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Driving questions for flavour physics research

o Matter antimatter asymmetry
> New sources of CP Violation

e Quark and Lepton flavour & mass hierarchy
>extended gauge sector coupling to third

generation (Ht, W’, Z’)
>restored L-R symmetry

¢ Finite neutrino masses
> LFV and LFUV.

o 19 free parameters
> GUTs, leptoquarks

o« Hidden and dark sectors at the GeV scale,

may have flavour properties.
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o Leptonic and Semileptonic decays

o CKM matrix element magnitudes

« Violations of lepton flavour universality

e Direct and indirect CP violation

Phillip URQUIJO

e SM Weak CP phase

e New sources of CP violation

BV~ THE UNIVERSITY OF

-
A MELBOURNE




How to search for new phenomena in flavour transitions
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e Flavour Frontier: virtual production to probe scales
beyond energy frontier.

e Often first clues about NP e.g. weak force, ¢, b, t quarks.
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NEWS - 12 JANUARY 2018 PHYSICS

Revamped collider hunts for cracks in the Lawbreaking Particles May

fundamental theory of physics Point to a Previously Unknown
Experiment smashes electrons into positrons to search for unseen particles and problems with Force 1 the Unlverse

overarching physics framework. Scientists aren’t yet certain that electrons and their relatives are violating the Standa:
Model of particle physics, but the evidence is mounting
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That’s odd: Unruly penguins hint
where all the antimatter went

Rare “penguin’ particle decays should all happen at the same rate. They don't - perhaps
providing a clue to why we live in a universe made of matter
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Heavy flavour experiments

e 5 active experiments, all with strengths/weaknesses: BESIII, LHCb, Belle Il, ATLAS, CMS.
BESIIl ete- charm factory LHCb Beauty/Charm LHC detector
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Belle Il @ Super-KEKB

Intensity frontier flavou r-factory experlment Successor to Bel‘le‘ :@.K
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SuperKEKB - 201 9 — "Phase 3" First new collider since the LHC

1) New et dampingring.

2) New 3 km e* ring vacuum chamber.

3) New superconducting final focus.
Commissioned in 2018. Full detector P
physics run commenced March 20109. 7
1x1034/cm/s exceeded Dec 2019 ;
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Belle 1l Detector, 2019 commissioning of new VXD

K-Long and muon detector:
Resistive Plate Chambers (barrel outer layers)
Scintillator + WLSF + SiPM’s (end-caps,, inner 2 barrel layers
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Nano-beams and VXD operation

KEKB SuperKEKB

The vertex distribution is constrained
In the nano-beam scheme.

Ordinary collision (KEKB)
Z vertex d|str|but|on

Belle case 1999 data —_ o T ; _
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Nano-Beam (SuperKEKB Phase2)

Effective bunch length reduced x 1/10
Measured in 2-track events in Belle Il data
with one wedge of the silicon detector.

Tiny beam size is a useful constraint for
Time-dependent CPV analyses.

L4 SVD designed &

B built by Indian groups
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Hadron ID- Key for flavour measurement
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Some results involving charged tracks and TOP particle id in Phase 3
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dE/dx

-

CDC-dE/dx distribution and predictions

- hadronic events
- tracks from IP
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Particle ID with CDC (dE/dx), TOP (barrel), ARICH (forward endcap)
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MC simulation (MC12, July 2019) does not include embedded random triggers to correctly represent background.
Lepton ID discussed later in the talk.
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Event Topology tells us we are seeing B's _

1 0° BE
X
6001 Belle Il 2019 Preliminary : D
: o, * Y(4S) data - @
—~ 500 _ ot det =2.62 fb .off-resonance — ”
g -t ..o i
' 400 — .'0. h
= : . :
s : .
_I(L) _
= 300}
g i
I 200
h aqa //.
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Spherical R, Jet-like %
recording B-anti B pairs with ~99% efficiency. :/
N(B anti-B) ~ 1.1 x 106 per fb-1 on Y(4S).
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Standard Candles, ee— vy, ee(y), TT (V)

Integrated luminosity Phase 2 run, April-July 2018

Measured with ee- ee(y), yy 3r° + ' ee>Tt(y)
(496.3+0.3+3.0) pb-1 L Used for early trigger & track
<1% precision reached already! N efficiency measurements
Belle II anal lusive decay: Tsgna — 3TV,
* Data -ee yy "Bkg  —Tot signal | N ?chlulsllvlel Ielclayl ITI ’ III _ ﬂv IIIIII _
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arXiv:1910.05365, accepted to Chinese physics C - first paper on Belle Il data
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We have rediscovered the B meson (2019 dataset) $
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5500 Fully reconstructed hadronic B decays

Demonstration of Belle II’s B Physics Capabilities: Modes with neutrals, and K mesons are efficiently
reconstructed along with all-charged final states containing kaons and pions.
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Flavour data sets from colliders

Experiment fLdt:Now  [Ldt:5years o(bb) o(cc) o(ss) Operation
Babar 530 fb-? - 1.1 nb 1.6 nb 0.4 nb 1999-2008
Belle 1040 fb-1 - 1.1 nb 1.6 nb 0.4 nb 1999-2010

Belle Il >0.5 b 15-20 ab- 1.1 nb 1.6 nb 0.4 nb 2018-
(50 ab-1)
BESIII ~16 fb-1 ~30 fb-1 - 6 nb (3770 MeV) - 2008-
KLOE-2 5.5 fbl : : : ™3 ‘;/Ibei/l)OzO 2014-2018
ATLAS 140 fb-1 ~300 fb-1 250-500 pb - - 2009-
CMS 140 fb-1 ~300 fb-1 250-500 pb - - 2009-
LHCb 8 fb-1 23 fb-1 250-500 ub 1200- 2400 ub (~1013 Ks/ fb=1) 2009-

e Order of magnitude increase in e+e- Y(4S) dataset - focus of this presentation.

e Advances in lattice QCD will also be crucial for improved precision tests of the SM.
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LHCDb projected datasets

Upgrade |

current LHCb —— Ula — UIlb » Upgrade ll—»
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HL-LHC

2035
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N
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LHCb run 3 will
have an upgraded
trigger improving
hadronic mode
sensitivity.
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CKM, the Unitarity Triangle and CP Violation

e The SM describes the mixing of quarks Vid| Viss Vin| €
of different generations through the VoKM X - ‘Vcd‘. Vs | Veb
weak force. Vigl e —|Vis| e Vib

