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Preceding project

Use of the SMEFT up to D-6 operators to analyse T-involved processes [Husek et al., 2021]

@ Hadronic 7 decays:

T — [UP: P=n" KO RO nn
T = PP: PP=1tn" KK\, KtK—, ntK— Ktmx™ (t=e,p)
T = LV: V=02 ¢,w, KO K*°

@ ¢ — 7 conversion in nuclei:

LNAZ) — 17X (L =-e,p)

Current experimental knowledge on T-involved processes
o Existing limits on hadronic 7 decays
- Belle and BaBar collaborations [Amhis et al., 2017]
o Experimental prospects

- Belle Il — improve limits for hadronic 7 decays by at least one order of magnitude
- NA64 experiment at CERN — expected sensitivity on ¢ — 7 conversion in nuclei

_ o+ N —=T+X) —12 —13 —
R“_mfvlo —107%, L=e,pn

Global numerical analysis — implemented with HEPfit [De Blas et al., 2020] — of these
processes based on the experimental limits from Belle, Belle Il and tentatively NA64
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1 1
Lsm = L)+ < Z Ao+ 5> 0P + o(ﬁ) [Grzadkowski et al., 2010]
k

CLFV operators (A = AcLpy) relevant for our analysis [Husek et al., 2021]:

[ A2 x Coupling [ Operator “ A2 x Coupling [ Operator ]
C(l) (Lpyulr) (QsvH Q) C{?Qu (Z{’e’) €jk (Q;("t)
B | @) (@) || el | o) o et
Ce” (&pvper) (@sy* ur Ceq (cpTcp) (Lperw)
Ced (prmer) (@srH do Coe 1B ) (cprter)
Clu (Lpvplr) (@syHut) CSZ “’Ti(B)M“P) (Lpv*Lr)
g (Epvute) (dsrtce) o) (17810 ) EGpoyrer)
€Qe (@p’Y;_LQr) (Es’Y_“et) Cew (Lpo ¥ er) oW,
CLedQ (ijer> (JSQ{) CeB (LpotVer) Buy

Two scenarios
@ Quark-flavour diagonal WCs: no FCNC in the quark sector

@ Equal entries for the full 3 x 3 quark-flavour WC matrix: FCNC in the quark sector (quark
currents like €u, bs...) is allowed. Acpy = Arene

Most stringent bound found for

120 Belle

Cy~1
Oy = cwOep — sWO = Aar[TeV] 2
y cwOeB — swOew — CLFV[ € ] ~ {330 Belle Il
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— Belle and Belle Il limits on 7 decays dominate the analysis

— NAG64 expected sensitivity on -7 conversion in nuclei is not competitive, but could remove
correlations between WCs if improvement of at least two orders of magnitude (R, ~ 1071%)
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Leptoquark Lagrangian

The most general framework: 5 scalar and 5 vectorial leptoquarks based on the representations of
matter fields under the SM gauge group [Dor3ner et al., 2016] [Crivellin et al., 2021]

Lyv = Lsm + Liqy +Ls+ Lv+ LigH
Keep only terms responsible for CLFV: LQ-v, y-mediated, Z-mediated and H-mediated

Ligy D
LQ type ‘ SM symmetries ‘ Lagrangian
S3 (3,3,1/3) +Y3LLUQC"«aab(Tksk)bCL{«C +he.
Ry (3,2,7/6) YR BRI + VIR &L RIT QD7 + hie.
R, (3,2,1/6) —VRL LR34 he,
& (3,1,4/3) Yffjd,;: 81 +he
s (3,1,1/3) +VEL Qs e P + vRR 5T S e + hec.
Us (3,3,2/3) +XEL QP (i UK )L + he
3 RL 5C Ma eab b LR-Ci,aubej
V, (3,2,5/6) AXE A YV P+ XERQL 2y v el + he.
Vs (3,2,-1/6) +X; RL C’wvb "bL{"’+h_c_
0y (3,1,5/3) +x1 R oy O, ek + hec.
Uy (3,1,2/3) Xt ,JQL"’W Up,ul? + XFR iyt Uy, weh +he.
Ls D

