Geometry and Energy in Effective Field
Theory

Benoit Assi

SMEFT meets ChEFT - Sep 29, 2025

Based on 2307.03187, 2504.18537 and 2410.21563, 2504.10617

«° TRIUMF



https://www.arxiv.org/pdf/2504.10617

Motivation

Story begins in practical pheno calculations for SMEFT

Idea: bottom-up EFT to systematically classify “all” BSM physics (knowledge of UV
not required!)

Assumptions: new physics decoupled = A ~ few TeV > v and at the accessible

scale only SM fields + symmetries
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Operator growth
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Operator growth

Some of the many operators in SMEFT Lagrangian...
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Provocative prompts:

1) How can we calculate anything?

2) How can we discover anything?




1) Can we simplify higher order
calculations?



General scalar field theory

NLSM: A scalar field theory can be written as

1
Z = A IJ(¢)(0M¢)I(0” P) — V(g)

Riemannian metric in field-space is /1;,(¢)) wrt field multiplet ¢’

Expanding around flat-space = higher-dim operators

hyy = o5+ hIJ,K¢K + hIJ,KL¢K¢L + ...

Scalar EFT < field theory on curved scalar manifold

Can include higher-derivative metric-independent operators E.qg.

I/ J K L
/II]KL(¢)6,M¢ "¢ 0,9"0"¢
Cheung et al 2202.06972, Cohen et al 2202.06965,

Or try to include in the metric 241021378, Craig and 2307.15742,
Cohen, Xu-Xiang L1, Zhang 2509.20449



https://arxiv.org/abs/2509.20449

Field re-definitions

Insight: S-matrix is field re-definition invariant <> Lagrangian can change but
not physical observables

Non-derivative field re-definition <> coord change on scalar field-space
manifold

' — o' (@)
Then the field-space metric transforms as a tensor
, a¢K a¢L
g(P) = gy(@) = 7 ~ 7 gxr ()
o o

and the derivative of the scalar transforms as a vector

oo’
I I _ J
aﬂ¢ — aﬂ¢ o op’ aﬂ¢

= Lagrangian density can be made manifestly field redef invariant!



Gains: amplitudes

Riemann curvature
— M M TN
Ryke = by (0xT7y + TRATT) — (K < L)
with covariant derivative V; and Christoffel symbol

r —lh’L(h + hyg ;= g p)
JK o JL,K LK,J JK,L

4-point Born amplitude ¢;¢); = @ ¢; (massless fields)

4 _ 2
Ak = RykeSik + RiggeSir » | 8 = (0 + D))

Amplitudes depend on geometric invariants (new cross-check on top of gauge invariancel)

Bose symmetry <> R;;x; symmetries Bianchi IDs

Rk + Rigry+ Ryx =0 Rimnv.e + Ryypven + Ryypr = 0



Geometry in the bosonic sector

S-matrix is field re-definition invariant <> Lagrangian can change but not
physical observables

Key insight: Field redefinitions are a diffeomorphism on scalar manifold

I 1
/ I J
P = ¢(g) L= hry(9)0u8'0"¢” — V()
Target space metric

Resumming an infinite tower of operators
8¢A 8¢B
" — w’#(w) hIJ(¢) — h,IJ(¢’) — h’AB(¢) 8¢’I 8¢’J

Diffeo-invariant quantities < » field-basis invariant quantities

curvatures, covariant derivatives, ... amplitudes, RG equations, ...

Lagrangian manifestly field-basis invariant — applied in amplitudes, soft
theorems, double copy, hidden symmetries...

Alonso, Manohar, Martin, Trott, Jenkins; Cheung, Cohen, Craig, Sutherland, Zhang,...
9



Geometry in the fermionic sector

General Lagrangian (re-sums even more operators to all orders):
BA, Helset, Manohar, Pages, Shen, JHEP 201 (2023)

_ l Iryu N . l A 7 Buv
L = Shiy @)D D D) = Vi) = 8an DFF

I . _
+Eikpr(¢)<l/_fp)//“‘Dﬂw ) + lw- rI(¢)(D ¢)1Wpyﬂw l//p ]Br(¢)l//r + l/—jpgﬂyglpl:(¢, Fy’

+Cod ) (W r*y") (W' "y’

Under fermion field re-definition y” — RE(¢)y*
Kpr = [ROTRRT|

W = [(RY'oyR7] +— (RD™k@R™] ~= [(aI(RT) DR
= k - transforms as a Hermitian metric and @

