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Effective Field Theories for BSM physics

SM extensions that parameterize small deviations from SM predictions
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Plan of the talk
1. introducing SMEFT and HEFT
2. SMEFT vs HEFT: comparing truncated EFTs
3. SMEFT vs HEFT: comparing EFTs at all orders
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The Standard Model Effective Field Theory — SMEFT

add higher-dimensional terms made of SM fields

promoting the Standard Model to an EFT il el dhe S G e

1 1 1 1 (d)
ESMEFT:ESM—FK‘CS—FE Ls +F£7+F Lg +... £d=ZC,'O,-
C; = Wilson coefficients
(’)fd) = gauge-invariant operators forming a basis: a complete, non-redundant set
Buchmiiller, Wyler 1986

> matches BSM theories that live at A » v and that fall exactly onto SM in low-E limit

> a complete catalogue of BSM effects compatible with SM symmetry structure

> power counting: expected size of BSM effects ~ operator dimension (in first approx)
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SMEFT at d = 6: the Warsaw basis
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SMEFT at d = 6: the Warsaw basis
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SMEFT for new physics searches at LHC

Top-Down Bottom-Up
heavy BSM leaves residual SMEFT operators cause
footprints at visible energies deviations from SM predictions
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The SMEFT program for the LHC

> a vast campaign of measurements in Higgs, EW, top, Drell-Yan and other processes
> most ambitious goal: large global analysis to measure as many Wilson coefficients as possible

> a large research program with big efforts in theory and experiment
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A legitimate concern: EFT validity

> A is unknown
» LHC measurements often reach into high energies (m, pr,mr...)

» often measurement precision is not sufficient to guarantee that deviations from SM are small
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A legitimate concern: EFT validity

> A is unknown
» LHC measurements often reach into high energies (m, pr,mr...)

» often measurement precision is not sufficient to guarantee that deviations from SM are small

is (E,v) « A a valid assumption?
are d > 8 terms always negligible?

can there be UV scenarios for which SMEFT does not describe the low-E limit?
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Possible issues with d = 6 SMEFT: poor convergence

EFT obtained from matching to full model
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Possible issues with d = 6 SMEFT: poor convergence

pp —Vh(T4)
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SMEFT at d = 8: Murphy basis
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SMEFT at d = 8: Murphy basis
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SMEFT at d = 8: Murphy basis
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SMEFT at d

15: (LL)XH?D

8: Murphy basis
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SMEFT at d

18 : (LR)(RL)H? + h.c.

8: Murphy basis

18(B) : ¥*H? + h.c.
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SMEFT at d = 8: Murphy basis

LL)(LL)X RR)(RR)X 19: (LL)(RR)X LL)(RR)X
o, (L) (L T )W, a2, (" ur) (7 T u) Gl Qi | Gy rl) @ e)Wh, QEe FTAq )@y TPug)GS,
el (1) (T W, Q% (i7" ur) @7 T ) Gy Qb | Grrrt)EredWh, Qg | FAEC @A TAa) @y TPu)GS,
Qs (@7"4:) (@7 T9) Gl Qe (@) (dr* TAd)G, Wy | () (enve)B, Qg | @ T A0 @ TP ) GG,
i B )@ TAq) G 2 (dyPd,) ey TAd, T 2
Qm (@)@ TAa)G 4(1] (A", )(d* TA G, @ | G Enre)Ba @ | G T @ TP,
Q¥ 4" ) (@ TAT )G, Qs et er) (8 TAu) G, .
o | T G| TR Qg | G TG, @y | GtV
Qs | @)@ TG QR | Erte) @ TG,
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SMEFT at d = 8: Murphy basis

19: (LR)(RL)X + h.c. 19 : (LR)(LR)X + h.c. 19(B) : X + hec.
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SMEFT at d = 8: Murphy basis

20 : *HD + h.c.

