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L —
Available physics at LHCb

Channel Expt. branching ratio  Discussion
- - - - 42.6(7% large-N, ¥PT, light Higgs scalars
Channel Expt. branching ratio _ Discussion 7oy 28.9(5)% chiral anomaly, theory input for singly-virtual TFF
39.41(20)% chiral anomaly| =" mixing | and (g - 2),,
n -3 32.68(23)% m, —my 7 — nn’x® 228®)% large-N, YPT
n - 'y 2.56(22) x 107 XYPT at O(p®), leptophobic B boson, N - wy 2.489(76)% [55) theory input for singly-virtual TEF and (g - 2),,
light Higgs scalars N - wete” 2.0(4) x 107 theory input for doubly-virtual TFF and (g — 2),
n = 'y <12x107? YPT, axion-like particles (ALPs) 2.331(37)% [53]) chiral anomaly,[7- mixing |
n -4y <28x107* < 1071(52] 7 — 3" 2.54(18)% *) M —ma
22.92(28)% my —my, w oty 1.09(27) x 10 theory input for (¢ — 2),,, dark photon
light Higgs scalars 7 —etey 4.73(30) x 107 theory input for (g — 2),,, dark photon
4.22(8)% chiral anomaly, lheuri i iul for singly-virtual TFI W rtrp e <29x 107 theory input for doubly-virtual TFF and (g — 2),.,
and (g = 2),, |P/CP violation P/CP violation, dark photon, ALPs
noa'Tyy <21x107 XPT, ALPs = atneter 24043 x 107 theory input for doubly-virtual TFF and (g — 2),,,
n—etey 6.9(4) x 1073 theory input for (g — 2),,, P/CP violation, dark photon, ALPs
dark photon, protophobic X boson S A C/CP violation, ALPs
noutpy 3.1 x 107 theory input for (g - 2),, dark photon
n—ete <7x107 theory input for (g — 2),, BSM weak decays
=t 5.8(8)x 10°° theory input for (g — 2),, BSM weak decays, L H C b can access h igh B modes Vi a.

P/CP violation

0 - 20 C/CP violation, ALPs ° D+(s) N h+n(’) - [JHEP 06 (2021) 019 ]

nortrete 26811 x 1074 theory input for doubly-virtual TFF and (g — 2),,
P/CP violation, ALPs & [Phys. Lett. B764 (2016) 233 ]
nortruty <3.6x%x10 theory input for doubly-virtual TFF and (g — 2),,,

PICE violarion, ALPs ° B(Os)—> J/z/m(’) [JHEP 01 (2015) 024]
- showing Run-2 update today 223


https://doi.org/10.1007/JHEP06(2021)019
https://doi.org/10.1016/j.physletb.2016.11.032
https://doi.org/10.1007/JHEP01(2015)024

|
n-n" Mixing

@ The physical 7 and 1’ states can be described in terms of isospin singlets (|ns), |1q)),

1 _
= —(|uw) + |dd)), = |SsS
79 ﬂ(l )+ |dd)), [ns) = |s5)
e Taking account for a glueball state |gg), we have a description with two angles (¢p and
bc)

In) = cos pplng) —sindp|ns), |n') = cos s (sin dp|ng) + cos dplns)) + sin o lgg)

@ The branching ratios can be found be projecting to the |dd) or |s3) states:

7
TBo, MBO( " )

B(B %~ Jpm") = ==

2
[VeqVisl? | F(B%— Jqa) [ | (aaln'”)|

7
@ where CDW( are the phase-space factors and F(B%, — J/1)qq) are the form factors.
(s) q
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I miving:
Ways to measure 1-1" mixing: Rn(’)
© A way to measure ¢p is to measure R,

_ B(B°— Jjn))

" BB~ Jin)
Assuming SU(3) symmetry F(B°— Jibdd) = F(B? — Jjipss) and tan? 0, = |Vg/Ves|?

N\ 3
Ry = 70 Mp (q)z,) X ﬂ X tan? op, Ry= 70 Mp <¢%>3 X tan” fc X cot? op
Tgo Mgy \ &7 2 TgY MpY (O} 2

Although this is not sensitive to ¢.