3 Generations, 1 Phase: single
source of CPV in the SM.

WA HFLAV
sin2®;=0.70+0.02
®, = (84.9 451 45)°

Wolfenstein parameterisation:
Phase invariant, conserving CKM

e . ®3=(73.5"2.5,)°
matrix unitarity at any order in A. : > (0,0) (1,0)
w2z [Vl a2yt = el ot i = —
= = 5 5 —
Vaal? + Vs 2 Vaal? + [V V.V
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Important Decays in the Combination

B
B — rm, pp P
B — D) K() D3
B — J/(,U Ks ¢1
Bs = JW © Bs

K— nvanti-v p,n

WHEPP 2019

B-DIlv/b—=clv

B-ortlv/b—=ulv
M- 1v(y)
EK

Amqg, Ams

Bs) = 1+ -

d s b _
e~ I l
u n%—_‘/\éy K?éy B ::—fy
—'Np - =TT T =TT
‘ /e 2
v

IVebl via Form factor / OPE
IVubl via Form factor / OPE

IVupl via Decay constant fu

(P, n) via Bk
IVib Va,s3l via Bag factor Bg

IVya,s3l via Decay constant fg

Phillip URQUIJO

t BY g B’

BE—E B T,

Observables with very different

properties

Tree: e.g., |Vub|, o3

Loop: e.qg., Amg, Ams, €k, sin(2[3)
CP-conserving: e.g., | Vypl, Amg, Ams
CP-violating: e.g., Y, €K, sin(2p)

Exp. uncs.: e.qg., q, sin(23), y
Syst. uncs.: e.qg., | Vunl, | Vebl, ek, Amg, Ams
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Important Decays in the Combination

(0,0)
B — rm, pp L
B —= D) K() (OR
B — JUY Ks OF
Bs = Jy @ Bs
K— nvant-v p,n

WHEPP 2019

_Lgy
BE = D

B—-DIlv/b—>clv
B-mrlv/b—=ulv
M= 1v(y)

EK

Amqg, Ams

Bs) = 1+ -

d S b
e - 2
7] 77 %
0 | (- e
V= |ec D?’é; D?——é}/{ B——\:———:E
t BB B’ |B;E—%® D t\ﬁw
(0,1) ’ ’ b

IVenl via Form factor / OPE
IVubl via Form factor / OPE
IVupl via Decay constant fu
(p, n) via Bk

IVib Va,s3l via Bag factor Bg

IVya,s3l via Decay constant fg
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Observables with very different
properties

Tree: e.g., | Vupl, ®3
Loop: e.qg., Amg, Ams, €k, sin(2[3)
CP-conserving: e.g., | Vypl, Amg, Ams
CP-violating: e.g., Y, €K, sin(2p)

Exp. uncs.: e.qg., q, sin(23), y
Syst. uncs.: e.qg., | Vunl, | Vebl, ek, Amg, Ams

=7 THE UNIVERSITY OF
18 L

[
MELBOURNE




Important Decays in the Combination
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Observables with very different
properties

Tree: e.g., | Vupl, ®3
Loop: e.qg., Amg, Ams, €k, sin(2[3)
CP-conserving: e.g., | Vypl, Amg, Ams
CP-violating: e.g., Y, €K, sin(2p)

Exp. uncs.: e.qg., q, sin(23), y
Syst. uncs.: e.qg., | Vunl, | Vebl, ek, Amg, Ams
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Observables with very different
properties

Tree: e.g., | Vupl, ®3
Loop: e.qg., Amg, Ams, €k, sin(2[3)
CP-conserving: e.g., | Vypl, Amg, Ams
CP-violating: e.g., Y, €K, sin(2p)
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Consistency among classes of observables

tree level loop-induced
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0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.0 1 |

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 -0.4 -0.2 1.0
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Overall results from 2018

IIII|IIII|IIII®|IIII|IIII|IIII

| oxchoeaaeanis 0095 1 Global fit remains excellent:
b o 1 ICHEP’16: p-value ~ 21% (1.30) —
; e TAMG &AM CKMP18: p-value ~ 51% (0.70)
ot Amg - 40.0056
I - B | .
€7 0.0 e e R R e e 1 _ +0.000254 0
] ’ — +0.0096 /o0
-0.5 — . p — 01577 —0.0074 (5%) UnC.)
I ] — +0.0095 /A0
_ ‘ n = 0.3493 "5 5077 (2% unc.)
I Y |
1.0 v y - 68% C.L. intervals
— % sol. w/cos2B8 <0
— Summer 18 . (excl. at CL > 0.95) —
_1.5 i [ | 1 1 | [ | | 1 l [ | 1 1 | [ 1 1 1 | [ 11 1 | N I |
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
p
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Determination of UT sides




CKM matrix elements, Ru ~ [Vub|/|Vcb|

-
o 3-ways to measure |Vckm| with leptonic and semileptonic decays
Vg
e Leptonic: decay constant from LQCD
1/2
MB | 22 - M) Gr
I'(B — l1ly) = — |G e vy
( 162) = =GB 1272 G =5 Vv (my, — 0)
.
o Exclusive semileptonic: form factor parameterisation with . H- .
normalisation from LQCD or Light Cone Sum Rules e L ’
AT G V> A2 AL
dq? = q|77EW\2 é‘ﬂ;;)' AN ;5 {C]2512 [|H+\2 + |H_|* + |Ho|2] + C12|Hs|2}
o Inclusive semileptonic: Heavy quark symmetry if you measure Ao = (Mp —mi —m3)” — dmim,
the full rate, described by heavy quark expansion o = m 4+ md — PI=mD)°
Gamy Mp
F(B — XCKV) — 19F27_‘_§ H/cb‘QHl - Aew]AnonpertApert] Bry =1 m%(;l;m% ;‘212

%ol=/ THE UNIVERSITY OF

MELBOURNE
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Status and prospects, Ru ~ Vub/Vcb

Recent |V¢p| exclusive results

Babar, Phys. Rev. Lett. 123, 091801 (2019)
Belle, Phys. Rev. D 100, 052007 (2019)

e Current precision: g AT ABOORRRRRRR HAANDEDNP AR
O 4.6 — Ax*=1.0 contours —
2% for\Vcb\, — 44F B=DIlv =
5-6% fOr ‘Vub‘, Zs 4.9 E_ i__):tpl:v Inclusive ? —f
but sizeable tension between exclusive 4F- World Average :X;;:f global fitin KS =
and inclusive. 3.8 & -
3.6 & =
| | 3.4 3
o Bellell should fully resolve this tension 30 E =
within 5 years (inclusive, exclusive, 3 —
leptonic), combined with LQCD 2.8 & %
improvements. A S T PR BT U L P DU DR I AT
3536 37 38 39 40 41 4 a3 4
. ; . V| [107]
Belle Belle II 5 ab Belle II so ab cb
V| exclusive (tagged) (3.8 7.0)% (1.8 ® 1.7)% (1.2 @ 0.9)%
V| exclusive (untagged) (2.7 ® 7.0)% (1.2 ® 1.7)% (0.9 ® 0.9)%
[V |inclusive (6.0 ®2.5-4.5)%  (2.3®2.5-4.5)% (1.7 ® 2.5-4.5)%
WHEPP 2019 Phillip URQUIJO 23 Y MELBOURNE




Observation of B—D* | v at Belle Il

Signals for B> D™ |- v, D™*»D0 1t* using cosOgp+ variable
Clear signals are found in both the electron and muon modes.