51 transtorms as an anti-
Hermltlan connection



Unified field supermanifold

Promoting bosonic manifold to a Grassmanian supermanifold

BA, Helset, Manohar, Pages, Shen, JHEP 201 (2023)
BA, Helset, Pages, Shen 2504.18537

We can group the fields into a supermultiplet and supermetric

( ¢; \ (hrs+ (Yw™) s B (W )zry 0 (Yw™)pr (wTh)rr)
a A _ B 0 —GABMp A5 0 0
R I —(Yw™)ps 0o 0 iy
\&ﬁ} \ —(wF)ps 0 —kpr 0 )

Derived by requiring metric transforms as tensor under field redefinition

) 6Pc\ [ 6P
agb _> 5(1)/61 ng 5(1)/[)

Note: Supermetric is supersymmetric as it’s equal to its supertranspose
but not in field content!

11



General amplitudes

The 4-point ¢! — ' ¢’ massless scattering amplitude

-ApI'FJ — (afﬁIUp)prJI

The 5-point y?¢! — v’ p™

Aprrir = (U up)V K Ripry + (Urp . up)V 1 Ripr i

_ o _ _ _
VikRipry = Ripryx — Uik Reprg — Upg Restg — Ui Reprg — Uj RiprL

Turning on the scalar potential and fermion mass matrix

Mzs. i My ;5 Mas,gMeg, g ) )
S7I SpI

Aprrg =(Urp yup) (prJI + kot (

ip: LV
— (trup) (pr;u _ hLKM p;L ,IJK) |
1J




1-loop application: Renormalisation (bosonic e.g.)

One-loop RGE from 2nd variation of action tHooft *74 and Alonso, Manohar et al *20

ABrB — ABEB + CBMB _ 2F§Bu3)n3nk 4. 77’&' B ( 77] )
—\ (Ara
¢—<I>I+77——Fgwn+ C

: - - (can also use Fermi NC to help ID field non-analyticities
In geOdeSIC (RNC) Coordlnates 2509.07101 — see Yu-Tse Lee’s talk!)

d2¢7’ d¢] d¢k
d\2 FTk(9) axan *

1
¢ — ¢ +n' — =T’ + O(n’)

2
gives covariant result e.g. ny-variation
1 ~ NI/~ \J ~
577778 — 5 /d4£B {hIJ (@M’I]) (@Mn) —|— [—RIKJL(DH¢)K(D'U’¢)L — (VIVJV)
1

4 (ViVigas —Tages,s — Tiggac,s) F4¥FL — hixhyLg™’t KtL]nInJ}


https://arxiv.org/abs/2509.07101

1-loop application: Renormalisation

The 2nd variation of action gives 1-loop RGE (super compact
eXpreSSiOnS!) t"Hooft 74, Alonso, Manohar et al *20

Pure bosonic loop pole: as =L, / diz {%Tr Yy + 21y [xﬂ}
Helset, Manohar, Jenkins 2212.03253 e

Pure fermionic loop pole: Ao :32;26 /d% {%myw,ym T [(DAM)(D M) — (MM)”
BA, Helset, Manohar, Pages, Shen 2307.03187 16

— ?T\r[(fD“Tua)(DyT'ua) . (TpVTaB)2]

@ | — LT[V, (MTH 4 TR M)] — 8Tr(MTW)2}

Mixed bosonic-fermionic pole:

BA, Helset, Pages, Shen 2504.18537 Asgi)x =32;26 /d4x {T&[N(z’?b +2M)N] — 2Tr[iQNX + h.c.]
+ Tr[iQ(iP + M — 00 T*)(iP + 2M)N + h.c]
_\_\_:_;_ ﬂ + Tr[Q(iP — M + 0o4pT**)QX + h.c)]
-7 \\\ /// ~ oy
e — TY[Q(P + M — 00s T ) (iP + 2M)(iP — M + 0,5T°)Q)]

14




Renormalisation

with identified covariant parts, e.g.

Vulf, =Dy, DJP, = RF (D) (Dvo)’ + (Vi) Fi,
(D M)p _ka(D Mfr) — kpz [Dqur - F?{( u¢)IM§r — I’I‘(D,U'¢)1Mt_8:| :
(MM)P, =kP M k% M, |
(DT, =k (D, T3) = k' | D, T3 — T3(Du) T — T4, (D) 727
(TH TPy, =k TE kTSP

T



Mapping to the SMEFT
We can apply formalism to the SMEFT bv identification

_ 1 [ +ig! AP _ fj/f
—E qb4—z'qb3 I BM

. i H
with scalar metric

hry =014 [1 + 7 (C,(qlgDz — ngDz) (¢K¢K)2] + (—2 60H4D) ¢’ ¢’