£l=ie S Qs[(a#sf)sfsT (6“5)} A*

Scalar LQs




EFT of leptoquarks

1. Matching £iq. to 4¥» SMEFT operators

We integrate out the leptoquarks at tree level to match the 4-fermion operators of the SMEFT
o Take the total derivative of the action resulting from Lyy — EOM of the LQs

@ Ms and My, large — expansion in momenta — substituting rules for the LQ fields
@ Insert these relations into the Lagrangian

X1X2 \X3X4
d,ij d,mn
ngf S5 U]

e B
Mz Pae)(GU)
X1X2 yX3X4
£ef 5 X3, ] Xd mn
1

V

(Do T, VDA BT, -

V.

2. Flavour considerations

@ Enhancement of flavour violation in the third family

@ Equal entries quark-flavour WC matrix — quark-flavour blind Yukawas

X1X2
T
y 1X2 yg(1X2 <;(1 X2

X1X2 X1X2
T ) Yd #Ydr
yz(IXZ yz(IXZ y§<‘er2

X1X2 X1X2
ix Y Y
1X2 _

Y =
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Results: scalar leptoquarks

AcLry = Ms
yy = f(G)

LL LL 1 3
¥3 y37 = CEQ) + Cio)v
.y2RLy2R7L— = -2Cy, }’2LR}/2L7R— = _2CQe’

1 3

it =g -3¢y YRYTR = 2Ceu,
PR = —2C1q, FRRGRR —oC

RL. LR 1) (- 3) (£~ RL LR 1) (t—h 3)(r—h
VAR = G AT A = B -,

LL  RR 1) (6— 3) (£~ LL RR 1) (r—h 3)(r—h
Mo = D —acT . AT = N A

o Pairs of Yukawas y2R7_Ly2LR and y#leR unconstrained by 7 decays — ¢ — 7 conversion limits
considered

@ 11 pairs of Yukawas and 11 effective bounds on the WCs
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lyy’|

T decays Upper bounds on YA [1073 TeV72] Lower bounds on Ms [TeV]
S
Yukawa pair Belle Belle Il Belle Belle Il
[ystyst 12 1.9 9.1 23
lygtyi | 47 5.0 46 14
IyaRysR| 17 2.6 7.8 20
lys vz | 28 3.7 6.0 16
AN 20 3.0 7.1 18
ie 64 7.7 3.9 11
R yER| 34 41 5.4 16
Iyt yfs 28 3.7 6.0 16
. \yy/l 0 —2
£—7 conversion Upper bounds on IVE [10° TeV™7] Lower bounds on Ms [TeV]
S
Yukawa pair e—T -7 e-T T
lyg v 350 2.3 0.054 0.66
272
yrt R 250 1.8 0.063 0.75
1791

Kevin Monsélvez-Pozo (IFIC)

/14



Results: C,

To match the C, consider gauge couplings of the leptoquarks
@ Vector leptoquarks
- uncertainty on their origin — not considered [Gonderinger and Ramsey-Musolf, 2010]
@ Scalar leptoquarks
- coupled through the covariant derivative

Leading-order contribution to C, from LQs — one-loop computation of £1 — >y process
@ Integration by regions [Beneke and Smirnov, 1998] [Smirnov, 2002] [Jantzen, 2011]

@ Main contribution from two leptoquarks: R§/3 and S;

5/3 . _ . _ RL_LR
C,  eNemiViy (Qio — 3Q)) R Qe =5/3iyiya=y,; ¥5
Az = o Ao WL t)y1y2 — S - Qo = 1/3: __ LL_RR
ey 32v2m2vM2 1 o =1/3; yiye = yiry
2 LVY/\ -3 -2
Cy /NCLRV Upper bounds on ? [107° TeV™ 7] Lower bounds on Mg [TeV]
S
Yukawa pair ‘ Belle Belle 11 ‘ Belle Belle 11
IYRL VAR 150 19 3.1 8.6
kL yRR) 21 2.7 8.2 23
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Conclusions

Model-independent numerical analysis of SMEFT D-6 operators related to CLFV processes the 7
lepton
We studied 28+4 observables

o 14 different LFV 7 decay channels into hadrons for each ¢ — we used current Belle and
expected Belle Il data (strongest bounds)
e e — 7 and pu — 7 conversion in Fe(56,26) and Pb(208,82) — feasible at NA64

