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= From these (fundamental) Lagrangian terms one can use field redefinitions to show that only 9 masses,
3 mixing angles, and one CP-violating phase are needed for physical description.
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13 free and unexplained parameters exist in SM Yukawa sector




Flavor Beyond the SM

= BSM flavor physics tends to come in two forms. On the one hand, one might want to explain the patterns
of mass and mixing in the SM...
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= On the other hand, one might want to introduce a \\ q /

new flavored state in the IR spectrum, to account Az~ (3,3,1/3) /égééc g A, q

for new physics that can be tested experimentally. s =5U@exsU@ U1y B

Leptoquarks (e.g.) are popular these days...
El
= |n either instance, one can parameterize the effects of said new physics into an OPE composed of SM fields
and gauge symmetries, the so-called SMEFT:
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The (flavored) SMEFT at dim-6, briefly

= The SMEFT's operator basis can be expanded order by order in mass dimension. At dim-5, the "Weinberg
Operator’ [PRL 43, '79] is the unique new-physics contribution (and accounts for neutrino masses!).
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= The 'Warsaw Basis’ of [1008.4884] is a non-redundant, complete set of dim-6 operators.
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Describing Flavor in the SM(EFT) & Beyond

EFTs of Flavor
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= Regardless of the formalism, physical predictions for flavored processes depend on the 9
parameters associated to mass eigenstates and their quantum mixings:
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Do you know how to write y2(Y), 6(Y), o(Y)?

It's not as easy as one might think (for three flavors)!



Qutline

All-Orders Flavor Formalisms*

*all-order prelude

Towards Neutrinos
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The geoSMEFT, Intuited [ |
[geoSMEFT,2001.01453
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Bui\ding Up the 9AB(¢) Metric [2001.01453]

[2203.06771]

» Consider the higher-order operators that can connect two gauge field strengths:
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» Expanding in terms of real scalar fields, and combining into a single gauge field (A,B = 1,2,3,4),
one can write
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= This field-space connection is therefore valid at all-orders in v/A! In the Higgsed phase the
connection reduces to a number + emissions of h. 8



The geoSMEFT at 2 & 3 pts 1200101453

= EOM / Hilbert Series techniques allows for proof of all 2- and 3-pt field space connections!
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= All-orders connections field-redefinition invariant & yield large reduction in operators (at tree level)!
= Lagrangian parameters & Feynman rules obtained at all v/A orders before physical amplitude calculated!

= This is more than reorganization. It allows for all-orders amplitudes of fundamental processes:
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geoSMEFT Pheno @ dim-8: [2007.00565][2107.07470][2102.02819][2203.11976]; (tadpole)[2106.10284]
Compliments other work on dim-8 SMEFT: [2110.06929] [2201.09887] [2205.01561] + ... 9



[2107.03951]

Flavoring the geoSMEFT 2001 01423

= Yukawa-like operators of the SMEFT are given by
2 — ()" (G ptor,H) with n >0

Y H
pr

= |n the geoSMEFT formalism this all-order tower in v/A is captured by Yukawa field space connections:
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= From this one can immediately derive the all-orders effective Yukawa interactions, in terms of SM and
SMEFT contributions:
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All-Orders Flavor Formalisms
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Back to Basics: Two-Flavor Approximations

= |In 2D, one can straightforwardly diagonalize the associated Yukawa couplings:
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= However, results are basis-dependent, and at N = 3 one finds that standard techniques are ...

Results \\ [/ Step-by-step solution J

1
A = 5((10' +bb" +cc’+dd" +ee" +2f f"+gg +hh")+

- (2a® @)’ +6a*bb* (@) + 6a®cc’ (@')* + 6a*dd’ (a')* +
9abde’ (a')*-3a’ee’ (a')2+9acdf' (@) - 6a* fr @)? +
9acg f' (@) +6a*gg (@)*+9abgh' (@) -3a’hh’ (a)*+
6ab*(b*)y*a’ +6ac’(c)’a’ +6ad*(d')’a -3ae* (') a +
obde(e')?a’ - 12a f>(f)?a’ +18cd f (f)?a* +18c F g(f)*a’ +
6ag’(g)’a -3ah*(h')y*a’ +9bgh(h'y*a’ +12abcb'c'a’ +
3abdb'd a’ +9a’eb'd" a’ +3acdc'd a* +9a* fc'd a* +

9b’db*e* a’ +3abeb' e’ a’ +9bcdc' e a* -6acec’ e a’ +

S B

m A different method needs to be found. Answer: use flavor invariants! 12



Flavor Invariants

= Flavor invariants are objects that are unchanged under flavor symmetry transformations.

