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The Standard Model as an Effective Theory

® The Standard Model describes Nature’s interactions with remarkable accuracy up to the
TeV scale

® Vet it cannot be the final story: neutrino masses, dark matter, baryogenests, hierarchy
problem, ...

¢ Effective Field Theory (EFT) paradigm: the SM is the low-energy limit of a more
fundamental theory emerging at some scale A > v
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¢ Effective Field Theory (EFT) paradigm: the SM is the low-energy limit of a more
fundamental theory emerging at some scale A > v

Standard Model EFT

1
Lsmerr = Lsm + Z Na1 Z 9 ol

d>4 %

® Model-independent parameterization of new physics through higher-dimensional,
gauge-invariant operators Ogd) built from SM fields
(d)

)

e All the UV dynamics is encoded in the Wilson coefficients ¢
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Two Fundamental Questions

1. How do Wilson coefficients run? 2. When is the EFT valid?

How does ¢;(u) evolve from the UV scale A For which values of ¢; does the EFT admit a
down to the experimental scale E < A? consistent UV completion?
I I
Renormalization Group Equations Theoretical Consistency Bounds
de; | < pmax
M—l:'y“_JCJ+ |Cl|—cz (\/g)
dp

~s Anomalous Dimension Tensors ~ Unitarity & Positivity bounds

Luigi C. Bresciani (University of Padova & INFN-PD)



Two Fundamental Questions

1. How do Wilson coefficients run? 2. When is the EFT valid?

How does ¢;(u) evolve from the UV scale A For which values of ¢; does the EFT admit a
down to the experimental scale E < A? consistent UV completion?
4 I
Renormalization Group Equations Theoretical Consistency Bounds
de; | < pmax
M_l:’Yl(—]CJ_F |Cl|—cz (\/g)
dp

~s Anomalous Dimension Tensors ~ Unitarity & Positivity bounds

This talk: both questions admit an efficient unified treatment via on-shell amplitude methods
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Why Running Matters

e Many of the most powerful probes of new physics are low-energy observables sensitive

to operators generated at A > v

Electric Dipole Moments (¢EDM, nEDM)
Anomalous Magnetic Moments ((g — 2),.)

Flavor Violation (1 — ey, B — K™/,
K-physics, ...)

Higgs & Electroweak Precision (HL-LHC,
FCC-ee, ...)

I3

A_

dp

dei(p)

2. RUNNING

= Bil{ex()})

ci(m) 3. MAPPING [ 1 servable

1. MATCHING

Leading-log effects from running can dominate the phenomenology over a large

separation of scales

Reliable predictions require knowledge of the anomalous dimension tensors to the

relevant loop order
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Why Unitarity Bounds Matter

Key question

What is the energy scale at which an effective field theory breaks down?

® Unitarity violation ~» New physics scale or strong dynamics

e Historical example: no-lose Higgs theorem my S 1TeV

VoLums 38, NUMBER 16 PHYSICAL REVIEW LETTERS 18 ArRiL 1977 PHYSICAL REVIEW D VOLUME 16, NUMBER 5 1 SEPTEMBER 1977

Weak i ions at very high jes: The role of the Higgs-boson mass

Strength of Weak Interactions at Very High Energies and the Higgs Boson Mass
Benjamin W. Lee,* C. Quigg,' and H. B. Thacker
Benjamin W. Lee, C. Quigg,* and H. B. Thacker Fermi National Accelerator Laboratory,* Batavia, Illinois 60510
Fermi National Accelevator Labovatory, Batavia, Mlinois 60510 (Received 20 April 1977)

(Received 28 February 1977) We give an S-matrix-theoretic demonstration that if the Higgs-boson mass exceeds M, = (8m1/2/3Gp)'"?,
parital-wave unitarity is not respected by the tree diagrams for two-body scattering of gauge bosons, and the
weak interactions must become strong at high energies. We exhibit the relation of this bound 1o the
structure of the Higgs-Goldstone Lagrangian, and speculate on the consequences of strongly coupled Higgs-
Goldstone systems. Prospects for the observation of massive Higgs scalars are noted.

It is shown that if the Higgs boson mass exceeds M, = (87VZ/3G)!/2 partial-wave unitar-
ity is not respected by the tree diagrams for two-body reactions of gauge bosons, and
the weak interactions must become strong.

® Unitarity bounds are necessary for correct interpretation of experimental data (e.g., tails
of kinematical distributions, vector boson scattering, ...)

=
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Standard Methods Are Expensive

¢ Traditional Feynman-diagrammatic approach to EFT renormalization:

- Combinatorial proliferation of diagrams with loops and external legs

- Gauge-dependent expressions

Redundant operators related by equations of motion & field redefinitions

Non-trivial cancellations only at the very end

e Similar obstructions affect unitarity bounds:

- Coupled-channel analyses with many helicity configurations
- 2 — N (N > 3) processes not tractable with Wigner d-matrices

- Spin-2 and higher-spin theories (gravity EFTs) impractical via Feynman rules

Can we bypass the complications by working directly with on-shell & physical quantities?
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On-Shell Amplitude Methods

® Decades of work in collider physics have built a powerful alternative toolkit [Dixon '13]
[Parke, Taylor 86] [Mangano, Parke '91] [Britto, Cachazo, Feng, Witten ‘'05] [Peskin '11] [Elvang, Huang '13] ...

