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EFT extensions of the SM

SMEFT HEFT (EWyL)
Higgs doublet: Goldstone chiral field:
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Physical Higgs singlet:
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HEFT Lagrangian

LO Feruglio 9301281, Grinstein, Trott 0704.1505, Buchalla,Cata 1203.6510, Alonso+ 1212.3305,
IB+ 1311.1823,1604.06801, Buchalla+ 1307.5017,1511.00988. ..
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V., = (D,U)U" unit. gauge W, Z, T = Uo’U" - custodial break

2
Vo(h) = diag(Y, Fu(h), Yo Fa(h)) | Fi(h),V(h) all of the form 1+ a,-g + b;% b
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HEFT Lagrangian

NLO Buchalla,Cata,Krause 1307.5017, 1B+ 1604.06801, Sun,Xiao,Yu 2210.14939

Class Example # for 3 (1) gen, B — L cons

D*Uh (VN2 F(h) 15

X2?Uh B, {TWH"F(h) 10

D?XUh Tr W, [VF, VY] F(h) 8

X3h MK i WJV WKp 6

Dy?Uh (Quy"V,. QL) F (h) 117 (13)

D?y?Uh (QLUQR){V, VH)F(h) 540 (60)

X2Uh (Quo*UQR) B, F(h) 198 (22)

P*Uh (QLUQR)?F(h) 6813 (90)

Hllbert Series COunting: Graf,Henning,Lu,Melia,Murayama 2211.06725, Alonso,Ur Rahaman 2412.09463

NNLO basis (10°+ parameters): SunWang vu 22111150
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SMEFT vs HEFT

> are the two EFTs physically different or equivalent?
> in choosing one or the other, are we making different assumptions on the UV?
> do they give different phenomenologies, i.e. point to different signals to search for?

» can one of them be “ruled out”?

7 can take order-by-order or all-orders approach

all-orders helps understanding fundamental differences, order-by-order necessary for pheno eventually
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SMEFT vs HEFT: order-by-order comparisons

(a) interactions that are correlated in SMEFT and decorrelated in HEFT

(b) interactions that appear at a lower order in HEFT compared to SMEFT

Examples

llaria Brivio (UniBo & INFN) SMEFT vs HEFT interplay: status and prospects 5/16



SMEFT vs HEFT: order-by-order comparisons

(a) interactions that are correlated in SMEFT and decorrelated in HEFT <

(b) interactions that appear at a lower order in HEFT compared to SMEFT

EXampleS Gomez-Ambrosio+ 2204.01763, 2207.09848, 2311.04280
see also: Bhardwaj+ 2407.14608, Anisha+ 2402.06746,2407.20706
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SMEFT vs HEFT: order-by-order comparisons

(a) interactions that are correlated in SMEFT and decorrelated in HEFT <

(b) interactions that appear at a lower order in HEFT compared to SMEFT

Examples Eboli,Gonzalez-Garcia,Martines 2112.11468. also 1B+ 1311.1823,1604.06801
related study: Isidori,(Manohar), Trott 1305.0663,1307.4051
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SMEFT vs HEFT: order-by-order comparisons

(a) interactions that are correlated in SMEFT and decorrelated in HEFT

(b) interactions that appear at a lower order in HEFT compared to SMEFT <3

Examples
1 1
F(HT‘D_,IH)4 F(HT W, H)(D*H D H)
VS VS

(TV,)* F(h) (TWu XTVH VY F(h)

Z Z W+
74 + others

Z Z W=
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SMEFT vs HEFT: order-by-order comparisons

(a) interactions that are correlated in SMEFT and decorrelated in HEFT

(b) interactions that appear at a lower order in HEFT compared to SMEFT <3

Examples IB+ 1604.06801
L i(QLhom QuHo" dr)(HTW,,, H L (G Aug)? — L (G, Hdr)?
e (QuHo* ug + QU Ho* dg)(H' W, H) 2 (QuHur)® — 5 (Q Hdr)
Vs Vs
iQuot {W,,, TIUQrF (h) (QLUQR)(Q.TUQR)F(h)

custodial-breaking and chirality-flipping fermionic operators also lowered in order!
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SMEFT vs HEFT: order-by-order comparisons

Remmen,Rodd 2412.07827

(C) POS'thlty constraints also: Chakraborty+ 2412.14155

O, = (O HTO,H) (" HTO"H) sym. p < v
Oy = (0,HT0"H)?

Forbidden SMEFT
SMEFT & HEFT Allowed

Of = (0uh)*

O = (0,h)?(0,7 - ")
O = (,,hd, h) (6" 7 - 0”n)
OF = (8,7 - 0*n)?

O3 = (97 - dym)?

40, = O] +207" + O3
* }1 i 2 projecting HEFT positivity bounds onto SMEFT plane
40, = OF +20{" + OF gives a broader allowed region
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HEFT power counting

a source of recurring confusion for the order-by-order perspective!

» what is the criterion for sorting operators in ZygrT ?
chiral dimension? primary dimension? derivatives?... Gavela+ 1601.07551, Buchalla+, 1312.5624,1603.03062

» what is the HEFT order of a diagram ? does squaring amount to a suppression?
how does it depend on the number of insertions and operator order? on the number of loops?. ..