¢p = (46.3 +2.3)° LHCb Run-1 value [JHEP 01 (2015) 024]

PDG 2020 mass formulae: ¢p = 43.4°

X-PT: 6p = (39.3 £ 1.0)°

o Lattice QCD: ¢p = (38.8 - 4.6)° - both averages from [Gan, Kubis, Passemar and Tulin
(2020)]
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https://doi.org/10.1007/JHEP01(2015)024
https://arxiv.org/abs/2007.00664
https://arxiv.org/abs/2007.00664

Ways to measure 7-1' mixing: R(s)

e A way to measure both ¢p and ¢ is to measure R(s)
B(B%(sy— Jfn')
B(B%(sy— Jfm)

n 3 " 3
R=|-%] cos®octan?dp, Rs= ° cos? ¢ cot? gp
n 7
o, (oY

Ris) =

LHCb Run-1: ¢p = (43.5733)°, ¢ = (0 +24.6)° [JHEP 01 (2015) 024]
PDG 2020 mass formulae: ¢p = 43.4°
x-PT: ¢p = (39.3 4+ 1.0)°

Lattice QCD: ¢p = (38.8 +4.6)° - both averages from [Gan, Kubis, Passemar and Tulin
(2020)]
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https://doi.org/10.1007/JHEP01(2015)024
https://arxiv.org/abs/2007.00664
https://arxiv.org/abs/2007.00664

Ways to measure n-n" mixing: Ry

@ A way to measure ¢p is to measure Ry

3
_ B(B®— Jjyn) _ ¢Z 2
= sy~ (o8] e

@ This is suggested in [Fleischer, Knegjens, Ricciardi sof >
(2011)] P
- +7 o . 60 /'
o This gave ¢p = (4073)° from PDG B of the time |
@ We are working on this as well, but | am focusing & 77
on R(s) and Rn(/) tOday 0 t For illustration only
20 R, =133
@ Measurements together can be used to create a B SR”:E,;[Ji(,,lg
_ wz Ry =062+ 30%"
¢G ¢P phase space { 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

op [deg]

6/23


https://doi.org/10.1140/epjc/s10052-011-1798-8
https://doi.org/10.1140/epjc/s10052-011-1798-8

Tension in experiments

@ There is some tension for 1-n' mixing between Cornell experiment using Primakoff effect
(v7*) = vn, where v(*) is a virtual photon in Coulomb field of a nuclei)

r l 1 ¢p is angle relative to the “ideal-mixing” angle

ot ] Op = ¢pp — arctan V2

nnnnnnnn

n-n' mixing angle, 6 (deg)

k { LHCb Run-1: 0p = (—11.272%)° and 0p = (—8.4 + 2.3)°
PDG: 0p = —11.3°

X-PT: 0p = (—15.4 £ 1.0)°

Lattice QCD: 0p = (—15.9 + 4.6)°

An update with LHCb Run-2 data value may help resolve this

Collider
Average

Experiments

Plot from JLAB 7 proposals
(2009)
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https://www.jlab.org/exp_prog/proposals/10/PR12-10-011.pdf
https://www.jlab.org/exp_prog/proposals/10/PR12-10-011.pdf

L —
Analysis Strategy

@ We want to measure both the absolute B and 7-1’ mixing of BO(S)—> J/wn(’)

Channel B Channel B

n— vy (39.41 £ 0.20)% n' =y (2.307 £ 0.033)%
n— mra w0 (22.92+0.28)% n =ty (42.5 4+ 0.5)%
n—atr y  (4.22+£0.08)% n— Plr Ty (295 4+ 0.4)%

o Normalisation: B(B® — JjppP[ntn~]) = (2.557018) x 107> [PDG 2020]
e Using pp collision data (taken 2016-18) corresponding to [ £ = 5.6fb~ ! at 13 TeV.

N3 ., MC ‘ 0 0 1
B(BO(S)% J/¢77(/)) _ BO(sy=+J/pn") o B Jppp® y B(B®— Jibp )(’(5)

MC
NEO‘)J/@'PO gBO(s)%J/Ei'r](/) 8(77(/) - X) fa

o f/fy(13TeV) = 0.2539 4 0.0079 [Phys. Rev. D 104, 032005 ]
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https://doi.org/10.1103/PhysRevD.104.032005

Analysis Steps

*!

