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Low Energy Experiments: Intensity (Precision) Frontier

Ener gy Direct measurement of high-energy physics

. (Bigger Accelerators, Higher Energies, etc.)
Frontier

Proving nature for

clues of NP BSM

Small deviations in SM predictions due to

Intensity _ . |
] loop-corrections from high-energy physics
Frontier (More exp. & th. Precision)

'

Experiments with CoM energy: s < Mz, ~ (100 GeV)Z.

Most particle physics experiments up to date...
+ Lepton and Hadron Decays
+  Electric Dipole Moments
+ Anomalous Magnetic Moments
n

Neutral Particle Oscillations

Winter Meeting ICCUB 2023 | Pol Morell Ferrer K



Low Energy Experiments: Intensity (Precision) Frontier

These high—precision low—energy experiments also require high precision
theoretical predictions (Feynman diagrams with many loops).

é _, Working within the full SM leads to severe technical
difhiculties (e.g. logarithms of very different scales).

(M, M7 > mp, m. > m,)

Many of these issues can be solved by
working with an EFT defined at

these low energies!

Low-energy Eftective Field Theory
(L.E.ET)
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LEFT: Crash Course

Standard Integrate out the W+, Z, h,t
Model
(d-4)

1

() s

LrerT = Livmions + Lqcp + LQED + D 4oy Lz(d) 0§d) } SU(3)e x U(1)em

Low-Energy EFT
(LEFT, a.k.a. WET)

~A
67/”’77-7 VB?”H)”T? u? C? d? S7b7 G/J,]/7F/.LV (L7R)
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~A
e?l'L?T? V€7VH7VT7 u? C? d7 S7b7 GMV7FﬂV (L7R)

y &

d;

L.
>

d —_ 5 dz dJ
~ (A:;w) chg; = ((L‘O’”VPRTAdj)GﬁV %
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LEFT: Crash Course

Standard Integrate out the W+, Z, h,t
Model

Low-Energy EFT
(LEFT, a.k.a. WET)

(6m)
L1EFT = Lefermions + £Qcp + LqQED + Zd>4 } SU(3)c x U(1)em
€ s Ty VerVps Vry UG, dy5,b, GAF,, | (L, R)
d=6 W
1) V,LR
~ () 0% = (e Pre) (@, Pru)
e, es
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Why working with the LEFT?

(6m)
Lumer = Ciuen + Lacn + Lagp -+ S LIOP

This offers two important advantages...

1. Ressumation of large logarithms of ratios of scales.

(A> ) : log (%) — log (%) —log (4)
1 L Matching into L; (i)

R G-Improved Perturbation Theory in the EF”{/\/

The resulting EFT has small

My logarithms around p ~ A!

(e.g. log( = ) in quark decays)
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Why working with the LEFT?

(om)

LLEFT — ['fermions + LQCD + LQED + Zd>4 L(d)(’)(d)

7 7
This offers two important advantages...

2. Very efficient method for characterizing new physics.

Energy

! / Multiple Possible UV-Completions
—1— UV-Scale

Matching
—— ~100 GeV

— Experiments  *
Phenomenological fit Smg]e Universal EFT

(Model-Independent)
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Why working with the LEFT?

(om)

£LEFT — ['fermions + LQCD + LQED + Zd>4 L(d)(’)(d)

7 7
This offers two important advantages...

2. Very efficient method for characterizing new physics.

Energy

! / Multiple Possible UV-Completions
—1— UV-Scale

Matching
—— ~100 GeV

— Experiments  *
Phenomenological fit Smg]e Universal EFT

(Model-Independent)

But also... every QFT is an EFT, even the SM!
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LEFT Example I: B-decays

b— sl } Involved in B-meson decays: B — K/ T4~
(Rk & Rk-)

Operators contributing at tree level:

e O(%) ¢ Lyssere- = Lay X (56" Prb)F,, + Lay % (50" Prb)F,

bS 4 J Sb T J

YT Y
Od’)’ Od’)’
bs sb

g-l—

time

>
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LEFT Example I: B-decays

b— sl } Involved in B-meson decays: B — K/ T4~
(Rk & Rk-)

