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. very small CP-violation in AF = 0 observables
no EDM, no baryogenesis ( see Observational Tests of Antimatter Cosmologies; A matter-antimatter Universe)
. quark flavor: no flavor changing neutral currents at tree level

. lepton flavor is conserved

neutrinos are massless
LA-UR-24-27605

K-K oscillations, B-B oscillations, B — Xsv, K — mvv
suppressed by loop factors and masses or CKM factors

L and B: lepton and baryon number are conserved (in perturbation theory)

no OvBg3, no proton decay

noe— 7, e— u, p— 7 transitions

7/25/2023 | 2


https://www.annualreviews.org/content/journals/10.1146/annurev.aa.14.090176.002011
https://arxiv.org/abs/astro-ph/9707087
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The Standard Model EFT

* SMEFT is the generalization of the SM to include d > 4 operators
e the most important are a d = 5 operator, the “Weinberg operator”
S. Weinberg, ‘79
® and the set of d = 6 operators
W. Buchmuller, D. Wyler ‘85, B. Grzadkowski et al ‘10.
® the construction has been pushed to d = 8 in the lepton-number conserving sector,
B. Henning et al ‘15, C. Murphy, ‘20, H.-L. Li et al, ‘20,
and d = 9 in the lepton-number breaking sector
H.-L. Li et al, ‘20, Y. Liao and X.-D. Ma, ‘22.

¢ the theory is renormalizable order by order in 1/A
= we need only a finite number of operators to make predictions that are accurate at O(1/A")
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https://inspirehep.net/literature/144673
https://inspirehep.net/literature/218149
https://inspirehep.net/literature/866649
https://inspirehep.net/literature/1409308
https://inspirehep.net/literature/1793831
https://inspirehep.net/literature/1793823
https://inspirehep.net/literature/1807482
https://arxiv.org/abs/2007.08125

The Standard Model EFT at dim-6
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® 3 gauge bosons: modify 3- and 4-boson interactions, with new CP-violation
ete” - W"W~,pp— VV,EDMs, ...
® 4 scalars: corrections to the Higgs potential and self-couplings
® 3 scalars and 2 fermions: break the correspondence between fermion masses and Yukawas
pp — ttH, H — bb, ...
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https://inspirehep.net/literature/866649

The Standard Model EFT at dim-6
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® 2 gauge and 2 scalars: corrections to electroweak precision and Higgs couplings
e 2 fermions, 1 scalar, 1 gauge: dipole operators
e 2 fermions, 2 scalars: corrections to W and Z couplings
electroweak precision, 8 decays and flavor physics
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https://inspirehep.net/literature/866649

The Standard Model EFT at dim-6
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® in total 2499 B-conserving coefficients, 1149 CP-odd (for 3 generations of fermions)
® most of these coefficients in the 4-fermion sector

some symmetries (B) or almost symmetries (CP and flavor) of the SM are accidental
no symmetry breaking dim-4 operator, but easy to write higher dimensional ops.
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https://inspirehep.net/literature/866649

Matching and running to low energy

A L; : : s new physics A > v
v, My H* :>< SMEFT operators
Ay ;; :>< SU(3)c x U(1)em Operators
My
E
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The Low-energy EFT

® the relevant scales for low-energy processes is Q < 1 GeV, much smaller than EW scale,
® we can switch from SMEFT to the “Low-energy EFT” (LEFT):

degrees of freedom: u, d, s quarks; e, . and v, leptons; photons and gluons;
symmetries: SU(3)c x U(1)em (electroweak symmetry no longer manifest);
power counting:

integrate out W, Z, H and t at the electroweak scale

o« P DM~

power expansion in Q/v

® integrate out the b and ¢ quarks, and the 7 lepton, at their thresholds
power expansion in Q/m,

® triple expansion in v/A, Q/mw, Q/my
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The Low-energy EFT

3. interactions: dipole and 4-fermions (+ QED and QCD)
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E. Jenkins, A. Manohar, P. Stoffer, ‘17
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https://inspirehep.net/literature/1623566