Cosine of the angle between the
B flight direction and the .o Belle Il preliminary [cdt=5.15fb" Belle Il preliminary [cdt=5.15fb"1

~ 700 ————— T T ~ 700 T
- - * ) ( ). ™ D" *uv, Signal 0 - D™t e v, I Signal
direction of the (D*l) system (Y): 2 ;! 2 Continuum {2 600 | 2 — Contuum -
= : 114 <AM <148 MeV/c { fake D* fake | 1 = : 114 <AM < 148 MeV/c = fake D" fake | |
v 500 b Pu> 1.2 GeV/c ‘s - n 500 [ p.>1.2 GeV/c . :
g : B-D""pvy - Q B-D""ev,
> g 400 crossfeed BB : 3 t crossfeed BB
= 77/, MC stat. unc. 1 T 400 MC stat. unc. -
S _
O 300 Data 8 30 Data
(A= P [
200 f 200
100 100
D / o0 :
. 0
Q
= 5 S
S oht { ¢ g ! } § =
S5 0 { ¢ 1
a ! [ ¢ f T
QE*E*—MQ— 9 5 ] _5t
BHY B — My -4 -3 -2 -1 0 1 2 3 4
cosOpy = 5
2 ¥ ok COSUORy
PPy

E\ég:%? THE UNIVERSITY OF
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Vub| and LFU In B— v

Belle, arXiv: 1911.03186

submitted to PRD
o 5odiscoveries of Be TV and Total ““Cﬂfta'“ty
Cateqory | B-> u v expected with <5 ab-L. L [ab-1] 0 |Vub| [%]
1507 ] = mem Continuum- . i
% mm bocC ] 0.20 x10 i Pvalue1_o S B% T l v 2
Rare — _
§ 100 = B - uvy L — . 0.9 B% T V 5
< mw b-u = -
g B Signal _ ~ 0.8 B% u V >>5G
E 50 /;/ sDyst unc. 7 0.15 — ]
= i — 1 57 50 BoTtlv 1.2
- * - - 4 |=10.6
92 2.4 2.6 2.8 3.0 3.2 T - —— - B>tV 1.5-2
p; / (GeV) 0.10 — — 0.5
g; - | i Bouv 5
H e 7 [ [ B | - . X
: i T ) 1 - I LQCD projections on decay constants.
0.15 ! i on TR - - :
! ' — Zriqgésnjlitlgegggcr;}: A 0.05 — T
: i : ....... G (XlIJA, op) | [ ] 0-2 Nf forecaSt fB [MeV]
< 0.10 : | ~ Bayesian Upper Limit — = — T
x 0.10¢ i et o ] 01 current (2017) :_88(3)
1 : "\ 2s 0% cunmite : - - Syrw/oEM  183(1.5)
0.05} 5 . 000 Lol o b b e Lo Lo 0.0 A
: 2 | : 050 055 060 065 070 075 080 0.85 0.90 2+1+1 Syrw/EM 188(2.4)
0.00 iy L R sin 2f 10 yr w/o EM  188(0.60)
0 > 10 1> 20 Phase of Vtd ‘
B(B - ) x 107 10 yr w/ EM 188(2.0)
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Vub| and LFU In B— v

Belle, arXiv: 1911.03186

submitted to PRD
o 5o discoveries of Be TVvand Total ““Céfta'“ty
Cateqory | B-> u v expected with <5 ab-L. L [ab-1] 0 |Vub| [%]
1so0- 7 ] = mem Continuum-
> = g—»i ] 0.00 x10°_ N P-valu%.o S5 B>mlv 2
@) BN Rare T o _
§ 100 : g:;ljvy ] i _ 0.9 B% TV 5
= = Signal ! 1 Hos Bouv >>50
O 50 /// Sys. unc. I 0.15 |— B
- - 1 Bo7 50 Bomlv 1.2
- k < ! 1 Hos
32 24 26 28 30 32 i - 1N, B->TV 1.5-2
p; | (GeV) 0.10 — — .5
@ - B> uv 5
Hi | T | | o i | 0.4
: i | ) m il PRl LQCD projections on decay constants.
0.15r | | Fr(')equentist UpperLimit - 0.05 — | .
: i v IR . - 0.2 Ny forecast fB[MeV]
X 010 | | zaze;‘szi’;’?i_;;“;‘ém B I % | Mo current (2017)  1838(3)
0 osl i |z 10% cumte ; e N N B B D B B D B B Py S yr w/o EM 188(1.5)
R | . 050 055 060 065 070 0.75 080 085 0.9 2+1+1 5 yr W/ EM ] 88(2 4)
ool T ¢ 10 yr w/o EM  188(0.60)
° > O 1 20 Phase of Vtd ‘
B(B - ) x 107 10 yr w/ EM 188(2.0)
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Mixing measurements, Rt ~ |Vtd|/|Vts|

e Derived from the B anti-B oscillation

frequencies Amg4/ Ams (LHCb dominated)

(systematics cancel in the ratio);

o« Measurements close to systematics

dominated,: focus is on Lattice QCD, which
computes the relevant hadronic quantities;

o Some tension with CKM fit emerging!

LQCD projections on mixing input, Belle 1l Physics book

Ny  forecast 1B \/ Bén
current (2017)  169(8)
S yr w/o EM 169(4.0)

2+1 S yrw/EM 169(4.3)
10 yr w/o EM  169(1.6)
10 yr w/ EM 169(2.3)

WHEPP 2019

BO

2.40, 1.30

2.00, 2.90

v, 1 x10°

v, 1 x 10>

H

-

7 8

Phillip URQUIJO

; .

