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Outline

e EFT (EFfective Theories) from amplitudes,
instead of Lagrangians

¢ Renormalization of EFT using on-shell
methods:

Loops from tree-level amplitudes
% Simple, elegant, and efficient
% Selection rules can explain many zeros

Y Clean relations between different anomalous dimensions
% Easy recycling: Every calculation can be re-used!



l. EFT (EFfective Theories)
from on-shell amplitudes

b;, hi

h; = helicity of the amplitude



Ordinary EFT approach




Ordinary EFT approach

7T7

(assuming lepton & baryon number)
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From operators to on-shell amplitudes
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fields containing only physical states (p*=0)
Ghosts, Golstones,... ., definite helicity
(p2#0) (h=7F)

An important gain in simplicity

the power of being on-shell!



Spinor-helicity formalism
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Momenta & helicities as a function of spinors:
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keep complex momenta!



B.1 Conventions

We start with the conventions taken in this article. We choose the metri§,, = diag(+,! ,! ,! ),
and the 2-component spinors witth = %1/ 2 to be denoted respectively byp# and |p]Y. The
momentum is given byp-y = |p# [p|w, and the contractions are

"pt&"pl | and [pd & [plaldl", (73)

where we follow the conventions of Ref2§] for raising and lowering indices. We also debne
"I19%1i1 & "i|" (%)-4lj 1" that fulbll the property "i|%lj]1=1[j|%|i# We also have

plt = SUIBI] . 2pap = ij i, (74)
the Fierz relation
"I198]) ]"'Kk|9% 1] = ! 2"ik#H]jl], (75)
and the Schouten identity
"I #klE= "IKE# I #TK# (76)

We are considering amplitudes with all states incomming. Outgoing states can be related
to incomming states with opposite momentum and helicity, replacing particle antiparticle.
When we encounter spinors with negative momenta, it is convenient to write them back with
positive momenta. Following the appendix of Ref2f], we debne

| op# =dlp# L P = e (77)

that consistently leads to|! pH! p|="! p.

The convention Eq. (/7) bxes the factorization of an amplitudeA into a product of lower-
point amplitudes. For the case of a 4-point amplitude with a pole in the-channel (see Figl3),
this is given by
lim s12A(1,2,3,4) = iIFHAL(D,2, 1) iAR(1!,3,4), (78)

S12!



The SM as an EFT = EFfecive Theory

Expansion: <ijy/A\, [ijJ/\



The SM as an EFT = EFfective Theory

Expansion: <ijy/A\, [ijJ/\

At O(1/!9: SM “Building-blocks”
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The SM as an EFT = EFfecive Theory

Expansion: <ijy/A\, [ijJ/\

At O(1/!9: SM “Building-blocks”
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No gauge invariance, only inv. under global symmetries



From these 3pt+4pt
we can build higher-point SM Amplitudes

at tree-level, singularities only from single poles

>( = + cross channels + contact int.

\single poles: ~1/t

on the pole, amplitudes must factorize in smaller amplitudes

see example



At O(1/!): Ay, 24,3, 4) = IE!34--

New “Building-block”



n = number of external states

At O(I /| 2). h = helicity of the amplitude
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n = number of external states

At o(|/| 2). h = helicity of the amplitude
_ CF2 100313 n=3
Ars(ly \2y 3y )= 5112123131 =3
C|:2!2 12 ' %
A|:2!2(1V! ,2V! ,3! 14!) — | 2 112 1 H Fu Ful l
Aroz (Ly, ;2,3 ,4) = CIF";! 112'113",
| !
Ava(le, 20,3 ,4) = C.al12'134"+ C!,113124" Iiz
! | |
Aa(l,20,3,4) = G 127121+ C L 11313]
Ci g2 | | n=4
A. 'GP 2(1 ,Z-g, 3! ,4!) — 2 113 [23], h=0
C.2m
Avom(le, 2,30, 4p) = "112'[34].



n = number of external states

At o(|/| 2). h = helicity of the amplitude
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At O(1/! 2):
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1l. One-loop renormalization
from amplitude methods



Ordinary EFT approach

(assuming lepton & baryon number)

A* (D, guH 9prfir  gF.
Eeﬂf:?£<ﬁaT7 A3/2 ) Ag)/N'£4‘|‘£6‘|‘"‘

SM
| —0;,0,..

