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What are the building blocks?

We can define a Lagrangian that consists of fields. But fields can be redefined, while
physical observables are unchanged.

b — ¢+ cd®+

We could start with on-shell scattering amplitudes; e.g., the non-factorizable part of
the four-point amplitude between two gluons and two Higgs bosons shadmiweiss]
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What is a17?
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Geometric field space — and what it can do for you

Questions to answer:

® What is a geometric field space?

® \What does it do?

® How does this help?
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Geometric field space — scalars

Kinetic terms for the Higgs field

£ =(D,H)"(D"H)
+ Co(HYH)O(HYH) + Cup(H' D, H)*(HTDHH) 4. ...

=2 u6)(D,9)' (D)’

where [, J=1...4 and

g L (¢2+i¢1)
V2 \ ¢4 — i3
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Field redefinition

A scalar field redefinition is a coordinate change in field space

o' = ¢/ (¢)
sp'
567
(5¢K 5¢L
7 bl 0

D.¢' —

hiy

¢! is the coordinate, D,¢' is a vector, hyy is a tensor (metric)
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All-order form of metric

From Hilbert series counting, the number of new operators contributing to metrics
saturates.

Scalar field space metric

hy =

00 2\ n+2
e (9) (ci - c,ss,;3">)] 6o
n=0

Mook ot () & #\" _(s12n
+ : 2 : gD + Z <2> CI(-I,DZ )

n=0
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From metric to curvature

We calculate the Christoffel symbol

1
Mk = §hIL (hik,g+ hok — hyk.1) |

and Riemann curvature

Rkt = him (ryJ,K - F%J,L + Y — rﬁ/’Nr%J>
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Geometric field space — scalars

Scattering amplitude for 4 scalars

Auk/ — lej/s34 + RUk/524

Scattering amplitude for 5 scalars

Aijklm — vk Riljms45 + leikij35 + v/RUkms25
+ VmRiijS34 + VmRUkI(524 + sa5)
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Fields vs. particles

The tetrad flattens the metric

gu(v)ei(v)ef (v) = o;

Tetrad relates fields to states

(/|67 (x)|0) = &’ (v)eP™

Automatically takes into account canonical normalization and rotation to mass
eigenstates
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Geometric field space - gauge bosons

Let's combine the terms

1 a apv 1 v 17
L= JWi,W — 2B, B" + Cug(H'H)B,, B*

4w
+ Chw (HTH)W2, W2 + Cywe(H o® H)W3, B + . ..

1 %
=— ZgAB(H) W,j‘VWBM

where A,B=1...4 and Wl‘}y = Buy.

gas(H) : gauge field space metric
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All-order form of metrics

From Hilbert series counting, the number of new operators contributing to metrics
saturates.

The gauge field space metric is given by

2 2 ¢\ "
gag(¢r) = [1 — 42 ( (6+2n) (1 —35a4) + C 6+ ")5A4> <2> ] 0AB

Zcﬁf‘vté”) (2) (@1Ths0") (61T k™) (1= daa)(1 — d5)

Z Ciows” ( )] (@17 j6") (1 = 610380 + (A & B)|

Caltech



Geometric field space — mass-eigenstate basis

A A A _Bgcd AB A AB ¢Bb
Wu :ecA;C;? ecedéc =& € :\/E 07" Upc

WMA : weak eigenstate
a . 3
Aj, : mass eigenstate

\/EAB : matrix square root 4+ vacuum expectation value
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Geometric definition of Lagrangian parameters

Consistency dictates that

44 34
2 = & (v&*'s — V&™)
7 o (Ve g - vErsy) +a (VE s — vEY )
2
2 (g1v8™ - gz\/§34)
b gt g3 + g% + g3 g8 + g% - 2q12/8 (VES + EM)
_ 11 M2 :g—22 Vh 22
2 =g2\/8 4 VLT
_ & 33 34 _ 52 2
8z2=2 (Ce‘\/E —55VE ) M2 :%\/hgg v3
0z
_ 33 34 M2 =0
& =g (spvE™ + v/E™) A Caltech




On-shell amplitudes — photons and Higgs boson

Consider the amplitude for Higgs decay to 2 photons.

[12)2
A2

M (pr )y (p2)h) =—5-b1

Dropping the CP odd operators, the coefficient b; is related to the gauge field metric

1 44
bl = §Vi:hga=’y,b—'y #\/_ [(

dg33(¢), & dga(0), & 6gaa () 5_2]
O¢a >g22+2< O¢a g1g2+ 04 >g12
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Partial width for Z decay

The partial width for Z going to two fermions of the same chirality is
42\ */*
1—- ¥
=2
mz

oiv =& |:(2502Q¢_U3)5PV+VT<Lw ")+ 03T (ng,r)] |

R ne m
zwtp—ZE
v

where
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Partial width for Z decay

The field space connection is

LYE(6)(D"6) (Dpyuoatyr)

which takes the all-order form

2\ N 2 n
[_w,pr ‘W‘)J‘SMZ Cl [(6+2n) <<f> > () (1 — 5A4 HwEL5+2n ( )

n=0 p’ 2 =0 P

1 0 ) o\ N

n=0 P

A n
+ B (¢v8) (0T E 10 ZCH b <)
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Expand to O(v*/A%)

Issue: only results for dimension-6. Should we include (dimension-6)? in the decay
rates/cross sections?