Model Parameters:

Branchlng Ratio

M|X|ng
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Selection Summary

Triggers (Muon and dimuon)
Stripping: FullDSTDiMuonJpsi2MuMuDetachedLine (selections for J/1)— ptp™)
o Vertex cuts:
o log(x2,/ndf) < 4, DTF x2/ndf < 5, x& (1) > 4, x5(7) > 9
@ pr cuts:
o For all modes (B — J/X%): pX’ > 2000 MeV
° B(OS)—> Jpn [m 7w ] ph > 1200 MeV, pl. > 500 MeV
o BY)— Jbnlrtan: pf > 1000 MeV, p} > 200 MeV
o Bl — Jjin" [z 7= 4]: p} > 500 MeV
@ PID of charged particles:
o Prx(1—Pk)>02
Mass vetoes: JabK+m=, JabK*, and Jppmta— (for n”) modes)
3-D optimised selections (more on this later):
e 77 and 1’ mass windows
e photon CL
e an MVA: Boosted Decision Trees
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|
Gradient Boosted Reweighting

A reweighting procedure using Boosted Decision Trees [Rogozhnikov (2016)]
@ Data-driven corrections of MC samples

——

LHCb Preliminary E
« Daa
Model E
....... Combinatorics

@ Using sWeighted J/iymr™m~ data compared to MC %7000

. . geor ¢t BY . Jy '
to train the reweighter 8 oo U e
5 8% Jy(n - p%)
. . . = 4000 E
@ Trained using common variables across the modes % 3

to align (B pr, p, IP and DIRA with nTracks and © 00
nPVs) o

0 £ X
. . : 5 aF
° ThIS is done bfafore training the BDT in order to _§H,;“[|‘| ,I“ ,ul 'I;"}IM'H{;N l*"u‘i""“m“l”{“'#; ”MWQ
improve the alignment of the input variables S L L

m(J/qu") [MeV/c?]
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https://doi.org/10.1088/1742-6596/762/1/012036

B® — Jjpp? real data vs.MC before reweighting
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B® — Jhpp® real data vs.MC after reweighting
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Boosted Decision Trees

: Variable Importance

: b _vtxchi2
: b _dchi2vtx :
: b ip

: cc_apz
: b pt

: jpsi_pt
: cc_dphi
: cc_deta
1 cc_mult
i cc_vpt
i b_nvix

NUOO OO~~~

934e-
744e-
522e-
217e-
10%e-
959%e-
888e-
596e-
656¢€-
655e-
402e-
156e-
-02
-02

02
02
02
02
02
02
02
02
02
02
02
02

(1/N) dN/ dx

TMVA overtraining check for classifit

7

6

5

©  »

~

FET0 signal (test sample)
77

" Signal (fraifing sample) | '

4

(test sample)

(training sample)

test: signal

02 03
BDT response

Signal category: MC samples
Background: J/ib mass side bands in data

Backgr rejection (1-€ff)

o o o o o
3 o ~ © © =

o
IS

° IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

< 13/14 inputs chosen for signal-background discrimination

Channel

B~ J/y [
B2~ J/ n[mmy]
B.- J/@ n[rumt]
By~ b ey
Bs— J/y n'[rmm]
" " 1 " "

0.2 0.4

0.6

0.8

14/23



Normalisation channel B®— J/ipp° mass fit - Run-2

T T T —
LHCb Preliminary -
Data E
Model E

....... Combinatorics
....... BY - Jy T
....... B® _ Jy(® - ) E

B~y - o)

4F 1 — T T T T T T T

AT R Ry b

0 3 +++ﬂﬂ*++ﬂ+ i p A g **”**"*”“@

- 52IOO I I I 54IOO I I I a/ﬁlooxo)l [M IV/ 2]
mi ev/c

x?/ndf = 1.31 i

N(B®) = (2.611 4 0.021) x 10*

N(B?) = (5.30 + 0.09) x 103

Fit models:

@ Signal & physics backgrounds: PDF double-sided
Hypatia function with two tails (fixed from MC
fits)

@ Combinatorics: a free exponential

@ Physics backgrounds are fixed on the J/ip° yield
and the ratios of "¢ and B

BDT selection decision

@ B%— J/pp° has high purity so 1-D optimisation of
the BDT for maximised signal significance was
sufficient

@ Other modes use 3-D optimisation
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3-D optimisation: a toy study

e 3-D optimisation of the BDT + 7(/mass window (dm) + photon CL
e FOM: The significance of the Cabbibo-suppressed B® peak

dm=24 MeV/ dm=22 MeV

11e 0. 116
5

0,005,

0.