Spinor-helicity formalism Why it matters for EFTs

Massless momentum ptod% = p* = Ao\ v’ Gauge invariance manifest

(if) = AZA [ij] SWIBY: GalE v No redundant operators
ij) = AN [id] = Nia S (i5)]5i] = 2p; - py . .
: i ! s et v Selection rules (helicity, length,

ey angular momentum) exposed
On-shell constructibility & ) exp

- 3-point amplitudes fixed by Poincaré O Sl e A ST

invariance & locality V' Recursive structure reduces
- Higher-point tree amplitudes via BCFW complexity loop-by-loop
recursion

- Loop amplitudes from generalized unitarity
cuts
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Plan of the Talk

® Part1— Anomalous dimensions from unitarity cuts

- General operator mixing & leading mass effects [LB, Levati, Mastrolia, Paradisi 23]
- Axion-Like Particle EFT [LB, Brunello, Levati, Mastrolia, Paradisi "24]
- General Effective Gauge Theory [Aebischer, LB, Selimovi¢ *25a, "25b]

® Part 2 — Partial-wave unitarity bounds

- General N — M partial-wave decomposition [LB, Levati, Paradisi "25]
- EFT of gravity & higher-spin theories [LB, Levati, Paradisi 25
- SMEFT & ALP phenomenology [LB, Levati, Paradisi '25] [LB, Paradisi, Sainaghi 26]
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Part 1 — Anomalous Dimensions from
Unitarity Cuts
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On-Shell Methods for Renormalization

Core Features:

¢ Unitarity Cuts: Anomalous dimensions derived from discontinuities of scattering
amplitudes

® Phase-Space Integration: Lorentz-invariant phase-space integrals replace full Feynman
integrals

e Advantages:
— Avoid complexities of standard loop calculations by focusing on physical, on-shell states

— Gauge invariance is automatic

— Explain zeros in anomalous dimensions ~» Nonrenormalization Theorems based on

1. HELICITY [Cheung, Shen '15]
2. LENGTH [Bern, Parra-Martinez, Sawyer '20]
3. ANGULAR MOMENTUM [Jiang, Shu, Xiao, Zheng 21]
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Limitations & Generalizations

¢ Originally applied only to massless particles and operators with same dimensions

e Generalized to include Leading Mass Effects [1.B, Levati, Mastrolia, Paradisi 23] via the
Higgs Zow—energy theorem [Ellis, Gaillard, Nanopoulos '75] [Shifman, Vainshtein, Voloshin, Zakharov '79]:

. h B
Lyt = —<1+U> > miff =

N
lim M(A—>B—|—Nh):2<mfa> M(A = B)
7 pr}—0 7

v Omy

¢ Extended to handle the most General Operator Mixing (LB, Levati, Mastrolia, Paradisi 23]

dci Z 1 1
b= Hau =~ "0 Vi G G = Vi€ Vi kCiCk +
0" Bi
Vitjroein = A A
I 9ejy - 0cg,, |,
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S-Matrix & Dilatation Operator

¢ Form Factor associated with a local, gauge-invariant operator O;:

1

Fi(ri;q) = NCOE (1]0:(q)|0)
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S-Matrix & Dilatation Operator

¢ Form Factor associated with a local, gauge-invariant operator O;:

., 1 S
Fi(ri;q) = NCOE (1]0:(q)|0)
e Exploiting the fundamental relations [Elias-Miré, Ingoldby, Riembau "20]
o Analyticity: F ({sij —ie}) = F;({si; + te})
.. i Pp; 1
o Unitarity: zﬁ:/déﬁ |AX7A|l =1, d®z= g (on)7 2E,
o CPT Theorem: (iT; out| Oy ()]0) = (0|O] (—z)|; in)
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S-Matrix & Dilatation Operator

¢ Form Factor associated with a local, gauge-invariant operator O;:

Fil#: ) = 5o (10K@)10)
e Exploiting the fundamental relations [Elias-Miré, Ingoldby, Riembau "20]
o Analyticity: F ({sij —ie}) = F;({si; + te})
o Unitarity: zﬁ:/dq)ﬁ |AX7A|l =1, d®z= g (‘;27)13 QLEl
o CPT Theorem: (7t; out| O ()[0) = (0|Of (—)|73; in)
it is possible to show that [Caron-Huot, Wilhelm '16]

e~V F () = (SF})() (Z Z/d‘bm (7] S|mi) Fz*(m)>

where S = 1+ iM is the S-Matrix and D = ), p; - 0/0p; is the Dilatation Operator
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Non-Perturbative Relations

Caron-Huot-Wilhelm equation
(e7™P = 1)F; = i(MF})

¢ In dimensional regularization and in absence of masses, D ~ —u d/9u, which implies

Callan-Symanzik equation

0B 0
DF; = (% — 0i5%i,mr + 5ij5ga—g> F,
J

® Can be combined and expanded, e.g., at one-loop

k+1

|
|
85 (1) 0 o © _ 1 " k+2‘ :
( 86] B 52]71 + 5’” 9 8 F - _;(MFJ) : |I
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Master Formulae [LB, Levati, Mastrolia, Paradisi 23]

Linear operator mixing
1 1 0 1 1
(+2; - k) B = —=(mE) @

. Gaussian fixed point {¢; = 0}

k+1 v 1
| 2
(MFj)(l)(ﬁ) :Z Z e ! ° + permutations
. | .
kohuhe : -
22

Luigi C. Bresciani (University of Padova & INFN-PD)



Master Formulae [LB, Levati, Mastrolia, Paradisi 23]

Linear operator mixing
1 1 0 1 1
(+2; - k) B = —=(mE) @

. Gaussian fixed point {¢; = 0}

k+1 v
| 2
(MFj)(l)(ﬁ) :Z Z e ! ° + permutations
. | .
kohuhe : -
22

Non-linear operator mixing

(1) ©_ 120
Vil T o

(ME;)W

*
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Leading MaSS Eﬁ‘ects [LB, Levati, Mastrolia, Paradisi 23]

ifhe arpphtude requirgs N fermion mass Lepr = 3, O /ACH -4
insertions not to vanish