20: ¥*HD + h.c. 20 : *HD + h.c. 20(B) : $*HD + h.c.
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SMEFT at d = 8: Murphy basis

21: (RR)(RR)D*

21: (LL)(LL)D?
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o | G BBy QU | DY@ u) D)
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Qe | DY@ D) Qe | G D) Do)
Qe | @ D)@ Dla) QW D¥ (e er) Dy ()
Qe | D'EA)Daa) Qe | (@ D) Bun)
Qo | G B @nTua)  Qps | Dt en) D)

Qo | DG DG ) QBps | (e Bren) i Tode)

o]
§ Qe | G B3, Blao) D¥ (i1, Du ()
S (7" T )y B o)
8 Q@pps | D (@0 Tu,) Du(d, TAdr)
;5 Qs | @y TA B u, )@ TA D )
= 21: (LL)(RR)D? 21: (LR)(LR)D? + h.c.
2 Qe DY) Dy Erpee) Qe | Dul@iunen D (adr)
'\3{ Qg | (o B e D) Qaps | Dul@T w)euD (@ TAdy)
> Qe D (B9#1,) Dy (@) Qe | @ Brunen(@ B ude)
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SMEFT at d = 8: Murphy basis

D (7" 4r) Do (dsyude)

Qpe | (@ BYa)diry Do)

9 Li et al 2007.07899, Liao,Ma 2007.08125

21: (LL)(LL)D? 21: (RR)(RR)D?
(1) o (7 b T ¥ (6 . . . -
el I o e # parameters computed with Hilbert series
Qiips (I D1e) (v D ule) Quip2 D (it uy) Dy (it ue)
QW | D@D Q% | @B, B and automated Henning,Lu,Melia,Murayama 1512.03433
Qe | @ Bra)@nBu) Qs D¥(dyydy)Du(dsrs)
Qi | D"@ 4D G a) Qe (A Bd,)dy B o) T T T T T T BT
Q% | @ T a)@nBla)  QWaps | DY(Ente) Dyl i
Ao | DG IDEwa) Qe Brer) @ T o) A i
e | G B@nTor) Qe (een)Duldyd:) & 00527
o W | DOt D1 a) Qg | (6 Ben) @, B S 36071
8 Qe | G B0@nBla) Qg | D (@ un) Duldeds) - 24874 13112 1
8 Qs | @1 B, Do) H
8 QDpe | D*(m,3"T4u,)D, (. § oo
& QW | @ TAB ) A : 1
gﬂ 21: (LL)(RR)D? 21: (LR)(LR)D? + h.c. 1005
2 Qfaps D71 DlEsuee) QWape | Dul@iur)esn D" (abds) 4 i
'\3‘» Qs | B Bre) Qe | Du@TAur ) D (T dy) x L 1 1 1 i L i
> Qlaps | D WAM)DE) @ Bruenat Do) ass dimension
) Qe | G D@ Do) Qe | DuleenDi(abu) . . .
X Q| Plornnad) G | DD bases available up to dimension 12
a2 Qe | G D) Bode) QP | @B B .
~ 0 P ~ d = 5 Weinberg PRL43(1979)1566
¢ Do)
g ey d = 6 Grzadkowski et al 1008.4884
K3 D770 D)
(;j ° (@7 B 0@, Do) d = 7 Lehman 1410.4193, Henning et al 1512.0343
£ oy T4 Dy G T
§ g :(',3;3(0 <",.,{3::) d = 8 Li et al 2005.00008, Murphy 2005.00059
3
d
d

Qg | D@ T ) D) = 10,11,12 Harlander,Kempksens,Schaaf 2305.06832
Qo | (@ T B ) A T4 B o)
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The Higgs Effective Field Theory — HEFT

rather than H doublet: Feruglio 9301281, Grinstein, Trott 0704.1505, Buchalla,Cata 1203.6510,

: Alonso et al 1212.3305, IB et al 1311.1823,1604.06801,
singlet h + Goldstones U Buchalla et al 1307.5017,1511.00988. ..

v+ h io -7
HHT U, U=exp< v )

SMEFT expands around EW-symmetric point, HEFT expands around EW vacuum

HEFT
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HEFT notation basics

1 N v v
Lo = — 7 (Wi W) — 2B B* — 4G;;,,Ga“ + a ho*h

2
Vv
— VuVOF(h) — V(h) = D,H'D*H

+iQuDQL+ iQrDQr + iL DL, +iLrDLg

\% [QLUYo(h)Qr + hc] — \% [LLUYL(h)Lg + hc.]