H
n

0.09)
0.085)

oo @ Fits MC samples

0,075

_ @ Uses J/ipp° to initially estimate yields

0.065,

0.06]

@ Generates toy MC and refits to give
significance - repeated 100 times per
combined cut

0.055| 0,055,

005 006 007 008 005 01 011 012 013 014 015 05 006 007 008 005 01 01l 012 013 014 015
ol L

dm=20 MeV dm=18 MeV
50 116

Soos @ The combined cut with the maximum
o mean significance is then used

o] @ This is to improve reliability and
007 compensates for statistical fluctuations

0,055

005 005 007 008 005 01 011 012 013 014 015 %05 006 007 008 009 01 01l 012 013 014 015
ol oL
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L —
BE)S)—> Jiyn"” diphoton mass fits - Run-2

n— 7T+7T 7T0
T T T T T T
F LHCb Preliminary
250 - * e Data
Model
ofF 0 TV e Combinatorics

Candidates/(6 MeV/c?)

° X2/ndf =0.62

seeeees B S (N~ T
....... B° - Jy(n ~ mnre)

4
§E‘hﬂdhh"h;ﬂ*ﬂ;%; +““|Miﬂ i F“Hhmmh{lhﬂm{dum “‘u*m“l‘l‘
2 .

5200 5400
m(J/ljJXO) [MeVicy

o N(B%) =218+22
o N(B?)=1979 + 49

Candidates/(6 MeV/c?)

x?/ndf = 0.74

toa— n
0 T j ' ' .I Ilsé;:b Prle\iminlary I
120 | — gooiginaoncs
100 AR
80
60 |
40
20 1
0 okl { Do i1 % i —
4F
K numu, muu* m*mh*m;u*‘ | u*;“i'i ;H;Hu”; " *“ W ““ *u} ”“q
4F | .

5200 5400
m(J/wa’) [MeV/c?]

N(B%) =72+ 14
N(B?) =936 + 34
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|
BE)S)—> J/wn(’) single photon mass fits - Run-2

ns mry o (0 7t )y
%\ 1‘212 ' L[;c;cab Prlelimirl\ary ' %\ 700;_ T T ' IE)iib Prlelimirl1ary I _
= . g$:|nalorlcs E soF — gooﬁ';”amcs E
% 100 e 3ot~ e 3 f b o - oy 3
LA A B2~ 3o - v B aof B el N
5 o 0 F1 e B - Ju( - ) s F iL 0 B JuK, - 3
8 8 ™ ;
a0 200 E
20f 100 3
0 Bodle it e bttt b . o By --~-,--;::.*....'1,.. . L 3
= 4 = 4 L
§EWHHHH #}“&} it Hbl}*}ﬁ m““hﬂmu“hh“llm‘l‘l ;Hl;l Iu,ulg §E¢l} ;H{ H;*;l +,*+*+,h++u*;u,uudlh**wﬂ#‘;HHﬂhslulu*lhlm,d‘“llz“‘lg
= -4 M =

5200 5400 5200 5400

o 2/ndf = 0.97 rbomee /ndf = 0.73
o N(B%) =59+ 14 o N(B%) =176 +28
o N(B?)=622+19 o N(B?) = 3164 + 60

5600
mIPXx°) [Mev/cg
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Statistics Comparison

Great improvement on statistics since last LHCb study

Channel N(B®) Run-1  N(B?) Run-1 | N(B%) Run-2 N(B?) Run-2
n— ata— 70 34+11 524 £+ 27 218 £ 22 1979 £+ 49
n— Tty 50 + 14 622 + 19
n—atrn 26.8+7.5 333+ 20 72+ 14 936 + 34
0= (0°— wtn )y | TL£22 088 + 45 176 + 28 3164 + 60
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|
Efficiency Corrections - Photon Reconstruction

@ Dedicated performance analysis

@ Follows a similar analysis strategy as B measurements
Bt — (Xc1— J/py)K™ normalised to BT — JapK™
2018 mass fits

?m + + %\gmo, Lfcopreiminay
% oo — X1 KT and JWWKT — S e,

© o F ++2++ Combinatorics E
S 600 B P B - JPK" 1
g Ns GI\/IC B gm

g Iy K+ JpK+ JpK+  §aop E
8 o = X 10000k E

McC
Nj/wﬁ e B i+ ‘

=

Pull
Pull

Ly
dbova

ﬂ”“%;W%W%w M&Nﬁ

DTF My (M eV/cZ)

B dhoan

This is also done with
BT — Jp(K*T — K*+70) for 70 reco.

