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EFT approach to new physics

‘> Effective Field Theory

To (humbly) accept that:

The SM provides a good description of physics at low-energies (E«<A)

0
1 New states (susy, compositeness,...)

/\ ]

energy range of validity
of the SM

Me,h,W ~|100 GeV

assumption based on the many tests of the SM!

...and that Nature does not conspire to fool us!



We can then Taylor expand (SM fields and derivative over A):

(assuming lepton & baryon number)

A Du gHH gfL,RfL,R gFV
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dimension-4 terms:

The SM




We can then Taylor expand (SM fields and derivative over A):
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dimension-4 terms: dimension-6 terms:
Leadin
The SM acing
deviations

from the SM




Grzadkowski et.al. JHEP 1010 (2010) 085

SM EFT: L

assuming L & B
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Too many terms to understand the implications?



The SM EFT is an useful approach
as it allows to better understand
the interplay of different experiments

Many many examples of correlations:

1) Either by operator mixing:

A —Oi,Oj,...
i
mw—— 0U;

Low-energy experiments can be affected by different operators



CP-violating Higgs operators

McKeen, Pospelov,Ritz 12

EDM

ﬁ

Kyys I 0'5
LHC not competitive!



J. Elias-Miro, C. Fernandez, M. Gumus, AP 2112.12131
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Much better constraints from these observables!

PRn 7 e) | DR = e LHC bounds on Z,h— pe
Current 4.2-1071[33] 1-1071'% [34]

Future 6.0-10"14 [37] 1.1016 [38] Ol‘deI‘S OfmagnltUde beIOW’




2) Either by accidental symmetries:

* Deviations in Z/WV couplings to fermions related:

Zfiff «—> WHIf’ Custodial symmetry in Le !



2) Either by accidental symmetries:

* Deviations in Z/WV couplings to fermions related:

Zfiff «—> WHIf’ Custodial symmetry in Le !

Branching fractions W = e, y, T

After LEP Z-measurements, e e
not expected deviations W = €1, . o = o

in WfL.f_ at the LHC

w/ LU
Br(W —£) = (10.89 + 0.08)%
Br(W — h) = (67.32 + 0.23)%

— 1 (10.94 £ 0.08)% -~
W /,”/’u 10.94 + 0.08

CMS
W — TI/T 14 (10.772021)% =t
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2) Either by accidental symmetries:

* Deviations in Z/WV couplings to fermions related:
Lfifp «—> W Custodial symmetry in Le !

e Deviations in H—2ZZ" and H=>WW¥ related:

AP Riva 308.2803

B F(h%WW( ) FSM(h—>ZZ ))~|+066g|2 056KY- | 6KZY

ANz = [SM(h — WW®) T(h— ZZ®) \ / /

h—Zy

Not expected to see these deviations at the LHC!



Nevertheless, a lot of unexplained
cancelations (“zeros?”)
reported in the last years...



I. Many absence of mixings to dipoles F"“yo,, v H

‘%
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&~ give zero mixing




I. Many absence of mixings to dipoles F"“yo,, v H

‘%

\If”)/’u\If)z \Ij/yN\Ij)HTD H at Ieading order

&~ give zero mixing

Il. No p2H4 corrections to Hyy F"'F, |H|"

T ——

. : &~ give zero mixing

N 4
---c--. at leading order
2




Finite terms to g-2

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

s~ 0(1IM9)

+a+kh o N.Arkani-Hamed, K. Harigaya 2106.01373




Finite terms to g-2

| — O

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

Nk

AR ~ O(1/M4)

14 l S¢ L e*

=V W

popHa+kh N.Arkani-Hamed, K. Harigaya 2106.01373
I

Finite terms to Hyy

| —— ——————

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

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



Asking for a better understanding...



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




An important gain in simplicity:

the power of being on-shell!
‘A

0 — 8
| \

Ghosts, Golstones,...

only physical states (p2=0
(020} y phy (p*=0)

> definite helicity (h = ¥)



An important gain in simplicity:

the power of being on-shell!
‘A

0 — 8
| \

Ghosts, Golstones,...

only physical states (p2=0
(020} y phy (p*=0)

\> definite helicity (h = ¥)

pH— P04 = Daa = |P)a|P]a

o

‘“angle” spinor

Spinor-helicity
formalism

“squared” spinor




The SM as an EFT = EFfective Theory

— of Amplitudes

Expansion: /A, [13]/\

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



I11. EFT renormalization
via amplitude methods

A; A;



One-loop reduction to Passarino-Veltman integrals:

A = Z Cols + Z csls + Z c414 + rational

bubble triangle box
Aj

¥E o A X

v

divergent = ¢ = anomalous dimensions




One-loop reduction to Passarino-Veltman integrals:

A = Z Cols + Z csls + Z c414 + rational

bubble triangle box
Aj

o A X

double cut

(internal particles on-shell)



One-loop reduction to Passarino-Veltman integrals:

Z CzIz -+ Z (3313 -+ Z C4I4 -+ rational

bubble triangle box

o A K
| \ /

C2 Cancel out in IR safe quantities

double cut

(internal particles on-shell)

