Signatures of Light New Particles in B - K™ FE, ;.

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Based on: arXiv:2403.13887

Patrick Bolton, Svjetlana Fajfer, Jernej F. Kamenik, Martin Novoa-Brunet

TFIC VNIVERSITAT

INSTITUT DE E(SICA ]D VALE NC IA

COR

July 19, 2024 Conseso SUPERIOR DE INVESTIGACIONES CIENTIFICAS
ICHEP 2024



Introduction
We are interested in Flavour Changing Neutral Currents (FCNC)

Powerful indirect probes of New Physics (NP)
Loop and CKM supressed in the SM
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Form factors
Non-local contributions from ¢ loops
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Introduction

We are interested in Flavour Changing Neutral Currents (FCNC)
o Powerful indirect probes of New Physics (NP)

o Loop and CKM supressed in the SM b g
o Usual problem at low energies: Hadronic Uncertainties B (E
— Form factors

— Non-local contributions from c¢ loops

What about b — svv

e Theoretically cleaner than charged lepton FCNC [A. Buras 2020; A. J. Buras et al. 2015]
— Hadronic matrix elements (local form factors) are fairly well

understood [Betirevié et al. 2023; Gubernari et al. 2023; Athron et al. 2023] _ _
— No non-local hadronic matrix elements involved b S
e Undetected particles (neutrinos) in the final state
Emiss

— You can only measure b — sFEpiss
— Experimentally challenging compared to charged leptons
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Experimental Status

o SM prediction: B(B — Kvi) = (5.58 & 0.37) x 1075 [Parrott et al. 2023]
e Recent Belle Il measurement B(B — K Emiss) = (2.3 £ 0.7) x 107°

[Adachi et al. 2023]

~ “New" inclusive tag (ITA) vs hadronic or semileptonic tags
— Assuming v = FEyss tension of 2.70 w.r.t. SM
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Experimental Status

o SM prediction: B(B — Kvp) = (5.58 4 0.37) x 107 [parcott et al. 2023]
o Recent Belle Il measurement B(B — K Emiss) = (2.3 +0.7) x 107°

[Adachi et al. 2023]

— “New” inclusive tag (ITA) vs hadronic or semileptonic tags

— Assuming v = Eyss tension of 2.70 w.r.t. SM

— ¢2 distribution available

— ¢2 approxed by qfec since 4-momentum of tagged B meson not
reconstructed in ITA
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Experimental Status

~ Belle II preliminary [ B+ —K * vir
L 2000 [ jﬂdc:]:mzﬂr‘ V: B«@T
R == BB~
. _ _ © 1500 , B Contimum
e SM prediction: B(B — Kvi) = (5.58 £ 0.37) X 107° [parrott et al. 2023) © ’ o
e Recent Belle Il measurement B(B — K Emiss) = (2.3 £ 0.7) x 107° 7 1000
i
[Adachi et al. 2023] 2 500
. . . . . < 5
— “New" inclusive tag (ITA) vs hadronic or semileptonic tags g
~ Assuming v = Eniss tension of 2.70 w.r.t. SM o,
— g2 distribution available 5
~ g2 approxed by ¢Z.. since 4-momentum of tagged B meson not Z 0
reconstructed in ITA - 5E \ \ \
0 5 10 15 20

G [GeVE/c']
o Complementary bounds on b — svi :
~ BaBar B(B — K*Fpjss) < 11 x 1072 [Lees et al. 2013]
— ALEPH Recast B(Bs — Fniss) < 5.4 x 10~* (90% CL) [Alonso-Alvarez et al. 2023; Barate et al. 2001]
— Other BaBar and Belle constraints on B(B — K(*)Emiss) available however no ¢? distribution
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Experimental Status

o SM prediction: B(B — Kvi) = (5.58 4 0.37) x 1075 [Parcott et al. 2023]
o Recent Belle Il measurement B(B — K Emiss) = (2.3 4+0.7) x 107°

[Adachi et al. 2023]

— “New” inclusive tag (ITA) vs hadronic or semileptonic tags
— Assuming v = FEss tension of 2.70 w.r.t. SM

— ¢2 distribution available

— ¢ approxed by q?ec since 4-momentum of tagged B meson not

reconstructed in ITA

How can we explain this?

e Heavy NP vs Light NP

Candidates/(1 GeV?/c?)
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e EFT approach for Light New Physics (Invisible Extended LEFT/SMEFT)
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Theoretical Framework: Heavy NP EFT (Check O. Sumensari's Talk)

One approach: Heavy NP = LEFT/WET [Allwicher et al. 2024; Rosauro-Alcaraz et al. 2024]
b—ssvr 4GF vivj e? _ I
LhFs = W/\t > CaOathe  OfF = e (SL(r)Yubr(r) (@™ (1 = 7v5)v;)

o No anomalous effects on g2 spectrum
o NP act as rescaling in B — K (same form factor dependence)
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Theoretical Framework: Heavy NP EFT (Check O. Sumensari's Talk)