&
§
§

5100 5500
DTFmy, - (Mev/c?)

@ Corrections are produced for each data-taking year at LHCb

@ These are applied as a multiplicative factor for the MC efficiencies (&7 MC _, 5data)

@ Largest source of uncertainty from B (BT — x1 K7)&B (Bt — J/zﬂK**) Belle-11?
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Resulting uncertainties on the 7-n" mixing angle ¢p

_ B(B°— Jn"))  B(B%s)— Jhn)
1T BBY s Sy ) T B(BO— Jm)

B Ratio  Statistics Total

Ry () 10.0% 10.1% @ Errors greatly reduced due to

R, (V) 4.4% 4.4% R o tan? p = 8(¢p) o 8(R)/([2R + 2]VR)
Ry (v)  7.1% 7.2% o Expected improvement over averaging across all
Ry (vy) 87% 8.8% modes and calculation methods

R (7) 9'2?’ 9'2Z/° @ Needs systematic studies

gs(z;y)) ?:;02 ?:171"2 @ Current combined uncertainties of ~ 1% on ¢p
Rs (vy) 1.3% 1.4% @ LHCb Run-1 uncertainties: ~ 5%
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Resulting uncertainties on the absolute branching ratios

B (B~ Jfym"): Channel | LHCb Run-1_PDG2020
Channel Statistics Total n 18.9% 17.5%
n— wtm 0 2.6% 10.3% U 15.4% 12.1%
n— Ty 3.2% 11.1% . ) .
| 3.7% 10.6% @ Limited by uncertainty on external inputs:

/ 0 + - 210 10.8° o a(B(B°— Jipp®)) = 6.7%
n— (p°—=7tr )y % 0.8% o o(£)f)) = 3.1%
o o(ns5y,) =7.5%(6.5%)

B (B° = Jfn"):

Channel Statistics Total Channel | LHCb Run-1 PDG2020
n— T 7o 9.8% 13.7% n 38.6% 21.3%
n— Ty 24.5% 26.5% U 31.8% 31.6%
n—ntrn 19.2% 21.4% . - -

W = (= 7wt )y | 15.4% 18.4% @ Limited by statistical uncertainties:

o Run-3 data would help
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Overview and Outlook

Overview
@ We can improve the precision of LHCb's Run-1 7-1 mixing measurement by a factor of 5.

@ We are currently able to measure the branching fractions with uncertainties expected to
be lower than the PDG average (esp. for B [B®— J/z/m(’) D).

@ Caveat: This is before further systematical uncertainties have been analysed — though it

is expected to be small compared to external factors (B and 75™").

Outlook for LHCb
@ With these channels in Run-3 — more stats — possible CPV measurement (¢s).

o Using measurements of B (B% — J/z/)n(’)) we can test SU(3). flavour symmetry and provide
hadronic corrections to control penguin parameters. [Fleischer, Knegjens, Ricciardi (2011)]

@ CPV searches with D+(s)—> h*n(’) - ongoing Run-2 analysis
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https://doi.org/10.1140/epjc/s10052-011-1798-8

Back-Up
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n and 1’ physics

[PDG 2020]

@ 7 and 1’ provide opportunities for the testing of many Standard Model as well as Beyond
Standard Model physics
@ There is particular interest testing fundamental effects of QCD
e SU(3),, flavour symmetry breaking causes 1 and ' being admixtures of 71 and g
e SU(3), pseudoscalar octet (7%, 7%, K=, K°, K° and 7s)
o U(1), pseudoscalar singlet (1)

@ low-energy QCD symmetries in kaon and pion sector are well studied. 7 and 7’ are behind.
25/23



Dominant diagram of B(Os)—> J/zpn(')

