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EFT & Running

e EFT Approach: Standard Model as the low-energy description of a more fundamental theory
emerging at a large energy scale A

C; 12
LEpT = Z 7/1[0:]_4 0;.
P A4 1. MATCHING ()

e Running: The Wilson coefficients ¢;

need to be evolved from the scale A q ,V(NZ)‘ RUNNING

down to the experimental scale. n=q ~ Aletd)
e EFT Anomalous Dimensions are crucial

iy 3. MAPPING
for interpreting experimental results. mT ci(m)
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General Gauge EFT
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General Gauge EFT

Why?

e Easy to extend RGEs with new degrees of freedom interacting with SM fields (e.g. axions,
axion-like particles, light 7/, ...)
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General Gauge EFT

Why?

e Easy to extend RGEs with new degrees of freedom interacting with SM fields (e.g. axions,
axion-like particles, light 7/, ...)

e Easy to extend RGEs with new gauge sectors (e.g. non-universal gauge interactions,
unification, ...)
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Why?

General Gauge EFT

e Easy to extend RGEs with new degrees of freedom interacting with SM fields (e.g. axions,
axion-like particles, light 7/, ...)

e Easy to extend RGEs with new gauge sectors (e.g. non-universal gauge interactions,
unification, ...)

e Cross-check of literature

SMEFT [Jenkins, Manohar, Trott (13)]%
LEFT [Jenkins, Manohar, Stoffer (17)]

ALP-SMEFT / ALP-LEFT [Chala, Guedes, Ramos, Santiago (20)], [Bonilla, Brivio, Gavela, Sanz (21)], [Bauer, Neubert,
Renner, Schnubel, Thamm (20)], [Galda, Neubert, Renner (21)], [Di Luzio, Gréber, Paradisi (20)], [LCB, Brunello, Levati,

Mastrolia, Paradisi (24)], ...
General gauge EFT [Fonseca, Olgoso, Santiago (25)], [Misiak, Natecz (25)]
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Bosonic General Gauge EFT

e Gauge group: G = HNG Ga [R. Fonseca’s talk]
e Arbitrary number of real scalars (¢,) and gauge bosons (A;j‘a)
e Renormalizable Lagrangian

1 e
_ Aq Ao pv
Lr0 =~ D K P4 4 5(D,0)a(D 6,

777

— A~ tada — 5" bud — ‘”"¢a¢b¢c—

abcd

¢a (bb(bc(bd

(Dud)a = Ouda — i ZgaAﬁao;“m
a=1

Fiy = 0, Al — 9, Afle + go fAeBCo AB AT
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Dimensi

on-5 Operators

Physical operators are identified through the Amplitude-Operator Correspondence [t Ren, Xiao, Yu,
Zheng (22)] [M. Schaaf’s talk]

Name Operator Symmetry Contact Amplitude
O¢5 PaPobcPade [C¢5}abcde = [C(ps](abcde) F¢5 (1a,2p,3c, 44, 5¢) = 5! |:C¢'5] abede
v AaBg (AaBg) _ _ AaBg
Oyp2 | baFje FBs M |:C¢F2:|a - [C¢F2]a Fyp2 (la,25,35,) = —Sas [C(,)FQL (23)2
~ Ao B (AaBg) Ao B
_ Ao 4B pv _ B _ _ B _ — — s _ B 2
O(pF? Ga Fy F78 [C¢F2]a = [C(PFQ]CL Ftng/j(la’QAa’SBB) = —iSap [C(pF?}a (23)
1 «
Sap =14+ 0ap = 78 Symmetry factor
2 a=p

4/21



https://arxiv.org/pdf/2201.04639
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Dimension-6 Operators

Name Operator Symmetry

Oyo PaPpPedadedy [Cy6]abeder = [Cys](abeder)
Op241 | (Dpd)a(D")o¢eda [Cp2g2)abed = [Cp2g2](ab)ed = [Cp242)ab(ed)
Opera | GutFir FPo | [Capa] 0% = [Coapa] ™) = [Cow] ()
Ouopa | datFisn FPo 1Y [CM]Ab 7= ¢2f2]$wﬁ> = ¢F]jb>B ﬁ
Ops | FiteVFParFfon [Cpa]teBeCe = [Cps)lAaBaCel