! |
35 39 43

v, V|
| | | |
AMq:
this work @ 2.40
PDG ' S
BoKmuu | = expt
CKM unitarity:
full HH
tree | | | I—I-TI
0.18 0.19 0.20 0.21 0.22 0.23
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B mixing at Belle |l

Start with a B (wait a while, ~a few x 10-12 sec).
There is a large probability that the Bo will turn into its anti-
particle, an anti-B0 (discovered by ARGUS at DESY in 1987)

Use flavour specific final states but requires tagging. Verifies
Belle Il VXD capabilities for CP violation.

=4 Large B> D*|vsignal from partial

MVE [GeVe/c]

¢

¢

Be,,e - reconstruction: 35492+2209
- Belle Il 2019, preliminary
o )
9 | f | dt =2.66 fb
> 10000 -
(b) i e data
O _ - B* — D*1Iv .
m [ )
O' - - combinatorial
i continuum
& 5000} L]
= _
O
>
(),
0
-15 -10 -5

0 5

The leptons may come from the B weak decay or (primed case) from a cascade decay B->D-| v decay.

WHEPP 2019 Phillip URQUIJO
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DO(— Km) Lifetime in Belle Il Phase 3 data D

o

Belle II

Use charm to demonstrate the combined
performance of the PXD and SVD for time dependent T, = 370 = 40( stat) s

measurements. Accepted Value 410 fS. N 2 1 I| I Il I I| I | I | 1 | I ll T |I I |I I
B 10°F E
— " e Data Belle Il Preliminary =
8 I .Signal J- Ldt=0.341" _
o :III|III|III|I|I|III|III|III|I:\ - B —
’ K %-: 350;— e Data Belle Il Preliminary —; ..g __ ccbackground
LOBOO:_ .39 al j.Ld’[=O.34fb'1 _: G>) 10:_ = Model =
- N —] Background - = .
S | g7 — L - =
O 250 — model Nsig B 860 = 30_: B )
N T g - _ u |
s S ™ @200 . i -
) 0 qc) B
0 & D"decay vertex > 1500 E n | _
. T d00pm E 5 :
— Y — : - -
DOextrapolated production point  beam spot S0 — - _
08 782184186188 1.0 192 1.94 1071 B
J-F Krohn, PU (Belle Il vertex fittil‘lg), m, (GeV/CZ) =“ENRINENRE RN L] Ll i S
submitted to NIMA, arXiv:1901.11198 -4 -3-2-10 1 2 3 4 5 6
Uses 3% of the Phase 3 dataset tyo (PS)

# THE UNIVERSITY OF
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Observation of BB mixing at Belle I B

Not CP violating: —
' +-) Mixed (1) —
Unmixed (L  Funmi(t)= K [1+ cos(Amy At)]
" Belle Il 2019, prelimi + - imi :
1000 elle preliminary + | Belle Il 2019, preliminary \ _I(é) Belle Il 2019 oreliminary
— f L dt =2.66 fb” & o00l f L dt=2.661" o %
O O | -
N\  data N |« data | > O 8 — L dt — 266 fb 1
> > O
O b—-c—l, + @ b—c —l, | —o—
g - I, from Dgig O Bl from Dgig O
= B* — D* | v = Bt - D*1lv §|<> i
12 500 - [ combinatorial 9D 100} [ combinatorial 2 0.6 + ® ¢
- - [ continuum - [ continuum E "
(€)) ) I
> > C +
o @ S
| = 041 o pata :
0 0 -
15 10 -5 0 5 15 -10 -5 0 5 O | Fxpected
Me [GeVZ/C4] M% [GeVZ/C4] "5 0.2 0 = 1.525 ps
: ] © ' _
Fraction of mixed events xd =(17.2 + 3.6)% (WA =18.6%) n ~ Am,=0507ps”
] ] ] ] | ] ] ] ] | ]
Result (ps") Dataset Reference OO 5 10
0.511 & 0.007 &+ 0.007 81 fb” BaBar: Phys. Rev. D73 (2006) 012004 |At| [pS]
0.511 &+ 0.005 =+ 0.006 ofb® | Belle: Phys. Rev. D71 (2005) 072003 i .
Am, 14 o y ’ X (2009 Belle result dominated by vertex resolution and D** [ v
) ofb* | LHCDb: Eur. Phys. ] C76 (2016 . :
A 0-5050 + 0.0021 + 0.0010 |  3° ur Phys JC76 o642 o ckground - improved dramatically at Belle Il and LHCb.
M 17.768 4 0.023 £ 0.006  rofb®  LHCb:New].Phys.is(20om)0s3021 p yiiolation in mixing (DO anomaly) can also be tested.
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Determination of UT angles &
CPV in Hadronic Decays

(0,77)




Time dependent CP Violation (mixing+decay)

Decay time

[ (By(t) = f) =T (B){t) = f) Az = BycAt
F(Bo®) = /) +T(Bi() = f) At = tep — tiag
_ Sysin (Amt) — Cy cos (Amt)

cosh (%) + AArsinh (%)

Acp (t) —

Beam energies are asymmetric (7 on 4 GeV)
Decay distance is increased by around a factor ~7

Flavour tagging eff.

3-5% LHCb

e Requires: Vertex fitting and flavour tagging: Boost, IP resolution, hermetic 30% Belle
coverage; Kaons (KL, Ks) from CP eigenstate b->c anti-c s and b->s penguin decays 359, Belle Il
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Track impact parameter resolution .

VXD resolution in impact parameter ~14 microns -
half that of Belle.
Key for time dependent CP violation measurement.

Fit function: o = \/32 + [ b ]2

ppsin(6)*
Belle SVD2 cosmic (Data) BN715

— a= 17.4 £ 0.3 um

b= 34.3+0.7um GeV/c
Belle 1l single track events (MC)

| === a= 9.0=0.1um

b= 17.5+0.2um GeV/c

s L
= 140 M
S q20b
C | |
O K
5 100
?} .
D SO
i
S 60
40
20
— O |
> 2.4
E 2.2
2
2 13
D 1.6
mb O

WHEPP 2019

pBsin(0)*4 [GeV/c]

AY

POCA .%o

N
* .
. .
. .
. .
v -
R .
- ..
¢ .
" .
»
o L
.
.
.
- ..
.

>
L4
>
¢

PV

X

Impact parameter resolution from two-track events.
Alignment and calibration are working well.