One-loop operator mixing important:

(tells us how BSM enter in observables)

G dCi =" G (CJ) Ci = Wilson

/ dlogu coefficient

anomalous dimensions tell me the “running” of the Wilson coeff.




Ordinary EFT approach

(assuming lepton & baryon number)

A? D gt gfL,RfL,R gF,,,
Leﬁzg_§£<fﬂ»Ta A2 Ag>/~1£4+£6+...
SM

(tells us how BSM ar«- -

Ci = Wilson
coefficient




One-loop anomalous dimension of dim-6 operators
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Very practical example:

Renormalization of electron EDM

Recent strong bound by ACME experiment:

de| < 1.1410 % e&cm

Can provide important constraints
even if BSM enters at the 2-loop level!

d 1 m, Best weapon
7€~ — 5 — A > 3TeV of BSM
€ (1672)2 A mass destruction!

or even on dimension-8 operators!



One-|oop mixing: Panico, APRlembau arXiv:1810.09417

1-loop
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out of 59 operators

For example, no 4-fermion (#" *#)2 contributions

Mysterious from

Feynman approach!

-1/2 1/2



One-|oop mixing: Panico, AP, Riembau arXiv:1810.0941°

1-loop
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Two-loop mixing: out of 59 operators
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One-|oop mixing: Panico, AP, Riembau arXiv:1810.0941°

1-loop
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Two-loop mixing: out of 59 operators

1-loop

(1)
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1-loop (Pnite)

Just from explicit calculations!
But why? Amplitude method needed!
(or susy:see arXiv:1412.7151)



One-loop mixing (anomalous dimensions)




After one-loop reduction to Passarino-Veltman integrals

Colo + Calg + Cal 4 + rational

>
[

bubble triangle

I o A X

v

UV divergent c2 = anomalous dimensions




After one-loop reduction to Passarino-Veltman integrals

Ai = Colo + Czl3 + Cal 4 + rational
A bubble triangle box

double cut

(internal particles on-shell)



After one-loop reduction to Passarino-Veltman integrals

Ai = Colo + C3|3+ C4|4+ rational
bubble triangle

0= A Ii
| \/

C?H Zero contribution
double cut (after extracting IR-div)

(internal particles on-shell)

P. Baratella, C. Fernandez, AP 2005.07129



After one-loop reduction to Passarino-Veltman integrals

Ai = Colo + C3|3+ C4|4+ rational
bubble triangle

0= A ji
| \/

C2 Zero contribution
(after extracting IR-div)

\ P. Baratella, C. Fernandez, AP  2005.07129

dLIPS oA S B) " Asw (B, )

ext .legs |, |
dictrih 1,72

1 G

i AL, 2,...,n) = | 4"3 C,

phase-space integration & sum over internal states



Example:

Renormalization of the dipole

FR8 1 H




Example:

Renormalization of the dipole

FR8 1 H
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“Emergent” selection rules

1505.01844 (also by susy techniques:1412.7151)

No 4-fermion (#" *#)2 corrections to dipoles

-1 .

Hi@g
A(le, 2|j 13W!a14 ) F—; HI;H

-1/2 -1/2



“Emergent” selection rules

1505.01844 (also by susy techniques:1412.7151)

No 4-fermion (#" *#)2 corrections to dipoles

!
A(le, 2 ,3wa, 4, ) .-%’.2.'1.’%. FH 10 “!! H

-
'Awnie = ! o5 dLIPS Age (Le, 2, 35,40) " Asmi(4e, 3, 3wz . 4 )



“Emergent” selection rules

1505.01844 (also by susy techniques:1412.7151)

No 4-fermion (#" *#)2 corrections to dipoles

!
A(le, 2, 3wz, 4, ) .'%’.2.'1.’%. 12 ut ¢ H

Reotal = -2
Absent in the SM

T

1 7 I INn 1 I I
! F dLIPS A|uqe (161 2| / 3g1 4p) ASM (46’ 3' d 3W!a I 4H )