¢

Consider an equivalent amplitude
entailing IV extra massless Higgs fields

* — >.< N =4-[0i]+ 351 (0;] - 4)
mf e my /’ T

" AN \\7( >0
{pn} =0

dei .. C Ca e O
= 2 ons0 AT Yicdtedn Cit " Cin

I

. L B N<0 0; — ONh = 1L ()Y o,
Elnt:_ 1 -
h ( +U>Zf:mfff

N: superficial degree of divergence
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StOkeS Integration [Mastrolia '09] [LB, Brunello, Levati, Mastrolia, Paradisi '24]

e Efficient way to perform double-cut phase-space integrals
¢ IR singularities automatically discarded
® Steps:
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StOkeS Integration [Mastrolia '09] [LB, Brunello, Levati, Mastrolia, Paradisi '24]

e Efficient way to perform double-cut phase-space integrals
¢ IR singularities automatically discarded
® Steps:

1. Parameterize virtual spinors as

Az 1 1 z A1
() -w= ) 6)
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StOkeS Integration [Mastrolia '09] [LB, Brunello, Levati, Mastrolia, Paradisi '24]

e Efficient way to perform double-cut phase-space integrals
¢ IR singularities automatically discarded
® Steps:

1. Parameterize virtual spinors as

Az 1 1 z A1
() -w= ) 6)

2. Integrate in z, keeping only rational contributions

G(z,Z) = Rational |:/ dz g(z,z):|

(1+ 22)2
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StOkeS Il‘ltegration [Mastrolia '09] [LB, Brunello, Levati, Mastrolia, Paradisi '24]

e Efficient way to perform double-cut phase-space integrals
¢ IR singularities automatically discarded
® Steps:

1. Parameterize virtual spinors as

Az 1 1 z A1
() -w= ) 6)

2. Integrate in z, keeping only rational contributions

G(z,%Z) = Rational |:/ dz m:|

3. Apply Residue Theorem by summing over the z-poles Pg of G:

1 —
/dq>29 = Z Res(z,2)=(20,25) G (%, 2)

20€Pg

Luigi C. Bresciani (University of Padova & INFN-PD)
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Application: AXion'Like PartiCIe EFT [LB, Brunello, Levati, Mastrolia, Paradisi 24]

e Axion-Like Particles (ALPs) ¢: pseudo-Nambu-Goldstone bosons of a spontaneously broken
global symmetry

® Generalize the QCD axion: my fy ~ my fr correlation is relaxed, mg and fy ~ A become
independent parameters

® Open up a much wider phenomenological landscape, probed across many scales:
cosmology, astrophysics, beam-dumps, colliders, rare processes

CP-violating ALP EFT below the electroweak scale

Co ~ Co . n i C C P
Ly = X”¢FF+ XQ¢GG+yPJ¢fﬂ’YSfj + X"¢FF+ X"¢GG+J}§¢J‘JJ~

e Simultaneous presence of both sectors = rich phenomenology: EDMs, (g — 2)
[Di Luzio, Grober, Paradisi '20] [Di Luzio et al. '21]

® Goal: one-loop renormalization of the full CP-violating ALP EFT via on-shell methods

Luigi C. Bresciani (University of Padova & INFN-PD)



AXiOl‘l-Like PartiCIe RGES [LB, Brunello, Levati, Mastrolia, Paradisi 24]

e Computed the full anomalous dimension matrix of the ALP sector

e Computed ALP-induced running of SM operators (e.g., dipoles, Weinberg operator), both
above and below the EW scale

1 Z¢

3 0 S/

VG3e-g5 3ge mfg - 79 ¢y=0 ; 3 %
Z;b y:;d

#,Cg#0

e Used and compared different integration methods (angular vs. Stokes integration)
® Compared on-shell and standard techniques

ﬂ) ﬂ» v;b v;b
v;b v;b P1 p1
pa e pia T Y #;a aan , v 15 Ganas , i
ME S M = oM TR we
+8 diagrams
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Application: General Gauge EFT [Acbischer, LB, Selimovi¢ "25a, 25b]

® BSM scenarios require dedicated RGE calculations

(axions, ALPs, Z’, flavor non-universal gauge models, GUTs, dark sectors, ...)
e Strategy: compute one-loop RGEs once, in maximal generality, specialize later

e EFT extension of the classical program for general renormalizable gauge theories
[Machacek, Vaughn '83, ’84, '85] [Luo, Wang, Xiao '02] [Poole, Thomsen "19] [Schienbein et al. '18]

The payo

- Gauge group G = ngl Ga Any specific EFT reduces to a

- Arbitrary real scalars ¢,, LH Weyl group-theoretical lookup:
fermions 1);, gauge bosons Aﬁa

- Physical operator basis up to dim-6,
built on-shell via amplitude-operator
correspondence

[Gauge group] + [Particle content] ng)?lp [RGEs]
algebra

Luigi C. Bresciani (University of Padova & INFN-PD) 19



Dimension-5 Operators

[Aebischer, LB, Selimovic¢ "25a, 25b]

Name| Operator

Symmetry

Form factor

O¢5 PaPpPcPade

Oyer | i Fias

0¢2¢2 YiYjPade [C¢2¢2] ijal

[C¢5]abcde = [C¢5](abcd5)

