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Makes explicit a Lot of information - -
that one canwnot see from the Feynman approach! j
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Demanding: ¢ Lorentz invariance
* Unitarity & locality:

(single poles & factorization)



Spinor-helicity formalism

Lorentz —m—m—o— SL(2,C)

]9“ —> Paa — |p p|a

(1/2,1/2) =(1/2, O)®(O 1/2) / \

‘“angle” spinor “squared” spinor

A — T — S

P)a — e 10/2 D)o Helicity -1/2

eUnder Little grou
: i { pla — e?/ 2\p] Helicity +1/2

eLorentz invariance: (pq) = (p|*|q)a 3 |Pq| = [p\a\Q]d



4-graviton amplitude:

(—> helicities (Little Group)

(13)4[24)°
stu

x GN

A(17273747) =

dim analysis & single-pole structure



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




Ordinary EFT approach




Ordinary EFT approach

Ou = SO HPY
PN 2
Or =1 (HTDMH)
O = A H|°

. —
Ow =4 (Hio"DMH) D'W,
. <
Op = HTD“H> 0" B,,

O = —3(D"W,)?

2
Osp = —1(8"B,)?
Oaq = _%(D“Gﬁu)z

Opp = ¢°|H|2B,, B"

= ig(D"H)'e*(DYH)W,
Opp = ig’ (D*H) (D" H)B,,

1 b
Oy = Ly War W8 e
Osq = 319sfapcGL Y GE GEP*

) A2

0, = yu\H|2QLquR
0% — (iH' D, H) (gyuz)

O} = (iH'D,H)(Q11"Q1)
0" = (if110* D, H)(Q1r"0" Q1)
Ot = (QLy" QL) (UrY"ur)
OFR" = (QuI*TAQL) (upy" T ur)
Okr = (ury"ur)(ury"ur)
0, = (Qu"Qr)(Qu"QL)
| 05" = QT Qu)(Quy"T*Qr)

08, = (Quy"Qr)(Liy"Ly)
OfL)ql = (Qu"o"Qr)(Lry"o"Ly)
Ofr = (Qu"Qr)(er"er)
Ol = (Ly" L) (upy"ug)
O = (apy"ug)(dry'dr)
(’)gﬁ“d = (apy"T*ug)(dpy*TAdR)

Ofr = (upy"ur)(ErY"eR)

Oy, = yalH?Q Hdp
,,,,,,,,,,, VILRLTOR L

O% = (iHTDuH) (CZR")’”dR)

Odp = (Qr1"Qr)(dry"dr)
OB = (Quy"T QL) (A" TAdR)
Otr = (dr"dg)(dry*dg)

Oy = (Lin"Li)(dry"dg)

0% = (dry"dg)(ery"er)

Oye = yelH‘QLLHeR
0% = (iH'D,H)(epy er)
O}, = (iH'D,H)(Ly7"Ly)
OV = (iH1o* D, H)(Lyy 0" Ly)

05 = (Ley"Li)(ery*er)

O%r = (er7"er)(ErY"er)
0L, = (Lin" L) (Ley*Ly)

O = ylya(iH' D, H)(agy"dp)
Oyuya = Yua(QLur)ers(Q5dR)
O, = yuya( Qs TAug)e,s (Q5TAdR)
Oyuye = Yule(Qrur)ers(Li er)
O, e = YuYe(Qrer)ers (L5 us)
Oyeyy = yeyL(LLGR)(CIRQL)

Ohp = yuQro™ug ]Tlg’BW
Oy = yuQro™ur c*HgWy,
Obg = Qo T up Hg. G,

O%B = deLUW/dR Hg,B,uV
O%W = deLU#VdR O'GH‘(]I/I/SV
Ohe = yaQro T4dg Hg, Gy,

OeDB = yeLLO'IWGH Hg/B/,uz
0% = yeLroMeg o HgWg,

One must
eliminate redundancies

Many missed
in original papers
(Buchmuller, Wyiler,...)!



An important gain in simplicity:

the power of being on-shell!
‘A

Oi—>>.\<

Ghosts, Golstones,... only physical states (p2=0)

(p2#0) ‘> definite helicity
(h= %)




The SM as an EFT = EFfective Theory

Expansion: <ij»/AZ, [ij]/\?

SM “Building-blocks”:

W)
L
1
—~
-
DO
~—



n = number of external states

At O(E2/A?): 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 Q(Ez / /\2); h = helicity of the amplitude

CFS n=3

Aps(lv_,2v_,3v.) = F<12><23><31> h=_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



Clg

Ay2gs (1y, 24, 3¢, 4¢,5g) =

Ao (1g, 24, 3¢, 44, g, 64) =

A2

Clys
A2

(12)

n_

5

h=-

> 5
11l

o o



Il1l. EFT renormalization
via amplitude methods




One-loop mixing

T —— T————

A; A;

Of great importance:

In particular, the RG=running of the (Wilson)
coefficients of the amplitudes (the anomalous dimensions)
needed for making contact with low-energy experiments

e.g. for muon g-2, they must “run” down to E~m,,



After one-loop reduction to Passarino-Veltman integrals

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

bubble triangle box

YE o A X

v

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 C; [ ~
dLIPS S: S‘Aj(...,—fl,—gg) XASM(KQ,EL...)

473 O
J ext. legs 61 62

distrih

phase-space integration & sum over internal states



“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
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“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

e.g /

(H'D, H)’ T Y Fl3F*"h3
o : : .
---‘:.:'.-. o o




No p2H4 corrections to Hyy
e.g. /
-1 )
(HTD H hb&"s\'\l\r 1




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

----‘---. htotal='2
Absent in the SM

—



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

Contributions to dipoles from Feynman approach:

O o

(aup)z -1/2 -1/2 -1/2 -I/2

very different contributions
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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!



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

Example of dipoles:

| TT—— P

-

A(Le, 203w, Agrr) = 3~ df (8) !

w2

only one partial-wave!



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

Example of dipoles:

-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



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!



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

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
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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

T — E—

Get on-shell!

® 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

A4 lot to do! Stay [uned!