v 0
v, = (DU ~ W,,Z, Qur = (ZL)R>, L = ( L>, Lp = ( )
LR e er

T = Uo®UT  (cust”spurion)

h h2
Fi(h) —1+a, +b {(

T
SU(r2) ()
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Main HEFT features

> more general than SMEFT because implements weaker symmetry requirement
there are UV scenarios that can be matched to HEFT but not SMEFT (more later)

HEFT o SMEFT > SM

> in general more convergent than SMEFT: takes fewer orders to reproduce well UV model
— f(h) resums powers of (HT H) ~ geoSMEFT: Helset,(Paraskevas,Martin), Trott 1803.08001,2001.01453
— classic example: composite Higgs

> more complicated power counting, mix of xYPT and canonical dimensions

Gavela,Jenkins,Manohar,Merlo 1601.07551
Buchalla,Cata, (Celis),Krause 1312.5624,1603.03062

orders are defined as Lyerr = L+ A + 5+ ...
% = leading deviations from SM = "4 derivatives” = NLO

» order-by-order, more operators than SMEFT for 3 flavors, L, B cons: .%: 6573, %: 10°+

Hilbert series counting is available Graf Henning,Lu,Melia, Murayama 2211.06725

. Buchalla,Cata,Krause 1307.5017, IB et al 1604.06801
complete bases available up to % Sun,Xiao, Yu 2210.14939, Sun,Wang,Yu 2211.11598
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Example: HEFT bosonic basis in .£;

39 operators (vs 15 in dim-6 Warsaw basis, 89 in dim-8 Murphy basis) Sun Xiao,Yu 2206.07722
(VL2 F(h) (VL VL2 F(h) 0u0u F(h)0" 0" F(h)
(TV TV XV F(h) - TV VL) F(h) (TV,)" F(h)
(TVL VLV YO F(h) (TV VAV, F(h) (TVL VLTV F(h)
(TV, )X (TV,)" F(h) (TV TV, )0  F(h)  (TV,.)’0,F(h)d” F(h)
(VL VL)0" 0" F(h) VNS F(Ra,F(h)  (TV, ), F(h)d"d” F(h)
(Wi V)TV F (h) (T[ Wi, VIIXTVIOF(h) - (Wi VTV F (h)
(Wi [V*, VI F () B (TIVH, V') F(h) W TXTIVE, VDT (h)
(Wi [V*, V') F () Buu(TIV*, V'] F (h) (Wo TXWHT)F (h)
By (W' T)F(h) B (W*'T)F (h) (Wi TY2F(h)
B, B" F(h) W, W™ F(h) Gpw G* F(h)
By B F(h) W W™ F(h) Gy G F(h)
fare G, G™P GZ¥ F(h) Wi, WWPWEF(R)  enBu WPWI'TKF(h)
fobe Gy G Gy F () e Wi WWWI F(h)  eipBu WP WS T* F(h)
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HEFT vs SMEFT

» how do they compare phenomenologically?
> are there any unambiguous signatures of HEFT = non-SMEFT BSM?

» can SMEFT be ruled out?

» can non-SMEFT BSM be ruled out?

eg. unitarity arguments suggest these scenarios require HEFT
A S 4ty ~ 3 TeV Cohen,Craig,Lu,Sutherland 2108.03240

» can HEFT still be useful for models that technically match onto SMEFT?