Matching

SM LEFT

-l g g
q2 _ mf,v — m2W + O(qz/mw)

® equate amplitudes in SMEFT and LEFT, at a given order in the expansion in Q/v, Q/A
e.g. for charged currents

L) =~ [Vind,

VLR
> [Lu edu] =0
v t prst

A 155, =0
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.104.254

Matching

SMEFT LEFT
e v e v e v
uji d u;( d u Xd u d
® equate amplitudes in SMEFT and LEFT, at a given order in the expansion in Q/v, Q/A
e.g. for charged currents

[Luvééu] prst - 7% [VéKM] st N 2 [(C}_?q) N CI(;) + Ci(j)) VéKM:| st [LZ@ZH} prst - [CLUd] st
[Lfg(ﬁl] prst = |:Cl(e1¢;u] of [Lfeﬁ‘éu} prst = [C/edq VéKM:| o
(7] = [ef],

o SMEFT populates all the structures identified by Lee and Yang T.D. Lee and C. N. Yang, ‘56

® but with scalar, tensor and right-handed currents suppressed by v?/A2
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.104.254

Matching at higher order

SM LEFT
e v e v e v e v € v
Y Y
}:g Kﬂ + e X }X %
u d u u d u d u d

e the LEFT matching coefficients can be computed order by order in « and as
a. if the EFT is correct, it will exactly reproduce the infrared structure of the full theory

matching coefficients cannot depend on IR regulators or IR scales
(light particle masses and external momenta)

b. the two theories will differ in the UV
® this is ok cause we cannot use the EFT for high-energy processes,
¢ the difference is accounted for by local operators in LEFT
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Example: O(«) corrections to 5 decay

SM LEFT
e v e v e v e v e v
Y Y
u d u u d u d u d

® the SM diagrams are UV finite, IR divergent

L2 . - _ 2
Asut = 1-5 Vil(p, 7" Pru(pe) U(Po) PLu(pu) [ﬁ Qu(4Qu — Qq) log % + ...
1% 4 m2

¢ the LEFT diagrams are UV and IR divergent, absorb UV divergence in LY%

2. _ 2
Avser = 1 Vigl(pu )y Puu(Pe) B(pa) i Prt(po) [ﬁ Qu(4Qu — Qa) log 15

2
1 2
+% (fsoe (Qu - éQd) ¥ ) + %L}’;E(u)]
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Example: O(«) corrections to 5 decay

SM LEFT
e v e v e v e v € v
Y Y
}:& K{j + e X }K %
u d u u d u d u d

e the difference between the two amplitude is compensate by adjusting LYLE

2
L) = - 2 v {1 b (oe(4ou Qs)log £+ 3Qs (ou - 1od> +.. )]
V2 my, 2

1. we can avoid large logs in the matching coefficient by taking . ~ mw
2. and use the renormalization group equation to evolve the coefficients from p ~ my to p ~ few GeVs

d o
diog i Lyeas(p) = —;(M)Lxe%(u)

(after calculating the remaining diagrams and asking the amplitude to be scale-independent)

(]
(5 LA-UR-24-27605 7/25/2023 | 13



Renormalization group evolution: operator mixing.

® as in the SM example, SMEFT operators depend on the renormalization scale
e at the loop level, operators can “mix” into each other

® operators that “naively” (i.e. at tree level) do not contribute to precision observables can indeed
contribute at 1- or higher-loop

e the price of a 1- or 2-loop suppression can be easily overcome by the large sensitivity

() X
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Renormalization group evolution: operator mixing.

® as in the SM example, SMEFT operators depend on the renormalization scale
e at the loop level, operators can “mix” into each other

® operators that “naively” (i.e. at tree level) do not contribute to precision observables can indeed
contribute at 1- or higher-loop

e the price of a 1- or 2-loop suppression can be easily overcome by the large sensitivity
e.g. consider

L= C@W@T@Wiju Walu/

=2C, v he P (20, W 0u Wy + 50,A,00A5 + C30,Z, 8aZs + 25wCuOuAvdas .. }

® induces CP-odd couplings of the Higgs to W, Z and photons
can we probe it via the eEDM?

