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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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One must

eliminate redundancies

Many missed
in original papers

(Buchmuller, Wyiler,...)!



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

Lorentz —m——> SL(2,C)

(1/2,172) =(1/2,0)®(0,1/2) /

‘“angle” spinor “squared” spinor

A — T —— R — T

Momenta & helicities as a function of spinors:

u:F(p)P;('Z;‘) ) = (B Bl P, Pe= ()2
o+ ldloulp]  ___ (plould 2pi - pj = {ij)|j1]
Y2 " V2l ——

keep complex momenta!



B.1 Conventions

We start with the conventions taken in this article. We choose the metric 7, = diag(+, —, —, —),
and the 2-component spinors with i = F1/2 to be denoted respectively by |p), and |p]®. The
momentum is given by pae = |p)alpla, and the contractions are

(pg) = p|*|@)a  and  [pg] = [plala]®, (73)

where we follow the conventions of Ref. [28] for raising and lowering indices. We also define
(i|oulj] = (i|*(04)aalj]®, that fulfill the property (i|o,|j] = [j]o,.|i). We also have

1. . S
i = SGle™ld . 2pi-py = ()]l (74)
the Fierz relation
(i|o”|7]k|o"|l] = —2(ik)[51] , (75)

and the Schouten identity

(i) (k1) = (ik)(l) — (Gl (k) - (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 Ref. [29], we define

| = Pa=1ilP)a » | _p]d - i|p]da (77)

that consistently leads to | — p)[—p| = —p.

The convention Eq. (77) fixes the factorization of an amplitude A into a product of lower-
point amplitudes. For the case of a 4-point amplitude with a pole in the s-channel (see Fig. 13),
this is given by

lim s12.4(1,2,3,4) = "9 i A,(1,2,0) iAp(—2,3,4), (78)

812—)0



The SM as an EFT = EFfecive Theory

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



The SM as an EFT = EFfective Theory

At O(1/N0):

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

SM “Building-blocks”

'>Ai _(13)° . S ()
- ) T T 2)(23)
2LIJ 2V+

o oA e _
Sl = (12)y, o = A



The SM as an EFT = EFfecive Theory

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

At O(1/A%: SM “Building-blocks”

T—

4
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Seo = (12)y, S o = A

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

s~ see example



At O(I/A): A(]~H72H73€74€) —

C
1 (34)

New “Building-block”



n = number of external states

At O(1/M?): h = helicity of the amplitude
AF3(1V,zv,sv):%<12><23><31> } "
Apzg2(lv_,2v_,34,44) = CX22¢2 (12)%,
App2o(1v_, 2y, 3y,4¢) = Ciﬁ2¢<12><13>, l?:-‘;
Agr(1,20,30,40) = (Cos(12)(34) + Ca(13) (24)) 13
At (19,20, 30,45) = (Cogp(12)[12) + CLyu (13)13)) 1
Apger(Ly: 25,34, 4¢) = CXﬁ¢2<13>[23]> E;g
A2 (ly, 29,35, 45) = Curg (12)[34].

A2



n = number of external states

At O(|/A2)’ h = helicity of the amplitude
CFS n=3
AF3(1V_7 2‘/_, 3\/_) — F<12> <23> <3].> h=_3
Apeg(ly 20 3,.4,) — CF0%q9y2 pv 2
F2¢2( Vs 4V_ ;D¢ ¢) = A2 < > ,H F Fu,u¢
Clry2 T
Apy2g(Lv_, 2y, 3y, 4¢) = iﬁ¢<12><13>,
, 1
Apt(Ly, 24,3, 4y) = (Cpa(12)(34) + C1u(13)(24)) —

A2

: 1
Apg (14, 29, 3¢, 4¢) = (CD¢4<12>[12]+OD¢4<13>[13])ﬁ

Cypg2 n=4
A@D@Egﬂ(llb? 2@57 3§157 4¢) — A2 <13> [23] 7 h=0
C 2,/2
Ao (Ly,24,35,45) = —5—(12)[34].