One approach: Heavy NP = LEFT/WET [Allwicher et al. 2024; Rosauro-Alcaraz et al. 2024]
svv 4GF vivj 62 —= =
ﬁ‘e)f? = \/ﬁ )\ ZC’a O, + h.c. OL(}%) = W(SL(R)’YMbL(R))(Vi'Y#(l —5)v5)

o No anomalous effects on ¢2 spectrum
o NP act as rescaling in B — K (same form factor dependence)
o Combined constrains adding B — K™ prefer right handed currents

B Z 2Re[CTM (8CY7 4 5C%YH)] Z [6CT"7 + 6CH" ?

KO =L 3|CPM]2 3|lCEMP?
B Z Re[6CH"7 (CEM6;; + 6C ”J)]
e BICEP
i = 0 and nxc- = 3.33(7) Y pmanmens

[Allwicher et al. 2024]

40
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Theoretical Framework: Heavy NP EFT (Check O. Sumensari's Talk)

One approach: Heavy NP = LEFT/WET [Allwicher et al. 2024; Rosauro-Alcaraz et al. 2024]
svv 4GF vivj 62 —= =
Log™ = Wkt > CaOuthe O = W(SMR)%Z’L(R))(VW”U —V5)v;)

o No anomalous effects on ¢? spectrum

o NP act as rescaling in B — K (same form factor dependence)
o Combined constrains adding B — K™ prefer right handed currents

— Right handed curents = b — s¢t¢~ and b — svv are correlated
in SMEFT

TaS— [Clali; BrRYOR) [(Frivuvey) + ELivuers)]

— Constrains from b — syt~ require LFUV (NP only on 7 and v;)

15 20 25 30 35
B(B — Kvw) x 10°

[Allwicher et al. 2024]
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Theoretical Framework: Heavy NP EFT (Check O. Sumensari's Talk)

One approach: Heavy NP = LEFT/WET [Allwicher et al. 2024; Rosauro-Alcaraz et al. 2024]
svv 4GF vivj 62 —= =
Log™ = Wkt > CaOuthe O = W(SMR)%Z’L(R))(VW”U —V5)v;)

o No anomalous effects on ¢? spectrum

o NP act as rescaling in B — K (same form factor dependence)
o Combined constrains adding B — K™ prefer right handed currents

— Right handed curents = b — s¢t¢~ and b — svv are correlated
in SMEFT

TaS— [Clali; BrRYOR) [(Frivuvey) + ELivuer;)]

— Constrains from b — syt~ require LFUV (NP only on 7 and v;)

o What about light NP? B2 25 30 35
B(B — Kvw) x 10°

[Allwicher et al. 2024]
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Theoretical Framework: Invisible Extended SMEFT

u

h D\ij Bs{ =) X B

2 X (Emiss) b

K+

Consider additional invisible final states (> X)
One or two particle final states (avoid phase space suppression)

X €{¢,¢,Vu, ¥, } massive particles of spin J ={0,1/2,1,3/2}

STX € {6, V.0, 40, VV, 0T}

Singlet under the SM gauge group SU(3). x SU(2)r x U(1)y (can be charged under dark gauge or global
symmetry)
Leads to only interactions involving gauge-invariant combinations of SM fields

Interactions through renormalizable dim-4 operators (portals) or higher-dimensional effective operators
(mediated by heavy NP)

L= Lomix +Zci(d)oz<'d)
—_—— T

1
dim=4 dim>4 4/13



Theoretical Framework: Invisible Extended LEFT/WET

o B decays = LEFT/WET (EW and top integrated out)

LEFT (parity basis)

IS5y + Lo gy + TS, +F—\I’”vs%}

H D 3b {gsqﬁ + gsqu% + —v*v“ e

HY D Syub [hvw 4 —g"zv idt 04 + f Y by f eI gy, FAV; J 7“75%]
=4 v F v F v F — I
Her D 50u,b [Av” +f[{§ o+ S W, + S By 1+—X;’\Iﬂ"wp ]]
Lspdot
v (SM)
e e The P-odd quark currents:

i, frv
— v -V — Aand 5y,b = 5y,y5b

- S — P and 3b — 5v5b
= T — T and 50,,b — 50,,75b

=

1/B x dB/dg* [GeV™?]
&

o New light states generate different ¢-distributions
depending on spin, mass and coupling. 513

=4
o
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Likelihood Reconstruction

o We determine the distribution of Belle Il and BaBar events in
the reconstructed momentum transfer, g2,

dN. B
o — N / dg? fra (@) @) 222

dq?
— Np : number of BB pairs
ol e (g?) : smearing of g2,
— le(q?) : detector efficiency
e SM (X)) signal for i-bin
qr26c,i+1 9 dNSM(X)

