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vr = 2<HTH>

The SMEFT, briefly: o=y Gha 72"

= 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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Expanding the SMEFT Lagrangian

= Application of Hilbert Series to SMEFT shows Iarge growth in operators order-by-order

in mass dimension:

Upper lines: nf=3
Lower lines: ns =1

Higher-order corrections a priori
present = mathematically unwieldy,
and consistent fits to data difficult =

physics conclusions can be
obscured...
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also see talks from earlier today!
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Higgs insertions...

Coming from
successive...
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derivative insertions...
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loops...

We will explore "geometric’ insight that, for the first time, puts v,/A under control at ALL ORDERS! .




Outline

Towards (Flavored) Phenomenology
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The geoSMEFT, intuited [ |
[geoSMEFT,2001.01453
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G: 'field space connections’ built from successive f: operator forms composed of Lorentz-index-carrying
insertions of Higgs fields building blocks of the Lagrangian
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Bui\ding up the gAB(cI)) 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. 5



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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= Connections often field-redefinition invariant & yield large reduction in operators (EFT parameters)!
" Lagrangian parameters & Feynman rules obtained at all-v;/A-orders before physical amplitude calculated!

" This is a powerful reorganization. It allows for all-v;/A-orders amplitudes of fundamental processes:
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Consistent SMEFT Phenomenology @ dim-8: [2007.00565][2107.07470][2102.02819][2203.11976]
Towards loop calculations at all-v,./A-orders : [2106.10284] 8



The geov'SMEFT




Motivating (light) gauge singlets

See reviews in (e.g.)

[Kopp, 2109.00767]
[Dasgupta & Kopp, 2106.05913]

» Renormalizable mass terms for neutrinos

H qdr, €L UR dR ER N
= Potential dark matter candidate (see talk from
o . ( SUB). || 1|3 | 1 3 3 1 |1
P. Di Bari later this week)
» A number of longstanding anomalies in SU@)p 2122 |1 1 111
. . . . . . 1 1 1 2 1
neutrino oscillation physics (LSND, MiniBooNE, | U(1)y || 5 | 5 | =5 | 5 | =5 | =1 | O
MicroBooNE?)
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The VSMEFT vSMEFT Operator Counting
Mass Dimension || 5 6 7 8 9 10 11
C”
Losvert = Lo + Ly + Z A;—‘l Q! - 4| 113 | 110 | 1316 | 1918 | 21540 | 37354
i 21 29 | 80 | 323 | 1358 | 6084 25392
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[JT, 2208.11139] 10



[JT, 2208.11139]

The geovSMEFT @ 2 and 3 pts.  cowr =X G a0.0 s
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= One quickly arrives at the list of field-space connections and composite operator forms:

e a Yukawa operator of the form Yy (¢) N ¢,

e a Majorana mass operator of the form ny(¢) N N¢,

e dipole-type operators of the form dy,,(¢) 1 0, e WH with w1 € {N¢,eN¢, NN},

e single-derivative operators of the form Ly (@) (D*¢) 1y 7, 1 with i1y € {eN, NN, (CN}

11



Operator saturation in v;/A

[JT, 2208.11139]

EVEN Ops

ODD Ops

d=6+ , [Qﬁ?jﬁ”}prz

d=g+ | [oki] -

e i[

n=0

geovSMEFT Composite Operator Saturation
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Field-space connections T, 2208.11139)

Mass-Type Connections

00 - (642n) ¢2 n+1 1 > 5+2n) n+1
a(o =~ o0 Wl + Y00 G (T) vl = =5 M), + 2 O (%)
/ Dipole-Type Connections \
d N(¢) _ Zi -@ (FI + Z’)/I ) ¢J (1 L 5A4) C(7+2n (¢_2)n
e pr — | 9 A,J A,J eNW 9 )
. — [ A ~(542n) ¢I J (7+2n) ¢2 "
dNN(Cb)pr — ZZ 0" 044 CNNB - FAJ¢ ( 5A4) CNNW ?
n=0 " Pr
Derivative-Type Connections
_ — [or . I (6+2n) »*\" I ZC(H%) ¢’ "
LeN(¢)pT_Z ?(Z Ly s+ 4J> CDeN o ) v DEN1
n=0
00 2\ N . 2\ "
Lnn(@)pr = —Z [% (104, +71s) C;&% ] ((2 ) , Lena(d)pr = z% [gb; (iTh, +71) H' CD?_]\?;L] (%)
n=0 n=

13



What | want to know...

» what do these connections look like under Renormalization Group
evolution? Is all v/ A-orders behavior preserved?