P. Baratella, C. Fernandez, AP 2005.07129



One-loop reduction to Passarino-Veltman integrals:

A = Z Cols + Z csls + Z c414 + rational

bubble triangle box

1 C; ~
— /dLIPS Z ZAj(...,—gl,—fg) XASM(KQ,gl,...) = Yij Az(l,Z,,n)

473 O
ext.legs (1 0o
distrib.

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



“Emergent” selection rules

1505.01844 (also by susy techniques:1412.7151)

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

1
YAW HIe = ~ 43 dLIPS Apyge(Le, 21, 35, 47) X Asm (4L, 37, 3wea, 4pt)



“Emergent” selection rules

1505.01844 (also by susy techniques:1412.7151)

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

" by FM oy, H

w.

-1/2 -1/2 htotal = _2
Absent in the SM
1

YAW HIe = 03 dLIPS Apyge(Le, 21, 35, 47) X Asm (4L, 37, 3wea, 4pt)

3




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



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

From on=shell approach: ~4; ~ jAjASM




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

From on=shell approach: ~4; ~ 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: ~4; ~ iAjASM

No calculation wasted ASM (1@7 21;7 SV_ 7 4HT )

in the on-shell method

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:

Not needed the full a J=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



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

| — R

e The SM is an EFT: dimension-6 interactions are there
waiting to be discovered (not clear though at which scale)

® EFT approach useful to understand correlations

® Nevertheless, many unexplained patterns (one-loop “zeros™)

== Getting 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
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® EFT approach useful to understand correlations

® Nevertheless, many unexplained patterns (one-loop “zeros™)

= Getting 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



RESTRICTED AREA
MONITORED




BR(u — eee) R(uN — eN) BR(h — ue)

BR(p — e7)

6.1-1075 [36]

710713 [35]

1-10712 [34]

1-10716 [38]

4.2-10713 [33]
6.0- 10714 [37]

Current
Future

810717 [39]

[ —> ey 1L — eee uN — eN h — ue
cre _ cme 951 TeV 218 TeV 208 TeV
DB bw (1547 TeV) (2183 TeV) (1812 TeV)
che Lo 127 TeV 26 TeV 24 TeV
DB bw (214 TeV) (309 TeV) (253 TeV)
ce 35 TeV 160 TeV 225 TeV
R (59 TeV) (1602 TeV) (1535 TeV)
ohe 4 e 4 TeV 164 TeV 225 TeV
L L3 (7 TeV) (1642 TeV) (1535 TeV)
cme _ ome 24 TeV 35 TeV 50 TeV
L L3 (41 TeV) (421 TeV) (395 TeV)
Cett 304 TeV 63 TeV 59 TeV
Lue (510 TeV) (735 TeV) (604 TeV)
et 80 TeV 14 TeV 5 TeV
LeQu (141 TeV) (209 TeV) (57 TeV)
(e 207,174 TeV
LL(RR),LE(RL) (2070,1740 TeV)
C,ueuu 352 TeV
LL.RR.LR (2693 TeV)
(medd 376 TeV
LL,RR LR (2725 TeV)
Cﬂdde 18 TeV
Lk (164 TeV)
o 14,16,14,16 TeV 22 TeV
LL,RR.LR,RL (174,194,174,194 TeV) (200 TeV)
cerr 20 TeV 55 TeV
LL3 (247 TeV) (476 TeV)
cett 122 TeV 21 TeV 22,32,32,22 TeV
LL,RR,LR,RL (214 TeV) (317 TeV) (200,290,290,200 TeV)
et 230 TeV 41 TeV 100 TeV
LL3 (401 TeV) (592 TeV) (851 TeV)
bt 14,16,14,16 TeV 22 TeV
LL,RR.LR,RL (174,194,174,194 TeV) (200 TeV)
. 4 TeV 1 TeV 1 TeV
Cy (6 TeV) (9 TeV) (7 TeV) 0.3 TeV

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



de| < 1.1-107%e.

c1n .

2-loop

\

tree-level
Cow | 5.5 %1072 y.g
Cep | 5.5 %1075 y.q
one-loop
Cluge | 1.0 x 1073 gy
Copi | 47 x 1073 g2
Cpz | 52x1073 g2
Ciwg | 24 x1073gg
Cw | 64x1072g3

1-loop
1-loop -7 -
. Oluqe :
OeWa OeB ::
""w-.‘\ Owiir» Opi Owi ::
"""""" Py e
two-loops
Crequ | 3-8 X 1072 gy
CTW 260 yTg
C. B 380 y,g '
Cow | 6.9 x 1073 yg
Cig | 1.2x 1072y,
Cyw 64 ypg
Cyva 47 ypg'
Cregz | 10veye(ye/ys)
Crearir | 0-63yeyt(yt/yr)

1
Ol(e(iu,

" |Ocws Ouwy Oaw
Oe’Ba OuB’ OdB

O
two-loops finite
Cy. 14 yeAp
Cy, 14y Ap
Cy, | 2.9 x 10% ypAp
Cy, | 3.4 x 103y Ay