- not competitive yet, could remove correlations between WCs if improvement of at least two orders of
magnitude (R, ~ 1071%)

We translated the bounds on the SMEFT parameters into constraints on a general leptoquark
framework
Main constraints from four-fermion operators (tree-level LQ contributions)

o Strongest bound on scalar LQs: |yttytt| ~ 1 — Ms > 23TeV (Belle 1)
o Slightly stronger bounds on vector LQs
@ Some pairs of Yukawas only bounded from ¢ — T conversion

Main bound on C, (one-loop LQ contribution) from 7 decays helps improving the low-bounded
pair of Yukawas
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Correlation matrix: Belle

oYy O Cu Cu Cru Cra Coe Clug CL, Cn, O Cy

e e O Cr  Cep

W 1.0
Cro
+(3)
‘LQ

Ceu

+0.056 +0.063 +0.035 -0.1  +0.074 -0.078 +0.13 =~ -0.19 +0.022

-0.011 +0.19  -0.08 +0.12 40.13 -0.058 +0.064  -0.1  +0.15 +0.1 0.8

+0.022 -0.001 +0.27  +0.099 -0.0054 +0.071 -0.051 +0.11 +0.056 -0.18 +0.18 +0.019 +0.063

0.6

Coq |40.056 -0.011 +0.27 -0.025 +0.015 +0.18 +0.079 +0.035 -0.029 +0.15 +0.059 -0.12 +0.16

Cru +0.099 -0.025 +0.3  -0.043 +0.019 +0.14 +0.019 +0.57 +0.12 +0.041 +0.13 +0.028 —1 04

Cra +0.19 -0.0054 +0.015 +0.3

Cla0|+0.035 +0.12 +0.071 +0.18 +0.019 -0.15

+0.035  -0.15 -0.047 +0.031 +0.24 -0.069 +0.034 -0.099 -0.12

+0.035 -0.17 +0.0048 +0.041 -0.091 +0.16 +0.079 -0.12 -0.14

-0.02  +0.096 +0.034 -0.0005 -0.00059- —1 0.0

-0.026 +0.048 +0.12 +0.007 +0.0023 +0.33

-0.2

+0.11  -0.067 +0.21 +0.079 -0.4

+0.33

Clg 01 013 0051 40079 +0.14 0047 +0.0048 +0.33

O, #0074 0058 011 40035 0019 +0.031 +0.041 -0.02 -0.026

Cé‘,f’-Jro.osa 20029 +0.57 +0.24 -0.091 +0.096 +0.048

Coo ]-0.078 +0.064 -0.18 +0.15 +0.12 -0.069 +0.16 +0.034 +0.12 -0.017 +0.021  +0.18 +0.027

Cy | 4013 01 4018 +0.059 +0.041 +0.034 +0.079 -0.0005 +0.007 -0.067 +0.01

Cz | 019 +40.15 +0.019 -0.12 +0.13 -0.099 -0.12 -0.00059 +0.0023 +0.21  +0.18 -0.0098

Cep |4+0.022 +0.1  +0.063 +0.16 +0.028 -0.12 -0.14 - +0.33  -0.02 +0.079 +0.027
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Results: set-up

Bounds from CLFV 7 processes translated to the leptoquark framework — bounds on yy’/Mg v

Two independent scenarios — all scalar or vector leptoquarks at the same time

@ Same energy scale for all leptoquarks within the same scenario — equal masses

Previous 2" scenario assumption Ac py = Arcnc is better motivated

Bounds mainly from four-fermion operators of the SMEFT
@ Gauge boson couplings to LQs leads to constraints on the same pairs of Yukawas

@ Gauge bosons contribute through loop processes — lower sensitivity (except for the C,; see
below)
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Results: vector leptoquarks

AcLry = my

@ We start with 11 pairs of Yukawas but 9 effective bounds on the WCs

1 (- LL _RR RL LR — 1 —h LL _RR RL_LR —h
Ecied(;;—)lefxl — X35 Xg Ex(,z T), ECISZdQ):Xl Xir — X3 XQTEX](_; )
4