1
2 [Cppaps +CR e (#56%)| H1s(9),

¢5  —P1d2 —dads Pag3
—p1d2 ¢T P1ds —P1¢b3
—pods P1a ¢y —P3ds
a3 —d1d3 —d3da B3

His(p) =p1és +

and gauge metric
9ccloz O 0

JAB = 0 lgww]ab [9WB]a
0 lgBwlo 9B |




SMEFT
Again applying formalism to the SMEF

()
G qr,
1 [¢? +iot B " p_ | p
H—=_— AB = | we Y= 1le

and identifying e.g. for RH electrons in SMEFT

6 8
Mﬁ’“ D [}/GHWH o CleH3H(H]LH) o CleH5H(HTH)2
pr pr

L : 1 _
T4 > CroprHy (B —iB"™) + " Cpopys H(HH) 5 (B — iB™)
pbr Br

: 6(1
WRprl O + 1(Py4)1 Q§32)I{2D
pr



Plug and Play: SMEFT RGEs

Many new bosonic (e.g. on next slide) and fermionic RGEs calculated in SMEFT

Fermionic loop corrections to bosonic operators:

6CH4D :ggf/sl + 29%;4;2 — 2K9 — 6K — 2K11 BA, Helset, Manohar, Pages, Shen, JHEP 201 (2023)
3 )
. 8 > Geometry combines terms together

CH4D2 Zggflil — 8/4,9 + 4/4,11 .

6 6,~(1 6 6 6,~(1
k1 = [ye 0621-121) + 2y, Clgzl)qu + Neyu Cu2H2D + Ncya Cd2H2D + 2N,yq Céz}pl)
bt it it

tt tt

— NYYIC oy + NY]Y,CH)

6 6 ~(1
kg =1r [—YeyeT Ce2H2D + YeTYe C( ) q?H?D

2H?D

6 6 ~(1
—|—NCYUYJ Cu2H2D — NCYJYU C(EQ)HQD] ’

6 6
f11 =Tr |~ NeYa¥ Copapap = NeYaY[Cl o

Mixed fermion-bosonic loop contributions up to dimension 8 computed recently
IN BA, Helset, Pages, Shen 2504.18537

Takeaway: This organisation let’s us easily calculate higher dimensional loops

18



Bosonic fermion loop dimension 8 example

: 4 56 6
CHs =\ (—39% CH4D2_§QIQZ CWBHZ) K1

6 64 -6 6 16 6
+ (_893 CH6 + A (_g% CH4D — 49% CH4D2__9192 CWBHZ)) K2

3 3
+ (6 GCH6 — 16\ 6CH4D -+ 2\ GCH4D2> <_’{/7 -+ 4/4110 + 2:‘%11)
4 4 4 4 8 4 1
—gkg%ﬂg ) — g/\gzﬂ( ) — s A3ks — g Ag3ka — g Agiks + S Agaks + (9T — g3)ke
+ 4/\%% )—8)\/£8—|—4)\/€S(9 ) + 4)\l$',(8) + 4\K19—4K13 — d\K14 — dAK15 — 4)\K16
20 8
—4) K17 — 4m(8)+2m22—§)\glgg7'2 — 5/\92’7'3 + 4\goTi8 + 8Ag1T20 + 2Ag2Tog -
1 6 16 6
Cérf)im = (29% Chape + 5 9192 CWBH2) K1
32 56 2 96 6
+ (_EQS CH4[] + 59% CH4D2 + 89192 CWBH2) K2
6 6
-+ (8 CH4D + CH4D2) (—li7 + 4K19 + 2/611)
@ . 10 5 (8 8 10 , 1
+2g1K1 " + gngfz + 2953 + 39254 + 4giKs — ggzﬂs - 591 K6 + g3 K
+2kg—6kS) — 10538 —2 K —6Kk12 + 6k13 + 614 + 10K15+6K16 + 10k17
+4

+2 +4 +32 + 20 8 12 §)
K1k — K K - T —g5Th T1R — Too — T
2 18 19 20 3 919272 3 92 3 — 002718 g1720 92726



What next?

Incorporating higher derivatives into metric via functional geometry

and jet bundles  Brivioetal. 23, 25 Cohen et al. *22, 24,
Craig et al. ’23, ’24,...

Incorporating invariance under gauge field redefinitions
BA, Xu-Xiang L1, Martin, Pages, In preparation

RGEs for 4+ fermion operators and higher gauge field operators

Implementation of geoSMEFT organization in public codes e.qg.
N FIATCHETE |
Geometry of odd-dimensional operators? Neutrino Physics!