A2



n = number of external states

At O(I / /\2): h = helicity of the amplitude

CFS n=3

Aps(ly_, 2y ,3y ) = F<12><23><31> =3
CFngQ

AF2¢2(1V_7 2y_, 3(;57 4</5) <12>2 ;

A2
Clroyy2 %
, 1
Api(Lp, 24,3y, 4y) = (Cpa(12)(34) + Cyu(13)(24)) e

: 1
Apg (14, 29, 3¢, 4¢) = (CD¢4<12>[12]+OD¢4<13>[13])ﬁ

Cyigg2 n=4
Apggr (L, 25,36, 40) = —5—(13)[23], h=0
C 2.1,2
Apoge(14,24,35,45) = —=(12)[34].

A2



At O(1/M\?):

Ay2gs (1y, 24, 3¢, 4¢,5g) =

Clags

Ao (1g, 24, 3¢, 44, g, 64) =

A2

Clys
AQ

(12)

n=>5
h=-

> D

o o



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
A _OZ’, Oj,

One-loop operator mixing important:

(tells us how BSM enter in observables)

dCi
Me Ve, = ., (c;) ¢;i=Wilson

/ dlogpu 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,,,
Eeff:?‘C(TM’T’ A2 Ag>/~1£4+£6+...
SM

A _Oiyoj,

i | One-loop operator mixing imnortant:
(tells us how BSM ar«- -

e C; = Wilson
_ coefficient




One-loop anomalous dimension of dim-6 operators

Ve (Cj)

Osp, Opp, Op O, O, 0% 0y O, O_ Oy Oy
vanishing entries
2
“
é]é a
Co:
...................................... > 87 *Z — O
C;
vanishing
entries
)

arXiv:1412.7151




Very practical example:

Renormalization of electron EDM

Recent strong bound by ACME experiment:

d.| < 1.1-107* 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- IOOP mixing: Panico, AP, Riembau arXiv:1810.09413

1-loop 5 .
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out of 59 operators

For example, no 4-fermion (Yy"{)2 contributions

Mysterious from

Feynman approach!

172 -1/2



One- |oop mixing: Panico, AP, Riembau arXiv:1810.09413

1-loop

’ Ol ugqe

7
7

y 3
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~
~

h OWW’ OBE’ OWE

Two-loop mixing: out of 59 operators

1-loop

(1)
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P Oluqe ~
@, O “// RN O€/W7OUW7OCZW
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1-loop (finite)



One- Ioop mixing: Panico, AP, Riembau arXiv:1810.09413

1-loop

- Oluqe

7
7
7

y 3
OeWa OeB *

~
~

A OWW’ OBE’ OWE

Two-loop mixing: out of 59 operators

1-loop

(1)
2.0 1-1 e Olequ
Olec?cj? Olel_’é’ oor oor &7
e Oluqe <=
O %, "/ RN O€/W7OUW7OdW
eW,YeD -
AR -2 | Oup, Oup, Oup
» ~ O O O P - Y Y
O, S | YWW YBB Y WB| % _
e | O

1-loop (finite)

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



One-loop mixing (anomalous dimensions)

A; A;




After one-loop reduction to Passarino-Veltman integrals

A = Z Colo + Z czls + Z cq414 + rational

bubble triangle box

YE o A X

v

UV divergent = ¢; = anomalous dimensions




After one-loop reduction to Passarino-Veltman integrals

A = Z Colo + Z czls + Z cq414 + rational

bubble triangle box
Aj

double cut

(internal particles on-shell)



After one-loop reduction to Passarino-Veltman integrals

A = Z Colo + Z czls + Z cq414 + rational

bubble triangle box

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

(internal particles on-shell)

A

P. Baratella, C. Fernandez, AP 2005.07129



After one-loop reduction to Passarino-Veltman integrals

A = Z Colo + Z czls + Z cq414 + rational

bubble triangle box

C2 Zero contribution
(after extracting IR-div)

\ P. Baratella, C. Fernandez, AP  2005.07129

1 ¢ f
vij Ai(1,2,...,n) = — 30, dUIPS Y Y 04, 0y Aj (e =1, —L2) X Agni(£a, £, .. )

ext.legs g,/
Aictrih 1,%2

phase-space integration & sum over internal states



Example:

Renormalization of the dipole

Fro,,v H




Example:

Renormalization of the dipole

Fro,,v H




“Emergent” selection rules

1505.01844 (also by susy techniques:1412.7151)

No 4-fermion (Yy!y)2 corrections to dipoles

-1 .