1
LL LL 3 1 RL _RL LR LR
X3 X3T:§(C£Q)*C£Q))7X2 x37 = Cid, X3 Xgr = CQes
~RL =~ 1 _a 3
T =, bt = —3(C(3 + 363, I =
JRRoRR _ (r=h) _ 1 ~(z=n) (-7 _ 1 (-7
557 = —Ceu,s X2 " T 5 Cledq X2 T3 Cledq -

(¢4

° x; 2_7) unconstrained by 7 decays — ¢ — 7 conversion limits considered
;

@ 9 pairs of Yukawas and 9 effective bounds on the WCs
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T decays

Upper bounds on

’
—'E;' [1073 TeV—2]
Vv

Lower bounds on My, [TeV]

Yukawa pair Belle Belle 1l Belle Belle 1l
| xSttt 15 1.7 8.2 25
IXREXRL, | xRRXRR 10 1.5 10 26
IXERXER| 8.3 1.3 11 28
|RREZRL| 24 25 6.5 20
|xFtxtt 22 31 6.7 18
|XRRZRR| 17 2.1 7.7 22
x5 3.1 0.42 18 49
/
{—T conversion Upper bounds on l)l\<;1(2| [100 Tev 2] Lower bounds on My [TeV]
Vv
Yukawa pair e-T s e—T u=T
Ix{7 330 1.5 0.055 0.83
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Gauge couplings of vector leptoquarks

Vector leptoquarks interaction with the photon depend on their nature — gauge bosons or not of
a higher energy theory

@ there can exist an anomalous magnetic moment coupling
Ly =—ieQy <[ij VY =V V”T]A“ A VVFW>

@ gauge boson — k=0
- three-gauge-boson vertex

If gauge boson, propagator:
—ighv
k2 — m%/ +ie’

—i g KK
k2 — m%/ +je m%/

Second term introduces extra divergences to the loop computations of ¢ — fo7y

otherwise

@ they do not cancel as for scalar leptoquarks

If gauge boson, possible contributions to the loop from other defrees of freedom in the UV
completion
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Kimn

(1), kimn (3). kimn (1), kimn (3), kimn Kimn Kimn Kimn Kimn Kimn
LQ CLQ CLQ CLsQu CLeQu CQC CLU CLd Ccu Ccd CLCdQ
Sy | FRYE S Y8 e x x x x x x x x
1yRL LR 1yRL LR 1yLR LR 1yRL RL

R x x =3 Y2 Vaim —8 Y2k Vaim =32 YVoum Yok =3 Yaum Y2,k x X x X
53 1yRL (RL
R X x x X x X =3 Y2 Yo,nk X x x
S x x X X x x X x +IVER YRR x

1yLL LL 1yl LL 1ylLL RR 1ylLl RR 1yRR yRR
St Ha Y Yime =3 Y5 Yimk T3 YimYTm =8 Yim Yim x X x +3 Y Vi mi X X
Us | —3X55, X355, +1X3h, X3k, X X X x x x x x
Vs X x x x +X55 X35 +XP X x x —2XJ X5
A x X X X x +XRE X x x x x
0y x x X x X x x =X X x X

1yll LL 1yll LL RR RR LL RR
Ur | =5 X0m Xt = 3 X0 mi X1k x x x x x x =X mi Xtk 22X X

Table: Results of the matching of pairs of Yukawa couplings stemming from each leptoquark type to the Wilson
coefficients of the four-fermion operators of SMEFT. Notice that, owing to the Fierz rearrangement, we also

(3)

obtain contributions containing tensorial operators, i.e. CLzQu'
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!
Cy/NE py Upper bounds on blal/z‘ [1073TeV=2] | Lower bounds on Ms[TeV]
S
Yukawa pair Belle Belle Belle 1l
VAR 150 31 8.6
AL 21 82 3
lyy'|
T — by Upper bounds on e Lower bounds on Ms [TeV]
s
Yukawa pair T — ey T — ey T — Wy
[yRLyLR| 0.66 83 75
vkt yRR| 1.4 71 64
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