Caltech



Issue: only results for dimension-6. Should we include (dimension-6)2 in the decay
rates/cross sections?

We can now answer this question by comparing! Expanding geg

Z.u
(ga ) = —0.26,
< Z.u

85" Vo nzy = —0.13C) — 021 € 5 + 018861 +0.37(CY) — E119),

PP PP
¢ 5c00)
Z,u _ HD F Z,u
<geff,pr>O(V4//\4) - ( 4 + V2 <geff,pr>O(V2//\2)

=(6 ~(6 =(6) | (6
+ Cive (013¢() —021(E + E)))

—0.01(E{))% +0.05C() 66 +0.03¢) — 0.16¢7),, — 0.10E)

HWB
~0.38C0,, g(éﬁﬁg) + E5® — &Py —0.07(567)% +0.1856)|
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The geometric Standard Model Effective Field Theory is useful:

o field redefinitions are coordinate changes

o define all-order field space connections

® relate Lagrangian parameters to field space metrics
® relate input parameters to field space metrics

® gauge fixing and simple Ward identities

e coefficients of on-shell amplitudes

® simplifies calculations

® relevant for phenomenology



Thank you!



Standard Model Effective Field Theory (SM EFT)

SM EFT is an effective field theory based on SM field content and symmetries:

Lsverr = Lom + L£O) +£0) 4+ £ 4

4
L =3%" e QY,  d>4

Ci(d): Wilson coefficient
Q(d): Effective operator

i
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On-shell amplitudes — gluons and Higgs bosons

Let's again look at the non-factorizable part of the four-point amplitude between two
gluons and two Higgs bosons (shadmi,weiss]

[12]2 (513 + 523)32 n S12a3

M(g™ ()™ (P2)h) =bap' 3 |1 + 27 2t

The relevant field space connections for the first term are

kap(9) G2, G kap(9) G2, G
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On-shell amplitudes — gluons and Higgs bosons

The all-order form of the field space connections are

kap(0) = (1 _ 42 C(6+2n ( )n) .

kan(9) = (1 - 42 C(6+2n ( )") dab

The coefficient of the on-shell amplitude can be expressed in terms of the field space
connections:

B a8\2 52 k,p(9) a4\2  62k,u(0)
= (V') 5¢42¢4 )+ # (V) <5¢4f5¢4 )
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Generalization to other connections

CP even electroweak bosonic two- and three-point connections

V(8), hu(9)(Duo) (Dud)!, gas(@)Wm WEH,
ki (0)(Dud) (Dud)? WhY . fagc(d)Win, WEYPWEH.

Connections with fermions

Y (o)1,  Lia(@)hir"oat2(Dug)',  da(d)brot P2V,

]
Small set of connections!
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The number of operators saturates!

Mass Dimension

Field space connection 6 8 10 12 14
hi(6)(Du9) (D*¢)? 2 2 2 2 2
gag(P)W, WEH 3 4 4 4 4
kua(6)(D*¢)' (D" )Wy, 0 3 4 4 4
fasc (@)W, WEP W 1 2 2 2 2
Y,Zr(¢)cgu+ h.c. 2 /\/g 2 Ng 2 Ng 2 Ng 2 Ng
Y5 (¢)Qd+ h.c. 2NZ | 2N? | 2NZ | 2NZ | 2 N?
Y5 (d)Let hc. 2NZ [ 2NZ2 | 2NZ2 | 2NZ | 2 N?
d5P (9)LoyeWh + e, | 4NZ | 6N2 | 6NZ | 6N2 | 6N
diP () QoW+ e, | 4N2 [ 6N2 | 6N2 | 6 N2 | 6 N2
de? (9) Qo dWh + he. | 4NZ | 6N2 | 6NZ | 6N? | 6 N2
LR A (0)(D*0) (Do rruoatnr) | N2 | N2 | NZ | N2 | N2
Ler,A(d))(Dud’)J(@Z_)p,L’V,uO'Albr,L) 2NZ | 4ANZ | 4NZ | 4NZ | 4N?



Real representation of the scalar field

We use the real representation

0 0 0 -1 [0 01 0]
, oo -1 0 , 0 00 —1
Mo~ 101 0 o> /7|1 00 o0}

10 0 0 0 10 0

0 -1 0 0] 0 -1 0 0
;|1 0 0 o0 , 1 0 0 O
BIT 0o 0 0 -1/ /T |o 0 0 1

0 0 1 0 0 0 -1 0]

We havetha;c
Yo v6] = 2€57e, Thx = Yh Vi

[Ya,74] = 0, Caltech




Mass eigenstate generators

/
Ve =37 AJ\/_ 5 Usc

00 i -1 0 0 —i -1
, B |0 0 -1 —i ;B |00 -1
71,J 2\/5 i1 0 0 ) '72,J 2\/5 i 1 0 0 5
1 i 0 0 1 i 0 0
0 —(cg,—s5,) 0 0 0 -1 00
i _ 8z |(ch, —sp,) 0 0 ;|1 0o o o0
V3= 0 7 0 0o —1|° Y T%lo 0 0 0
0 0 1 0 0 0 00

Caltech