Oyr2 |paFjaz FBo 1 [CW]A «Bp [C¢F2]iAaBB>
O, o |GaFaz FB 1 [C¢F2]A”Bﬁ [ ¢F2]<Aa35>

- [szd’z](ij)ab = [C¢2¢2]ij(ab)

o] = owr]

— — . AaBg 2
F¢ﬁz(1aa 2Ac,5 3BB) = —’Lsaﬁ |:C¢f2:| <23>

Fy(Lay 25, 3c, 44, 5¢) = 5! [C¢5]abcde

_ — AaBg 2
Fyp2(la:23,,35,) = —Sas [Com| " (23)

Fgp(1;,2; ,3a,4b)_4[0¢2¢2] (12)

Fup(17,27,3,,) = 2V2 [CWF]; (13)(23)

Luigi C. Bresciani (University of Padova & INFN-PD)
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Dimension-6 Operators

[Aebischer, LB, Selimovic¢ "25a, 25b]

Name ‘ Operator ‘ Symmetry
Oy Gabpdcdadeds [Cyolavedes = [Cys](aveder)
Opegt (Dud)a(DH@)ppcda [Cp2g2]abed = [Cp2g2](ab)ed = [CD2g2]ab(ca)
A.B (AaBg) AoB
Opep GatyFils FBs [cw F’]ab (- [c,,g F;]ah o [c,)zp](ah) "
. AaBy (4aB3) _ AaBy
O dudnFyr PP (Corl,  =[Comly = [Comlw
Ops FffavFBappCan [Cps]aBaCa — [Cps]4aBaCel
. AaBaCa [AaBaCol
o | rpenpeg e
Oyzgn Yitbibatrde [szd’ﬁ]z]abc = [Cw2¢3]1_7(abc) = [C"’W](”)abc
W " Ao Ao
Oy2gp Piot i Fe [Cw%F} o = [Cwﬁw‘] e
Oy (Witb) (W) [CwAj|1']’Cl = [C""‘](ij)kl = [C""]u(u) = [Cw"}klij
P i~ — - - *
(9#1/12 (i7" 95) (i) [C#WL;H - [017121//2}1@1 - [CEQWLW - [C‘?”zw]jzlk
B
Oy 10074 (Du)ats ~ 6 (Dudh] | [Copue] ., = [Comuee] g = [Coues]

jiba

Luigi C. Bresciani (University of Padova & INFN-PD)
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Dimension-6 Operators

[Aebischer, LB, Selimovic¢ "25a, 25b]

Name ‘ Form factor
Oy Fy5(1a, 2, 3¢, 44, 5e, 65) = 61 [Cr““]abmef
Forata 2040 =2 (O] o+ O] )
Opp Fm(la,2,37,.45,) = —280 [C¢z Fz]::B” (34)2
Oy Fapa(la,2,33,,45,) = —2iSap [Cpa ;,]::B“ (34)
Ops Frs(13,,25,,35,) = —3iv/2[Crs] "B (12)(23)(31)
0z Fa(15,.25,.35,) = 32 [0 ™% (12)(28)31)
Oyegs Fyaga(17,27 30, 43, 50) = 12 [CU,W]UW (12)
Opegr Fyeor(17,273,43,) = 2V2 [Cyar | ’;: (14)(24)
O |Fiu17.25.30,40) =8 ([Cun] - O], ) 268+ 8 ([Cu], - [Cu],) G312
[ Fpo o (15,27,35,40) =8[Cps wz]w (24)[31]
Opipyse Frigye (16,2730, 4) = —4 [CDM«#L]@ (23)31]
Luigi C. Bresciani (University of Padova & INFN-PD)




General Gauge EFT Results [Aebischer, LB, Selimovi¢ 25a, "25b]

e Full one-loop anomalous dimensions for all dim-5 and dim-6 operators
~~ 184 anomalous dimensions in total

¢ Included running of renormalizable couplings induced by dim-5 and dim-6 operators
e Every RGE expressed as [coupling combinations] x [group-theoretical invariants]

Project the general EFT onto your specific model —
contract the group-theoretical invariants = RGEs

® Cross-checks: SMEFT, LEFT, ALP EFT, scalar O(n) EFT

® Probe light new states via their RG mixing into well-constrained SMEFT operators,
largely independently of mass or lifetime [Galda, Neubert, Renner '21]

Luigi C. Bresciani (University of Padova & INFN-PD) 23



Part 2 — Partial-Wave Unitarity Bounds




Standard Approach to Unitarity Bounds

¢ Standard approach: 2 — 2 partial-wave decomposition with Wigner d-matrices

Ah1,h2—>h37h4(8’ 07 50) = 87TZ(2J + 1) ai{1,h2—>h37h4(8) dil—hz,h3—h4 (9) ei(hl_h2_h3+h4)<p
J

h;: helicities J: total angular momentum [Jacob, Wick '59]
e Two critical gaps:

1. N — M amplitudes (e.g., 2 — 3), relevant for high-energy future colliders, do not admit such
decomposition

2. Spin-2 or higher-spin theories: Feynman rules impractical

® New formalism needed to generalize partial-wave unitarity bounds [LB, Levati, Paradisi 25]

Luigi C. Bresciani (University of Padova



Amplitudes & Partial-Wave Decomposition

Linear algebra problem

Project an amplitude |.A,_, s) onto a kinematic basis |B

|~Ai—>f> = Za%}—n‘ |B;]—>f>
J

* |Aing), IBL,f) € Vi s vector space

4
i—f

f

* o], partial-wave coefficients that encode the dynamics

Luigi C. Bresciani (University of Padova & INFN-PD)
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J
E ai—)f i —|