» what is the final expansion one obtains for the observable predictions?
what does HEFT expand on, in the end of the day?

trying to identify valid counting rules by starting from the bottom (observables): IB,Gréber,Schmid w.i.p
o (G () (8 (2"
RV A ar) \ar
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HEFT power counting

preliminary result: IB,Gréber,Schmid w.i.p

(A): ‘v is the suppression scale for scalars in (h/v), (7! /v)

/
. A _
7 can have a dual expansion in L M and in &5
4w A
Op. class N, — Ng,
1 - -2 : NHEFT(M =n-=2 + 2L + ZlEvertices(NX,i - Ngs,i)

d, > -1
d?, dy?, 9t yop? 0 e
d3, d?4p?, dyp*, 40 le

d*, d3y2, d2t, doS, ¢ 2 e >~w<

d=Dy;,0u, Buv, Wy, Vpu
arbitrary nr of scalars allowed

>
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HEFT power counting

preliminary result: IB,Gréber,Schmid w.i.p

(A): ‘v is the suppression scale for scalars in (h/v), (7! /v)

&s

/
A
> can have a dual expansion in &~ M and in
p
A 47 47

(B): 'f > v is the suppression scale for scalars in (h/v), (z! /f)

v
7 can have a dual expansion in g ¢ and in 8
AN f 41

7 similar to the SMEFT expansion

©) no univocal model-independent way to introduce £ in AiErT
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SMEFT — HEFT mapping

it is possible to convert between the two theories with

v+h, (0 (I:I H)
H = U U=-~—, h=+V2HIH-v
70) R
————- ———
SMEFT — HEFT is always possible SMEFT « HEFT is possible

iff EFT analytical at HTH = 0

Falkowski,Rattazzi 1902.05936

> all HEFT operators can be expressed in a SMEFT-like form, always valid at HTH = v?/2
> F(h) ~ X5 (HTH)" /A%

» all HEFT effects have a SMEFT-equivalent at high enough dim.
7 unclear if operator bases across orders can be mapped 1-to-1

» if analytical at H'H =0, H <> U, h conversion is an unphysical field redefinition
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SMEFT vs 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. lectures: Alonso 2307.14301

SMEFT ~ cartesian coord. HEFT ~ polar coord.

b1

®) =% §= (e |

P4

sven 1=(6 )

= O O o
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SMEFT vs 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. lectures: Alonso 2307.14301

SMEFT ~ cartesian coord. HEFT ~ polar coord.

$1

®)  §=|% 6= v+ mew| Y]

o

s #= (e ia) vl

= O O O

> 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. .
& = 20,6 P gy(9) +

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

t tpqyn |¢|2” |6
Gl G (G = —M "$ — & =0,
H'H & (HTH) = — (60,0 - gj=—2¢i¢;
(iH'0H — 0, HTH)? = 4(0,¢ t3r ¢)? — g = 8(t3r0)i(t3r®);

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

A(¢idj — dxd1) = Rijwisik + Rikjisij

Cheung,Helset,Parra-Martinez 2111.03045,2202.06972

0 . . = Helset,Jenkins,Manohar 2210.08000
gauge sector and fermions can also be included in the formalism 5500 o000 o0

Cohen,Lu,Sutherland 2312.06748
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Advantages of the geometric approach

> obviates the field-redefinition ambiguities, making theory properties more transparent

llaria Brivio (UniBo & INFN) SMEFT vs HEFT interplay: status and prospects 12/16



Advantages of the geometric approach

> obviates the field-redefinition ambiguities, making theory properties more transparent

> all-orders parameterization in field insertions ~ geoSMEFT: Helset Martin, Trott 2001.01453
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Advantages of the geometric approach

> obviates the field-redefinition ambiguities, making theory properties more transparent

> all-orders parameterization in field insertions ~ geoSMEFT: Helset Martin, Trott 2001.01453

> allows to conclude that HEFT is more general than SMEFT [0 »n 007 1000 0500

conditions: 3 O(4) fixed point (HTH = 0), and EFT analytical there
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Advantages of the geometric approach

> obviates the field-redefinition ambiguities, making theory properties more transparent

> all-orders parameterization in field insertions ~ geoSMEFT: Helset,Martin, Trott 2001.01453

> allows to conclude that HEFT is more general than SMEFT 57" (0 0072 1000 9700

conditions: 3 O(4) fixed point (HTH = 0), and EFT analytical there

> allows to identify UV completions that can only be matched onto HEFT:
» with BSM sources of EWSB

» with decoupled particles whose mass came mostly from Higgs mechanism (loryons)

Banta+ 2110.02967, Crawford,Sutherland 2409.18177
p—

SMEFT loryons BSM EWSB
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Advantages of the geometric approach

> obviates the field-redefinition ambiguities, making theory properties more transparent

> all-orders parameterization in field insertions ~ geoSMEFT: Helset Martin, Trott 2001.01453

> allows to conclude that HEFT is more general than SMEFT [[owo" [0/t 00r2t 500 0500

conditions: 3 O(4) fixed point (HTH = 0), and EFT analytical there

> allows to identify UV completions that can only be matched onto HEFT:
» with BSM sources of EWSB