® “naively” no, need Ce,€0""~s€F,, operator!

() 76
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Renormalization group evolution: operator mixing.

g ol
. O,—{, . 01 0,3 O
g N h 1z Nk
q q q. ! q. ! q., 0

e diagrams are UV divergent, with divergence with the same structure as a dipole operator

O, Oy

d,u,l u,d,v d,u,l

d m / 3
(167%) dlog,uIm Ces = —76 (2g (ve +ve)Cop+ EQCLPVNVB)

d m ,
(167°) - T Cow = T (g (ve +ve)Cois + ngw)
® |eading to an electron EDM
my
o = V2me e A

= —(45-10"%ecm) x (400 TeV)? [—3c¢,~3 +Cop +2 cot(29w)C¢WB]

[-3C,5+ Ci +2<0t(20u)C, g  log "'

® even with loop suppression, the scale of these operators needs to be larger than 400 TeV!
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Running and matching in SMEFT

the complete 1-loop running in SMEFT is known v/
E. Jenkins, A. Manohar, M. Trott, ‘13;
E. Jenkins, A. Manohar, M. Trott, ‘13;
R. Alonso, E. Jenkins, A. Manohar, M. Trott, ‘14;

the complete 1-loop matching of SMEFT onto LEFT is known v/
(except for the dependence on light quark masses)

E. Jenkins, A. Manohar and P. Stoffer, ‘17;
W. Dekens and P. Stoffer, ‘19;

the complete 1-loop running in LEFT is known v/
E. Jenkins, A. Manohar, P. Stoffer, ‘17;

® a few groups already working on 2-loop running and matching
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https://inspirehep.net/literature/1247479
https://inspirehep.net/literature/1261282
https://inspirehep.net/literature/1268339
https://inspirehep.net/literature/1623566
https://inspirehep.net/literature/1749749
https://inspirehep.net/literature/1636234

EFT for precision 5 decay



LEFT charged current operators

® at low-energy, weak charged-currents can be axial, vector, scalar, pseudoscalar and tensor

L=v~"e [Lyg“dﬁ Ayt + Ledy drys UR] +er (Ligd%aLUH + LgeRdTT;aHUL)

TRR— v, =
+ Lyequ Dot erdioup

® these 5 coefficients can be disentangled by measuring several low-energy processes

Operators Observables
Scalar and tensor
[SRR _ [SRL Mm— ev)/T(r — pv)
[SRR 4 [SRL £ spectra in Fermi or mixed transitions
LTRR I(m — €vy), B spectra in GT/mixed transitions
Axial and vectors
VLL VLR H . LQCD
Ly, LYLR CKM unitarity tests, g, vs g,P

(>~
‘59 LA-UR-24-27605
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SMEFT charged current operators

® even at tree level, going from SMEFT to LEFT introduces degeneracies

=3
‘L’Q LA-UR-24-27605

Operators LEFT B decays | Electroweak precision | Collider
2H2D
Qg (H*i(ﬁLH)GpT’wI,) 5 LVLL
Q(:q) (HTI?LH)(apT"Y“qr) — LYLE
Quug +hc. | i(H D H)(Tpyidr) | — LYLR
(LL)(LL)
ay’ ‘ (v 7'l)(@svur'ar) | — Ly
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Qledq ‘ (7{76’ )(dsay) — [SLR
(LR)(LR) + h.c.
Ol (heex(@u) | — LEE
Ol(esgu (Bouver)en(@Eoru) | — LTRR

from four-fermion operators (Q,(qs))

low-energy measurements cannot disentangle W-fermion couplings (Q,(j’), Q,(fg)



High-energy vs low-energy complementarity
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gauge invariance link them to e"e~ — ff and precision observables at LEP

2. and to important EW processes at LHC: pp — HZ, HW, ZZ
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High-energy vs low-energy complementarity
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1. small corrections at the Z pole
2. but large corrections to pp — ev + X, enhanced at large invariant mass
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SMEFT charged current operators

Operators LEFT B decays | Electroweak precision | Collider
$2H?D
aky (HT iDL H) (vl | — L4
Ay | WD @) | - L
Quug + hc. | i(HTDuH)(Tpyidr) | — LYER X
(LL)(LL)
QY | G r'm@swra) | o L X
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low energy + EWPO + high-energy data can disentangle different scenarios

provided they have similar sensitivity
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EFT for CP-violation and Electric Dipole Moments
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AF =0CPVin LEFT

Neutron

Nuclei:
P, H, *He

= How much info can we
extract from EDM experiments?