Operators contributing at tree level:

e O(%) ¢ Lyssere- = Lay X (56" Prb)F,, + Lay % (50" Prb)F,

bS 4 v J Sb |\ v J
T
O O
\ 0 ¥
b S
. %¢ (- ¥ ~T,L T.R
> —2q—§ (um“w) [Ldfyfu -+ Ldfyfﬂ ]
I bs sb
*xq" = pp +pp* l l
A (ﬂ'sqyau,uPL,Rub)
time ’ { Tensor Form Factor (K|5¢”0,,Pr rb|B) }
|
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LEFT Example I: B-decays

o O(h): Ly =IO} + LiOusy + Ly + LV FOVH

bs by sb  sb e o e el
VRR VRR VLR VLR V,.LR AV,LR
+L' O+ L O T+ L0
b, S e diw b s i shi
SRR SRR SRR S,RR SRL SRL
+ LYRROSER | [SERxoSIRT | S G5
y A s Libs e oo
“a = g+ pln ~ S, RL * NS RLT T, RR + AT,RR T,RR ;AT,RR
+ L, O+ L0 + L0
(s Libs s (s Cisb  Llsb
//a
e_
b S
> >
//a
time
>
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LEFT Example I: B-decays

® O(%) t Lpgpre- = LdWOd + Ld”YOd’Y + LeyOey + LV LLOV;;JL
bs  ba b sb e tesb  Clsb
_l_LVRROVRR _I_LVLROVLR _I_LVLROVLR

b S %sb eesb eesb asb sbee st
SRR SRR SRR S.RR SRL SRL
+ LOFROSER | [ SRRx S IRT | [ 5RLGS,

/ éﬁsb Eﬁsb Kﬂbs llbs Kﬂsb Eésb
«q" = pl + pl B L SRL T T,RR T, T,
q" = pp. + 1, SR *0 T—i—L RR*O T—|—L RRO RR

+ L ed ed
Mbs Mbs Mbs lbs Llsb Ulsb

Y
Y

o)

4 [Ld,yLe'yfT L./—"T 4 Ldeeva R]:Tp’]
bs sb

V,LR / ,AV,LR\ (tree) ( (tree)
b S +L (O > +ZLed<Oed>
sbll sblt 12 sb {lsb

\ J

< R D
£bs £ebs

time (@sy" Pruy) (@ey,Prue)
>
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LEFT Example I*: B-decays with neutrinos

Let’s consider now: B — K vy Uy } Very similar lagrangian... (£ < vy)

; < ® The leading order in this caseis O (55).

-
>

Y
J

44 —

Vy )
* - v
x | Liy(K|3¢"0,,Prb|B)
I7g bs
Neutrinos won’t J L Klsa¥o.. P B }
interact after the + §Z< | q Vi Rb‘ >
effective vertices! Vy y
b, S Given that neutrinos aren’t affected by
5 neither QED nor QCD, they will factorize
4 .
out of the amplitude at any loop-order!
time
-
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LEFT Example II: Lepton Dipole Moments

Famous 4.20 discrepancy with the

Anomalous Magnetic Moment (g—2) } SM in the case of the muon

Break parity (P) and } CP

Electric Dipole Moment (EDM) } Breaking

time reversal ('T') symmetries

¢ ¢
The dipole moments > >

of leptons are defined = —ie(ul uy)
through the vertex: q'

. o*q, o*q, k2t —ktk, Y
I#(q) = v Fr(q®) + i G Fa(a®) + Guev* Fp(q®) + = =" Fa(k?)
g— 2= 2F(0) depm = — 55 Fp(0)
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LEFT Example II: Lepton Dipole Moments
The LEFT has a tree level contribution to both magnitudes...

o O(%) : Ldipole:L%(ga“”PRE)FW+ng(17g0‘“’PRug)FW

I |

— 92— 8myLe o )
g my EZ g— 2= SmgLefey
drpym = —8eLey depy = —8eLvy

124 124

This is just an example, the actually interesting contributions start appearing
further in the perturbative expansion (one-loop order and beyond)...
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LEFT: Renormalization and Mixing

When going beyond tree level in the perturbative expansion, we have to
renormalize the theory...