' AwHle



No p2H4 corrections to H

e.g./
|‘~"" | \ | —

Reotal = -2
Absent in the SM




No p2H4 corrections to H

e.g./
(H DuH)” RPN Fr F" h?
@ N\

----.---. Reotal = -2
Absent in the SM

Only exception in the SM of |h|=2 amplitude:

k D q
-
4 Yu

A\Y U



But the on=shell methods also tell us
about the non-zero result



But the on=shell methods also tell us
about the non-zero result

From Feynman approach:

F2H2
My -2 172 72

very different contributions



But the on=shell methods also tell us
about the non-zero result

From on=shell approach: 1 A; | AjAswm




But the on=shell methods also tell us
about the non-zero result

From on=shell approach: 1 A; | AjAswm

ASM (1!ﬂ, Z!ﬂ, 3V! 1 4H )

from the same SM amplitude!



But the on=shell methods also tell us
about the non-zero result

From on=shell approach: 1 A; | AjAswm

'0‘

No calculation wasted
in the on-shell method Asm (1!ﬂ’ 2, 3V! Ay )

from the same SM amplitude!



At O(E2/! 2);

C
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At O(E2/! 2);

C
Ars(ly .2y 3y )= —-112123131

Ck2
AF2!2(1V! 12V! 13! 14!) - ::22.2!12'2’
- A
—_ CF"Z! | l SM(‘Z
A2 (1y, 20,3 ,4) = | 2 112118, "\!g’a’é)H

! 1 4
Aca(l,2,3,4) = Call12134+ Cl 113124 = ")

| "]
Aa(1,2,3,4) = C4!112712] + C; 4!113'[13] 2
C. g 2 |
Avgo(l,20,3,4) = —5-113723] n=4
C 200 h=0
Avog(Lle 2,30, 40) = 112'[34].
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But there is more to say by
angular-momentum decomposition
(partial-waves)

VV#

"

A(1h,,2n,,3n,,4n,) = €' (Nt ha) nyd? . (1)a’

h12 hgs




But there is more to say by
angular-momentum decomposition
(partial-waves)

A(ln,,2n,,3n,,4n,) = €' (N2t N4s) nydi, n,, (1)@’

TTT—

Example of dipoles:

| TT— S

-

A(le,2,3w, .4y )=3e "dt(1)a’

only one partial-wave



But there is more to say by
angular-momentum decomposition
(partial-waves)

-1/2 =-1/2 -1/2 -1/2 j=|

'
Not needed the full J=1
Ag\

SM amplitude, only:

B. vonHarling, P. Baratella, C. Fernandez, AP 2010.13809

angular-momentum selection rules:
see also arXiv:2001.0448 |

Amplitudes with J% cannot contribute to dipoles



Anomalous Dimensions as a product of partial-waves

B. vonHarling, P. Baratella, C. Fernandez, AP 2010.13809

| I3
|+ dgnv Apsm

/A2 amplitude
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Anomalous dimension mixings:
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Color factors & signs from fermions



After treating IR-div, shocking simplicity for gravity:

J=4

| 2
© 3

n I
16! 2

0
O " CRS
L | " Cgra

315

+ Crossing




Some contributions are not so simple:

* Renormalization increasing the legs:

Awsz ! dipole

n=3 n=4
: l [ ] o HT
[ | %7 wb @ €

appear logarithms (e.g. Log[s/t]) that,
although cancel in the total sum,
complicate the calculation



Beyond one-loop

L — P

2005.06983
2005.12917

Two-loop: 2112.12131

Jos=ogiiNone SIS “vu 8

1-loop 1-loop




Two-loops for $—e"

T —

J. Elias-Miro, C. Fernandez, M. Gumus, AP 2112.12131

"
(H iDyH)(er#"Ur) affects 4! ey at the two-loop level:
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product of tree-level amplitudes



Finite terms?

T — E—

Difficult in general, but simplifies a lot
for BSM calculations, where new physics scale M >> Eexp

New insights from the amplitude method!