Diamagnetic
atoms:
Hg, Xe, Ra

nuclear theory

Paramagnetic
atoms:
I, Cs

four-quark operators

atomic theory

FUNDAMENTAL THEORY

i lepton-quark operators '—>
Leptons l :Il lepton EDM l—)

eV MeV GeVv TeVv?

thanks to J. de Vries

o dim-5 LEFT operators
EEIEZFT = Le 80" er Fuw + Z LgvQro"" qr Fuw + Z LogQuo""t°qr GJ, + hc.,
g=u,d,s q=u,d,s

® they are induced by dim-6 SMEFT operators after EWSB

LA-UR-24-27605
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AF =0CPVin LEFT

e dim-6 LEFT operators

6 abc A~a brp ~Cp

2. semi-leptonic:

L0 =Y L (2rer)(@raL) + Lo5™ (Brer)(GLqR) + Lag (80" €r)(GLowwnGR) + hic.
q=u,d,s

® in SMEFT, gauge invariance relates them to 5 decay operators...
3. 4-fermion:

LE et = Luggs 0y d) (Aryutr) + Log ™™ (TLug)(Teug) + . ..

® 24 operators, 6 of the LL RR type, 18 of the LR LR type

ideally, we would like EDM experiments to disentangle these coeffs.

very hard to do for hadronic operators (see later)
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AF =0 CPV in the SMEFT

X3 ¢® and @'D? e
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SMEFT operators can contribute to EDMs in several way

a. Tree level path

® 3-gluon operator, dipole and Yukawa couplings of light fermions,
right-handed W couplings, 4-fermion

(>~
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AF =0 CPV in the SMEFT
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SMEFT operators can contribute to EDMs in several way
b. 1-loop path: 3-W, Higgs-gauge operators
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AF =0 CPV in the SMEFT
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SMEFT operators can contribute to EDMs in several way
a. 2-loop path: dipole and Yukawas with heavy generations (c, b, t)
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AF =0 CPV in the SMEFT

X3 % and @tD? ( b2ob
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SMEFT operators can contribute to EDMs in several way
a. 2-loop path: dipole and Yukawas with heavy generations (c, b, t)

® EDMs are so strong that they severely constrain CPV even in Higgs and top sectors of SMEFT

® in presence of a signal, need complementary probes for disentangling
(harder than in g decays, because colliders are in general less sensitive)
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EFTs for Neutrino Masses and Lepton Number Violation



Neutrino masses and mixings

v v v Normal Inverted
2 2
1 2 3 3 m
solar: 7.5x10° eV?
v, . = o
atomospheric:
— 24x10° ev?
|U |=vwm W B
PMNS 3 I — 24x10% eV?
S ev?
solar: 7.5x10™ eV"
A0 B BN £
-y (= -,

® neutrinos in weak interactions are linear combinations of 3 massive states

3
‘V0¢>:ZU:;I'|VI'> 056{6711,,7'}
i=1

® mass splittings and mixings well determined

® mass ordering and CP phase in next generation of oscillation exps. DUNE and HYPER-KAMIOKANDE
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https://arxiv.org/abs/2406.13516

Neutrino masses and mixings
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® neutrinos in weak interactions are linear combinations of 3 massive states
3
va) =D Usilv)  ac{enpr}
i=1

® mass splittings and mixings well determined
® mass ordering and CP phase in next generation of oscillation exps. DUNE and HYPER-KAMIOKANDE
® neutrino absolute scale is small

Mye = > |mUgi]? < 0.45eV KATRIN ‘24
i
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https://arxiv.org/abs/2406.13516

Neutrino masses and BSM physics

the neutrinos (antineutrinos) in the weak interactions are purely L (R) handed
® need some right-handed component for a mass term

inthe SM, m, =0
neutrino oscillations are BSM physics!