¥ we know it works better than SMEFT for poorly convergent H series (composite H)

¥ can it be a good-enough alternative to dim-8 for LHC?
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order-by-order comparison




SMEFT % vs. HEFT £

two main classes of differences:
> interactions that are correlated in SMEFT and decorrelated in HEFT

> interactions that appear at a lower order in HEFT compared to SMEFT
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SMEFT % vs. HEFT £

two main classes of differences:
> interactions that are correlated in SMEFT and decorrelated in HEFT

» interactions that appear at a lower order in HEFT compared to SMEFT <

Example 1. h— VFff / ff — Vh Isidori,(Manohar), Trott 1305.0663,1307.4051
oV
A~o (nw _ %>
iy
2 2gHg¥ 1.0F
+C2|:<1+ q2>7le— q2q :| 0.8
my my ’
+. dr dop o6}
o di g4
SMEFT: o =0 0.2}
HEFT: o #0 00
¢ 0
+ Others 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
(+ others) .
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SMEFT % vs. HEFT £

two main classes of differences:

> interactions that are correlated in SMEFT and decorrelated in HEFT <

> interactions that appear at a lower order in HEFT compared to SMEFT

Example 2. VVV vs VVh interactions

w Z,
Z,~y h

w-— V4
4 HEFT parameters:

> w,g: SMEFT-like combinations
Aw g: orthogonal combinations

llaria Brivio (UniBo & INFN)

1.0

Eboli,Gonzalez-Garcia,Martines 2112.11468. also: IB et al 1311.1823,1604.06801

Best F\t‘ Linear !
ke Best Fit Quadratic
SM

1.0
E

Best F\t‘ Linear
Best Fit Quadratic
SMEFT

0F 1 0sF SMEFT
\
0.0 4 = ook 4
<
-0.5 - 4 -0.51
|| M. 1o Quadratic B 1o Quadratic
[/ w25 Quadratic SM [ = 2, Quadratic
HED otinear L =1 10 Linear
HE=3 20 Linear b =1 2 Linear
~1.0, T | I I ~10 | | I T
10 -05 0.0 05 1.0 s S15 -10  -08 0.0 05 10

Zp
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SMEFT % vs. HEFT £

two main classes of differences:

> interactions that are correlated in SMEFT and decorrelated in HEFT <

» interactions that appear at a lower order in HEFT compared to SMEFT <

Example 3. V|V, — h" at large s Gomez-Ambrosio et al 2204.01763, Delgado et al 2311.04280
4 ww — hh
mT
[ —— SMEFTP=8 == gp1la . .** :
h K2 3k : { i 10°1 —.oo SMEFTP=8  wuuw pp2lan ™" _ ="
ltat b a4 m—mmm MRS
v 1% 2+ P 1
[
vs. Sk SM ¢, -
——— oA R
H'H H'H)? L s/ 1 ]
14 R, o S
N2 N4 &’e\% (I
-1F S L 7
(9
1 1l oy 1
0 ! a 2 3 VS [TeV]
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Are order-by-order considerations enough?

) EFTs must be truncated for pheno
— order-by-order comparisons tell us what we'd be working with in practice

— direct consequence of the different power-counting implemented

i) they do not answer more fundamental questions
— if SMEFT is valid, the replacement H — h,U must be an unphysical field redefinition

— if HEFT is more general, what UV scenarios does it capture that SMEFT doesn’t?
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all-orders comparison




SMEFT /HEFT geometrical interpretation

let us consider only the 4 scalar fields : they can be seen as coordinates on 4D manifold

Alonso, Jenkins,Manohar 1511.00724,1605.03602

SMEFT ~ cartesian coord. HEFT ~ polar coord.
P ‘ 0
4 i K > 2r't; 1 [ 0
(RY) ¢ = s qﬁ—(v—i—h)exp[ v ] 0
b4 1
1 (¢ + i¢1> [w’a;]
SU(2 H=— ) U =ex
BU@) V2 (¢4 —id3 Pl
7|2
» accidental SU(2); x SU(2)gr ~ O(4) symmetry: HTH = %

> field redefinition <> change of coordinates

> physics can be associated to geometry of the field space, independent of coordinates
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Physics — Geometry connection

The kinetic term corresponds to a metric in field space

1. .
& = 50,60 P gy(9) +

it captures all operators with 2 derivatives, up to arbitrary dimensions. e.g.

