: IEME I; U " B
7 0N A al ‘
ergies

High Energy Theory

Higgs and Effective
Field Theory
HEFT 2022

Gearing up for the next generation
of LFV experiments, via on-shell
methods

Clara Fernandez Castaner

Based on 2112.12131 (J. Elias-Miré6, CF, M. A. Gumus, A. Pomarol)



OUTLINE

 Anomalous dimension matrix from on-shell amplitude methods

* Application to LFV observables in the SMEFT.



Motivation

Energy scale

A Ls L 1
LsverT = Lsm + Ag + Ai + O (F)

A 1~ New Physics

* Expansion of operators of increasing mass dimension d.
* Small corrections to the Standard Model at low energies.

 The operator mixing is important to understand all the

EW
—~  Electroweak scale BSM contributions to a given observable.

scale

* On-shell amplitude methods are useful. We can easily implement generalized unitarity methods
to compute the anomalous dimension matrix without explicit loop calculations.

* The calculations are simplified and we get new insight into the mixing patterns.



Anomalous dimension matrix from on-shell
amplitude methods
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 The renormalization scale dependence of an
amplitude is encoded in its logarithms, which
can be detected with unitary cuts.

 Main formula to get the anomalous dimension matrix:

Dilatation operator l
% \

D= ). Pig Form factor S-matrix

. Pi
all particles
Fo(ﬁ) = out <ﬁ| O(O) ‘0> Snm = <ﬁ| S |7ﬁ> — out <ﬁ| Tﬁ)in




Anomalous dimension matrix from on-shell
amplitude methods

* Regularization of the IR and UV divergences of the form factors. In dimensional regularization
with the MS scheme, the Callan-Symanzik equation is

—

(10, + v —mr + B,0,) Fo(ri;pu) =0

 The dilatation operator is related to the renormalization scale by: D = —po,

 Acting on the form factor, DFo =~ —/L(?MF(()I) =(y—7r + .-Bgag)(l)F(()D)

. . —1 D * (= * —
* Now we can get the form factor anomalous dimensions from e " (1) = E Spm F (1)
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Expand in perturbation theory to get
order-by-order expressions for y



Anomalous dimension matrix from on-shell
amplitude methods

« Using S = 1 + 2 M-st order we obtain, for a minimal form factor,

! > i L.
3 (1] O; |0>(0) (05i — "/IR(Sz'j)(l) = —— N M® O, \0)(0J

1
' T
:8iog
9 : : .  Misatree-level 2 - 2 S-matrix and ® denotes a phase-
2

space integration over intermediate particle states.

AN\ cosf) —sinfe'? A
* Phase-space parametrization using spinors: Ny ] \sinfe ™  cosf Ao

* Finally,

_ 1 27 d w/2
Fo,(12...n) (vji —1rdij) = — 63 / 2'??5 2sin 0 cos 0dO M (1,2;1'2") Fp,(1'2'3...n)
0 0




Example: Opyge — Opp af 1-l00OP

OMB =Yg L( )Gw/ (1 )HB,u,u

* 1-loop renormalization of Opp by Oy in the SMEFT )
Ot = yu (L ur)(Qrey)

 There are no IR divergences, so the general formula reads

E I Q,'— /([-(2) 1[(12 Itj) F@ (1{}3_})
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4-fermion form factor: F@gﬁge (rayli3) = =y (ly)(x3)er

g lay H-r})

~ SMamplitude: M (24 7ay) = V2, ( “E[22][y2] o [42][22]




Example: 0+ = Opg at 1-loop
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Phase-space parametrization:

SR cos  —e“?sinf\ (1)
My e~ sin 6 cos @ 12)

w
I

* With a few elementary integrals, we obtain

; ) 4 ~ —’?\'r.-_'_' 2 - ~T
2v/2¢"y, (12)(23) ers. (—1) 1 6,{ 5 (Yu —2Y3,)
. yt Ne . -
* The anomalous dimension is DB = % 1672 ( Qr T ) fR)

L’ We have obtained it from a product of tree-level amplitudes and a phase-space integration



Anomalous dimensions at 2-loops

When there is no 1-loop contribution, the 2-loop anomalous dimension is particularly easy to

obtain. One has to consider the following unitary cuts
3+ + @t
1-loop

1-loop



Application: LFV processes

Lepton number is conserved in the SM, but not when we consider higher dimension operators.

Processes where the relative lepton numbers are violated, but the total lepton number is
preserved are among the best indirect probes for new physics at the TeV.

