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Based on work in collaboration w/ Tim Cohen (CERN, EPFL & Oregon), Xu-Xiang Li (Utah),
Xiaochuan Lu (UCSD): 2410.21378, 2411.04173 & in progress.
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Pheno 2016, 1?ittsburgh, May 2016 Zhengkang "Kevin" Zhang (U Michigan)

EFT operator bases

- To use EFT consistently, we need a complete, non-redundant operator basis.

- Warsaw basis
- Buchmuller and Wyler (1986)
- Grzadkowski, Iskrzynski, Misiak, Rosiek (1008.4884)

- SILH basis
- Giudice, Grojean, Pomarol, Rattazzi (hep-ph/0703164)
- Contino, Ghezzi, Grojean, Muhlleitner, Spira (1303.3876)
- Elias-Miro, Espinosa, Masso, Pomarol (1308.1879)

- EGGM basis
- Elias-Miro, Espinosa, Masso, Pomarol (1302.5661) SILH basis Warsaw basis

- Elias-Miro, Grojean, Gupta, Marzocca (1312.2928) \/

- They are equivalent descriptions of the theory, related by field redefinitions q[; = f((l), au(]-'); auav¢» )
(equivalently, SM equations of motion). \_




Can we reformulate EFT calculations such that the building blocks are “covariant”
under field redefinitions?

Speaking of “covariance” ...

Ry =8nG T, - R’uv = 8nG Tuv

~ a g,B - a 5,8
w/ Ruv:aiai Rap Tuv:aiai Tap

dTH IXV dTH AXV

Geometry of spacetime = Laws of GR are covariant.

What is the geometry of EFTs?

~

o ¢ = f(¢) : coordinate transformation on field manifold = field space geometry.

o ¢= f(c;b, b, ) = F|[¢] : coord. trans. on functional manifold = functional geometry.



[(Callan,) Coleman, Wess, Zumino] [Honerkamp]
[Volkov][Tataru] [Alvarez-Gaume, Freedman(, Mukhi)]

Fi e |d m a n ifO | d [Vilkovisky] [DeWitt] [Gaillard] [Georgi]

Alonso, Jenkins, Manohar, 1511.00724, 1605.03602
Review: Alonso, 2307.14301

Niavor dimensional, charted by ¢! (i =1, ..., Nyayor)-

Coordinate transformation: ¢! = f!(¢)
= —U() + 5 g:;(#)(0,0")(040) + 00" = =T() + 5 7:,(6)(9,0")(9497) + 0(0*)

U(¢) =U(f($)): (0,0)tensor, a.ka. scalar.

0,¢" = %),i 0,¢" = (1,0) tensor, a.k.a. vector.

~ l
gij(®) = gfb‘ gi), (£ ()): (0,2) tensor — identify as metric.



Riemannian geometry on the field manifold

L=-U@)+ 5 95(@)(0,0")(4¢)) + 0(8*)
Metric: gl] .

Christoffel connection: j"k = %gil(glj'k + 9ik,j — gjk,l) :

: 1
Riemann curvature: R;j; = E(gil,jk — gﬂ,ik) —Imn Tk i — (ke D).

o (T T 4 ) = (T Th )

Covariant derivative: VkTi"'j___ = 6kTi'"].



Physics is invariant under change of coordinates

bar = evaluate at physical vacuum amputated correlation function

N\ '

: o V]
Aoiion (PLy ooy Pn) = 2hm2 Cay b €y My (D1 D)
pa—>maa N - )

vielbeins (diagonalize metric = mass eigenstates)

Cheung, Helset, Parra-Martinez, 2111.03045 transform as vectors

M;. ;. must be on-shell covariant:

—~ ~ aqgjl 8¢.jn ~ ~
i1..0n = o J1-dn Xiy..in
M an(0) = 5o oo Mo (119) + ; ()

vanishes in the vacuum & on-shell limit

Cohen, Craig, Lu, Sutherland, 2202.06965
Cohen, Lu, Sutherland, 2312.06748
Cohen, Li, Lu, ZZ, in progress



On-shell covariant building blocks of EFT amplitudes

M’len (pla SR apn) — ‘-F"len (A”7 {mlzm}) — Elzn (Aw? {Vzlzm})

standard vertex functions (basis-dependent)

e.g. & = >< + a— + (crosses
Cohen, Craig, Lu, Sutherland, 2108.03240 \ T f

Cohen, Lu, 27, 2410.21378 on-shell covariant vertex functions
Cohen, Li, Lu, ZZ, in progress

)
)