QHTOHHHY = 30,5 @“¢<¢ ¢> ~ &= (%)
H'H s (HTH) = — (¢ 0.0) — g = —2¢i¢;
(iH'0,H — i, HTH)? = 4(0,¢ t3r ¢)? — g = 8(t3r})i(tsrd);

scattering amplitudes are proportional to the Riemann curvature invariants at the vacuum

A(pipj — dkdi) = Rijasic + Rikjisij

Cheung,Helset,Parra-Martinez 2111.03045,2202.06972

5 . . . Helset, Jenkins,Manohar 2210.08000
gauge sector and fermions can also be included in the formalism 5= 0 0e o0 o e

Cohen,Lu,Sutherland 2312.06748
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Scenarios requiring HEFT

Cohen et al 2008.0597, 2108.03240, Banta et al 2110.02967. figs by D. Sutherland
SMEFT expands around the O(4) symmetric point. HEFT expands around the

there are cases where the SMEFT expansion cannot be constructed, or is not convergent at v

UV -

v SMEFT X HEFT only X HEFT only

“loryons” BSM EWSB
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what about operators with more than 2 derivatives?
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Fibre bundle picture

Alminawi, B, Davighi 2308.00017 fibre bundle (E, X, )
5t T T T T T T —3 25 =
; vy 3% 2 E = total space . .
4t ! 116 ¥ = base space = spacetime with coord x*
s PN / §g w: E — ¥ projection map
M / N 4 ]
2 [ S S e
1 / g 1, locally: E=X x M
/ M = fibre = field space with coord '

)3 . . X ¢(x) : L — E is a (local) section of the bundle

> section # coordinates on M: ¢ # u
> field redefinition = change of section. if non derivative: ~ diffeomorphism f : E — E

1. we define a metric g on E

2. we are more careful in the mapping from geometry — Lagrangians
(function on E — function on X)
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Scalar Lagrangian from Fibre bundle geometry

E metric : bundle has coordinates y' = (x*, u’). Poincaré invariance — g" independent of x*

g =gudy' ®dy’ = (dx* duf) (ggf‘?((l‘l’)) 5;_&{8) (ff;) = guvdxtdx” + 2gidx du’ + gidu’ duf
vi ij

pulling back to spacetime along the section ¢ — Lagrangian

U= ¢(x) = (W od)(x),  du' =3¢ (x)

1 1 1 o
g — L =310, 0% (g)) =1 |:§gpo(¢) + 80i(9)0,¢' + 5§U(¢)3p¢'5o¢’] ’

gij has the same interpretation as before. physics also requires
8i(#) =0 17 8po (¢) = —2V(9)

— geometric description of the scalar potential!
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Jet bundles

Saunders 1989. see also Craig,Lee 2307.15742

(2,n) (E,g) (J'E,gD)

Uy,
. Pl T
ut u'phbl b
zHAR
oA
0 b #
Jto*(-)

j)’;gzﬁ = r-jet of ¢ at x = equivalence class containing sections identical up to r-th derivative

J'E = r-jet bundle = {jl¢|x € X, € [«(m)} is a differentiable manifold. we use only JE
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Scalar Lagrangian from 1-jet bundle geometry

J'E metric : 1-jet bundle has coordinates y' = (x*, u’, ul,)

(8w 8ui &\ [dX¥
gW =gudy' ®@dy’ = (dx* du' )| g & g ||dv
gl gf &) \du,

= gudxtdx” + 2g,idxtdu’ + 2gYdxtdul, + gyidu'di + 2g}fdu’dul, + gl dul,duf,
pulling back to spacetime along the “prolongation” of the section j'¢ — Lagrangian

u— ¢ (x), uL — 8,@" (x) , du’ — 6p¢i(x) , duL — 6,)8,@" (x)

1 1 »
gV = 2 = S0 g + guid"d + gL0r'Y + g0 0" + g0 0°0u¢) + 2g,, 0p0u' 000/

. . . " " "
> now all the metric entries are functions of u,, u, — ¢',0,¢

> a 1-jet bundle metric maps to a redundant basis of operators with up to 4 derivatives
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Scalar Lagrangian from 1-jet bundle metric: 1 scalar case

coordinates: (x*, u, u,).