J

BJ
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Poincaré Clebsch-Gordan Coefficients

(P, J, hi) = cf:*6(4>( —Zm)a% 2 € Vi

kei

(1P, T k) = ijf6(4)< Zm) = - 5 €Ving
kef

|P, J, h): Poincaré irreducible multiparticle state [Jiang, Shu, Xiao, Zheng '20]

IR S IA YIS RS pry G S v ST
h h

Luigi C. Bresciani (University of Padova & INFN-PD)



Perturbative Unitarity Bounds [LB, Levati, Paradisi 25]

e [nner product via Lorentz-invariant phase-space integrals

aj =#<BJ |Ais ) = ! /d(b-d@ Ay (BLL,) = ! ,
i—f 2J+]_ i—f i—f 2J+]_ T f i—f i—f 2J—|—1

(BL B, ;) = 2] +1)8" = / ddx B, x) @ |BY_ ;) = 1B,

® Generalized optical theorem:

i) = 1Aj =13 [ a0 i) ® 147 x)
X

a’;']%f - (a;ﬂi)* = iza%]aX (a}IaX)*
X
® Partial-wave unitarity bounds:
Rea/,;| <1  0<Ima),, <2 |al <1 (f#9)

Luigi C. Bresciani (University of Padova & INFN-PD) 28



Determination of |B; _,¢)+ 2 3-Step Algorithm

1.

3.

Find a basis for V;_,; of kinematic monomials in spinor-helicity variables { A, Ax }7_;
[Shadmi, Weiss 18] [De Angelis 22] [Li, Ren, Xiao, Yu, Zheng "22]

Find the eigenvectors with definite J7 of the Pauli-Lubanski operator squared

1 o Aie . 1 g .
W% = §P% <€a7€ﬁ6MI,a5ML75 + 60‘7655MI’0.¢BI\/II7W5) + Zp%apgﬁMl,aﬁMI’d/g

where Z =i or f and [Witten ‘03]
=) Ao
i€T
0 0 - 0 ~5 0
M = A + A8 MEE = A& Py
z ;( PO PN, ) * ; axwﬁ "N

The eigenvalues are —P2Jz(Jz + 1)
Normalize them such that their norm is v/2J7 + 1
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PhOtOl‘l 6’ GraVity EFT [LB, Levati, Paradisi '25]

Anomalous quartic couplings (P- and CP-violating)
For generic spin-S (S € N) massless particles

£(S)

V=9

o — F F™ oM — Fwﬁ‘“’ 0@ — M3 Ry pe R1P7 o® — M3 praﬁ/ww

_ CES)(Q(S))Q + («.{_)M(é(s))Q + Cgs) Q(S) Q(S)

Luigi C. Bresciani (University of Padova & INFN-PD)
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PhOton 6’ GraVity EFT [LB, Levati, Paradisi '25]

Anomalous quartic couplings (P- and CP-violating)
For generic spin-S (S € N) massless particles

£(S)

V=9

o — F F™ oM — Fwﬁ‘“’ 0@ — M3 Ry pe R1P7 o® — M3 praﬁww

_ QO 4 (392 1 () ) §()

Full 2 — 2 helicity amplitude:

H (3+S74+S) (3#»574—5) (375‘7475‘)
+5 ot (5 (122534125 8 ((12)%5(34)%°
|Aiy ) = 2 Ser (1274 0 +(13)%9(24)25 +-(14) %9 (23)29)
(175,279) 0 8c((14)25[23]25 0
(175 ,275) 8 ()" (12753475 0 8c(%) (34)25[12)28

+[13]25[24]25 +[14]25 [23])

with ¢ = ¥ 4 {7 eRand ) = ¥ — [V 4P e C
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PhOtOl‘l 6’ GraVity EFT [LB, Levati, Paradisi "25]

1. Normalized eigenvectors of W2, corresponding to Jiz = 0 (with s = 2p; - pa):

H (3+5,4*5) (375 ,475) (375.479)
B0,,) = (1+5,2+9) || 195 (12)25[34]29 0 107 (12)25(34)25
(1+5 275) 0 0 0
(15279 || 187[12)29(34]>% 0 107 (34)25[12)%%
2. Partial-wave coefficients:
H (3+5 4+5) (3t54-5) (37545
a?—>f = <B?—>f‘Ai—>f> = (172,27%) 2: S—S) 0 %%ﬁc(—s)
(115 275) 0 0 0
a2 || = B/EE) 0 e

3. Non-zero eigenvalues:

25 25
2543 25 +3

: C+ fe - |c (q)| = C+ - YL (q)|

2m 25 +1 2m 25 +1

Luigi C. Bresciani (University of Padova & INFN-PD)



POSitiVity Bounds [Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi '06]

e Certain signs of Wilson coefficients violate fundamental principles:
- Unitarity, Causality, and Analyticity

\Im(s) t

e Forward and crossing symmetric 2 — 2
amplitude w &
A(S) = hmt—>0 A(S, t) = ZnZO Cn8" C
- Froissart bound: //\
|A(s)| = o(ls|") as |s| = oo (n > 2) k/ > Re(s)
- Schwartz reflection principle:
A(s +ie) — A(s — i€) = 2 Im A(s)
- Optical theorem: Im A(s) = so(s)

imply Cn = 71 +(=1) ds a(s)

™ A2 s

"
(o]

)

>0 e Inour example: || < c(f

Luigi C. Bresciani (University of Padova & INFN-PD) 32



sl jm =1

[LB, Levati, Paradisi '25]