Ops | Epevrpnsigns [Cpa] 720 = [Cge] ePeCe
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Dimension-6 Operators

Name Contact Amplitude

Ogs Fy5(1a, 25, 3¢, 44, 5e, 65) = 6! [Cye]

abede f

OD2¢4 FD2¢4(1G72b73674d) = -2 ([éD2¢4] S12 =+ [CD2¢4] 813)
abed acbd

Oy2p2 Fyopz, (120,33, ,45,) = —2Sap [Cy2pa] 2077 (34)2
— . . AaB/J' 2
O(bzl?z F¢2ﬁ2ﬁ(1a’2b’3Aa’4Bﬁ) = —QZSQB |:C¢2I;2:|ab <34>
Ops Frs(13,,25,,35,) = —3iV2[Cps] "= (12)(23)(31)
— — —_ AQBCYCOC
Ops Frs(14,.25,,3¢,) = 3V2 [Crs] (12)(23)(31)

[OD2¢4] abed [CD2¢4]abcd + [CD2¢4] cdab [CD2¢4] adbe [CD2¢4]bcad
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Operator Mixing

hg*

PYENTE

GF? x pF?
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On-Shell Methods for Renormalization

Core Features:
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On-Shell Methods for Renormalization

Core Features:

e Unitarity Cuts: Anomalous dimensions are derived from discontinuities of scattering
amplitudes.
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On-Shell Methods for Renormalization

Core Features:

e Unitarity Cuts: Anomalous dimensions are derived from discontinuities of scattering
amplitudes.

e Phase-Space Integration: Lorentz-invariant phase-space integrals replace full Feynman
integrals.
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On-Shell Methods for Renormalization

Core Features:

e Unitarity Cuts: Anomalous dimensions are derived from discontinuities of scattering
amplitudes.

e 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.
— No need to consider the Green'’s basis and reduce it to the physical one.
— Gauge invariance is automatic.

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

o HELICITY; [Cheung, Shen (15)]
o LENGTH; [Bern, Parra-Martinez, Sawyer (20)]
o ANGULAR MOMENTUM. [Jiang, Shu, Xiao, Zheng (21)]
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Limitations and Generalizations

e Originally applied only to massless particles and operators with same dimensions.
e Generalized [LCB, Levati, Mastrolia, Paradisi (23)] tO
— include Leading Mass Effects via the Higgs low-energy Theorem:

Eihm = —<1 + %) Xf:mfff

my 0
v Omy

lim M(A—>B+Nh)zz<
f

{rn}—0

)NM(A ~ B)

— handle the most General Operator Mixing:

dci 1 1
B = Z Vi Cin T Cin = Vi€ 5 Vi kCiCk

0" Bi

Yi=j1seesdn =
dcjy -+ dc,,

*
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https://arxiv.org/abs/2312.05206

S-Matrix and Dilatation Operator

e Form Factor associated with a local, gauge-invariant operator O;:
Fi(ii; q) = (ii|Oi(q)|0) .

10/21


https://arxiv.org/abs/2005.06983
https://arxiv.org/abs/1607.06448

S-Matrix and Dilatation Operator

e Form Factor associated with a local, gauge-invariant operator O;:
Fi(ii; q) = (ii|Oi(q)|0) .

e Exploiting the fundamental relations [Elias-Mir6, Ingoldby, Riembau (20)]

© Analyticity: F({sij —te}) = F;({si; + i€})

o Unitarity: > / dLIPS, |7)ii| =1, dLIPS, = f[ (‘;Sg 2}9
i i=1 v

© CPT Theorem: (iT; out| Oy ()]0) = (0|07 (—x)|i; in)
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Fi(ii; q) = (ii|Oi(q)|0) .

e Exploiting the fundamental relations [Elias-Mir6, Ingoldby, Riembau (20)]