C C
b A
c [
Bg b w s ,’7(/) BO b w d 77(/)
S > S d > d
(/)
v e\ 2 2, 2
B(BY — Sy = - M2 VeaVasl® (5" ) |F(BS— Jpaa)* [(aaln )|, a=d.s
)
0 ) a0\ > 2 2 0 A TNONE
_ BB Jn'”) e | Py BY | Vea|” | F(B® = Jfpdd)|" | (dd|n'”)
BB Sy ey \ g | M2 | Ves| | F(BY— Jjibss) | | (ss]n()

*’q — M2 d)"(/) 2
Pa 9 / 26/23



n-n’ Mixing - singlet and octet basis

@ The physical  and 7' and n¢g(glueball) states can be described in terms of octet and
singlet eigenstates (|11), |ng)) and a glueball state |gg)

@ a description can be made with mixing angles (/p and ¢¢)

In) cosfp —sinfp 0 1 0 0 |n1)
In'y | = [ sindp cosp 0 0 cosflc —sinfg Ing)
Ing) 0 0 1 0 sinfg cosfg lgg)

e where |ng) = 7(|uﬂ> + |dd) — |s3)) and |n1) = 7(|uﬂ> + |dd) + |s3))
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Available physics - full list

Channel Expt. branching ratio  Discussion
Channel Expt. branching ratio  Discussion
N2y 39.4120% chiral anomaly, -’ mixing
po a0 32.6803)% P o = 426(1)% large-N, yPT. light Higgs scalars
noayy 25602)x 10~ (P at O(p°). eptophobic B boson, n oty 28.9(5)% chiral anomaly, theory input for singly-virtual TFF
light Higgs scalars and (g - 2),. P/CP violation
PR} .
noy  <12x107 ¥PT, axion-like particles (ALPs) Kk 28®)% large-Ne xPT
. P , Singly-vi og -
-4y <28x10* <10"(52) o = wy 2.489(76)% (531 theory input for singly-virtual TFF and (g — 2),,
JorrR 29208% e — ma, CJCP violation o= wete 2.004) x 107 theary input for doubly-virtual TFF and (g — 2),,
light Higgs scalars. -2y 2.331(37)% chiral anomaly. 77—’ mixing
nonny 4.22(8)% chiral anomaly, theory input for singly-virtual TFF 7 =30 2.54(18)% ! iy, = g
and (g - 2),.. P/CP violation W=ty L0927 % 107 theary input for (g — 2),. dark photon
oy <21x107 YPT. ALPs o ety 47330) x 107 theory input for ( — 2. dark photon
noetey 6.9(4)x 107 theory input for (g - 2),,, N o mtrpty <29%107 theory input for doubly-virtual TFF and (g — 2),,.
dark photon, protophobic X boson P/CP violation, dark photon, ALPs
n-ptey 314 x 107 theory input for (g - 2),.. dark photon N omrete” 24015 x 107 theory input for doubly-virtual TFF and (g — 2),..
noete <7x107 theory input for (g — 2),.. BSM weak decays P/CP violation, dark photon, ALPs
eV 588)x 107 theory input for (g — 2),.. BSM weak decays, VT CJCP violation, ALPs
P/CP violation qornA A6l x 107 im, — my, C/CP violation,
-2 C/CP violation, ALPs light Higgs scalars
portrete  268(11)x 107 theory input for doubly-virtual TFF and (g - 2),. =2y 849 % 107 theory input for doubly-virtual TFF and (g - 2),,
P/CP violation, ALPs o — a2l 1.8(4) x 10~

portTpty <36x10° theory input for doubly-virtual TFF and (g — 2. =2t < 18x107 ALPs
. P/CP violation, ALPs iy - Kt <4x107 weak interactions
poetede 24022 x 100 theory input for (g - 2), Jomtet,  <2ix10 second-class current
eyt N . g—

noete s < 16x10 theory input for (g - 2), 7oy 3.20024) x 107 vector and scalar dynamics, B boson,

D pE <36x107 theory input for (g - 2), light Higgs scalars

noxmaly  <5x10% direct emission only 7=y 8.3(35)x 107 (36]  vector and scalar dynamics, B boson,

oy, <17x10% light Higgs scalars

no <44x10° (53] - an® <4.94x 107 (37 (S-wave) P/CP violation

n— 2 <35%10% P/CP violation g ete <5.6%107 theory input for (g — 2),. BSM weak decays