= The most famous such invariant is the Jarlskog Invariant: [Z.Phys.C 29 ('85)] [PRL 55 ('85)]
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= This object completely controls CP violation in the Standard Model <> det C vanishes if and only if
there is no CP-violation present.

= Original (bad) idea: extract (all-orders) mass and mixing parameter, then eventually calculate J

= Winning idea: extract (all-orders) mass and mixing parameter from C (and other independent
invariants)!

13



Approach with Invariants 07064315

[0907.4763]

= The answer is Yes!. A group ring C[x]S of polynomials x invariant under symmetry G can be rewritten in
terms of polynomials of invariants I(x), which can be finitely generated.

Clzy,...,2,]¢% C Clzy,..., 2] flx1,...,2n) =9g(I1,...,1,)

= Basis of invariants captured by Hilbert series, which has special properties for semi-simple groups:
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= Consider a toy model with two mass parameters and an Abelian flavor symmetry:

G=U(1)xU(1) é mi — 6i¢1m1, me — €' ?2mi é (C[ml,m”{,mz,mﬂ(](l)xwl)
*\T1 N > 1
(mamy)™ (mam;) H(q) = 14242 +3¢* +4¢° +5° +... = Y (n+1)¢*" = (1—q2)?
14 [2 "=

N =1,dy =dy =2
(CJ) 1 2 14



" [0907.4763]

A Complete Basis for Quarks 1507.00328
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= Asetof 11 invariants can be found to fully parameterize the theory, including six ‘'unmixed’ |

A A

I =tr(Y,), Iy =tr(adjY,) , Is=tr(Y,adjY,) =3detY,
YYT=Y A A
]2 = tr (Yd) , I4 = tr (adJ Yd) , Ig = tr (Yd adJ Yd) = 3det Yd

= as well as four ‘mixed’ |, relevant for extracting information about the CKM (overlap) matrix
Is = tr (Yo Ya), I, = tr (adj Yy Yq), Iy, =tr (Y.adjYy), I = tr (adj Y, adj Yq)

= and finally one mixed, CP-odd invariant relevant to pinning down the overall sign of CP violation:

3i
I = —édet Y., Yd]

» The fundamental geoSMEFT object we can construct at all-orders is then given by

15




All-Orders Formulae: Masses 2107.03951]

= Unmixed invariants can be solved to obtain exact formulae for Yukawa couplings / masses:
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= Of course, the only distinction between fermions of the same family are their (measured)
mass eigenvalues....
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All-Orders Formulae: Mixings & CP

[2107.03951]

= Similarly, the mixed invariants give predictions for (CKM) mixing angles:
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= \When combined with the CP-odd 11th invariant, one also can derive the Dirac CP-violating
phase (and its sign!)
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Numerical Checks 2107.03951

= To test the validity of our formulae, we wrote a script to compare values of Dirac parameters
predicted from our formulae vs. those extracted with numerical techniques. It did so by...

computing the eigenvectors of [y<u7d>y<u’d>ﬁ]. These are normalized to unit vectors

Vgu,d),T (u,d),Tj V:(gu,d),T) .

Vv; and then the numerical matrices are defined by U, q) = ( , Vs

computing the CKM matrix as Vogr = UJ - Uy.

uniquely extracting the s;3 mixing angle from Vi3, s13 = |Vi3].
uniquely extracting the sg3 mixing angle from Vag, so3 = |[Vas|/ m
uniquely extracting the s mixing angle from Vis, s1o = [Via|/ m

uniquely extracting the s; phase in a phase-convention-independent manner from the
Jarlskog invariant J.