T — ey,
*  We will consider in particular LFV processes with AL, = AL, = 1. > eee
The most competitive experimental measurements come from ] )
}(L\ — eN
BR(yt —ey)  BR(p—ece) R(uN — eN) BR(h — pe)
Current 4.2-107%[33] 1-107'2[34] 7-107%[35] 6.1-107" [30]

Future 6.0-1071 [37] 1-10716 [38]  8-10-17 [39]

Table 1: Current and near future upper bounds on AL. = AL, = 1 processes.



Application: LFV processes

We can characterize the BSM contributions to the LFV processes in the SMEFT with dimension-
SiX operators.

The goal is to understand at what loop order the Wilson coefficients enter into the considered

observables. Then, we can use the experimental constraints on the branching ratios to bound
the Wilson coefficients.

We need to compute anomalous dimensions at 1 and 2 loops. Using on-shell amplitude
methods is an efficient way to do it.



Application: LFV processes

Energy scale

A

EW
scale

my,

A

New Physics

Electroweak scale

Experiments

V.

Effects to be considered in the operator mixing:

Finite matching contributions from the scale A
RG mixing from A to the electroweak scale mW

finite threshold corrections from integrating out the W, Z,
H and the heavy SM fermions

RG mixing from the electroweak scale mW to mu

We will study the RG mixing from A to the
electroweak scale at leading order




U — ey at free-level

4G
V2

. . . — N Ea. . — 1/ ,
The process arises from — my, [f[,u.f? firo" ('-H.Euu + cff;,“_ erol H-H.F,u.u + h.c.}

The branching ratio is given by BR (j1 — e) = 3847 (|u’w|2 + | dep| )

_ _ pe _ 2) _pw (1)
At tree level the only SMEFT operators entering ~ ye the dipoles, Obs = yug' L1 r HBu,
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From the experimental constraints, we can bound C/A?. Assuming  (Cpw — Cpp)ier1, we
obtain the following energy bounds

BR(p — ev)

Current 4.2-10713 [33] Current: A = 950 TeV
Future 6.0- 1071 [37] Future: A = 1550 TeV

v



u — ey at 1-loop

1505.01844(C. Cheung, C.-H. Shen)

* At one-loop, helicity selection rules dictate the anomalous dimension mixing

An=ny—n; o |
A.ﬁ." 2 |Ah| where _ Exception: '?é;'1d?.~":'1d VAN '3_‘-'".,'4

Ah = hy —h;
 The dimension-6 operators outside of the grey 6 . o
cells cannot mix with the dipole (Fy*¢) 5 ¢’ U
1 22 S D2 F242
_ . 4 Fi*¢ 20 Fyp*
* The only non-vanishing mixings are - _
Y s mine g V36D !
3 3
C Cpp — Cpw — C S F E
{ pw +UpB DW DB =T 5 5 " ) ;
-"YL-uQe — Cpw,pB (we already saw it) h
l  We can get energy bounds, turning on 1

0%3%38 . yu(if)uR)(QLegzl)) operator at a time



U — ey at 2-loops

 2-loop double-log contributions proportional to

0, —

O;

2-loop single-log contributions proportional to

2-loop

1-loop

——}*Oj

1- loop

Opw.DB

ODH DB —

—

C,C
(1672)?

1-loop mixings
with LuQe

(‘I’
(1672)2

J—

4-fermion operators 1810.09413

o =y, (H'H) (Ef)eg)H) 2005.06983

_ | 2-fermion, 2-scalar operators

(A/my), 1#7
O%ig}u y#( )(Q UR)
Oﬁbeff (L(Q)’)/#L(l))(F ’YMFL)
Okt! = (ex ek ) (Frr" fr)
In(A/mw)
 Ouegz = (Lrer)(drQL)
Oreer = (Lrer)(€RLE)

Aag _
ok = (YD, H)(LPy+L)

v

A —
Ol = (HHD“’H)(LQ)T“WL(I))
O = (HT’LD H)(eg{)'}/“’e( )



0, — Opgp at 2-loops (y#)

1
2 B r z 1
‘\I\’\’\“Q .
Yt ! Yt
e ' ~ f4
#» yl ‘\ rH
’ I \
! : 1
I T
°R I LT, L

e The cutis

* We can parametrize (

BOS=oNNRENO8

(

We only have to consider the 3-particle cut

1-loop
0

(12)[12]
(1672)?