» what kind of geometries do these connections describe, besides the
Higgs and gauge connections, which are metrics? Furthermore, what
more can we learn about EFTs / calculating with them as a result?

= what do (e.g.) unitarity constraints look like and mean in a geometric
context?

= what kinds of higher-order calculations & fits are most motivated by
this formalism, and the ambiguities it helps resolve?

14
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Towards Phenomenology

15



All-v,./ A-orders Feynman rules T, 2208.11139)

* Geometric EFTs permit the derivation of all-v;/A-orders Feynman Rules ab initio:

FOG £0) o ()

= The simplest are operators with trivial momentum dependence, e.g. mass-type operators:

c 577]\7( ) 44 2n+2 (5—|—2n) —2n+1
{th,N}_—< 5 > —ivh Z St 0 o2t

44 44 ~
{il N / } — (SyN(¢)p7’ . Z\/E YT B Z\/E Z (QTL + 3) C(6+2n) _onio
2t pyrr) 5% \/i N,pr \/5 £ on+1 NH Up Y
—D 44
_ _7:\/544 ]\{N,pr . Z\/E Z (277/ + 2) C(6+2n) %n—l—2
U \/§ o 2’n—|—1
" Calculate (e.g.) all-v;/A-orders, tree-level Higgs decays, h — ¢N. A
H---( s R :
= More N-dependent processes can and should be pursued in this N, \
formalism! ,



Neutrino masses @ tree level T, 220811139

" As with the YSMEFT, the neutrino mass sector can be reorganized as follows:

_ L=y (m(0)) On@) ) [ Y I
fnaws = =3 2 ) <<yN<¢>> <nN<¢>>> <N6>+h” e

" 51,(¢) is simply the "Weinberg connection’ associated to LH neutrino masses in the (geo)SMEFT:

1 N _ 0LsmEFT R ot S ~(5+2m) | (@7 "
— [Cg (ir'e,) (e, +h.c.] 1e(P)pr = S(Eet,) ‘L(a,ﬁ,..)—m = [H (G0 H™(67) Coy ] ( 5

n=0

" & . can readily be diagonalized with a unitary transformation on n vectors:

U' M, U, =m, = diag (m,,l, ooy My 5 TN ...,man)

[2107.03951] JT, M. Trott
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[0907.4763]
[1507.00328]

All-orders formulae: quark masses 10703051

" The Hilbert Series associated to Yukawa couplings transforming under U(3),, transformations
can be utilized to enumerate a basis of 11 flavor invariants for (geo)SM(EFT).

Yeyet 5 gtyvyety Hig) = hig.q) = 14 ¢'*
U(3)a, ! R e EI D EI FE O LI el
I =tr(Yy) , Is = tr(adjYy,) | Is = tr (YyadjY,) = 3det Y,

= Unmixed invariants can be solved to obtain exact formulae for Yukawa couplings / masses:

2 _ (_2)1/3 72 ] —~1/3 T —2/3 2
vi=go (=304 (-7 Lot (2700
1 .
Yik = 12%((—2)4/3 2 =3 (=2)" Ly +41, ¢,

2

6- (—2)"? (112 _ 3f3)
v

— 3 (=2)"P 2+ (=2)*242)

F | 24 (17 -31) +

1/3
by = (—21§+91113 —916+3\/—31121§+ 1213 + 41315 — 18111316+9162)
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[2107.03951]

All-orders formulae: CKM parameters

= Similarly, the mixed invariants (not shown) give predictions for (CKM) mixing angles:

. . . . 1/2
~ho =92 (I = ALALAL) = o2 (Do + 93 (I — y2A%L) - y3y? A%) N
S13 = — i = Yi .
AbdAbsAcuAut
. . . . 1/2
An (“ho+ 92 (I + i+ 32 A5) + 2 (—Fr + 02 (<1 + A5AL) + 28547 )
523 = - - - -
A (Im +y2 I + 1 (17 + y2 (15 - 2A§A$S)> — (Yt + 2u7) (y, + yﬁyi))
A= (7 2 (7 2 A+ 2 r 2 7 + A+ A+ 4.2 ( 4 4'1/2
Ay, ([10 + y; (17 — YIV; Adb» + s Ay (—19 —ys Is + AsbActAds) + Y, Y5 (U — Yg)
S12 = - " " N
o an(Botuzdo+up (B +uz (B —20508)) - (i +v3d) W +v2d))

= \When combined with a CP-odd 11th invariant, one also can derive the Dirac CP-violating
phase (and its sign!)