After one-loop reduction to Passarino-Veltman integrals

Ai = Colo + Czl3 + Cal 4 + rational
bubble triangle

o A K

\4

double cut It can be shown

(internal particles on-shell) to be zero
at order |/M2

L. Delle Rosse, B. von Harling, AP in 2201.10572



After one-loop reduction to Passarino-Veltman integrals

| 3 + C4 4 + rational
triangle

Yy N/

\4

Quadruple cut Not possible It can be shown
(internal particles on-shell) to Perform to be zero
a 4-cut at order |/M2

L. Delle Rosse, B. von Harling, AP in 2201.10572



After one-loop reduction to Passarino-Veltman integrals

| > + Cala + Cal 4 + rational

triangle

o A M
\

\4

triple cut Not possible It can be shown
(internal particles on-shell) to perform to be zero
a 4-cut at order |/M2

L. Delle Rosse, B. von Harling, AP in 2201.10572



Finite terms to g-2

— =

No contribution O(1/M?) to dipoles
from a heavy singlet + doublet fermion:

N %k
%7 < ~ O(1/M%)
' S¢ L et
| < ~m <
f Y Yy Yr

N.Arkani-Hamed, K. Harigaya 2106.01373



Finite terms to g-2

— ——

No contribution O(1/M?) to dipoles
from a heavy singlet + doublet fermion:

| methodS: L. Delle Rosse, B. von Harling, AP in 2201.10572
hel
n—S

m (o
fro

M 2 E M 2 )‘\\ //&

S L RN | = 0
! | S ) L E
> —< I ~— <
g +H0 N Not possible to put
| S and L on-shell
if the have

different masses

similarly, not possible 3-cuts



Finite terms to g-2

T —

No contribution O(1/M?) to dipoles
from a heavy singlet + doublet fermion:

ethods: L. Delle Rosse, B. von Harling, AP in 2201.10572
. S\.\e\\ m
o -
m " J:Jf ’ J:Jf
\)‘\/ ~ . e \/’\/
N )\ { R
| | S N L | s | | S . L | e
> —= < > v <
+ \\\ /// +
 H° cut cut s  H

even under S<-L



Finite terms to g-2

T — E—

No contribution O(1/M?) to dipoles
from a heavy singlet + doublet fermion:

| methodS: L. Delle Rosse, B. von Harling, AP in 2201.10572
hel
on—S
grom - {ﬂ ; J:Jf
\)‘\/ ~N . e \/’\/
{ \\\ \ % /// \
| | S N L | e | | S . L | e
> —= < > v <
{’\\'\ ¢ + \\\ /// +
OQ\ o’ |Ho cut | cut |H0
b@
Sl
& even under S<-L
‘A 1
odd under S<-L
M2 1 M2
L - S



Finite terms to g-2

E—

No contribution O(1/M?) to dipoles
from a heavy singlet + doublet fermion:

\ meth°ds: L. Delle Rosse, B. von Harling, AP in 2201.10572
hel
on.s
from H” CFV/AJ H J:’/N/AJ
\)\/ ~ . P \/’\/
{ \\\ \ % /// \
| S N L e I S / L .
> l | \\ l < > l // I , )
{’\\'\ ¢ + \\\ /// +
OQ\ K IHo cut Cut s IH0
b@
RN
@«‘“}\& ' even under S<-L
.' 1 Zero
4~ __  oddunder S<-k
M2 1 M3



Finite terms to g-2

T —

L. Delle Rosse, B. von Harling, AP in 2201.10572

Following the same argument, more zeros can be found:

* Scalar + heavy doublet + charged fermion:

! R I Le¢ ,’//|/ EC, :e + <
s (L<-§) Zero

/
cuty HO

* Beyond g-2: Zeros in h! |

Cut g

1 -~
\,\ JE e
/
/
4

+ (L<-B Zero




Conclusions

— S

Amplitude methods seems quite suited for
dealing with EFTs for BSM

® Allows to construct BSM without Lagrangians

® Calculation of loop effects:
Simpler with easy recycling
many “emergent” selection rules

many relations between anomalous dimensions

where Feynman approach is quite obscure