Fr¢o,,v H

A(167 2lj7 SWE ’ 4HT)

-1/2 -1/2



“Emergent” selection rules

1505.01844 (also by susy techniques:1412.7151)

No 4-fermion (Yy!y)2 corrections to dipoles

/VAWHle — A / dLIPS Aluqe(lev 2l7 3/67 42_) X ASM (427 327 SWE y 4HT)

T3



“Emergent” selection rules

1505.01844 (also by susy techniques:1412.7151)

No 4-fermion (Yy!y)2 corrections to dipoles

_ FFapo H
A(167 2lj7 SWE ) 4HT) -1/.2 a .1./%, w Ml/w

Reotal = -2
Absent in the SM
1 T

,YAWHZG — A / dLIPS Aluqe(lea 2l7 3/67 42_) X ASM (427 327 ?)Wf y 4HT)

T3




No p2H4 corrections to Hyy
eg/
-1 1
H'D, H)?

----‘---. htotal='2
Absent in the SM

—



No p2H4 corrections to Hyy
eg/
-1 1
HTD H
( ‘LLL; \l\l\r FaBFaﬁ h2
-- .“:." \ o o

T Rtotal = -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
(@w)z -1/72 7 -1/2 2 -

very different contributions



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

From on=shell approach: ~.A4; ~ iAjASM




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

From on=shell approach: ~A; ~ iAjASM

ASM(L&? 21757 SV_74HT)

from the same SM amplitude!



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

From on=shell approach: ~.A4; ~ ZéAjASM

'0‘

No calculation wasted _ _
in the on-shell method ASM (1"9b’ 2¢’ 3V 4HT)

from the same SM amplitude!



At O(E2/\2):

A

AFS(lv,2v,3v):%<12><23><31> SA@ G 3y,

_— 1)

Apzg2(lv_,2v_,34,4¢) = CX?Q (12),

Apurs(1v, 2,30, 46) = Ciﬁ2¢<12><13>, n_=2
Api(Ly, 2,3y, 4y) = (C¢4<12><34>+C'4<13><24>)% -
Aot (162630 49) = (Crpr(12)[12] + Chu(13)[13))

Az (Ly, 25539, 46) = qfé& (13)[23],
Ayege(Ly, 2¢,35,45) = Curg (12)[34] .

A2



At O(E2/\2):

Cps
Aps(1y .2y .3y ) = A—Z<12><23><31>
- CF2¢2 9
AF2¢2(1V_72V_73¢74¢) — A2 <12> 9 V4
Cry2 SM(] -
AF¢2¢(1V—72¢73¢74¢) — iﬁ¢<12><13>7 &)2?5 3
J 6’ 4
: 1 ’
Ayt (1, 20,3p,45) = (Cun(12)(34) + Cpa(13)(24)) 15 w41

: 1
Angs (14,24, 39, 4¢) = (CD¢4<12>[12]+CD¢4<13>[13])ﬁ

C. 72
"410159252(1%21573@574@5) — Kgb (13)[23], n=4

O 2.7,2
Ayzg2(1y, 24,35, 45) sz (12)[34].




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

A(1h1 9 2h2 9 3h3 9 4h4) — 6z¢(h12 as) ( ) Z njdh12h43




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

A<1h1 9 2h2 9 3h37 4h4) — €Z¢(h12 as) ( ) Z njdh12h43

TTT—

Example of dipoles:

| TT— S

-

AL 20 3w dg) = 369471 (0) 0

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=|

v

Not needed the full CLJ: 1
SM amplitude, only: SM

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

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

Amplitudes with Jzlcannot contribute to dipoles



Anomalous Dimensions as a product of partial-waves

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

J J
Vi ~~ AN ABSM

L‘r | /A2 amplitude



Cw Hie 0
Awite(Le, 21, 3w, 4y1) = — 5 (31)(32)(T),5,

A2
Atiao(Les 20, 30, 4 ):Cel“q0<12><34>e--
elug,0\ tes <l;y Qus *q; A2 (Y n=4
Coua1 1 —J
Actig (e 2030, 4,) = —otd = ((28)(41) + (13)(42)) e, P2
C
Awzp2(lwe, 25, 3we, dy1) = V/V\f (13)2 .
Anomalous dimension mixings:
Cil al X = ai
TWHle WHle W Hle ~J—1 cYu  Ye W Hle
Velug,1 eluq, eluq, o Q2 —Yu X &eluq,l
Tw2H? CW2H2aW2H2 Ye 0 X a%/[/QHQ

N\

Color factors & signs from fermions



After treating IR-div, shocking simplicity for gravity:

9 | J=0 J =14
Acr., 0 —2
Acr_ g 0 X 162
A ps < 0 X C'p3
A pa z — | X Cpa

~ 1 s t—
Yr3sAps = i = ( u) + crossing

472 1672 M3, S

I —u

) + crossing
S

4
’YR4AR4 — _CR‘L@ (W) ai{§2 aé??i__’reg P2 (



Some contributions are not so simple:

* Renormalization increasing the legs:

AWS — dipole

—

n=3 n=4
: l [ ] o HT
LW WY ;

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

JoSSoERENORE SRRl “E8Cl




Two-=-loops for p—ey

T —

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

= _
(H'i D ,H)(ery"1r) affects p—ey at the two-loop level:

S Z—>|,le
I
2 B / Z 1
'\/\,\’\‘.g i
i
Yt : Yt 4
s~ I o ’
Vs Y \ +H
4 ! L W 4
! ! 1 !
I
et LY L%
R 1 L L

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

A = Z Colo + Z czls + Z cq414 + rational

bubble triangle box

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

Iz —+ 313 -+ Z C4I4 —+ rational

triangle box

A bubble

oA
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

I, + Z czls + Z cq414 + rational

triangle box

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:

:&f/q
¢+k o >

Nk
< N

14 S° L\ e’
| < > <
— YI %+YV Yr
+q+k
p pTq |H

~ O(1/M4)

N.Arkani-Hamed, K. Harigaya 2106.01373



Finite terms to g-2

— P

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

hod“ L. Delle Rosse, B. von Harling, AP in 2201.10572
j met °
he
n—S
m (o)
fro
y

DO = () - J:IJAJ

2 2 EN DRy
Mg # Mf £y = 0

14 | S * L | e
> —< I ~— <
g +H0 R 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:

| methodS: L. Delle Rosse, B. von Harling, AP in 2201.10572
|
-shé
on ¥ y
m H+ C/Nf\/ H+ C/,J’J
\)‘ \/ ~N . e \/ ’\/
{ N . . \ % ) / ’ \
14 I S N L l e /! I S P L , e
> —= < > v <
+ HO b N\ 7 7 + HO
| cuty, cutg |

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
|
-shé
on ¥ y
m H+ C/Nf\/ H+ C/,J’J
\)‘\/ ~N . e \/’\/
{ \\\ \ % /// \
14 l S N L l e /! l S P L , e
> —= < > v <
W\ N ’
S b 7 A
OQ\ o’ | H° cuty, cutg | H°

even under S~L

4 1 odd under S~L
M



Finite terms to g-2

T — ——————

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

thods: L. Delle Rosse, B. von Harling, AP in 2201.10572
. She“ me
on- gl ol
m H+ C/"’f\/ o+ J:’/N/AJ
\)‘\/ ~ . e \/’\/
RN )\ { R
14 l S S L l € 1 l S P L , e
> —= < > v <
N . ,
. b RO
OQ\ . CHY euty cuts H

even under S~L
S Zero

4 1 odd under S—L
M



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:

(i el g .
=y (L—E) Zero

/
cuty, | H°

* Beyond g-2: Zeros in hyy

cutg

1 -
\,\  E e
/
/
'

+ (L<—>E) i~ 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