DI T T T T S LR
(D i Belle I 2019 (preliminary)
- + -
— T ——= —+— | 1
= %=
1 i == i ——
== 15} PR e P = el
E::Zt .~ A e At 1
N / \\ —— — / \ —f—
- i // \ 0 // \\ — ]
S ok / h ’ \ -
I / \ )/ N ]
Q0O / \ / \
O / \
@) / \ / \
s L/ -4 Data \ ! .-
i ,’ <+ Simulation \\ /I /Ld o1 10b-] \\ 1
7 === Beam profile \\_/ PmEp e
O i I | ] I | | | | I | | | | I | | | | l ] | | | I | | | ] I |
-3 -2 -1 0 1 2 3
o estimate
aggs wtr—f THE UNIVERSITY OF
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®1/B (phase of Vig) with B—J/p Ks

BY mixing

sm(2|3) sm(2(|)1) LAY

b

BY decay E
W <

AocV,,V

C

PRELIMINARY
BaBar - | 0.69 = 0.03 = 0.01
PRD 79 (2009) 072009
BaBar * . 0.69 =0.52 = 0.04 = 0.07
PRD 80'(3) 093 112001 —
BaBar J/hy (hadronic) K 4 1,56+0.42=0.21
PRD 69 (2004):052001 H
Belle : 0.67 = 0.02 = 0.01
PRL 108 (2012) 171802 "
ALEPH | 0.84 *%2 . 0.16
PLB 492, 259 (2000) :
OPAL ! i 3.20 380 = 0.50,
EPJ C5, 379 (1998) ;
CDE !;* 0.79 ngﬂ
PRD 61, 072005 (2000)
LHCDb ; " 0.76 = 0.03
JHEP 11 (2017) 170
Belle5S 1 N 0.57 = 0.58 = 0.06
PRL 108 (2012) 171801
Average : i 0.70 = 0.02
HFLAV
-2 -1 0) 2 3

WHEPP 2019

D
<o
Belle I

1=

—h

5

1.0

05

0.0

-0.5

-1.0

-1.5

lllllllllilll L

excluded area has CL> 095 .
0

I Immiral T 1 1
'e | |

<
%
2,
&

<

3 Amy & Amg

&
>
)
—

‘lllII1IrTlTTI

I
_e.
w
on
=

sol. wecos2¢ <0
{excl. at CL> 0.95)

-—
—
—

Summer 18

lllllllllll[lllllllllllllllll

lllllllllIlllllllll[ll[ll

—

-

-1.0 -0.5 0.0 0.5 1.0 15

P
Phillip URQUIJO

2.0

Scp<2 o from SM UT fit

0.691+0.017 WA HFLAV
d 0.738 +0.030_, .,7 Indirect CKMFitter

‘Summer 2018

PRELIMINARY

7.5%.0.a ® MM os[e) .ug Ag a3ANTOX3

O |
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Time dependent CP Violation / Targets

 Improving on sin2®; will be a challenge:

PN
 for experiments: soon the measurement will b > f
be systematics limited: need to control them; W- ¢ e
- for theory: so far neglected the contributions S
from suppressed amplitudes carrying a y ) d 3
different phase. . . :
. p  Tree » Gluonic Penguin < Constrains
» TD CP violation measurements of b > qgs (NP sensitive) penguin pollution
transitions (q = u, d, s) are a major target Bellell -
arXiv: 1808.10567 WA (2017) 5 ab_l 50 ab_l é 6000; Belle Il 2018 (preliminary) + Data (D —g
Channel o(S) o(A) o(S) o(4) o(S) o(A) 8 %07 [La-zsop L < E
J/YKY 0.022 0.021 0.012 0.011 0.0052 0.0090 £ 4000 . E
0 uc.l u KS — U 7T _
oK 0.12 0.14 0.048 0.035 0.020 0.011 3000~ M = (497.159 £ 0.013) MeV/c?
' K° 0.06 0.04 0.032 0.020 0.015 0.008 2000 e
wK? 0.21 0.14 0.08 0.06 0.024 0.020 1000F-
K2rx% 020 0.12 010 007 0.031 0.021 e
K70 0.17 0.10 0.09 0.06 0.028 0.018 PR e GV
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Signals for B—J/p X in Phase 3 data B

Belle II

' L D T T <~ o450 ST T b T T T —

L 0 Belle ll 2019 Preliminary = S 40c Bellell 2019 Preliminary E

O : - 2 = 1 =

S 250 | L dt=2.62fb" E = 0 fL dt =2.62 fb s

0 oF : O 300F =

~ = _ ] ~ 250 — =

7 - Ngg=1608 = 54 E » = Ngiy = 1684 + 48 =

o 1OE . D 200% E

S 100 = g 150 - =

s, : ¥ - S 100E =

% 50:_¢ o o0 + /'/ _: % = -

O ° T evtgt E R e * . O 0Ee eoressstprogppopeototions® e, —
0 Loy ooy Foa--1-7, | | Lo | o - by

2.95 3 3.05 3.1 3.15 3.2 2 95 3 3.05 3.1 315 3.9

S S = = e T T =

_(E_. . e L .o- . P YY .'.!. . .” '—é OE_ .....““ .o‘ .“.o.'o .t._‘._:‘_. _ .0.1. .oo ._2

K3 ' ‘ E 28 et 2

= S S SSE =

2.95 3 3.05 3.1 ) 3.15 32.2 5 05 3 305 3 1 315 3.0

M(e'e) (GeV/c?) M(utw) (GeV/c?)

Clear signals for B>J/ Xin ~1/4 of Phase 3 data. Note small radiative tail on the di-electrons
(includes bremsstrahlung recovery).
Belle Il has equally strong capabilities for electrons and muons.
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Observation of B—J/p K5 / Golden Mode

NB—J/yK'—J/p Kn*)=48.6+7.0

I I I I I I I I I
Belle Il 2019 1
Preliminary

f L dt = 2.62 b
A’ _

0.1
A E [GeV]

A Golden CP Eigenstate

About 1/4 of the
Phase 3 data sample
collected.

WHEPP 2019

5

15

N(B— J/p K,)=269=5.2

-0.1

Belle Il 2019 Preliminary f Ldt=2.621fb"
gl g " " ™
o / -
n -
o 7/
o O T
oo -
A 00 o Of |0
- o o o [] .
-0 O o O .
. g 7 i
1] (1] -
] : % _
1 1 1 I 1 1 1 Inlnl Inl /% I_
2 522 524 526 528 53
M, [GeV/c]
L L I AL L N R B
- Belle Il 2019
"~ Preliminary

counts / (2 MeV/c?)

0
5.