= Computations done in arbitrary flavor/weak bases (i.e. with full but arbitrary 3D structure in matrices)

w
i

== p
N /

\

|

|

|

)

|

= Conclusion: complete agreement up to numerical tolerance of 1010 !! .7

= Note that numerical checks in environments with {Y.,, Yo} = {UsTY, UY, ULTY, U} also confirm LACK
of ability to predict CKM angles with our formulae in this instance, as expected! 18



These formulae...

» are exact, and analytically relate the fundamental Lagrangian
parameters to the "physical’ masses, mixings, and phase (for the first
time, to my knowledge).

= complete the list of all-orders Lagrangian parameters in the Dirac
flavor sector of the geoSMEFT

= are basis independent (as long as the information required is
present in the basis in question)

= are applicable to explicit (B)SM models and EFTs, when global
U(3)_Q flavor rotations control flavor parameters.

Powerful tools in the description of (B)SM flavor physics!

19
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Applications: UV-completing flavor

[2107.03951]
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[de Medeiros Varzielas, Ross, Talbert: 1710.01741]
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= After flavor- and EW-symmetry breaking, the EFT/model shapes Yukawa/mass matrices of the form

)

» Proof-in-principle fits to global flavor data yield post-dictions for mass (ratios) and CKM mixing angles:
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Applications:

BSM States in the IR

[2107.03951]
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[Capdevila et al, 2021 Flavor Anomaly Workshop]

= Regardless of the introduction of new IR flavor violation, Dirac mass and mixing still predictable!
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[Bernigaud, de Medeiros Varzielas, Talbert: 2005.12293]
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Applications: Renormalization Group Flow

Up Quark Yukawas CKM Parameters
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» Note however that latter formulae only hold for MFV theories (hnumerics done for SM limit)!

= Would be interesting to pursue more generic RGE studies in SMEFT (e.g. 2005.12283). 23



Applications: CKM Fits?

12. CKM Quark-Mixing Matrix

= { )\7 A7 p ) T}} Revised March 2020 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai (KEK).
- >\4 A AN (1+3X)(p—in) \ [0.97401 +0.00011  0.22650 #+ 0.00048  0.00361 10 50055
>\+A2>\5( p—if) 1—3iA2—1xt(1 +4A2) AN? 0.22636 4 0.00048 0.97320 + 0.00011  0.04053 10 5003
0.00023 0.00082 0.000024
AN3(1—p— m) —AA2+A>\4( p—ii)) 1— A2\ 0.00854 "0 00010 0.03978 0 000cs 0-99917270 000035

» CKM parameter fits big business in flavor physics — critical tests of the SM.

= However, as we have seen, BSM physics encoded in Wilson coefficients impacts the definition of the
CKM matrix. A consistent treatment of such effects critical for interpretation of NP bounds.

O = O,
O™ = OFRF (W) [(L+ f(Li)] = O (W;) [1 + g(Ch)] >

—~ 5Wj s
Wj = Wj 1+ Wg IS_SI

O = Oasm(W;) + 603 = O, sn(W;) + sODdIrect 4 sodinect

. 80

indirect o,SM

SORNE = — =55 Wi + O(A™) 5



Applications: CKM Fits? 61208163

NK — pv,)/I(mr — pvy), (B —71r.), AMg, AM,

L

PUBLISHED FOR SISSA BY €) SPRINGER

g

Acomeran: Mag 16, 8015 CKMfitter (SM) [14] | UTfit (SM) [15] This work (SMEFT)
PUBLISHED: May 27, 2019
A = 0.22474770:900253 1 X = 0.2250 + 0.0005 | X = 0.22537 = 0.00046
The CKM parameters in the SMEFT A =0.840370005 | A _(0826+0.012 | A=0.828=0.021
= 0.157710 5009 = 0.148 4 0.013 —0.194 £ 0.024
Sébastien Descotes-Genon,” Adam Falkowski,” Marco Fedele,*?
Martin Gonzalez-Alonso® and Javier Virto®¢ — 0. 34934-8 88?51') — 0.348 + 0.010 — 0.391 &+ 0.048

= As expected, reabsorption of BSM effects into ‘SM’ parameters leads to non-trivial bounds on NP

when calculating other flavored processes:

~ ~ 12 2
N2 M frimgems ms. ~
D(r— ) =1 -2 — mt T T (- TR ) (146, [1 A, }
(m = ) 2 %8 16704 m2, (L4 Omu) [ 14 Ay
B(r — uv) = 0.9998770(4) 4+ 70 = 2.6033(5) - 107 %s ﬁwz = 0.004 £0.013
N pud 2Tn’Q:l: pud o 2 —4 16
Aru2 = 2Re(e)") — B Re(ep )+4—+2A(1+A)5A+O(A ,AY)

(my + ma)my,

= Formalism with flavored geoSMEFT can potentially push fits to higher order in v/A.
= Of relevance to potential Cabibbo Angle Anomaly — see e.g. 2109.06065. 25
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Towards Neutrinos
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Neutrino Masses and Mixings

m? m?
A - v, A V1 VZ V3
. v
w °
- Hierarchy Problem
o vV O .
My — 1m? & € S Neutrino Masses
0 solar~7x10~3eV?2 s 5 3
atmospheric T2 N CP Violation
~2x1073eV? . hers S V. 5
atmospneric o i
my2L e —— ~2x107%eV? 2 " é’ Dark Matter
Flavor Problem
Vz
C12€13 $12€13 s13 €% I 0 0
Vermns = | —si2c23 — crasazsize”  cracos — s12sa3s13€° syzciz | - | 0 € 0
S$12893 — C1223813 €0 —C12893 — S12C23513 €0 cazci3 0 0 e

= Neutrino mass and mixing is an experimental fact, and represents a clear departure from the naive
SM. Massive experimental effort underway to pin down neutrino properties...

= Known: there is a gigantic hierarchy between neutrino mass scales and (e.g.) the top mass, and the
mixing in the neutrino sector is large and non-hierarchical.

neutrinos key to understanding critical BSM physics
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Neutrinos in the (geo)SMEFT

= Neutrino masses described by dim-5 Weinberg operator at leading-order in SMEFT:

0 Lo —ZEpRul 4 he
) — ’;7 (E?ﬁ*) C (I:ITZJ-) +h.c..
2
(V)
my L — __(U;T)kz CS)) Ul/]k

= A field-space connection that describes this mass generation at all-orders should be found...

Mass Dimension

Field space connection 5 7 9 11 13
LD 1(¢)ap 47 : |

N(A)as L20° +he.  2.2N, 2 2 2 2

= Furthermore, Hilbert series and associated basis of invariants known for N¢ = 3!

(1—¢?) (1—q)” (1=¢5)" (1—¢%)" (1 —¢'0)

7 [0907.4763]
[2107.06274]

28

H(q)




5261596067

Neutrinos in the (geo)ySMEFT

» |Introducing a light sterile neutrino N changes the EFT under consideration!

| _ _ -
Ly :i(NplaNp ~N,M,.N,)— [Npa)p/;HTlﬁ +H.c.]
= A geometric vSMEFT can (and will) be developed. Obvious field-space connections are:

Mass Dimension
Field space connection 6 8 10 12 14

£3 Ypl;(gb)zN T Mpr(gb)NN Y (¢) LN +h.c. 2N?  ? 2 7 7
M, (¢) NN + h.c. 2-2N; 7 ? ? ?

Ny

Y

= The Hilbert Series for the complete three-generation Lagrangian was found in 1010.3161. ’



Summary and outlook

® One can construct

pasis-independent flavor formalisms using invariant theory.

» These formalisms o

= As a result, they ho

epend exclusively on flavor symmetry and free parameters.

|d at all-orders in effective field theories, e.g. the (geo)SMEFT.

= We have presented analytic formulae for the Dirac masses and mixings present in
the (geo)SM(EFT). They are useful in any number of (B)SM contexts.

= Phenomenological

applications are obvious, including fits to mass and mixing.

= The extension of the formalism to neutrino physics is ongoing, and rich in application.

= Flavor & neutrino physics offer prime opportunities for low- and high-energy

complementarity!