20



2) Can we make the SMEFT more
discovery-friendly?



Energy Expansion of SMEFT

Geometry responsible for all-order operator resummation =
amazing calculation tool!

No information on which operators have largest impact in high
energy processes for HL-LHC = Energy-enhanced SMEFT

Idea: provide a general prescription to make energy-
enhancement manifest at the Lagrangian level

BA, Martin, JHEP 29 (2025)
BA, Martin, PRD 112 (2025)

22



New power counting

(D)
' 1 4+
Recall naive SMEFT expansion Lomerr = Lsm + K O

,J

] i . . |A|2 _ |ASM|2 i 2R€<A§MA6)
With generic amplitude expansion A2 Asm|?

1 Agl? 2 Re(A&\ A
+A4(| ol | 2Re(A%y s>)+_,,}

| Asm|? | Asm |

(n) )4k )Pk
Then note that any on-shell n-leg vertex Ve~ D

scales as

(A B, {()\3,)\2,>\1) if A> E> v,
Make energy manifest in £ by new o ATATEATY) A B~
power counting

. _ " n DA (et
At the Lagrangian level: [ . — ZgSM Aol zk: ! )ﬁo,g )

)\(n) — )\3D_QQmax —Pmin

with vertex-dependent parameter

BA, Martin, 2504.10617
23


https://www.arxiv.org/pdf/2504.10617

A-protocol

Given {n, O} for O with {Nf, Ny, Ny, Np }-
) Mass dimension of O is D = %]\9 + Ny + 2Ny, — 4

i) On-shell v\ vertex dimension: d = 4 — n
iii) Fewest vevs to pull out: p_ .. = max|[N; + Ny — Ny,0]
iv) Most powers of E you can keep: ¢, = D +d — p_;,

For all sub-leading terms: also attainable with extra protocol by
careful replacement of £ — v

Note: for n = 2,3 kinematics frozen by on-shell conditions and
momentum conservation — scaling fixed by lowest dim operator. Only

n > 4 can form independent Mandelstam invariants

BA, Martin, 2504.10617
24


https://www.arxiv.org/pdf/2504.10617

Enhancement Tables

We explicitly provide maximally enhanced operator tables upton = 6
and dimension 10 e.g. 2- and 4-point:

Dimension-6 Operators
Operator [ A(® Vertices
Dimension-6 Operators H*D?* | )\? (0h)*h® : E?, h*V :wE, h*V?:4?
Operator | A(? | Vertices HX? | X h*V?:E*, hV®:vE, V*:v?
HS e B2 - o2 X3 A2 vt E?
2 2 2772 . 2 . 2
H4D2 )\4 (ah)z : ’1)2 52 H2X i2 :fzv h. UE, Q/)¢2hhaa‘;l. E2
H*D Vh:oE, B
H?X? | A | (0V)? 1 v? 5 v E
¢2H3 )\4 ,¢2 . ’U2 :
: Dimension-8 Operators
Dimension-8 Operators Operator | A® Vertices \
Operator | A\(? | Vertices x4 A4 vt Bt
HE 28 B2 ot DY | M\ (OR)": B, K3V : B%v, BV?: E%?, hVP: Ev° Non-trivial E-dependence
: B, : , : , : o , :
H°D® | A% | (0h)2: o* H2X?D? | A8 Bh)2VZ: BT, (BR)V®: EPv, Vi : B2 for 4-point and higher!
HAX?2 28 B2 - v Y2H?D?® | \* Y2 (0h)? : E*, ¥*(On)V : E*v, *V?: E*v?
DPH | A8 | g2t Y2X2?D | X YV (8*V)(8V) : E*
QHXDQ 4 2 . 4 2 2 . 3
Dimension-10 Operators v A v (6h)(8V)2 b ’2¢ (fV) B
(2) . ¢4D2 A Yo (0Y)”  E
Operator (A Vertices : :
Dimension-10 Operators
F10 212 B2 - b y -
: Operator [ A(® Vertices
8 12 12 2,6
H°D® | X7 | (0h)”:v H*DS | X° [(8h)*: E®, WPV :E%v, 2V :E%W?, wV?:E*W, Vi E'W?
H®X? | A2 | R?:0° X*D* | )\ (8V)*v?2 . E°
YPHT A2 2?0 Y2HXD* | \® Y2(8Rh)(8V) : E®, ¢*(8V)? : E®v
Y2H?D® | \° (0h)?(0v)? : E®, (8h)(8v)*V : E%v, (8v)*V?: E*?
'(/)4D4 )\6 (8,‘[})4 . EG