Crosses




On-shell covariant building blocks of EFT amplitudes

lezn (pla s apn) — f'zl A, (Az] {‘/11 zm}) 11 An (Aija {V’uzm})

function of curvature covariant derivative of potential

Vi1...im (pla e 7pm) = Ril...im(pla e ;Pm) - U;(il...im) <«— tensors

J
o P(il Am )U’J + Z F(zl...z,é...zm) jza(p&)

acext

Y

not tensors, but vanish in the vacuum + on-shell limit

Cohen, Craig, Lu, Sutherland, 2108.03240
Cohen, Lu, ZZ, 2410.21378
Cohen, Li, Lu, ZZ, in progress




Origin of nontensorial terms

If we are in Riemann normal coordinates (RNC) ¢,
everything is tensorial.

B ¢+
3
geodesic

¢

. _ . . LR | _ |
= W) = (€16 _ZZQ Gy (E () )

a=1 m=2

r 11 14 . .
11 14
Cohen, Li, Lu, ZZ, in progress \}
e.g. = + (crosses)
, . i2 i3

General field basis # RNC = additional nontensorial vertices off-shell.

o0

- 1 _
Generally: n'=¢—) — ml Ty iy & &
m=2
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Beyond tree level

Compute 1PI effective action in RNC = geometrize EFT matching & running.

) . Helset, Jenkins, Manohar, 2212.03253
Lgeolipn] = Slion] + 5 Trlog (=9 V;ViSlgpp]) + - Assi, Helset, Manohar, Pagés, Shen, 2307.03187
T Jenkins, Manohar, Naterop, Pages, 2308.06315, 2310.19883
N ; K ; ; Li, Lu, ZZ, 2411.04173
_(D ) Jj = R k?jl(alﬁo )(3/1()0 ) - V, J Aigner, Bellafronte, Gendy, Haslehner, Weiler, 2503.09785
Assi, Helset, Pages, Shen, 2504.18537

Explain hidden structures in EFT calculations (e.g. magic zeroes)?

Er E
L R ;RC\‘, R L\‘, . =0 Craig, Garcia Garcia, Vainshtein, ZZ, 2112.05770
~__

Pir
1



Summary

EFT amplitudes can be expressed in terms of on-shell covariant building blocks.

 ES
X

CI‘OSSGS

>_< CI‘OSSGS

However ...

We’ve only achieved covariance under ¢ = f(¢) (function of ¢).
Field redefinitions can involve derivatives: ¢ = f(¢, 0, ) = F[¢] (functional of ¢).

Stay for Xu-Xiang'’s talk to see how the story generalizes to the functional manifold.
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Backup slides




Many applications to theory & pheno

. 2
Geometric soft theorems. [Cheung, Helset, Parra-Martinez, 2111.03045] lim Ay ~ (V 4 V_m) A,
q—

p2_m2

2

n
. v .
Resummation of (ﬁ) effects in SMEFT. [Helset, Martin, Trott, 2001.01453]

Classification of SM extensions:; SMEFT vs. HEFT. [Cohen, Lu, Craig, Sutherland, 2008.08597]

Figure from N. Craig @ HEFT 2021
14




What can EFT geometry buy us?

Freedom to change basis = clarify structures of EFTS? [Li, Lu, zz 2411.04173

1 1 1
L= ESM + 5(8HS)2 — §M2S2 — A’HPS — §I§J|I{|2S2 -

1 | 4
QMSS - ﬂ)‘Ss 26 terms to compute for

. M — 1loop matching up to dim-6
relevant/marginal nonderivative interactions

S = fo(|H?) + [ (HP) S + f2(H) 8 + f5(1H?2) 8%+ -

L gss 9gsn 0 8“5 1 B )
(8MS (‘3uh auw“) dns  Ghh 0 o*h | — 5 M?5S? — W(h)
0 0 Gab 8”7‘(’1)

14 terms to compute for

L= 1-loop matching up to dim-6

DN | =

e

irrelevant derivative interactions

Same story in the symmetry explanation of magic zero [Craig, Garcia Garcia, Vainshtein, ZZ, 2112.05770]
Marginal nonderivative — irrelevant derivative = unique spurion combination.

15



What can EFT geometry buy us?

A geometry-kinematics duality:

: : . g—3g . :
[ Nonlinear sigma model amplitudes —— general scalar field theory amplltudesJ

[Cheung, Helset, Parra-Martinez, 2202.06972][Cohen, Lu, ZZ, 2410.21378]

Relations between different EFTs” amplitudes?

Classification of EFTs?

16
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