Shaded regions: allowed

Synergy of Unitarity & Positivity Bounds

52§ /m =0

sl /m =172

s2lef!)|/m = 3/4

ERIES

Positivity (&)
ciS) >0
()7 < 16509

&
=
=5 01
NVJ
71 L T T T L T T T L T T T T T T
-1 0 1 -1 0 1 -1 0 1 -1 0 1
32031)/7r szcgl)/w 32051)/‘” 32051 Ves
s1lef|/m = 0 sl /m =172 s41i?|/m = 5/6 silefl/m =1
14 q q q
S
=
8. 0- 1 1 1
<o
<‘:"J
_1 L T T T L T T T L T T T L T T T
-1 0 1 -1 0 1 -1 0 1 -1 0 1
s4c(12)/7r /e 540(12)/7r s4c(12) /m

Luigi C. Bresciani (University of Padova & INFN-PD)

Partial-wave unitarity (% )

2S+3| (s)|
25 +1 -

cés) >0

Vol(#n2) 1
32

25+ 3\’
Vol(%) S+1
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2 — 2 Vs. 2 — 3: SMEFT Examples [LB, Levati, Paradisi '25]

£ > Py (HYH) lpe  H + Chy (HYH) q,dr H

B \/C e+ Cagpe [TV

1 7 2
+CP (H tH ) qpurH + H.c. 10 3 B/ T3C,0Cl, + 3CanCly + ConCly] [TeV?)
f T i1 < 32 o
VT [3Cu Ol +3CunClyy + CunCly] < 2 1N e 2
s 0N T T~
How T N T
\/Tr [3CunCly +3CanCly + CenCly] < —
SV 100
Dimension-8 example | N
L® S Cyapa (HTH) fABCX v XBrXCH P

+ Cxap (HTH) fABC x v X Pe X Tn

c? 102 < 321/1072 1 1 2 3 1 5 6 7 8 9 10
X3H2 X3H2 = 52 Vs [TeV]

Co(G)d(G)

/ 8\/577 1 .
4 C2 < [ With gauge group G = SU(3), d(G) = 8 and C2(G) = 3
X3H2 X3H2 fus3/2 /02(G)

Luigi C. Bresciani (University of Padova & INFN-PD)




SMEFT Example [LB, Paradisi, Sainaghi '26]

Computed unitarity bounds for all dim-6 SMEFT Wilson coefficients of Warsaw basis

Semi-leptonic operators: 15
04) = (057" 43) (@5 a3) 10y
O = ("0 0s) (@370 a5) ©o5)
~~
o
O 0
Full coupled-channel analysis: @
B g kg J=0
. -10¢
O 6@ — kg J=1
—15'1 L L L L I
i ka £ - — —
e g;& N qsaqtﬁ J=1 15 -10 -5 0 5 10 15

s C’é;)/A2

Luigi C. Bresciani (University of Padova & INFN-PD)
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SMEFT Correlations

[LB, Paradisi, Sainaghi 26]

20
[a]
<
3
s Or
@
_20
—10 0 10
2
SC‘PD/A
10 [~
™ 5F
<
~
By O
Q
0 —5 F
—10 |
1 1 1
—10 (o] 10
(1) ja2
sC’lq /A
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sCfP /A%

10

s CZ’,ES)/A2
o

[ y—;
= eq

_w0k
L 1 1
—20 0 20
sCiM /A2
4
2
0 =
—2
s
1 1 1
—-2.5 0.0 2.5
sCSD /A2

— /4

— /2

— 3m/4

—_—

8
s|C) /A2

N w - o
2oy o5 g

=
15

10 |-
(2]
<
~
gr or
QO
w

—10

sC®) /A2

s|CE)1/A2
N

[

w

20

10

o

—10

—20

slett

5 10 15

Sel/A?

—-20

0 20
s C0 /A2
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SMEFT Marginalized Bounds

[LB, Paradisi, Sainaghi '26]

X3 8 and p*D? P23 (LL)(LL) | (LR)(RL) and (LR)(LR)
Ce | 4m/(9gs) | C, | 327%/3 | Cep | 327%2/V3 | Cu 21 | Credq 87/v/3
Oz | 4m/(9g5) | Con | 87/3 | Cup | 320%/3 | C%) | 6n/5 | €O | 16m(1+v2)/9
Cw | 27/(39) | Cop | 320/3 | Cup | 3272/3 | C) | 4r/3 cZiLd 4r(2+7v2)/3
Cw | 27/(39) o) | 23| o), 87/V3
o | em | C, (2+V2)r/3
X2p? ¥* X Y*¢*D (RR)(RR) (ZL)(RR)
Coa T Cuc 21vV3 CS} 8 Cloe 27 Che 47
Coa ™ Cic | 2nv3 | C) | 87/3 | Cuu | 37/2 | Cu Ar
C(pv[/ 2%\/2/—3 CcW 47('\/2/—3 Cvc 87 Cdd 37‘1’/2 CM 47
Cch’ 277\/% Cuw 47\/% Cv(,l(} 27/6 Ceou 47 Coe 4
Cop | 27V2 | Cun Ar ¥ | 8x/3 | Coa | 4m | CW 212
C,5 | 27v2 | Cep ar Cou | 4xv3 | CO | ar | ) 3r(1+1/v/2)
Cowp | 4m | Caw | 4m/2/3 | Cpa | 4nv3 | C® | 8z | C 2m/2
C¢WB 4w Cap 4 Coud 8 Czi) 3r(1+1/v?2)

Luigi C. Bresciani (University of Padova & INFN-PD)



SMEFT Marginalized Bounds [LB, Paradisi, Sainaghi '26]