All sub-leading contributions in A can be easily determined with

counting algorithm for any n and # of y, X, H, D in operator
25 BA, Martin, 2504.10617


https://www.arxiv.org/pdf/2504.10617

Assumptions and Examples

Assume all cj(i)/ A roughly equal < weakly coupled UV physics

Further enhancements: tree-level UV origin, same chirality for flavour universal/
MFV assumptions

We explicitly do 4,5,6-point examples: gg — VH, gg — ttH, di-Higgs VBF

Checkout simplest gqg — VH (after simplifying)

A(2) N {\—2 Cy2HX T £ Cyp2H2D T+ /A\—4 Cyp2 HX D2 (1) SM _SM A2 SM A SM
qqV'h A2 A2 A4 Aquh = )\gqu 9grvv + E gqu CH2x2 + E gnvv C¢2HX
A A\

-+ EC¢2H2D3 + EC¢2H4D+"' .

BA, Martin, 2504.10617
26


https://www.arxiv.org/pdf/2504.10617

Example in detail: VBF Higgs production

Need process with high £ kinematics < amplify effects of high-
dim operators

Our aim: Determine which operators are E-enhanced and push to
unconstrained O(1/A%)  [(BA and Martin 2410251631

SMEFT corrs. to SM couplmgsz New vertex structures on top of
8rrv,SMEFT = &frv,sm T O(v*1A%)

q

(©)
E-enhanced topology starting at E-enhanced five particle vertices only

dimension 6 27 present at dimension 8




Energy-enhanced geoSMEFT operators

In regime £ > v the terms in &/ and &/ that incorporate the
highest powers of E carry the largest impact

2 — 3 amplitudes have mass dimension — 1 with e.g. scaling

2 2
e VE ceVE
3 2 BT ~ 8
Asm ~ 8sm 2’ D g A g ~ 8sm A2 A pxps 9 preps ~ 8§m AG A g Ad

The ratio of D = 8 interference piece tothe D = 6

A& g <68><E2>
Aty  \cg/ \ A2

For fixed A ~ TeV the Wilson coefficients for E-enhanced
D = 6 operators such as cl(jq) < 1 to be consistent with LHC/

LEP [Ellis et al. *20]



Numerical analysis and resonant operators

Type (480GeV,2.5) | SM Deviation (%) | (600GeV,3.0) | SM Deviation (%)
Implemented LHC-like VBF | sty - o1
D=6 0.1357(7)+5-9088 [-7.9,+5.2] 0.1219(6)+5-9077 [—6.8, +4.5]
Selectlon Cu-tS On m . A . D=6+ (6x6) | 0.1355(7)3:9%87 [-7.1,44.9] 0.1221(6)+3-9%89 [—6.8, +4.9]
J1J2’ ’7]1]2’ pT,H
[Araz et al *20] Type | (480GeV,2.5) | SM Deviation (%) | (600GeV,3.0) | SM Deviation (%)
. . SM 0.1375(2) - 0.1239(2)
Numerical analysis needed to T
" P I <y, . . . .
confirm EFT validity up to o ‘:)1122:(‘;’ e :112::((:)) "
2 1B ?;)Hz 0.1512 . | .
— . G .1512(3) 10.0 0.1359(2) +9.7
(D T 8) terms’ minimum B 0.1376(2) +0.1 0.1240(2) +0.1
~Y o, 0.1380(3) +0.4 0.1250(2) +0.9
A~ 12TeV 5
Y oo 0.1374(3) -0.1 0.1238(2) 0.1
D p2 0.1377(3) +0.1 0.1222(3) -1.4
or P 0.1370(3) -0.4 0.1237(3) -0.2
) — ' 1
ID’d D = 8 operators with largest o | 01T | 02| oa)
i} . . . e 0.1385(2) +0.7 0.1252(3) +1.0
contributions consistent with By | 0157403 01245(3)
. (3 ) ( 3 ) pmap 0.1374(3) 0.0 0.1243(2) +0.2
analyS|S C 2123 and C 2174 Bryuep | 01375(2) +0.2 0.1241(2) +0.2
q q a2 0.1408(3) +2.4 0.1270(2) +2.5
S azp 0.1372(3) -0.2 0.1240(3) +0.1
e 0.1381(2) +0.4 0.1241(3) +0.2
(4) . : Y ciz” 0.1375(3) 0.0 0.1242(2) +0.2
Operator ¢, s 1S SIgN ificant but | e
q emap 0.1375(3) 0.0 0.1241(2) +0.2
causes EFT breakdown at Byops | 01376 012402
@
A3 . O 0.1372(3) -0.2 0.1240(2) +0.1
A — 1 .2 TeV due 'to S Sca“ng $ Drraps 0.1439(3) +4.7 0.1299(2) +4.8
] . aps (¥) | 0.1419(3) +3.2 0.1280(3) +3.3
exclude since requires A > 3TeV DppX| o1 | s0a | onww | o
yaps [\ 01371(2) -0.3 0.1239(2) 0.0
A\ .
BA and Martin 2410.25163