THANK YOU!
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Applications: Flavor Violation Pheno s 12263

Flavour Violating Effects of Yukawa Running in SMEFT

b

3y; o
Yd(NEW) = Yd(A) — 5Yd Yt In (’UE_W> + ... Jason Aebischer” and Jacky Kumar

3272 A
¢ Department of Physics, University of California at San Diego, La Jolla, CA 92093, USA
"Physique des Particules, Universite de Montreal, C.P. 6128, succ. centre-ville,
Montreal, QC, Canada H3C 3J7

~ 17kl
[CG(MEW)LJ' - [CG(AHU T % In (ILLETW> [Cb(A)}kl

w=A Co(A): down-basis
- .
€3 .
& |
= RGE o Yy, Yu, gs5,9,9"
n .
. T = back-rotation o
[Ca(ﬂEW)]zj = Uy, [CG(MEW)}I@ZUU .
Ca(puew): down-basis |« -+ Ca(urw): shifted-down-basis
Y= UEW Matching
—0.93 4 0.37i 1.6-107° +25-1077¢ —3.8-1074 - Ci(uew)
Ug, =| —1.2-107° +1.1-107°4 —0.93 +0.37: 1.6-1073 —6.7-107%4 - |
2.7-107% —=2.6-107%i —1.6-1073 +6.1-107%4 —0.93 +0.374 3 .
RGE OQI gs, Ole
7 A HEW - V
iJ . t ~ —4 =5 v

» The resulting NP bounds derived from (e.g.) AF=2 or b->sl| processes are very important!
= Q1: what is the correspondence between RGE of flavor invariants and (known) non-MFV relations?

» Q2: what is the phenomenological impact of higher-order RGE of physical parameters? 32
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Partial Sg. vs. Full Dim-8: Fermionic Z Decay

= Consider all-order geoSMEFT width for Z-boson decay to fermions:

a2\ Z 9z
Ty iy = Z 247\/ 2l 17 (1 - — ¢) gl = o [(2832 Qy — 03)0pr + 77T<L:§b,’fr> + 0377T<L§f,’§”>}
4 4 ¢ ¢

= Expand complete dependence at dim-6, dim-8:

(g )sn = G20 (552 Qu = 3| 0
<.§_7Z> v2 /A2 _ g = =
<g§fﬁr>(’)(v2//&2) = gS(M/ Lo pr>SM Opr + G2 Qu (55, ) 0w2/A2) Opr + “2— C}iff) — 03 CI?}EE)
Z pr pbr
Z, < >(’) vd /A4
(Geit-ped Ot /A0) = gS(M/ Mgzt hsm Gpr + T3 Qu (53,) 0t ) Opr + (G2)0(02/02) (58, Y002/82) Quspr
<§Z>O(v2/A2) ~1,(6 ~3,(6 QSM ~1,(8 ~2,(8 ~3,(8
+ Cg;)—agcggﬁ +- CII{;)—JQ,CIZ;/})—OBCI;;)

= Compare (e.g.) dependence on (Cl)ywe)? using partial square vs. full dim-8 analysis:

(6) 2 (6)
91 95 (C ) 2 9y (CHWB) (95 — 93)* Q3 6
‘geff ,pr 123art1al square D) 1 2(921\_;[—[)‘2/3 5 [gZ <gesz1f)r>SM + ( - 91) Qiﬁ)} |g§fﬁr|é(v4m4) D) (gSM) Y 5 (Cl(rﬂ)/VB)2<g§sz§)r>SM5pT
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Towards PMNS Fits in the (geo)(v)SMEFT

| NUFIT 5.1 (2021) |

Normal Ordering (best fit)

Inverted Ordering (Ax~ = 2.6)

bfp +lo 3o range

bfp 1o 3o range

sin” @12

0 12 ‘,."‘ .

‘ 2
sin” #a3

B3 /"

e
sin 01:;

www.nu-fit.org iy

(S( ‘l) I,I.’ O

= Given complete flavor formalism(s) in the
(geo)(v)SMEFT, the natural project would

be to do a precision fit to mass and
mixing, as in CKM case.

= Re-absorption of BSM effects likely
important in interpretation of neutrino NSI
and associated bounds on new physics...

» Knowledge of matching and RGE to
relevant neutrino processes required!
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