— fL dt = 2.62 b

2 5.22

5.24

5.26

9.28 5.3
M, [GeV/c]

Events / (0.008 GeV)

14|

12

10

N & ) 0]
TT [T T T T1

- Belle Il
- 2019 preliminary

Z_fL dt=2.621" t

U TTN

L

2 -015 -01 -0.05 O

005 01 015 02

AE [GeV]

Not useful for
measuring CP
violation, but very
useful to study
vertex resolution
(comparing the J/
and the K* vertices)

Phillip URQUIJO

AE [GeV]

Events / (0.002 GeV/c?)

—0.15f

062501 522 5.3 5.4 5.25 526 527 5.28 5.29 53

25

20

151
10F
5

g_

- Belle Il
- 2019 preliminary,

2 f Ldt=2.621"

] I I

M, [GeV/c?]

36

— Belle Il —
- 2019 preliminary

- ) S
_—det=2.62fb -
_JULJLLULJULJ.J.Jlj.J.J.l.Ju.J. LLLLLLLLL 2
2 521 522 523 524 525 526 5.27 5.28 529 5.3

M, [GeV/c?]
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Time dependent CP Violation prospects

1. UT angles - errors ~3x reduction within 5 years.

2. Searches for new phases in b»s gluon and EW
penguins will hit few % precision.

(phase of Vit4) - B>n’ Ks - gluonic penguin

¢ Gluonic Penguin
(NP sensitive)

WHEPP 2019

sin2q)1 (B— n' Ks ) Uncertainty

0.08

o
o
~

o
o
>

O
o
o1

T I e e e

70% data Y
—eo— 70% data Y
—eo— /0% data Y
70% data Y(4S

.............................................................................................................................................

..............................................................................................................................................

..............................................................................................................................................

.............................................................................................................................................

NO PXD SHUT

2019 NOMINAL

- LHCb estlmate

(43)
(4S), 2018 PROJ 9 MONTH
(4S), :

):

2019 NOMINAL ImpI’OVGdK .................... ..............

|||||||J¢

2017

2018

2019

2020 2021 2022 2023

Year
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2024

Current 50 ab~ !

projection
1
Experimental: 0.7° 0.2°
Theoretical - QCDF & pQCD 0.1° 0.1°
Theoretical - SU(3) 1.7° 0.8°
P2
Experimental: 4.2° 0.6°
Theoretical: 1.2° < 1.0°
-? 0.4_ I | I I I I | I I I I | L
GED s, Bellell f L=50ab’ o*®, 7
e |l e ]
> 11 AA‘ ¢ -
g 02tk o b -
A -~ A I —
| : + _
_ + . _
oF . s * I
i +i+ Ry & I
i . Ll L
—0.2— ++ -A-A-' ':
| @ ks
. "“:' o JiyK_(S=0.70) :
0 4‘_ %o A WK (S=0.55) M
. | | | | | | | | | | | | | | | | | | |
-10 -5 0 5 10
At (ps)
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Direct CP Violation, @3

®;, rely on AF=2 (mixing+decay), but we can also use AF=1 (direct) as a precise probe

— A] = Aje 101
-

/‘

Ag = Age 92102

Al = Alé’wjlez‘sl

N

A9 = Ao et¥2 102

0
R

CPV: |As2 # |A72 = A¢ and A # 0

For CPV A; and A, need to have different weak phases ® and different CP invariant (e.g. strong) phases o.
To measure ® you need to know 6, and ratio of amplitudes -
e.g. in y/®3 measurements the relative strength of V., and V., processes and colour suppression.

) 5 THE UNIVERSITY OF
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®s/y (phase of Vyy) Determination

e Theoryis “pristine” in these approaches, << 1% on @ 3 D mode categories:
e Dcp, CP eigenstates [GLW]

_ u o
e . . + Dsup, Doubly cabibbo
2 . > B suppressed [ADS]

B~ o u s e 3-Body [GGSZ]
L u u & 4.6
= +4, 0
Favoured Suppressed Y= (71.1 +4-6_53)
S E—
A d V b V * — O 8 a 771 GLW N
rp — [ Asuppressed| ~ ——% x [colour supp.] = 0.1 — 0.2 ; ez -
|Afavoured | VCb VUS 0.6 B |:| Combined —
Relative weak phase is ®s, Relative strong phase is &r 0al 1 -
0.2 -
A dream of Belle & Babar: difficult due to Vyp and colour suppression. I _
Many Direct CPV techniques developed at the B-factories. oL %
0 50 100 150

Yy 1°]

LI JL1L 1 1L

WHEPP 2019 Phillip URQUIJO 39

aveZ MELBOURNE



®3 at Belle ||

o Most sensitive method: GGSZ(*) analysis of the D? > Kstt*mt- Dalitz Plot, exploits
large strong phases across the plane to enhance the sensitivity;

o Systematics overcome with model independent DP, with strong phase from BESIII;

« Enhanced by including K+K-Ks, KsTt*1t-Tt0, K1t*11- & D'0>D0% and D0 > DOt modes.

FoF R ——————T Belle Il Projection (Feb 2019)
B Y Kamtn _ § 8
2.5~ K° 0 1 C
i . ST T S
: Comblnatlon_ o /
2:— - ﬁ 6
1.5F B 3 5
; 0.4
I N -
B - 2 0.2F 3
bl 3 70% data Y(4S), NO PXD SHUTDOWN
T 1 /o o~ —e— 70% data Y(4S), 2018 PROJ 9 MONTHS/YR
: O350 100 150 —e— 70% data Y(4S), 2019 NOMINAL
O 1 1 1 1 I | I [N [ | | I | | L 1 1 1 I I I | I 1 1 1 | 0 1 700/0 ata Y(4S) 2019 NOMINAL improved K
GF HICEHEIET B - I R Ol ¢_(degrees) s
Mk 3 LHCb estimate
0} |
Belle, arXiv: 1908.09499 2017 2018 2019 2020 2021 2022 2023 2024
Method demonstration. Year
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Observation of B- = DO K- at Belle Il

No PID With high momentum PID -

% D 90 Dat
O 600 Belle Il 1[')3:; fit O Belle Il Ts'[; fit
O . y _ O 2019 (prelimina - -
= 2019 (preliminary) gy ... B* — Dr signal = 80 (P r)1/) . . B* — Dr" signal

5 500 4 1 ... ¥ Y - = 5. ' ] e B — DK signal
S J.L dt =5.15 b B — DK" signal > 70 J.L dt=5.15fb — signa

o F J-7T 77T By e Background Q ~E 5 F 1 e Background

Q Q60

o 400 ?