— we expand metric dependence on u, and leave dependence on u in analytic functions A, B

— retain only terms leading to operators with up to 4 derivatives

S Nuw Uplly, My upu” | J(u) Uply M Ut | usu” K(u)
Spv Ty, lpv lpy
% 2 (“)+[A4+4 /\4]2 N A A 2
g u u,u,u”
qu = A—ZG(u)—i- “A’; H(u)
u’u u,uf
gy = 0, E(u) + A4”F1(u)+(5z 7\4 Fa(u)
uPup ut 2 __pv v
g = C(w) + 22 () Nt = - B() Mgl = 1 Au)
pulls back to

£ = %a,@aw (C +26G + J) — A(sp)E — N*V

L DDBITGA | 0,0,00"93"
N2 2 A3

(B+ Fl) + (ng)(allgbaugb)

F, +

(0,60"$)2 D + 2H + K

A3
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Scalar Lagrangian from 1-jet bundle metric: 1 scalar case

coordinates: (x*, u, u,).

— we expand metric dependence on u, and leave dependence on u in analytic functions A, B
— retain only terms leading to operators with up to 4 derivatives

%ﬂ = vy 4 [“““” g Do “P“p] ) [“ﬂ“v n nﬂ“p“p] usu” K(u)

2 A4 4 N4 2

A4 4 A4 A2
g u u,u,u”
qu = A—ZG(u) + “A’; H(u)
v ” u’u L upu?
gy = 0, E(u) + /\4# Fi(u) + 9}, 7\4 Fa(u)
uPup ut 2 __pv v
uu = C(U) + N4 D(u) Ngly, = WB(U) Ngll =n A(u)
pulls back to
1
P = Eéﬂgb&“gb(C +2G+J—-2E") - AV blue = can be removed via EOM
0uCu Ot "o A 0,0, 00" $0" ¢ (0t ¢)? D+ 2H + K — 2F}
A A2 5 + e (B + F— 2F2) a4 A 5
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Extension to higher derivatives

metric g(") of a r -jet bundle —> redundant basis of operators with up to 2(r + 1) deriv.

r-jet bundle has coordinates y' = (x*, u’, Upps Uppys s Uy )
. Vi . vi...Vr
8uv 8uj g’,‘,j g%j , dx?
. n 1 1--- q
s N PR P |
. . . 1 1 11 iv1...Ur -
r) — 1 ] 1 5 L in 000 F

g = (dx# du' du, - dui, )| i &j 8j &j dui,

[ [ T o [ iy du

i &ij &ij &ij Plaocy

» arbitrary internal symmetries (or absence thereof) can always be implemented

> many redundancies! different metric entries mapping to same operators, IBP, EOM, diffeos. ..
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Connection to scattering amplitudes

Alminawi,|B,Davighi in progress

> our next goal is being able to write scattering amplitudes as a function of covariant objects
— explicit independence under field redef.

» in usual geometric picture (fields = coordinates) this is considered a solved issue
Helset et al 2111.03045,2202.06972,2210.08000, Nagai et al 1904.07618, Cohen et al 2108.03240

eg. off-shell 3-point function ()_( = X evaluated at vacuum, A , = 0pA)

Dy, my; 2

° = Viaaas — [(Pf - m%)galbrsza:; + perm]

’ N
Py, 1y, ay P3, M, a3

> at the 2-derivatives level, we should be able to reproduce this result in the bundle (= 0-jet)
bundle geometry is much more complex! but hopefully also more powerful

1l =—Ff— _
5 [Vaa REI?LlMBZ - [(P% - m%)ramzaa + (P% - m%)razama + (P% - m%)ra3azal]:|
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Wrapping up

» SMEFT is a very popular theory for indirect new physics searches.
an ambitious program underway for LHC, interest in combining with other experiments

» HEFT is an alternative to SMEFT, that adopts a different description of the scalar sector

> order-by-order phenomenological comparisons highlight phenomenological differences.
differential geometry proved successful to address a deeper, all-orders comparison,

v

HEFT could have phenomenological relevance for not-very-decoupled theories

» ongoing work on geometrical description using field space bundles and their higher jet bundles

) gives a geometric interpretation to scalar potential and higher-0 terms
"% significant degeneracy. relation to amplitudes less clear than in field space picture
2% gauge and fermion fields not incorporated yet
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a new COST Action!