(D =8)>> (D =8)xSM




Observable distributions

D = 8 operators influence high p;’ E —sw ose
. r = — dim-6, c:j‘; b
regions more than D = 6 operators == —aima, ), oref-
—dim-8, c:‘?ﬂa ¢ o :_
Small ¢ LEP constrained values ~ * | e
largely suppress D = 6 impacts : | ot
Angular distributions subtle e 5 o
differences among SMEFT ey . = 1 | gz
Operator ‘:500 220 240 260 280 300 320 340 360 380 400 B R e S R Jmms m e
Pry [GeV] A Tl“|
(3) 3 mini
Operators CHq and cq2H2 minimally = e
affect angular distributions while e == o
(3) : . o.12:— — dim- 2‘;,’"
C causes noticeable shifts . M-S, o
q2H2D3 § 0'1:_ -
°-°4:_....|....1....1....[..‘.ﬁ
Takeaway: Observables at high p? , optimized "’ ffffffffffffffffffffffffffff —T
Kinematic cuts and observable correlations ! S
needed to distinguish D = 8 operators o

BA and Martin 2410.25163



Crossed-process: Associated production pp — V(gqg)H

Crossing initial fermion

transforms VBF topology to \
pp — V(qq)H N >W Ky N
S NN

Simulated pp — Z(gq)H with
75GeV < ppy < 400GeV

and 70 < m; < 110GeV «
STSX binning strategy [Corbett et al *23]

—SM

— dim-6, ¢,
(3) o o | — dim-8, c;‘f;’Hz
Operator ¢ ., , significantly —aim-g, <7,

impacts pr ; affecting both
VBF and VH production

Area norm

1072

Operator cﬁ}lz negligible effect

on VH production since analysis
cuts break crossing symmetry

= deviations only in VBF

m I llllllll I lllllll| I ||II

(]
o

M
S

ratioto S

bhi o

OO oo o

100 150 200 250 300 350 200

BA and Martin 2410.25163



What next?

Application in SMEFT fits, PDFs, and uncertainty estimation
BA, Hobbs, Martin In preparation
BA, Martin, Shephard In preparation

More detailed analyses of other important HL-LHC & future collider
processes

Systematically refining even further beyond kinematics
BA, Helset, Martin In preparation

New formalisms, ideas welcome!
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Back-up



Outline

* EFT structure in general
* Field space geometry for calculations

» Scattering amplitudes
* Beyond scalars
* 1-loop RGEs for SMEFT

- Energy-enhanced expansion for discovery

Energy

A__

meT

Ew T

UvT

Match
Luyy — LSMEFT

RGE

ESMEFT

RGE

Match

LsmerTr —— LwET

&
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1-loop application: Renormalisation

The 2nd variation has the fOrm [t’Hooft *74, Alonso, Manohar et al *20]

1
577773 :§/d437 {hIJ(@,un)I(@,un)J‘|‘XIJ77[77J}

and 1-loop pole is given by

1 1 1
AS = 4 Y, , YH Tr [A?
> 32%26/dx{12 Y Y]+ 5T ]}

applied to scalar-gauge theory

[@“’@ ”] T [Y‘“’] i R';1(DuZ)* (D, Z)' + VjteFy, Zi =

J
1
g%

N I
P, ”}_a
A

with parts read from each 2nd variation

té,JACWLF (Do) FéBFC n’
L& Fo — F A + T 5(Dud)imng | |8

X1y =h'E Xy s X = (Xl [XnC]I(BHB)
> —[X”C](AHA)J [XCC](AMA)(BMB)_




Renormalisation

One-loop RGE from 2nd variation of action y* — y“ + y“
4 L. 24 uH r p VP
5>_(XS — d*x §Zkﬁr XY D“X Mp'rX T X UMV

with covariant derivative &, = d 1 + @, and fermion fluctuations y = <j((L)

=

The metric. mass and dipole terms

kr 0 0O M 0O TH wrprr 0
k e ' — KV — Wan — ’
(0 /-’{,R> M (MT 0) 4 (TW’r 0 ) P ( 0 WRprI

gives covariant result for yy-variation

1

AS =
5 3272¢

[ dta {1'1‘r Y V] + Tt [(DuM)(DF M) — (MM)?]