» with decoupled particles whose mass came mostly from Higgs mechanism (loryons)

Banta+ 2110.02967, Crawford,Sutherland 2409.18177

> allows connection to study of on-shell amplitudes, calculations in general EFTs
Helset+ 2210.08000, 2202.06972,2111.03045,2403.12142, Cohen+ 1208.03240, 2312.06748
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Advantages of the geometric approach

> obviates the field-redefinition ambiguities, making theory properties more transparent

> all-orders parameterization in field insertions ~ geoSMEFT: Helset Martin, Trott 2001.01453

> allows to conclude that HEFT is more general than SMEFT [[owo" [0/t 00r2t 500 0500

conditions: 3 O(4) fixed point (HTH = 0), and EFT analytical there

> allows to identify UV completions that can only be matched onto HEFT:
» with BSM sources of EWSB
» with decoupled particles whose mass came mostly from Higgs mechanism (loryons)
Banta+ 2110.02967, Crawford,Sutherland 2409.18177

> allows connection to study of on-shell amplitudes, calculations in general EFTs
Helset+ 2210.08000, 2202.06972,2111.03045,2403.12142, Cohen+ 1208.03240, 2312.06748

» allows efficient calculation of RGEs Alonso,West 2207.02050, Manohar+ 2212.03253,2307.03187,2308.06315,2310.19883
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Advantages of the geometric approach

> obviates the field-redefinition ambiguities, making theory properties more transparent

> all-orders parameterization in field insertions ~ geoSMEFT: Helset Martin, Trott 2001.01453
> . Alonso+ 1511.00724,1605.03602,
allows to conclude that HEFT is more general than SMEFT 0 0 os 05040

conditions: 3 O(4) fixed point (HTH = 0), and EFT analytical there

> allows to identify UV completions that can only be matched onto HEFT:
» with BSM sources of EWSB
» with decoupled particles whose mass came mostly from Higgs mechanism (loryons)
Banta+ 2110.02967, Crawford,Sutherland 2409.18177

> allows connection to study of on-shell amplitudes, calculations in general EFTs
Helset+ 2210.08000, 2202.06972,2111.03045,2403.12142, Cohen+ 1208.03240, 2312.06748

» allows efficient calculation of RGEs Alonso,West 2207.02050, Manohar+ 2212.03253,2307.03187,2308.06315,2310.19883

> can be employed in matching Li+ 241104173
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Limitations of the geometric approach

it does not provide (yet) an algorithm to discriminate SMEFT /HEFT phenomenologically

» SMEFT/HEFT discriminant is at HTH = 0 but all experiments are at the vacuum H'H = v?/2

even for loryons, we can still do “standard” pheno, no new exotic signatures

> a way to target phenomenology at H'H = 0 is through cosmological signatures Alonso 231200851

> limited to 2 derivatives: all-orders in field insertions but not in ¢
alternative approaches proposed: functional geometry Cheung+ 2202.06972, Cohen-- 2410.21378
Lagrange spaces Craig+ 230500722

jet bundle geometry CraigLee 230715742, Aliminawi.IB, Davighi 2308.00017  §CB
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—Jet- Fibre bundle geometry

key point: keep ¢ dependence on x manifest — be able to describe J,,¢(x) Alminawi,IB, Davighi 2308.00017

rather than a coordinate on a manifold, ¢(x) is a section of a fibre bundle

field config. space M

w/ coord u'

= fibre

field ¢'(x) : X - M
. . . = section of'E over ¥

0.0 0.5 1.0 15 20 25 3.0 ;
X # U
2
Minkowski spacetime ¥

w/ coord x* , metric n

= base space
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Fibre bundle: from geometry to amplitudes

fibre bundle formalism allows to write Alminawi,|B,Davighi 2308.00017 + w.i.p

2L = 080 (6) + 58508

2
) . IS EE—
geo mterpreta_tloln — _v(e) same as usual
of scalar potential! © geometry

leading to scattering amplitudes such as:

ais, ,93
1 N
5 _ " " v ANt4
lMalaza3a4 - - Evalvag}R as pag + 2R aluazR apas R3133343253132 :":
3

- Z (Va2 Rubl vay ) (Va4 Rubz,ua3 )Ablbz (581 32)

+ (...) + perms,,3,

- 1 =2
A(s) = [Sgij + ERVIVJ']

jet bundles generalize this adding new metric entries — op. with 0>*
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» SMEFT and HEFT are the main candidates to capture physical effects of decoupled new physics.
they differ in the fields choice for the scalar sector and in the power counting.

HEFT > SMEFT > SM

HEFT could be relevant for BSM theories with large mixings or that are not very decoupled.

> order-by-order phenomenological comparisons highlight phenomenological differences

7 can be refined (e.g. making power countng more rigorous) and streamlined /automated

» geometrical methods proved successful to address a deeper, all-orders comparison

7 being developed further, especially towards higher derivatives

7 phenomenological implications still to be fully explored

> matching to UV models explored in a few cases, also left questions to be clarified
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