© Analyticity: F({sij —te}) = F;({si; + i€})

o Unitarity: > / dLIPS, |7)ii| =1, dLIPS, = f[ (‘;Sg 2}9
i i=1 v

© CPT Theorem: (iT; out| Oy ()]0) = (0|07 (—x)|i; in)

it is possible to show that [caron-Huot, Wilhelm (16)]
e~ P (i) = (SFY)() (: > / dLIPS,, (7| S|m) F;‘(m))

where S =1+ iM isthe S-matrixand D = ), p; - 0/0p; is the Dilatation Operator.
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Master Formulae

Linear operator mixing

1 0 1 1
(+2 - 8lik) B = —MmEIY

k+1 o
!

(ME)WD (7 Z Z e [ -+ permutations
K hiha :
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Master Formulae

Linear operator mixing

1 0 1 1
(+2; - k) B = —— (MBI

k+1 o
!

(ME)WD (7 Z Z e [ -+ permutations
K hiha :

Nonlinear operator mixing

M po__ 190
’Yzegk i T 8Ck

(ME;)W

*
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o({a,b} x{A,B}) hy=%
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First term
1a .TJ}CLV” _xc
ex T
hmvhy:i ///
2b yZy ?/
- ) CcD 5 9 4 fACEfBDE fABEfCDE
= [lewr ] [_29 84 (<3x><3y><4x><4y> - <34><3y><4x><xy>>]
1422 4
=8

g [Coere]y, (34 [EfAPELOPE (14 22) 208 PP
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Example: ¢2F? + ¢p?F?2

32 Te —Tc la
92 = ::jz x \/

45 Yd  —Ya 2y

AB S1y— S
= [0 007 [o7 (2 2ageg, - 2t g gp, 2o
cd $12 ab”cd S1m de S1y 9 ebc — Aabed
z2z2—1 2Z+2
[C(/QFQ} 7 (34)? {9 <1 n deaboc(ii Oc.bba + (1 + QZz)gadgbc> + /\abcd}
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Example: ¢?F? + ¢p2?F?
Third term

1, Te - 1, wc -
\\ ’

g3 = Z T X x
hy=% JJJ&LL AJJZ{LH
_ hy
34 Yo 4p ~Yo

" $8240bd0dc 52y9 edc
= [4lConr] <3y>][ ) el Rl ) ]
2
[qwz];“f<:>,4>2M@’@)2 [(1+ 22)65,65. — 62,69.]
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Stokes’ integration

Efficient way to perform the integral [Mastrolia (09)], [LCB, Brunello, Levati, Mastrolia, Paradisi (24)]:
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Stokes’ integration

Efficient way to perform the integral [Mastrolia (09)], [LCB, Brunello, Levati, Mastrolia, Paradisi (24)]:

1. Integrate in z, keeping only rational contributions:

G(z,z) = Rational[/ dz (ff’i))z}

1 1
9(2,5) = 591(Z52)+592(252)+ Z 93(2’,5)
o({Aa,Bg}x{a,b})
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Stokes’ integration

Efficient way to perform the integral [Mastrolia (09)], [LCB, Brunello, Levati, Mastrolia, Paradisi (24)]:

1. Integrate in z, keeping only rational contributions:

G(z,z) = Rational[/ dz (ff’i))z}

1 1
9(2,5) = 591(Z52)+592(252)+ Z 93(2’,5)
o({Aa,Bg}x{a,b})

2. Apply Residue Theorem by summing over the z-poles P of G:

1 _
/dLIPSQQ = 3 Z Res(z,z):(zo,za‘)G(z7Z)

z0€Pa
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Example: ¢2F? + ¢p?F?2

Final result
) AnBg Ne 9 1C nC. Ao Bs
[C¢2F2} . [/\abcd +2 Z 950ac 9de:| [Co2pe] od
ab
y=1
NG C
23S gugs e (305500 — 20700

o({As,Bg}x{a,b})v=1
_ c C,B
(1 Gar) 8,48, 5025 057 ] (]
ByD ac CaD
+ (4% 2P s 4t [Conr] 5

with the collinear anomalous dimensions given by

Na
11 1 a
yAoBe = _g2 {3anCaDa fBaCaDo _ G Tr(HAGHB“)} VL = =4 gabas bl
a=1
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SMEFT Cross-Check