- 4n <69%107 P/CP violation o -t theory input for (g — 2),. BSM weak decays
o e theory input for (g - 2),

See JLAB physics review reerey e
1 H I <18x10° JCP violation
Gan, Kubis, Passemar and Tulin (2020) Vo coant mcrvawe
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https://arxiv.org/abs/2007.00664

Ways to measure n-n" mixing outside of LHCb: F(n(’)—> YY)

@ A way to measure 0p is to measure F(n(’)—> vv) at ete™ colliders and Primakoff
experiments

g
r” = 7) = == |s

(40) = i (ar s 109m 7 () sz M) (o i)

Fg1 Fi1
. , _ [coslp —sintp _
mixing matrix M(0p) = <sin 0p  coslp > and a Low Energy Constant t; =
@ More detail in JLAB 7 proposals (2009)

@ where there are the form factors F = (FSS F81>,

n

m

B
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https://www.jlab.org/exp_prog/proposals/10/PR12-10-011.pdf

Testing SU(3) symmetry breaking

Using LHCb's two measurements of ¢p
® ¢p from the ratios R (,) assumes SU(3)f symmetry.
e ¢p from the ratios Rs) does not require the same approximation.

@ Controlling for systematics means the differences between the two measurements would
imply breaking of SU(3), symmetry.
@ Note the LHCb Run-1 measurements with these methods were
o ¢p = (46.3 £2.3)° from the ratios R, ()
o ¢p = (43.575%)° from the ratios R(s)
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Testing SU(3) symmetry breaking
Non-factorisable SU(3)z symmetry breaking with B (B%— J/4KO)
@ A method highlighted in [Fleischer, Knegjens, Ricciardi (2011)]
@ This can use our new measurements of the mixing angles and B
3 040 2
KO REOME,) | B(BY— ™)

Kn(/) _ TRo MBoq)d
SU@B) — -~ ’ ’
()~ 715 MBgd)n( ) Flggn( )(Mi/w) B(BY— JhpKO)

@ where Fl(M3/¢) are the respective form factors which can be projected to |ns) = |s5)

BO A 0 40
F sn(M3/¢) = —sin ¢PF1B K (Mf/w)

BO / 040
Fr*" (M3,) = cos ¢pcos g F* " (M7,)

1)
° KQ{TB) =1 would mean no non-factorisable SU(3) symmetry breaking. )


https://doi.org/10.1140/epjc/s10052-011-1798-8

Testing SU(3) symmetry breaking

Non-factorisable SU(3) symmetry breaking with B (B° — J/pKO)

o If we take LHCb's Run-1 values of ¢p and ¢¢ (from R(y)) along with the PDG2020
values for the B and B&) 7 and masses

_ +0.31 ! _ +0.23
Koy = 0925021, Ky = 085100

@ Both values are compatible with one
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Resulting uncertainties - ¢p - extended

1 BB Sy ) T B(BY gy — Jm)

@ Errors greatly reduced due to

B(B°— Jfym() o B(B®()— Jun)

B Ratio  Statistics B (n(’) — X) f/fy Total R o tan2 ép

Ry (v)  10.0% 1.4% 10.1% .

R, (vy) 4.4% 1.4%  4.4% @ Expected improvement over
Rn/ () 7.1% 1.4% 7.2% averaging across all modes and
R:/ (+7) 8:7% 1:4% 8:8% calculation methods

R (7) 9.2% 0.7% 9.2% @ Needs systematic studies
R(vy) 67% 0.6% 6.7% o Current combined uncertainties
Rs (7) 1.2% 0.8% 1.4% of ~ 1% on ¢p

Re (vy) 13% 0.5% 1.4% o LHCb Run-1 uncertainties:

~ 5%
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Resulting uncertainties - B- extended