16 o vo Vo -7
- STDTH) DT = (THT)) | Q

— 44T (Y,  MTH + THF M)] — 8Tr(MT“V)2}
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SMEFT: bosons
We can apply general EFT to the SMEFT by identification

L (it e [
T —ie) A=
BN

hry =014 [1 + 7 (CSQDQ — Ogém) (¢K¢K)2] + (—2 60H4|:|) ¢’ ¢’

with scalar metric

1
2 [Cppaps +CR e (#56%)| H1s(9),

¢5  —P1d2 —dads Pag3
—p1d2 ¢T P1ds —P1¢b3
—pods P1a ¢y —P3ds
a3 —d1d3 —d3da B3

Hii(¢) =dros +

and gauge metric
9ccloz O 0

JAB = 0 lgww]ab [9WB]a

0 . lgBwls 9BB |




SMEFT: fermions
Again applying formalism to the SMEF

a

GZ qr,

1 (¢* +ig! B " p_ | _p
H= — AP = | we Y= | e

with SM Lagrangian

1 1 ,\° _ >
L= —ZF;}/FAW + (D, H)'(DFH) — X (HTH — §’U2> + 0pripPYH D" — PP Mom prth”

and identifying e.g. for RH electrons in SMEFT
Mﬁ"“ - [Ye];%TH o GCleH?’H(HTH) o 8Cle_H5H(HTH)2

L : 1 i
Ty 3 CiepnH 5 (B’“’ - z‘B“”) + CloppaH(H' H); (BW —~ z'B’“’)
pr pm

. 6, (1
WRpr O + 1(Py4)1 Qiz)}p D
pr
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Renormalisation

One-loop RGE from 2nd variation of action y* — y“ + y“
4 L. 24 uH r p VP
5>_(XS — d*x §Zkﬁr XY D“X Mp'rX T X UMV

with covariant derivative &, = d 1 + @, and fermion fluctuations y = <j((L)

=

The metric. mass and dipole terms

kr 0 0O M 0O TH wrprr 0
k e ' — KV — Wan — ’
(0 /-’{,R> M (MT 0) 4 (TW’r 0 ) P ( 0 WRprI

gives covariant result for yy-variation

1

AS =
5 3272¢

[ dta {1'1‘r Y V] + Tt [(DuM)(DF M) — (MM)?]

16 o vo Vo -7
- STDTH) DT = (THT)) | Q

— 44T (Y,  MTH + THF M)] — 8Tr(MT“V)2}
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More beyond geometry?

Recall: Higher-dim operators suppressed by 1//A so amp-squared
SMEFT series

2Re(AdAg) |1 ( [Asl? 2Re(A§<MA8)> | }

o | = |ASM|2{1 | . , -
A2|Agm|? AN JAgy )P | Agm |

Key Insight: Higher-dim operator effects can grow with £ =

overcome naive suppression by powers of 1/A when E ~ A

Geometry < metric re-summation of higher-dimensional operators
in (¢> ~ (HH") ~ v?)/A? but not E/A = need more for E > v

ID higher-dim multi-particle operators that grow with energy and
have the most significant impact on high-energy processes
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Energy-enhanced geoSMEFT operators

In regime £ > v the terms in &/ and &/ that incorporate the
highest powers of £ carry the largest impact

2 — 3 amplitudes have mass dimension —1 with naive scaling
[BA, Martin, In preparation]

2 2
ceVE ce VE
1% So—, Ay A ~ g2 2 o ~ ol 877 8
SM "~ 8sm 2 Hg ** Hu,d ™~ 8sMm K G2H2XD> ﬂquzD?s 8M PR e£27q4Hz 1

The ratio of D = 8 interference piece to the D = 6

Tt (3)(E)

digds  \cg/ \N?2

For fixed A ~ TeV the Wilson coefficients for E-enhanced

D = 6 operators such as CI%) < | to be consistent with LEP
[Ellis et al. *20]
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Analysis of energy-enhanced contributions to VBF