Renormalizable Lagrangian

Ly = (D,H) (D*H) — A g L2 ’ g L (¢ +igs
B 2 V2 \ P2 +igy

2

= S (Dub)aDH )+ "o 5.1 Gutn — 2oty Gubeda

II)

—M0*0ab Aabed = Z'A 5(ab5cd) = 2X(0apOcd + daddbe + acOba)

ab =
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SMEFT Cross-Check

Renormalizable Lagrangian

Ly = (D,H) (D*H) — A g L2 ’ g L (¢ +igs
B 2 V2 \ P2 +igy

2

= S (Dub)aDH )+ "o 5.1 Gutn — 2oty Gubeda

II)

—M0*0ab Aabed = Z'A 5(ab5cd) = 2X(0apOcd + daddbe + acOba)

ab =

2
o3 (5 8 s (T )

Tl . . .
D,H = (au - Zgg—Wlf - zglyhBM> H — (Dy¢)a = (0u0ap — zgﬁébWi - zglegbBu) o
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SMEFT Cross-Check

¢2 F? Operators
LSMEFT D CHgGﬁyGA“V(HTH) + CHWinWI“u(HTH) + CHBB‘WB“U(HTH) + CHWBB;“/WI’L“/(HTTIH)

[Crally®

1 1 1 1
Cradad™?  [Crw)l] = §CHW5ab51J [CuBl. = 5 CmBday [CuwslL, = ECHWBzéb

2

=

[oNe )

OO O

_ o oo

o= OO

oo o

3=

oo o

0
-1

0

0

0

(=N ]
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SMEFT Cross-Check

¢2 F? Operators
LSMEFT D CHgGﬁyGA“V(HTH) + CHWinWI“u(HTH) + CHBB‘WB“U(HTH) + CHWBB;WWI/’“/(HTTIH)

1 1 1 1
[Cuclaf = ECHGdab(SAB [Cawll) = §CHW5ab5” [CuBl. = 5CHB5ab [CuwslL, = 5CHWBE£1,
0O 1 0 O 0 0 0 1 1 0 0 0
10 0 o0 > [0 0o -1 0 s (o -1 0 o
2= 0O 0 0 1 2= 0 -1 0 0 = 0 0 1 0
0O 0 1 0 1 0 0 0 0 0 0 -1

Collinear anomalous dimensions

Yes = =91 =395 Ve =—93bos  Yew = —gsbo2 Ve = —gibo1
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SMEFT Cross-Check

¢2 F? Operators
LSMEFT D CHgGﬁyGA“V(HTH) + CHWinWI“u(HTH) + CHBB‘WB“U(HTH) + CHWBB;WWI/’“/(HTTIH)

1 1 1 1
Cuc)4P = ~Cradard™®  [Cuwll] = ~Cuwdad’”’ [Cusly, = =Cupdas  [Cuwsll, = =CuwsZL,
2 2 2 2
0O 1 0 O 0 0 0 1 1 0 0 0
10 0 o0 > [0 0o -1 0 s (o -1 0 o
2= 0O 0 0 1 2= 0 -1 0 0 = 0 0 1 0
0O 0 1 0 1 0 0 0 0 0 0 -1

Collinear anomalous dimensions
2 2 2 2 2
Ye,H = —g1 — 392 Ye.¢ = —g3bos  Yew = —g2boz  Ye,p = —gibo
Group algebra —

. 3 9 . 3 5
CHa = (12>\ - ng - aq% — 2bo,3g§) Cua Caw = (12>\ — fg% — 595 — 2b0,29§) Cuw + 9192 CuwB

2 2

. 1 9
Cup = (12)\ + 59% —2bo,197 — 593) CuB +39192CawnB

R 1 9
Cuwp = (4>\ - 59% —bo,197 + 595 - b0,2g%) Cuws + 29192 Cup + 29192 Cuw v
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Outlook
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Outlook

e Include fermion operators (— should actually be easier because of helicity)
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e Include fermion operators (— should actually be easier because of helicity)
e Compute 2-loop contributions

— On-shell methods have already proven to be efficient at 2 loops [Bern, Parra-Martinez, Sawyer (20)], [Elias
Miro, Fernandez, Gumus, Pomarol, (21)], ...