O —
© s 90
O O
-g 300 T 40

m m

O
O 200 30
20k ,
100 10 ..... : ““'-.::-.---....:“‘ L
875 o1 oo 0 005 o1 015 815 01 005 0 006 01 Ot
AE (GeV) AE (GeV)

Demonstration of Belle Il high momentum PID on a decay mode to
be used for future determinations of the unitarity angle y (a.k.a ¢5)

WHEPP 2019 Phillip URQUIJO .
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Belle 11 50 ab-

New-physics
o Belle ll+mixing from LHCb+LQCD N e E ¢/ it
« Lots of space for new physics. il S b -
. 0.3 ;— . %, —; 0.3 ;— / . P, —;
o Note: to get this far we rely on oz £ , = s
o , 0.1 = Vi f 0.1 | | f
LQCD to make blg advances In “oa I-olzl | Io:ol Iolzl | Iol4| | Iolsl I¢1I olsl | |1—o o I-olzl | Io:ol Iolzl | Io|4 | Iolsl I¢1I olsl | |1—o
form factors, bag factors etc. i i
0-45 I [ I I | 0-45
0.40  © / — 0.40
Input Current WA SM value Belle 11 § .
4 OSmranm o —— S
o S B L
S s e | ‘
7 0.35407 +0. I
U —0.0076 —0.00040 0.30 0.30
I 0,
0.25 1+ L/ 0.25
0.05 0.10 0.15 0.20 0.25 0.05

M=t [HE UNIVERSITY OF

@Y. MELBOURNE
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-5t (E)

X (1 heQiU)

NP in B4 mixing: Fit results

2003 025 + Belle |l ..
3.0 luded area has CL > 0.95 L L L L B L L B B B Iri 1.0
3.0 excluded area has CL > 0.95 . excluded area has CL > -
oM 1 Mo
Stage |l ]
2.5 2.5 0.8
] 0.7
2.0
2.0 e
> > u 0.5
@) 15 o 1.5
0.4
1.0 1.0 0.3
—{ ®o.2
0.5 0.5
0.1
0.0 — 0.0 111 \\I\T"T‘ 1 L1 1 1 . . I\‘ A R RN (N N N S S A N N N N R R 0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.1 : : 0.2 o 0.3 0.4 0.5
hd hd d

- at 95% NP=(many x SM) — NP=s(0.3 x SM) — NP=s(0.05 x SM)

Cii|? (4m)? N Cii|* (4.5 TeV : By Stage |,
A2 GrA? A N\ ~ 20 TeV (tree)

N ~2 TeV (loo
0O — arg(C@-j)\f;) ( p)
- Stage |l similar sensitivity to gluino masses explored at LHC 14TeV
WHEPP 2019 Phillip URQUIJO 43

h21.5‘

%ol=/ THE UNIVERSITY OF

MELBOURNE




Beyond the Standard
Model and Anomalies



Flavour physics anomalies

b — clvy b— sit/¢— | | |
a el Rk and Ric:
g "3 DO like-sign di-muon
é: charge asymmetry
§< o —— R _andR,,
c IVeo| inclusive
SM tree ( charged (V- A) loop (neutral) % I e"c'”ls\',"eltf*“sl'”f
Spln 0 B — 9)4%, B — Kt/ = — excll:Jbsive thsion
Spin 1 B — D*/i, B — K*l, Bs — ! § 6 Ky
Observables Total Br dr/dg? + Angular obs & P angular (P)
with (=1 e {=p,e s 0-2)
. Br(B — D(*)Tv) Br(B — Kuu) = "
T Rp-y = R = l BR(B, - ®pp)
ensions bC) = Br(B = D(")ty) K~ Br(B — Kee) -/ i
[Veb| & |Vub| inclusive- Br (K, K*, ¢+ /W)/ | . |
exclusive tension angular obs (e.g., Fx) 1 2 3 4
significance (0)

Table from S. Descotes-Genon

o Belle Il STRATEGY: ImprovedV reco / novel B-tagging, improved lepton identification (from T).

) 5 THE UNIVERSITY OF
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Lepton flavour universality

glzl I & mg Pr
7, BR(t~ — e Vev;) m; p,

VV\L%\( - " VNV\ge\Q ‘ % = 1.0000 = 0.0014
W

Experimentally good for leptonic decays to an accuracy much better than 1%.

— ;C Now can access the 3rd generation of leptons and
\{%
@ o

coupling to quarks!

versus The only SM differences are are due to masses - easy”

to calculate!
—>
, @
e €

Any further difference would imply non-SM interaction.

THE UNIVERSITY OF
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Lepton reconstruction non-universality

 Muons: Little to no radiation (heavy), Stable within particle

detectors, no strong interactions

o Electrons are light: Final state radiation, Bremsstrahlung in

material is likely (more material in LHC detectors).

o Taus lifetimeis 10-12 s: background mimics signal where

daughters are lost e.g. Ky, 1O,

I

| $uper conducting coll
2080
- L l_L]' B e ——— 102 et 0
20 o 2 2 BB 000(COC) T 1 Ll [t r1930{EQL tlange) el
1 \ . 940(ECL Nange) { f/1650(COC) ) 0 YNV
lf| = 2 - 73(C0C] ] / 1590(COC) 2 -
| _‘_‘_l_ / 4 4 A . § /'//
SRR S ™ ey - = Vo
Ay 1T
Y - ‘
8| T
4([1 %e . - DC f £
1N g i WS
RN (B |
8 §§ M & SVD PXD(2 layers) 5=
. . B X
| \ a o 'il", 3 5 , - 8 |
E \\\\\ E’ & j : g T 280 '
4 - \ E é " \ » - )
S L chamber T ——
N bl L | — T F — S e
m—— - | ) R Sy | e I - e . au anil| W
= "—:—,§ & - b‘ﬁ : - ‘-—r:u —— ‘-§ - = 3 1
- o i o CEQCTRR, ks
e e sl A T —— -
TR T T o . _ﬁ:’_
— 410 525 e
'f' //+' ? IP Chamber " g l
7/// /S -!-J _____________ 53

.
o0

.
o

radiation length, X/Xg

o
IN

0.2

0.0

‘ Tag side ‘

WHEPP 2019

Phillip URQUIJO

material, averaged over ¢

1.0

-1.00 -0.75 -0.50 -0.25

B R

= PXD
B SVD
B CDC

B ARICH
B TOP

‘ Signal side

\
\
€ -~ N
’ \‘ , \
I I \
\ e =< vV
\ ]
\ /
’/

47

0.25 0.50 0.75 1.00

2-3 neutrinos
- Impossible to fully

reconstruct By,
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R(D) and R(D*) Tree anomalies r-

v H- o n_ B(b% C]TET)
6 i B(b%q@ﬂg)
t=e,p

Belle

———— BaBar, PRL109.101802(2012) .