/ dQs M(12; 2yz) Fo,(ryz34)

cos B4 —e'? cos B3 sin by
costhsinfy e'? (C.os 01 cos #5 cos f3 — e sin By sin 93) (|

sin #y sinfy €@ (COS A, cos B sin By + €' cos B sin 93)

* And the measure is Ay = 4 cos #y sin® 0,db,2 cos Oy sin Oy dbs2 cos O3 sin Hdb L 92
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0, — Opgp at 2-loops (y#)

2 B :
‘\'\'\’\ff - :
Y SRR G A ~ 0, FF:  Fowl(rayzlid) = =2y
!’ yl “.‘ +H
' : v 7
' V!
e m: (B 1 - M: M(32;z.2) = \ﬁyﬂyp (Y
v LY LY

After the phase-space integration, we obtain

The anomalous dimension is

NG

Dipole FF:

(1,,253. 41, |Opp|0)?)
(14)[42

— N,
2v/2y,9' (12)(23) e ‘ Tor f)t (Y,,, +2Yy)
. L _Ncy?
YDB = (Y., +2Yy)

(1672)2

= 2\@;;}’-,;;}1_ (12)(23) ey, .

(y2)
MR [2][32]

[y2][x2]

) Aba



U — ey at 2-loops

* Similarly, one can compute the mixing with O and O; 3 and for the dipole Opy.

en e T — . Oe'u7 Oe%tj Ceu T . ~ — z...._a_'. _ : :
ety ey )7 = 0 (G G GO it 300 = g ( L=l p/Cu)
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Combination C;,— C;3



u— eee

AGrp o _ _ e (3
* The process arises from — \/g [Ql(ﬂ-Rﬁ'L)(EREL) + ga(firer)(€rer) + g3(rVuer) (ErYuer) + ga(finy"er)(€ryuer)

+ gs(firy"er)(@ruer) + gs(fLy er)(@ R"‘;-",LI.E'R)] + h.c.,

.. _. -m..%_ 11 _.
e The branching ratiois  BR(u —ece) = 2 (|gs|* + [ga]®) + lgs]* + lg6]” + 32¢7 (111(”:9) - 4) (Idpel? + |de,|)
N
+ 8eRe ((TZ;_QE + d,.9:) + 16e Re ((.’]:#gz + deqs) + S (|91|2 +1g2)

~ Dipole operators Opy, Opp

o Attreelevel — 4-fermion operators O;;,Ogg,OLr, OrL

- 2-fermion, 2-scalar operators Og, O;+ O;3

 Then we can get the 1-loop mixings to these operators



Bounds comparison

[l —> €7

[L — ece

e THE
CﬁjB __(ZDHF

951 TeV
(1547 TeV)

218 TeV
(2183 TeV)

e e
C DB +C DW

127 TeV
(214 TeV)

26 TeV
(309 TeV)

‘f,[t- €

35 TeV
(59 TeV)

160 TeV
(1602 TeV)

ﬁu. e j,[t. e
O +CLs

4 TeV
(T TeV)

164 TeV
(1642 TeV)

Tree level
1 loop

2 loops

JLe e
C L C L3

24 TeV
(41 TeV)

35 TeV

(421 TeV)




CONCLUSIONS

e Using on-shell amplitude methods, it is possible to extract the anomalous dimensions of SMEFT
operators. The 1-loop contributions are obtained from a product of tree-level amplitudes
integrated over a phase-space. Some 2-loop contributions can be retrieved in the same way.

* On-shell amplitude methods allow us to simplify the calculation of the anomalous dimension
matrix and they can also give us a better understanding of its structure.

* These techniques are very useful in the context of the next generation of LFV precision
measurements, which require the knowledge of renormalization effects at higher orders. We
have seen an example where the2-loop mixings are obtained from a single 3-particle cut.

* In particular, the bound on (C; — C;3) from u — ey is competitive with the bound coming from
i — eee, even if the former comes from a 2-loop process.
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 The renormalization scale dependence of an
amplitude is encoded in its logarithms, which
can be detected with unitary cuts.

 Main formula to get the anomalous dimension matrix:

Dilatation operator l
% \

D= ). Pig Form factor S-matrix

. Pi
all particles
Fo(ﬁ) = out <ﬁ| O(O) ‘0> Snm = <ﬁ| S |7ﬁ> — out <ﬁ| Tﬁ)in




Anomalous dimension matrix from on-shell
amplitude methods

e Action of the dilatation operator on a form factor:

F = ™D px

By unitarity, 1 =) _ . |mM)in in (77|zan write:

FO(ﬁ) = out <ﬁ| O(O) |D> — Zﬁi out <ﬁ‘ Tﬁ’)ln in <7ﬁ'| O(O) |D>

* And finally we obtain: E_iﬂD FS (ﬁ:) — Z Snm ng (Tﬁ)




Anomalous dimension matrix from on-shell
amplitude methods

* Regularization of the IR and UV divergences of the form factors. In dimensional regularization
with the MS scheme, the Callan-Symanzik equation is
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 The dilatation operator is related to the renormalization scale by: D = —po,
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Expand in perturbation theory to get
order-by-order expressions for y