Renormalization in EFTs is achievable and consistent if done
order by order in the mass—dimension expansion (1/A").

'

Usually, the renormalization of ad > 4 operator will require
counterterms coming from other operators.

'

Counterterm Matrix
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LEFT: Renormalization and Mixing

After renormalization, one can use the Renormalization Group to evolve the
Wilson coefhicients with energy (logarithm resummation)...

dlélgu L; (“) — Zj :)'J'iLJ' (U) Operator Mixing

L’ Anomalous Dimension Matrix 5

The ADM is related to the matrix of counterterms (simple poles 1/¢), and
can be computed in perturbation theory, as an expansion in powers of the

QCD coupling (s) and the QED one (e ).
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LEFT: Evanescent Operators

In D = 4 dimensions, Fierz identities establish relations between different
Dirac structures, e.g. (57,7,7,Prd)(37*v"vy* Prd) = 4(5v,Pd) (57" PLd).

When doing dimensional regularization these identities cannot be used
anymore, as they are only valid in four dimensions...

.

Fierz identities out of D = 4 define the evanescent operators!

D=4-2¢: (3v77,Prd)(3y*y"y°Prd) — (4 + 4€) (57, Prd)(5v" PLd)

These operators appear in the amplitude of diagrams with insertions of EFT
operators. They are renormalized to vanish in the finite results, but the choice

of evanescent basis has an impact.
( It impacts the finite amplitudes, and beyond
two-loop order they also impact the ADM!!
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LEFT: Two-Loop ADM

We are working on the calculation of the two-loop ADM of the LEFT up to

dimension six, but trying to avoid having to compute two-loop diagrams.
Our method is...

° Compilation of known two-loop results in other EFTs and/or operator
bases, and posterior transformation into the LEFT.

&/(n) _ R/)‘/(n)ﬁ—l

If the transformation involves evanescent operators, this simple change of
basis introduces a finite counterterm that shifts the renormalization out

of the MS scheme.

N
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LEFT: Two-Loop ADM

The shift in renormalization scheme starts affecting the ADM at
two-loop order, so 4(%) does not need a correction.

&,(0) _ R,AY(O)R—1

At two-loop order, and in the simpler case of both operator bases sharing
the same basis of evanescent operators, the transformation becomes...

4/ — RA M R-1 _ 98  AFO) — [Af(o),&’(o)}

| |

Difference between finite amplitudes in both bases
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LEFT: Two-Loop ADM

The shift in renormalization scheme starts affecting the ADM at
two-loop order, so 4(%) does not need a correction.

&,(0) _ R,?(O)R—l

At two-loop order, and in the simpler case of both operator bases sharing
the same basis of evanescent operators, the transformation becomes...

4/ — Ry R-1 _ 28, A7) [A,;;(O)’,S//(O)}

| |

Difference between finite amplitudes in both bases

® Use of flavour symmetries to connect different sectors of the ADM.
These symmetries can also be used to Verify the consistency of the results.

Thanks to the structure of the operators in the LEFT, and to
the fact that the fermion masses don not affect the ADM.
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LEFT: Two-Loop ADM

To complicate things even further, the LEFT has 5631 different operators up
to d = 6 (with their corresponding Wilson coeficients), and hence the ADM

could be a LARGE matrix, excruciatingly tedious to compute.

Luckily, it is distributed in independent subsectors of operators connected by
the RGE, such that the problem can be reduced to the computation of many
different smaller ADMs. Some examples on the four-quark sector...

\

+  AF=1 with four different flavours: O; ~ (ulc)(5T'b) » 2x10 Operators

+  AF=1 with a quark-antiquark pair: ~ O; ~ (qgT'¢)(5I'b) p» 2X40 Operators

+  AF=2: O; ~ (sT'b)(5T'b) } 8 Operators
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Thank You
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