SEM(X) = ) Qrec dq2

qrec,i
o Important experimental input, recasting is not trivial

— Collaborations should provide methods of recasting (for instance
reweigthing methods) [Gartner et al. 2024]
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Likelihood Reconstruction

o Total expected event count in i-bin

nixp: 1 (1+ eéM) SgM + (1+ 03( ) S:L'X(mX7CX) +Z T (1+ 0127 ) bz
b
— | p signal strength parameter (SM rescaling)

ng(X) Expected SM(NP) signals (NP depends on mass mx and coupling cx)

— b' Expected background signal for the background b
— 1 Overall background normalisation for the background b

— 0 Nuisance parameters for Monte-Carlo / theory uncertainties

Full combined likelihood

Nbins
Lswix = ] ] Poiss [nlbs,nlxp(u, szcheac:Tb)] x JI N6::0,5) x [V (m:0,0%)
3 =SM, X,b b
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Likelihood Reconstruction: Bin Correlations

Nyins
Lsyyix = H Poiss [nf,bs,ni_xp(,u, mX,Cx,Bm,Tb)} X H N(Gm;O,-) X H./\/’(Tb;O,af)
i z=SM, X , b b

Correlation treatment

e Correlations relevant since ¢ smearing introduces correlations among g2 bins

e | Ygy : obtained through Monte-Carlo simulation of SM Signal
— We include uncertainties on efficiency and form factors
e XYy : Similar to SM but we neglect correlations between bins

— Speeds up calculation
— We check that it doesn’t have an impact in the minimum

e Y : SD obtained from MC statistical uncertainties, while correlations, are estimated by re-scaling SM
correlations.
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Signal Hypotheses / Best Fit Points

Three types of signal hypothesis:
SM (=1 and s% =0)

Re-scaled SM (u is a free nuisance parameter and s&, = 0)
SM + NP (=1 and s& # 0) considering separately each NP final state Y X and its possible couplings cx.

First two hypotheses :

Crosscheck of Recast
Benchmark for NP

We fit only Belle Il data for bfp and 1D data
Best two- and three-body decays
Bt - KtV
my = 2.1 GeV
hy =7.1x107°
pullgyy = 4.50
Bt — Kty
My = 0.6 GeV
frv /A% =1.7x 1072 Tev—2
pullsyy = 3.70

— SM
SM re-scaled
— WY, fuv

20
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Profile Likelihoods - mass

o We profile over mass using only Belle Il data
o The two-body decay likelihood (B — K) is independent of the nature of the light NP state and the coupling

o Three-body decays:

— Scalar boson ¢ (gss, gvv)
— Spin 1/2 Fermion ¢ (fvv, fra)

Belle 11, B+ — K¢V Belle I, B — K*ui Belle I1, BY — K*6¢/VV /0¥
z 0 i z
~ \ / ~ ~
S < %
X i -5 — v +
= = =
-1 G - g B
= = fss = — 00, gss
~ — &9 ~ 10 / fsp ~ b, gvv
| — SM — V. hy | 7 Jrr | e VV, hs
—20 —--- SM re-scaled - Vg = Jir — WV, Ay
. —15 - _ -15
0.0 1.0 2.0 3.0 4.0 0.0 0.5 1.0 15 0.0 0.5 1.0 1.5
my [GeV] my [GeV] my [GeV]
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2D Profile Likelihoods - couplings

150077 » ik
: my = 2.1 GeV
1.0 i
o Allowed values for 2d combinations of couplings (parity vs chiral s ‘ 3
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2D Profile Likelihoods - couplings: Parity vs Chiral

o Orthogonality of constraints is basis dependent

ot

o

1@‘7 {T‘ *** Belle I1
a N BaBar
—— Combined
" 8 8 . Combined (Majorana)
..... N ol S\ S
] (L > my = 0.6 GeV/

o 8 8 \— A=10TeV

((/(\\3\ I

()] € )
—2 0 2 -5 0 5 =5 . 0 ' 5
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Belle 1T
BaBar
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X =
my = 0.6 GeV
A =10 TeV

-10 0 10 —10 0 10 —10 0 10
V,LL V.RR V.RL 12/13
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Outlook

Invisible Extended EFT provides a systematic way of considering light NP with minimal assumptions
Can be matched to specific models

New light final states provide a better description of the shape of data than SM rescaling and Heavy NP

Significance of up to 4.50
Heavy NP acts similarly to rescaling SM when looking only at B — K branching
When including B — K* different chiral structures

Look for missing backgrounds with a similar signature to best fit points? (¢¢ close to kaon mass)

Recasting not trivial and important information can be lost from the analysis
It is fundamental that collaborations provide “recastable” results (e.g. reweigthing methods) [Gartner et al. 2024]
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