“COmprehensive Multiboson Experiment-Theory Action”

A very broad scientific program
> SMEFT /HEFT studies of multi-boson processes (as many H/W/Z as wished), also with global perspective
> precision calculations and development of MC, PS etc
» W, Z polarizations: conventions, higher-order predictions, MC

> development of ML-based tools, together with ML experts outside academia:
polarization taggers, jet taggers for VBF topologies, optimal observables. . .

€ for networking: will organize workshops, schools, topical meetings
+ funds for short/medium-term visits to other institutions within Europe

currently ~ 1/3 theorists + 2/3 experimentalists + a few ML experts

{9 activities just started! EFT mtg in June, polarizations mtg in September & more

sign up & more info at www.cost.eu/actions/CA22130/
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SMEFT /HEFT in the Fibre bundle picture

SMEFT /HEFT = a theory of 4 scalar fields, with a O(4) symmetry: u',i =1,2,3 4

|

|

bundle metric entries
N Tu-u
() =~V [ guiu) = 0
u"u’ u-u
i) = b5A | | + 0uia T B[ T

LG a.d@- ) B ld’ d’]—/\“\/l%]

gives
R A oMb Al 2
— most general effective Lagrangian with up to 2 derivatives!
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Scalar Lagrangian from 1-jet bundle metric: SMEFT /HEFT case

similar procedure as above, requiring also appropriate O(4) transformations — more structures!

now A, B, C ... are analytic functions of (u - u/A?)

B _ My, [ty w0l Tu v (- up)?] A
A4 2 A4 4 N4 2 N6 4 A4 2
N uu~uu+nﬂup‘up up - u” Ko Up'”uup'uv+M(”p'uo)2 Ki
A4 4 A2 A2 I\ 4 A4 2
% [XSG N u,l/;\ Uy th/J\pe uP Ho + u,ple6 u? Hy o+ [uju u;\lgup u? N Uju(l/j\;;up)z]%
viu,-uyu-u’ upu-uu-uf | Hy o wju-u,(u-ouy)?
A/ T ) n n3 4 1 2T,
A8 A8 2 AL0 N
v o_ sl ju” - uy U U Uy U U Uy uju-umu-uy pUjlp - U v Yj o Ui (U uP)?
8uj _6“/\E NG Fio + G Fi1 + A7 F12+(5u A5 FZO+6H 1S F21+§u A Fx
up - uP U/pj (u-up)?  wuju,-uP| Do (Ui, + wjupp) u-uP Dy wjuy(u - u,)?
gij=5ijC0+ /\2 C1 6UTD0 N Dy + 5,‘] G + G 74‘ G 7-&- AB D,
ut'u; ut ujuj u - ut
Ngjj = A’BO+ w Bl+5,, BZ+JA75 3

Ngh” =0 5;A0 + nﬂ”ﬁAl
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Scalar Lagrangian from 1-jet bundle metric: SMEFT /HEFT case

similar procedure as above, requiring also appropriate O(4) transformations — more structures!

leading to

7.

J’_

2
(06 - 0#0) (Go + 2Go + Jo) + (a“% 9 G+ 2261 +h

0l 13°8) Ay | (2udvt- 9)(0"0"6 - 8) A
A2 2 A4 2

+ (0¢ - §)E — N*V

N =

N (0,0,0 - 0"9)(0"¢ - ®) By + By + 2B, + 2Fy; N (0,0,0 - ¢)("¢ - 0¥®) By + By + 2Fg

J’_

+

J’_

+

A* 2 A* 2

(04 - 9)(u¢ - ") Fao + (09 - 0u9)(0"9 - ¢) (0ud - 0#¢)? Do + 2Ho + Ko N (0u¢ - 0u9)* D1 + 2H + Ky