Verified

X3 8 and p*D? P23 (LL)(LL) | (LR)(RL) and (LR)(LR)
Ce | 4m/(9gs) | C, | 327%/3 | Cep | 327%2/V3 | Cu 21 | Credq 87/v/3
Cs | 4m/(9g) |(Com | 87/3 || Cup | 320%/3 | C%) | 6n/5 | €O | 16m(1+v2)/9
Cw | 20/39) | Cop | 327/3 I Cap | 327273 | CSD | 4x/3 cgi)qd 4r(2+7v2)/3
Cw | 27/(39) o) |23 | o), 87/V3
o | em | C, (2+V2)r/3
P X Y?*D (RR)(RR) (LL)(RR)
Cuc 21vV3 Cv(:} 8 Cloe 27 Che 47
Cic | 2nv3 | C) | 87/3 | Cuu | 37/2 | Cu Ar
CeW 47!'\/% Czpc 87 Cdd 37‘1’/2 C@d 47
Cuw 47\/% C&} 276 Coey 4T Coe AT
Cus Ar ¥ | 8x/3 | Coa | 4m | CW 212
Cen 4r Cou | 4xv3 | CO | ar | ) 3m(1+1/v2)
Caw | 4723 | Coa | 4nv3 | C® | 8r | C 2m/2
Cus 4n | Cpua 8 033) 3n(1+1/v/2)

Luigi C. Bresciani (University of Padova & INFN-PD)



SMEFT Marginalized Bounds

[LB, Paradisi, Sainaghi '26]

Verified Improved
X3 8 and p*D? P23 (LL)(LL) | (LR)(RL) and (LR)(LR)
Ce | 4m/(9gs) | C, | 327%/3 | Cep | 327%2/V3 | Cu 21 | Credq 87/v/3
Cs | 4m/(9g) |(Com | 87/3 || Cup | 320%/3 | C%) | 6n/5 | €O | 16m(1+v2)/9
Cw | 20/39) | Cop | 327/3 I Cap | 327273 | CSD | 4x/3 cZiLd 4r(2+7v2)/3
Ciw | 27/(39) oy | V3| G, 87/V3
o | em | C, 2+ V2)1/3
252D (RR)(RR) (LL)(RR)
(Cy(gle) 81\ Cee 27 Cle 47
%) | 81/3 || Cuu | 37/2 | Cu Ar
Cgac 87 Cdd 37‘1’/2 ng 47
C&z) 27/6 Ceou 4 Coe 4
CS,%} 8m/3 Ceq 4T C,E}) 2mV/2
Cou | 4nv3 || CY | 4r | 3r(1+1/v/2)
Coa A7/3 Cl(fi) 87 C(;) 27v/2
\Cpua i, 033) 3n(1+1/v2)

Luigi C. Bresciani (University of Padova & INFN-PD)
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SMEFT Marginalized Bounds [LB, Paradisi, Sainaghi '26]

Verified Improved New
X3 ©8 and ?D? (IIHEE)—ER e RN R)
Co | 4n/(9g5)||| C, | 327%/3 , 21 | Credq 87/V/3 \
Cs | 47/(99,))|(Cor | 87/3 6r/5 | 0y | 16m(1+v2)/9
Cyw Cop | 32n/3 4r/3 cZiLd 4r(2+7v2)/3
1
Cw 27v/3 C%;u 87/V/3
2m C[cqu (2 + \/5)7‘-/3
P2 X Y2p*D (RR)(RR) (ZL)(RR)
Cuc 21vV3 (Cy(gle) 8 ) Cloe 27 Che 47
(Cac_| 2nv3 JI[CD | 8a/3 ||| Cuu | 37/2 | Cuu 4n
(Cow | 4m\/2/3\|| Cype 87 Cag | 37/2 | Cu am
Cuw | 4n23||| €5 | 226 | | Cow | 47 | Cpe ar
Cus Ar 1 sa3 || Ca | ax | O 212
C.n 4z Cou | 4nv3 || CY | 4x | 37(1+1/v2)
Caw | 47v/2/3||| Coa | 4nv3 | \C®) | 8r c%;) 2m/2
\CdB 4Am ) Qxﬂud 87TJ \ qu) 3r(1+1/v?2)

Luigi C. Bresciani (University of Padova & INFN-PD)



SMEFT Phenomenology

[LB, Paradisi, Sainaghi 26]

[Celada et al. 24]

= LEP
"1 LEP + LHC diboson 4
1.0F = LEP + HL-LHC diboson
I Unitarity (Vs = 4 TeV)
sy
3 05F
O
o
=
~ 0.0F
s
=1
= —05F
-1.0F
. L L .

-1 0 1 2
(1 TeV/A)?(CS - C7)

1. Diboson production: Os(alq) =

[Brivio et al. '19]

[Allwicher, Cornella, Isidori, Stefanek 23]

B tEyoost
[0 tf obs.
[ tw
ttZ

I Unitarity (/5 = 4 TeV)
[0 Sum rules (scalar)
5 Sum rules (vector)

—4

<~
Y12 10T Dup) @y ap)  vs.

