuning unless v*| Chgdivug| S 107



D parameter scenario #4

D =~ kpIm [GR(l +¢7) + 0.4(ege7 + 555?).

Frer 2 iCy HD Hue*d)  4iC,, H'D,H' (ecm

+C) (16,86 i) +C,) (16"5°)(35,,d°)
> +C) (T2°)(gi°) +CV) (1°)(gd")
és= o [Cl(qu) Vd = Clyuq] o o h A
udz +Coy(1E°)(dq) +C,,, (0)(uq)
€p = — 2\‘,/ud [Cl(qu)dvud + Clvuq] @d(eco-ﬂp C)(uco.'ud_C) >
&, = 2v2C +hc —

lvgd
From the EFgI' point of view, scenario 4 looks promising, because model-independent

constraints on the highlighted operators are relatively mild.
In particular, from Br(W — ev) one gets v | C¢ey| < 0.3

.1 S 0(0.01)

At loop level, there is a quadratic in C,,, ; contribution to the 4-quark EDM operator,
but in this case we gain the loop and quadratic suppressions

while pp — ev at the LHC leads to v?| C,

vu



D parameter scenario #4

D =~ kpIm [eR(l +¢7) + 0.4(ege7 + 555?).

Zpr D iCy, HD,Huc"d") +iC,,, H'D H"(e‘c")
+ Cl(jq)u(l_éwé")(c']&””ﬁc) + Cl(j; (16" 5°)(g6,,d°)
+Cl(€1q)u(l_é")(c‘]ﬁc) +clgq>d(z'56‘)(chC)
+Clogy(18)(d Q) +C (P q)

C.lea' i) o, d°)

Cy(e‘ctv)(gH 0,H"q)

+hc

Much as in scenario 1, one can trade one dimension-6 operators for a dimension-8 one
leading to the same interaction below the electroweak scale.

The advantage is that the latter can be generated in lepoquark models,

V6

the disadvantage is that D ~ F so new physics has to be very light



D parameter scenarios

Scenario | YWEFT vSMEFT max |D|
I €R HD,Hu‘o"d® [(1HG, HI)(u‘o"d®)] O(1079)
11 €s, €T (lowee) (ot uc), (le°)(guc), (le®)(d°q) O(1071)
11 és, €r (1617 7°) (G0 d°), (17°)(qd°), (17°)(ucq) O(107°)
IV €L, €R HTD HieCotv® |eCoti” qHTU Hfq|, (o) (uf O"UCZC) O(10™%)




The most convenient language to discuss low-energy precision
measurement is that of EFTs

D-parameter measurements are essential to constrain the parameter
space of the ladder of EFTs from the electroweak scale down to
nuclear scales

The EFT approach leads, in a transparent way, to correlations
between the D-parameter and other CP-violating and CP-conserving
observables (EDMs, pion decays, etc)

Certain directions are already severely disfavored in a model
independent way

For other scenarios, studies of explicit UV completions is necessary,
see the next talk for leptoquark UV completions
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Fantastic Beasts and Where To Find Them
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Leptoquarks

Leptoquarks are particles carrying both lepton and baryon quantum numbers

Two main families

Quark
Spin 0 Spin 1
L
UV complete _L_? _ @ Effective
models theories
Lepton Lepton

In both cases, leptoquarks can be classified according to quantum numbers

under the SM SU(3)xSU(2)xU(1) gauge group, see €.9. porsner et al
arXiv:1603.04993



Leptoquarks for D-parameter

Quantum numbers

Yukawa couplings
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Leptoquarks for D-parameter

Ng Tulin
arXiv:1111.0649

Mass mixing
LD = Mi|R,y|> = MZ| R, |” + [AR]H)(RyH) + ygRyul + yzRodl + he]

Mass terms Yukawa coupling

After integrating out the leptoquarks one gets the operators

2 2
| |

(75 Doty — 2B 75 D(do*d) — | /
oMz oMz

Lo D —

The last one contributes to the D parameter as
4
D=—«k . Im[Aypy5]
T AN R R




Leptoquarks for D-parameter

Ng Tulin
arXiv:1111.0649

Mass mixing

Z > —M3|RI> = MZ|R|” + [ARTH)RH) + ygRyul + yR,d“l + hc|

Mass terms Yukawa coupling

After mtegratlng out the Ieptoquarks one gets the operators

AVRY R
2MEM?

(IHs,HI)(u0,d") + hc|

The first two contribute to
Drell-Yan production at the LHC
and are strongly constrained!
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Effective quark-lepton interactions would show up as an excess
of events at the high invariant mass tail of the distribution



Leptoquarks for D-parameter

Quantum numbers | Yukawa couplings
sl By
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