A4 A® Fat =5 2 G 2
. . v . 0d - 42
Quti: O N0 5 ), 000000
(0u¢- 0"9)(0v¢- ¢)* Do + 2Ha + Ko " (Ou - 0ud) (" - 9)(0"d - ¢) D3 +2H3 + K3
G 2 G 2
((9,@ c ¢)4 Dy +2Hy + Ky
X 2
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Scalar Lagrangian from 1-jet bundle metric: SMEFT /HEFT case

similar procedure as above, requiring also appropriate O(4) transformations — more structures!

leading to blue = can be removed via EOM
-9)2 G +2G — 4F'
- %(auqs 0" $)(Co+ 2Go + Jo — 2E) + (a“(f\f’) et 2+ A _AfV
(Bt 2279) Ao | (2,000 9)(22"9- 8) Ay
N2 2 A4 2
o ((7“(3,,(;5 . 6“¢)(6”¢ o ¢) By + By + 2B + 2F11 — 4Fx — 2F>
A4 2
(O,L(;!yd) . ¢>)(0“¢> . ﬁyqb) By + B + 2F9 — 2F», (6,,};3 . 6“¢>)2 Do + 2Hy + K19 — 2F»o
+ +
A4 2 A4 2
0,9 0,0)? Dy +2H; + Ky — 2F,; 0,000 - @) (- &) (-
+( u¢/\4 $)? D1 + 1-; 1 21+((;f ¢ ¢)(0AZ5 $)(0"¢ ¢)(B3+F1272F22)
i (au(b . 6”¢)(6V¢ . ¢)2 D2 + 2H2 + K2 = 4F2/0 = 2F22
N6 2
(0u@ - 0u)(0" ¢ - $)(0¥ ¢~ ¢) D3 +2H3 + K3 —4F} —4Fn (00 - ¢)* Do+ 2Hy + Ko — 4F3)
* AS 7 T 2 :
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geoSMEFT operators

Helset,Martin, Trott 2001.08001

Mass Dimension

Field space connection 6 8 10 12 14 t t Ly
117(9) (D 0) (D7)’ > | 2 | 2 | 2 | 2 (D, H'D*H)(H "4) , ,
aap(GWAWB 3 | 4 | 4| 4| 4 (D H'o'D*H)(H o' H)(HTH)"
kUA(¢>>(D“¢>)I(D"¢)JZv;‘V 0 | 3 | 4 | 4 | 4
FaBc (@)W, WEYPW, T N T (B, B*)(HTH)"
O n
YP;(¢>)C?u+ h.c. QNZ QNE 2Nfz 2Nz QNE (W/w Wiy (HTH)
Y4(6)Qd+ h.c. 2N? | 2N? | 2N? | 2N? | 2N3 N .
Y5 (@) Let he. 2N? | 2N2 | 2N? [2N2 | 2N? (B W) (H'o'H)(H'H)
&7 (@) LoweWs' + he. | 4N2 | 6N? | 6N2 | 6N? | 6N? (Wi, Wir)(HYo H) (HTo/ H) (HTH)"
d5" () Qo muW)’+ h.c. 4N7 | 6N} | 6NF | 6N7 | 6N7
3" (8)QouwdWh' + he. | 4NF | 6N7 | 6N7 | 6N7 | 6.7
Lyfa (@) (D 0)’ (prwoater) | Nf | Nj | Np | Nj | N7
L;frf (D) (D) (bp ryuoathrr) | 2NF | ANF | ANF | 4N7 | 4NF
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Alternative approaches

classification of independent on-shell amplitude structures, rather than EFT interactions

x  F(s,t)

a finite set of structures
compatible with Lorentz + QED + QCD  x
(“primaries”)

infinite series in kinematic invariants
(“descendants”, “stripped contact terms”)

pseudo-observables: Gonzalez-Alonso,Greljo,Isidori,Marzocca 1412.6038,1504.04018,1507.02555
BSM primaries: Chang,Chen,Liu,Luty 2212.06215,2304.06063,2312.03821
on-shell amplitudes: Shadmi et al 1909.10551,2008.09652,2112.09688,2301.11349

) maximally general parameterization of BSM effects. EW gauge-invariance relations fully broken.
) interpretation still requires matching to an EFT or model
? which UV scenarios require this approach? attainable experimentally?

Alminawi,|B,Cohen pheno exploration, in progress
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