— General gauge EFT is not much more complicated than specific EFTs

— (Bonus: we can recycle all tree-level amplitudes computed so far)
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e Include fermion operators (— should actually be easier because of helicity)
e Compute 2-loop contributions

— On-shell methods have already proven to be efficient at 2 loops [Bern, Parra-Martinez, Sawyer (20)], [Elias
Miro, Fernandez, Gumus, Pomarol, (21)], ...

— General gauge EFT is not much more complicated than specific EFTs
— (Bonus: we can recycle all tree-level amplitudes computed so far)

e Automatize calculation of RGEs

Group algebra
~

— [Gauge group] + [Particle content] [RGEs]
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Thank you for your attention!

Q&A



Selection Rules: Dimension-6 Operators

| 22 | Fou? | D2t | D2y | wt | oy | o0
F3 X1 ) X5 Xo X5 || %3 |1x3
P*F? @ |2
Foy? X1 (X8
D?¢* X1 | X
D¢y xp |3
wt @ |®
Py’ (2)
9

Table: From [Bern, Parra-Martinez, Sawyer (20)].
Dimension-6 operator mixing pattern. Operators
labeling the rows are renormalized by the
operators labeling the columns.

e X 1.: length selection rules apply at L-loop
order

e (L): no diagrams before L loops, but
renormalization is possible at that order

e Light-gray: zero at one loop due to helicity
selection rules
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Spinor-Helicity Formalism

The 4-momentum of an on-shell state is mapped onto a 2 x 2 matrix
0. ,3 1 _ ;2
w0 . da _ gaagu _ (PP pw)
p' = (p",p) P LD (p1+lp2 O )
where 6+ 9% = (1, —&)%?. If the particle is massless then
p? = det(pdo‘) =m?2=0 — P = NI\

where \, \are commuting Weyl spinors known as helicity spinors.
The angle and square inner products are Lorentz invariant

(i7) = AN o = €apAPNT = —(ji) [i7] = AiaAd = —e AN = —[ji] .
The Mandelstam invariants can thus be written as

sij = (pi +p;)° = 2pi - p; = (ig)lji] -
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Dilatation Operator & Complex Rotations

The Dilatation Operator

- -
=" T Si ; 8
"4 “,~~ .] D — E pl . 87
e AN . Di
e s i
4
’ “ .
H . generates the Complex Rotations:
1 . .
3 R ’ pi = €p; = Fo —PFo.
) 1
\) 1
AY o e . . .
\ S For o« = 7 their infinitesimal
s, . . .
. v imaginary part e changes sign:
~~§~ f"
~~~~~ - . i D .
T Fo({sij —ie}) = e Fo({si; +ie}).

24/21



Nonperturbative Relations

S&D Relation
(7P — 1)F} = i(MF})

e In dimensional regularization and in absence of masses, D ~ —u 0/0u, which implies
Callan-Symanzik Equation

0B 0
DF; = <8f —0ijVir + 51‘;‘5989) F;
J

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

k+1

k+2

351-(1) 1) n 0 ©) 1 )
(acj§ij7i,IR+5ijﬁé )879 F = 7;('/\/11?].)( )

"k
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IR Anomalous Dimensions

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

e The IR anomalous dimension only depends on the external state (73| [Becher, Neubert (09)]

VIR ({si}n) = 4 Y ZTaTa log + Z% coll.

1<j

e Since the stress-energy tensor 1), is UV protected, g can be computed as

o1 _
i By (7) = —(MPFr,, )V (7).
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