B (BY— J/dm(’)) - PDG uncertainties o(n) = 17.5% and o(n') = 12.1%

Channel Statistics B (77(’)% X) B (B°— JppP) f/fy ns” | Total
n— ntam0 2.6% 1.9% 6.7% 31% 6.5% | 10.3%
n— wtay 3.2% 1.2% 6.7% 31% 7.5% | 11.1%
n— 7ty 3.7% 1.3% 6.7% 3.1% 6.5% | 10.6%
n— ("= 7tn ")y | 2.1% 1.4% 6.7% 3.1% 7.5% | 10.8%
B (B = Jiyn(”) - PDG uncertainties o(n) = 21.3% and o(n) = 31.6%
Channel Statistics B (n(’)—> X) B (B°— Jipp) ns” | Total
n— ntr—m9 9.8% 1.9% 6.7% 6.5% | 13.7%
n— Tty 24.5% 1.2% 6.7% 7.5% | 26.5%
| 192%  1.3% 6.7% 6.5% | 21.4%
n— (p°— 7tn ")y | 15.4% 1.4% 6.7% 7.5% | 18.4%
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Recent experimental publications - high energy frontier

e LHCb
e Run-1 n-n" mixing measurement with B(Os)—> J/wn(') [JHEP 01 (2015) 024]
o Search for decay 49— An") [JHEP 09 (2015) 006]
o Search for decay BY — n/¢ [JHEP 05 (2017) 158]
o CP Violation in D* () — h™y [JHEP 06 (2021) 019]
o Belle-1&lII
o Search for BY— n'n [Phys.Rev.D 104 (2021) 3, L031101]
e CP Violation in decays D° — n+7~n, D°— K*K~n and D°— ¢n [JHEP 09 (2021) 075]
e Many searches planned in [The Belle Il Physics Book]
e BaBar
e Light meson spectroscopy in 7. — n(’)h+h_ [Phys.Rev.D 104 (2021) 7, 072002]
o LFV in D°— X%®*u* (including X° = 5) [Phys.Rev.D 101 (2020) 11, 112003]
o Measurement of the form factors of v*y* — 5’ [Phys.Rev.D 98 (2018) 11, 112002]
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https://doi.org/10.1007/JHEP01(2015)024
https://doi.org/10.1007/JHEP09(2015)006
https://doi.org/10.1007/JHEP05(2017)158
https://doi.org/10.1007/JHEP06(2021)019
https://doi.org/10.1103/PhysRevD.104.L031101
https://doi.org/10.1007/JHEP09(2021)075
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1103/PhysRevD.104.072002
https://doi.org/10.1103/PhysRevD.101.112003
https://doi.org/10.1103/PhysRevD.98.112002

BDT inputs - ' — p% (1)

Input variable: Input variable: b_ Input variable: b
3 oo T M T T T T 2 m T T T T T T § 0.2 T T T
S 08 Background 1. S 06F . ° 0.18
= - £ > o6
s s S 05 s 2 o4
z s z s Z
z ; £ o ¢ o0
5 s
2 .
o 0.08
0.2 0.06
. 0.04
: 0.02
0 0, d
-8 =24 22 20 -18 -16 -14 -12 -10 -8
b_ip b_dira
Input variable: b_dchi2vitx
0 - e ~ 025 Ty
= z 3
S S =]
= = 08 £ = o2 £
=z g . )
s g : 2 3
z 0.6 ez <
< ; £ ot a
e e
S S
0.4 S 0.1
0.05
g 0 2 4 6 8 10 12
b_vtxchi2 b_nvtx b_dchi2vtx
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BDT inputs - ' — p% (2)

Input variable: jpsi_pt Input variable: jpsi_ip Input variable: gamma_pt

8 osfF 3 = 2
= S o5 =]
> 05 g2 I 2 o ES
P4 g s = g
S S % o4 g Z b
Z o4 s = I s
=2 3 = : Z 5
03 £ = o3 § = B
] 3
0.2 0.2
0.1 0.1
® 10 11 © -1 0 1 85 9 95
jpsi_pt jpsi_ip gamma_pt
Input variable: cc_mult Input variable: cc_apz
B - SALAAML ML MM A A aaa L M A A . T @ T T T T
o o (=3
g 22 2 12f 3
s 2 = 29 2
z 18 g i 5z 3
; e g 08fF s 3 g
g 14 = —— 2
- 12 S = )
06 s T S
1 3 3
0.8 0.4
0.6
0.4 0.2
0.2
0002040608 1 12141618 2 2224 0= 0806-0402 0 020406 08 1 00 10000 20000 30000 40000 50000
cc_mult cc_apz cc_vpt
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