® For neutral particles, we can write two mass terms

Majorana

Th i

e a <« myv' Cy

v v i L L
L L

neither of them is gauge invariant!
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Neutrino masses and BSM physics

Dirac mass

need to add a new field to the SM, vr
vr has zero weak, electromagnetic or strong charge (sterile)
once we add vg, we can use the Higgs field to make the Dirac mass gauge invariant

=Yo7, () i

3 massive states
small values of m,, fixed “by hand”, by choosing small Y,
vr does nothing in the theory, only needed to generate m,
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Neutrino masses and BSM physics

Dirac mass

need to add a new field to the SM, vr
vr has zero weak, electromagnetic or strong charge (sterile)
once we add vg, we can use the Higgs field to make the Dirac mass gauge invariant

=Yo7, () i

3 massive states
small values of m,, fixed “by hand”, by choosing small Y,
vr does nothing in the theory, only needed to generate m,

however, if vg is a singlet, nothing forbids a gauge-invariant, dim-3 Majorana mass
L t
Lm, = Y,,EJKEIL ((pk) VR — %MHZ//Z(—CI/R

Mg # 0 immediately leads to n > 3 massive neutrinos

BSM in new light degrees of freedom!
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Neutrino masses and BSM physics

Majorana mass
® cannot write down a dim-4, gauge-invariant Majorana mass

lepton number is an accidental symmetry of the SM
® but we can at dim-5!

L= )\cws,kamnw O Cop Ewse, ;’ Couvl G+ O(H).
S. Weinberg, ‘79
® 3 massive states
* m, ~ v?/A, small if A is very large
® no need of new light degrees of freedom
® |epton number is not a symmetry of the theory

BSM in new high energy interactions!

* Qv might be the best way to discriminate between the two mechanisms
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https://inspirehep.net/literature/144673

EFT for neutrino masses and non-standard interactions: *SMEFT

® since we do not know the mass mechanism, capture both in the EFT

vSMEFT!
same recipe as before + ng sterile neutrinos

® dim-3 + dim-4 + dim 5: neutrino masses and sterile neutrino magnetic moments
® after electroweak symmetry breaking

_ 1 T - 145 _ ML ME
L= (v.7C) C"”"( col ) M. = ( M, M

® M, is a symmetric (3 + ng) x (3 + ng) matrix, diagonalized by the unitary transformation U
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EFT for neutrino masses and non-standard interactions: *SMEFT

® since we do not know the mass mechanism, capture both in the EFT
vSMEFT!
same recipe as before + ng sterile neutrinos
® dim-3 + dim-4 + dim 5: neutrino masses and sterile neutrino magnetic moments
® after electroweak symmetry breaking

_ 1 T - 145 _ ML ME
L—*E (VL,I/HC) CM,,( Cl7’£ )7 MU7< Mg M;
® M, is a symmetric (3 + ng) x (3 + ng) matrix, diagonalized by the unitary transformation U
1. ng = 0and M, # 0: 3 light, massive, Majorana left-handed states
“standard mechanism” for Ov 33
2. ng >0, Mg # 0, M, = 0: 3 + ng Majorana states.
Z?;:nﬂ US,-m,- =0
LNV only in the sterile sector and Ov 3/ rate suppressed
3. ng =3, Mg =0, M, = 0: 3 pure Dirac neutrinos
no OvBp!
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LNV operators in SMEFT