4 —1
s5= 3 10 | ARALALALALAT swsisus (1= s3) "7 (1= s1,) ' (1= %)
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App“catigng [1710.01741]

[2107.03951]

» Formulae can (e.g.) be used in higher-order fits, or to derive RGE for fermionic mass and mixing in novel ways

F— .. _ 2 _ 2 _ 2 dI 3 L—1, a, 3
56 = 54 [111 - Z 1;7 . 512 (1 22812) . 523 (1 2823) - 313 (1 32813) Md_;l ~ (6a0—|—6b0+2a1[1+2b112) ]1_1 a0:@(11+12+ ng )72?’ “=

[J.Talbert & M. Trott: 2107.03951]

= Can also be used in flavored model building, including objects with explicit BSM states (e.g. scalar flavons or
leptoquarks). A nice example is the UTZ model:

05 H 05
Fields ?,Dq,e,y ’gbg,e,y H5 x| S 6)3 (923 9123 0 HX
AR 3 | 3 |loo|loolloo|3| 3| 3 |33 ’
X— — Y°
Zn | 0 O |0]2]|-1{0]-1| 2 (0|« A A 44
[l de Medeiros Varzielas, G. Ross, J.Talbert: 1710.01741] 3@3@1—1
1 pNr 1 P Nr 1 P T P Nr c 4
Lotz D Up | 320303 + 55— 053033 + - (01305 + 0330155) S | YL H +O(1/M7) + .
3,f 23, f 123, f
0 a e’ a e’
/\/l?: ae” (be™ +2ae ) 110 b et .;;
a e’ be 1 —2ae +be®

f
20
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| | | (@) (VE(6))
Invariants in the neutrino sector Vn(8)) (1n(6))

No LNV: 7,(¢) = f(¢h) = 0

= Treatable with (geo)SM(EFT) technologies presented in [2107.03951] (analogous to quarks).

(9e0)SMEFT: #y(¢) = ¥ y(¢p) =0

(1-¢?)°(1—¢")"(1-¢%" (1 -¢%)°(1—¢')

" |nvariants from [0907.4763] and parameters from [2107.06274]. Extension to all-v;/A-orders trivial.

H(q)

Dynamical seesaw model: 7,(¢) =0 ! Hg) = Y@

= Hilbert Series from [1010.3161], but N(t) = 1+*+ 55 + 9% 1+ 22610 + 61412 1 126t + 27316 + 552¢18 + 1038¢2°
+1880t%2 + 3293t%* + 5441¢%° 4 8712¢%° + 134172 + 1986732 + 2841434 + 39351136

45260438 + 6822010 4 85783t*2 + 104588t + 123852¢16 + 142559¢%8 + 159328¢°°
+173201£°2 + 183138t%* + 188232¢°0 4 188232+%% + 18313859 + 173201152 + 15932864
+142559t90 4 123852108 + 10458870 + 85783t72 + 68220t + 5260476 + 39351¢78

e.g. [2'] 07.119 28] for n ¢ = 2 scenario. +284141%0 + 1986752 + 13417¢% 4 8712656 + 5441458 + 3293¢%° + 188012 + 1038
+552t% 273198 4 1264100 4- 614192 4 224104 4 9106 4 54108 4 4110 4 4114 (2.3)

highly non-trivial!

» Progress on invariants from Yu et al., see

» Parameters unknown (to my

know|edge)l as is.... D(t) = (1 _ t2)3 (1 —t4)4 (1 B t6)4 (1 B t8)2 (1 B t10)2 (1 B t12)3 (1 B t14)2 (1 B th)
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Summary and outlook

" \WWe have presented the first-ever geometric YSMEFT by identitying and deriving its
composite operators & field-space connections under geometric refactorization.

" These objects describe geometries in the field spaces of the YSMEFT. Amongst many

benetfits, they permit the derivation of all-v;/A-orders Feynman Rules at the outset of
an amplitude calculation. We have shown two such rules.

" Our goal is to explore geovSMEFT formalism & phenomenology. One desirable
ingredient is an all-v;;/A-orders neutrino flavor formalism.

= To that end, one can construct basis-independent, all-orders flavor formalisms by
combining invariant theory with geometric EFT technologies.

» Phenomenological applications to (e.g.) fits of neutrino mass and mixing can and should
be explored, as should the deeper theoretical questions exposed by geometric
factorization.

THANK YOU!
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. . . [0907.4763]
Basis of invariants for quarks 1507 00500
Yeyvt 5 gtyvyety B 14 ¢
U3 Hlg) = o) = (1—4%)2(1 —¢*)*(1 —¢°)*(1 — ¢®)

= 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

24