I
1,8
(1 TeV/A)2 CYE

o

2

2

2

2

=1
€s

S)
PN

= 0 A
~

s

=

w -1f

— i
~  EW [ Unitarity (/s = 4 TeV)

" Flavor [7°0 Sum rules (scalar)
_of I Collider  mml Sum rules (vector)
—— Global
. | L . L L
4 -2 -1 0 1 2

(1.5 TeV/A)? [C,E;)]:*,sss

(3)

And
% = ZP:L? l((PT‘D;Il,‘p)(‘_JpUI’YHqP)

' 18 _ _ 3,8 _ _
2. Top physics: Og, =3 | (@ T4a3) @ " Tap) vs. Ogy =3 ,@wT" 0 e3) @y T4 0" qp)

3. U(2)® flavor symmetric scenario: [015?]3333 = (C3v"43)(@3puq3) V5.

Luigi C. Bresciani (University of Padova & INFN-PD)

[02)]3333 = (370" 43)(G3vu0" q3)
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Axion-Like Particle EFT [LB, Levati, Paradisi 25]

[Gavela, No, Sanz, Trocéniz '19]

Non-resonant ALP searches at LHC
LY 5°Cypa ¢ Fu " +°Cg0 6 2, 207

5 5 5
2 Cyzz <0 Cypa"Cypa >0

== Unitarity bounds
—— LHC bounds

100

7 7
> o
=] B
— 1071 4 — 1014
3 )
N .
1072 4 10~2 -
10-2 107! 10° 10-2 107! 10°
|SC¢F2| [TeV_l] |5C¢F2| [TeV_l]

Luigi C. Bresciani (University of Padova & INFN-PD)
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Weak-Violating Axion-Like Particle

[LB, Levati, Paradisi '25]

[Altmannshofer, Dror, Gori '22]

oud (_ - - _
= 2Lml (sz VU + gu IvF sl + gy, Vl’Y”PLVL)

U

LD ———
2\/§7nl

1+

wv

W+

Luigi C. Bresciani (University of Padova & INFN-PD)

(9u = Gu + 90)) IV PLv) W, ¢+ Hec.

1073

1074

10°

[Geel

1076 4

1077 4

gee = G9ve = 0

Unitarity bound x (TeV?/s)
.................................. e

104

1
1
1
1
1
1
1
1
1
1
1
1

1
o

10°

10t

102

10°
my [MeV]

43



Conclusions & Outlook

¢ On-shell methods unify the study of EFT running and validity: two faces of the same
amplitude-based toolkit

Part 1: Running Part 2: Validity

- Leading mass effects & general operator - Vectorial formalism for arbitrary N — M
mixing framework partial-wave bounds

— Full ALP EFT renormalization - Photon/gravity/higher-spin EFTs

- One-loop RGEs of the general gauge EFT: 184 - Full dim-6 SMEFT unitarity bounds

anomalous dimensions, ready for any model ~ Full ALP EFT unitarity bounds up to dim-8

Future experiments demand theory-consistent EFT interpretations

Flavor structure amplifies theoretical bounds - Theory priors sharpen statistical inference
Goal: connect first principles with collider, flavor, and DM phenomenology

Luigi C. Bresciani (University of Padova & INFN-PD)



Thank you for your attention!
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Dilatation Operator & Complex Rotations
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Luigi C. Bresciani (University of Padova

The Dilatation Operator

0
D= i —
generates the Complex Rotations:
Pi — €iapi = Fo — eiaDFO .

For a = 7 their infinitesimal
imaginary part e changes sign:

F@({Sij — ZG}) = eiﬂDFO({Sij + ’LE}) .
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IR Anomalous Dimensions

¢ In theories with massless fields, IR singularities originate from configurations where
loop momenta become soft or collinear

® The IR anomalous dimension only depends on the external state (7| [Becher, Neubert 09]

ara 1
’YIR ({S’LJ} M) 4 A2 ZT T 10g +Z’yz(c)oll.

1<j

¢ Since the stress-energy tensor T),,, is UV protected, iz can be computed as

Y P (7) = <MFT )@ (i)

pv

Luigi C. Bresciani (University of Padova & INFN-PD) 47



Physical Operator Classification

e Physical operators are identified through the Amplitude-Operator Correspondence
[Li, Ren, Xiao, Yu, Zheng 22]

e Little group and dimensional analysis enough to construct the physical operators:
M,]=4—-n
e Contact amplitudes (from local operators O;) are polynomials in inner products:
M = ¢ x Ki({Gig), [i]}) - [Kil = [O:] = £(0:) = 0

e Redundancies:

Zpi =0
i=1

(i) (k) + (ki) (3€) + (jF)(il) = O
[ig][Ke] + [Ki][5€] + [5k][i€] = O

Luigi C. Bresciani (University of Padova & INFN-PD) 48



Dimension-5 Operators

Classification of independent kinematics: [K;] =5 — ¥¢;

;=5 - IC:{ = z:{¢1¢2¢3¢4¢57
bi=4 = K :{< 2) == QZ{%L%L%%,
2

6123 — Kz: <12> — Oq,: FlLF2L¢37

(12)(13) Fiptorsr.

Group-dressed Lagrangian:
(5) _ - AaBﬁ Ao B pv AaBp Ao TBg v
£ = Z S [Core] 272 guFiie PP 0 [cﬁz} GaFr P01 | 4 [Cus] . budrdedade

a=1 =1

cf(jr) [C¢2¢2] ijab w1w3¢a¢b + Z CwZF '(/)7,0'“1/1/}] F;?,,a + H.c.

a=1

Luigi C. Bresciani (University of Padova & INFN-PD)



Dimension-6 Operators

Classification of independent kinematics: [K;] =
T

t=5 = k={@

Luigi C. Bresciani (University of Padova & INFN-PD)

6—Y;

—

-

{¢1 $2 ¢3 P4 G5 96 ,
= {%L Va1 @3 s @5,

Fip For ¢3 ¢4,
Fiporvsr ¢4,
1L Yar Y3 Yar
1L YoL Y3r Yar,
1L Dd2 3R ¢a s
D¢y Do ¢p3 ¢4

= {FIL Iy Fap, .
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