v, operators

Class 1 Y2H! Class 5 WD V2H! Class 5 WD
O | cyemnEICLH H(HH) [ 07,0 | ey(dyn)(LTC(D L)) WhCvm)(H H)? Ol | (@a)(fCiD,0)
Class 2 RH2D? Class 6 Wil v*H?D? 0 | (@uL)(ECID)
3 5 (VECD,e)(H' DFHI o 4i(dv,vr)(QICiD, LI
Ofhipr | €ijmn(LTC(D,L);) Hn (D" H)y 00 i | e (LFCye)(dyu)H; i (Vi ;;I)‘ED ) thucal/g ‘J(‘Vr’/"?F‘Ii iDuL7)
[ m€in(LTC(D,L) ;) Hy (DPH 0 | €jemn(dLi)(QTC Ly H, v il v
wipa | Cimeinli CODNRB | Opaunes | cuemn (1L OLn RO LD H)HTH) || O rm | e @uaNQCLH
Cl(a.;‘s& V2H3D O“l)wm2 €im€in(dLi)(Q] CLy)Hy PHIX 0/7[ Y ey (ALY (WECu) i
- - V S ‘
Oipe | Csemn (LI Cope) il (D" H) || Oifjquy | €ii(Quu)(Ly,CL)H; (e WECom ) (HHNWL, || 09,0 | (@@ (ECe) HI
Class 4 s O | (Quegcom
0w | (e )mng(LT Cot L) HyH W], 09 (Qe)(whCu)H

vg operators

* the Weinberg operator is the first term in a series of AL = 2 operators

® in SMEFT, AL = 2 operators appear at odd dimension

e dim. 7 operators induce 3 decays with the “wrong” neutrino, d — ue™ v,
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https://inspirehep.net/literature/1449902

LNV operators in SMEFT. Dimension 9 operators

e after matching onto LEFT, dim-9 operators have the form
£ =3 [ (cienceh + c) mcl ) O+ CP&y,15C8” OF|,
i

® the most important are the scalar operators

Or =gyt al g7 7 q,, O} = q&v.7 g8 oy qp ,
O:=Gar'qf Q7' O, =airigs alrran .
Os=3qaT"q] gar'ar, Oy =0a'7 g G/ 7 g4 .

Os = Gl al apmhap
Os = qly.77q] Gor' v aR,
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Connection to models

Do we really need to go to dim-9?

® specific models will match onto one or several operators

® e.g. Left-Right Symmetric Models match onto dim-5, -7, -9 with different numbers of Yukawas
e if y, ~ v?/A2, all operators can give similar contributions
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vSMEFT/LNV at LHC

— SM 2 "
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® dimension-5 hard to probe, m,, ~ 10 GeV
B. Fuks, J. Neundorf, K. Peters, R. Ruiz, M. Saimpert, 21; CMS ‘22

® pp — ev probes dimension-7 operators with A ~ 2.5 TeV
® pp — {147 jj provide a direct test of the LNV nature of the operators
® no comprehensive analysis of dimension-9 ops
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https://inspirehep.net/literature/1837435
https://inspirehep.net/literature/2053991

vSMEFT/LNV at LHC

Opamiian o(pp — pEptij) (pb) Ainy | ARty

LHC FCC [TeV] | [TeV]
Ogurru | 24 %1074 0.11 1.1 5.4
Oqrqruz | 1.5x 1075 | 4.3x 107 0.68 3.1
Oirorm | 69 x107° 0.030 0.86 4.3
Ofruern | 5.7x107° 0.035 0.84 45
[ 0.64 210 4.0 19
OLpH2 2.7x 10712 | 1.7x1071° | 0.050* 0.18
OLpm 1.9%x 1072 0.061 0.69 4.9
OLeHn 1.2 x107% 3.1x107% 0.21 0.44
OLp 1.5x 107 2.0 x 1076 0.21* 0.87

K. Fridell, L. Graf, J. Harz, C. Hati, ‘23

® dimension-5 hard to probe, m,, ~ 10 GeV

® no comprehensive analysis of dimension-9 ops

(>~
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B. Fuks, J. Neundorf, K. Peters, R. Ruiz, M. Saimpert, 21; CMS ‘22
® pp — ev probes dimension-7 operators with A ~ 2.5 TeV
® pp — {147 jj provide a direct test of the LNV nature of the operators
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