Consider gV — g'H as proxy for VBF to ID most enhanced SMEFT operators

High-E limit £ > my, with V; effects grow the strongest with E once gV — ¢'H

1 i i”
AT, — aH) = —ildly p _< M L, L, _,0 _>
(q L. q ) f>>m%’H <q | y/,tle Q] f ngLngHZZ gZHquL A2 (gZHquL gZHquL) 2A4
4-particle contact terms scale with higher powers of ¢
1 f £ [(28+1)
/ — —ilg _ (1) ) I (2) —o® R )
AWy, — q'H) o iqy.rylql f(quLqigHWWwWHqui 5t Cungg ™ Swhaa) 5 xa ~ EWhag 5 Aa )

New terms involving quark momenta o §¢ and dominate when § is large but ¢
remains small; other SMEFT contributions are suppressed in ¢



Total cross-sections

Effective W approximation: treating incoming W as proton constituent in the 2 — 3
process = convolving the W-boson PDF with the gV — ¢’H in the limit f — 0

[Dawson ‘84]
Dominant D = 6 terms are suppressed at large § with WT — Focus on WL iIntegrating

scattering angle up to 0} ,. = pr.w/Ew

V2§ J‘gmax ) V2§

)
AmW

Hmax
[ d6* 2 Re(Agyi Ay, ~

Dominant D = 8 interference terms from operators leads to different scaling for ~
vs. ¢ <> operators with different Lorentz structures

q2H2D3
Hmax
V2 3:2
J d@*zRe(ASMA3<8>)WL ~——
A" mg,

Squared terms exhibit larger differences

Hmax
243

®p2 VS
Jd@*|A3 o

A8
[BA and Martin 2410.25163]



Effective W approximation

Additionally: The operator interferes with the SM for W
Hmax 2 emax 2 4
" VoS vesm

3 Oy o —— k| AB) W
| do* 2 Re(ASMA2 A )WT A4 J do \A ‘WT X

But this weaker interference is offset by larger transverse W PDFs
|[Dawson ‘84]

Determining whether 1 or L effects dominate requires numerical
analysis beyond 2 — 2 approximations

New pure contact D = 8 vertices from q4H 2 operators contribute
in VBF with largest effect from (LL)(LL) helicity structures

~ )
Aw;d;, — u;d; H) ~ ve 4H2<34>[12]

[BA and Martin 2410.25163]



Energy-enhanced contributions to VBF

Dimension 6

Operator relevant 1

ngp i(&p’war)HiﬁuH Y= {Qv u, d}
Q) | iy oY) H'D yorH | ¢ = {q}

Remaining HV'V and ff'V vertices suppressed

Dimension 8

| ‘ Operator | relevant v |
Qiaps | i@y ur) |(DLH) (DY, H) — (D2, , H){(D,H)| | ¥ = {g,u,d}
Q% 2o i7" Dy [(DH) (D, H) + (D, H)H(D,H)] ¥ = {g,u,d}

Qs | i1 o"sy) [(DLH)T! (DY, ) H) — (D}, ) H)lo! (D,H)]| | v = {a}
Q§;2)H2D3 i(’ZpVMUI(Bﬂ/’r) [(D;LH)TTI (D, H) + (DVH)TTI (DMH)] Y ={q}

| ‘ Operator ‘ ‘ ‘ Operator ‘ relevant v ‘
QW | @"e) @) (H'H) QW paep (Gp7" ) DA (H H)Byy | % = {g,u,d}
QZE)HZ (@) @' a)HOTH) | | QBpep | i@ ) (H DHH)B,, ¥ = {q,u,d}
Q;i)H? (@Y"0"¢r) (@ yuo'¢r)(HTH) Q };BH?D (@Zf’YVUI’»br)D“(ﬂUIH)BW Y ={q}
Q%})Hz (a_p’Y“Ur) (1_fp7uur) (H TH ) Q(qf;BHZ’ D Z(Q/ip’)’y‘f 11/%) (H "DIvH )Buy Y ={q}
QW | (& dy)(dyyudy)(HTH) Quaw b (¥p74r) DH(H o' H)W, ¥ = {g,u,d}
QW | @ u)opud)(HH) | | QRypep | i@ e HI D)W, | § ={g,u,d}
Q% o | (@ ar) (@pyuur) (HTH) Qwiwp | @Yol ) DHETEWL, | ¢ ={q}
03, . | @rrole) ) HoTH) | | @Bymap | ihrrelun) I BrmWL, | = (g}
QW | @) (dyyude) (HTH) QW ien | €1 Wy’ o ) DHHIGTHYWE, | 4 = {q}
Qe | @l a) G (10 H) | | @y | sersnc Gy o ) HITHI)WE | = fa)

From 993 to 41 E-enhanced operators for VBF upto D = 8

45 [BA and Martin 2410.25163]