Belle, PRD92.072014(2015) Ay~ = 1.0 contours
LHCb, PRL115.111803(2015)
Belle, PRD94.072007(2016)

. Belle, PRL118.211801(2017) R(D) = 0.299 + 0.003
LHCb, PRL120.171802(2018) R(D*) = 0.258 +0.005

Average

o Average of SM predictions

¥e)

lllllllIlllllllllllllllllllll

0121 — 10131 — lOf4l — 1051 — IO.()-
R(D)
2018 World Average 40 from the SM
B->D* lv, R(e/pn) by Belle agrees with SM at 3% precision. Belle, Phys. Rev. D 100, 052007 (2019)

e t—7 THE UNIVERSITY OF
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Belle Il B-tag reconstruction

Semi-Inclusive
hadronic ‘tagging’
side

FEI = Full Event Interpretation using a machine learning
technique, BDT (boosted decision trees) and 1000s of B decay

mnodes. .
-+
llllllllll Belle I lpf‘elllmlhél‘ly Belle 1l preliminary
—~ | W Correctly reconstructed fﬁdt 5.15fb™"] - ilclorlrelculy lrelcolns:crl;ctleoll | f[:dt l515fb -1]
N& 5000 | MM Continuum & mis-reconstructed "L 4000 | M Continuum & mis-reconstructed
> ¥ Data 1 S - § Data j
O 4000} Ng: =8898 * 204 I & | Ngo, =7425 * 152 :
L Prag > 0.1 [ 1 3000 Prag > 0.1 Signal side
S 3000f 1 3 | |
°_ | { S 20007 :
— 2000 ] _
= | € 1000} : 00’50
0 1000 0 - BN ] - - FE]
L LLl - _
.= 0.40 ‘- PR
0 0 QZ; ]
_ 25¢ 1 _ 25¢ = 0.307
S 00| - T e ] 200 = .
-25¢ T ] —-2.5F - 0.20
524 525 526 527 528 524 525 526 527  5.28 = -
mpe (GeV/c?) M. (GeV/c?) 150.10— T. Keck et al (Belle II), Comput ______ .
= . Softw Big Sci (2019) 3: 6
. . 0,001 71T 71 T 1T T 1 T T T T
New ML methods also being developed to improve lepton ID at 0 10 20 30 40 50 60 70 8O 90 100
low momentum, i.e. B> 1> e/l M. Milesi, CHEP 2019 Purity in 7
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Belle B — D) 1= v analysis / Converted Belle—Belle || Data

o Semileptonic tag / FEI BDT, B>D tv and B>D* tv Simultaneously
o 2D fit to 3-var. XG-boost BDT classifier and extra energy in EM calo. Belle, arXiv:1910.05864

R(D) = 0.307 -

Submitted to PRL

= 0.037 -

- 0.016

R(D*) = 0.283 -

- 0.018 =

- 0.014,

0 0.2 0.4 0.6 0.8 1 1.2

200 &= \

I I I I 1 1 I 1 I 1 I I 1 1 1 1 I 1 1 1

N
&)

—h
- 6)) N}
TT T T[T T 17

Events / (0.12 GeV)

0 0.2 0.4 0.6 0.8 1 1.2
EccoL (GeV)
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[ HFLAV average AX?' = 1.0 contours

0.4 —
LHCb15 _

BaBarl2 N

0.35 —
LHCb18 N

0.3 _

_ Bellel5

rrrprryerpyp e trprrirrprrd
| | | | |

0.25 T Bellel9
Bellel7 ]
0.2 + Average of SM predictions HFLAV
R(D) = 0.299 +0.003 | Spring 2019 | -
R(D*) = 0.258 +0.005 POR) =27% ]
l 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1

0.2 0.3 0.4 0.5

R(D)
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B—DU) v @Bellell ettt

« R(D/D*) stat limited: Belle Il should confirm/ . +
deny anomaly with 5 ab-1.(3-4x error reduction W(y H+/<V ey
insyearS) b < «— ¢ ] < «—¢ [—= /E//{c
o Determine the type of mediator by ! > T > 71 > !

analysis of kinematic spectra > 5 ab-1

—~ 0.5
) B Belle Il Projection
o | —— Belle Combination 50 ab'1
— — Babar
0.45 — LHCb
| —— World Combination
— - SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)
04—
0.35—
0.3—
0.25— -
: 1 o contours
0-2_I |III|IIII|IIII|IIII|IIII|IIII|III

025 0.3 035 04 045 05 055 06
R(D)
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x Belle Il Physics Book,
B_bD( ) TV @ Be”e ” arXiv: 1808.10567
» R(D/D*) stat limited: Belle Il should confirm/ o n
deny anomaly with 5 ab-1.(3-4x error reduction mj+/‘< v }/I% y ey
IN SyearS) b < «— ¢ ] < «—C [ — /E/ /4/5
> q dq > q (4 > q

 Determine the type of mediator by !
analysis of kinematic spectra>5 ab-1

~ 05

o B Belle 1 Projection 0 ab- _,(é) B +
o u —— Belle Combination - -
D e >0a ©1200-
0.45— LHCb > -
B — World Combination LL B
= . SM prediction: PRD92 054410 (2015), PRD85 094025 (2012) 1000+ +
0.4 B +
- 800
0.35— - +
B 600—
03[ 40 Of 50 ab-1 projection of the
L - - subtracted g2 spectrum
B - i *
025 . 2001 inB->D*tv (HT)
: 1 o contours O
_I || | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 4 5 6 7 8 9 1 O 1 12 21 2
R(D) o® (GeV-/c)
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R(K*) LFUV Loop anomalies

BF(B— K"u'u")

BF(B— K¢ e)

R (T) =

Deviations from SM observed,
primarily claimed by LHCDb.
Rk ~2.10 (low bin), 2.50 (central bin)

Belle, arXiv:1904.02440
LHCb, JHEP 08(2017) 055

Standard model decay Possible new decay

Neutral weak Possible new

force boson, Z

Muon’ p* partiCIe, Z' |_,|Jr
Charged weak Antimuon, p~ U
force boson, W‘ _____

B meson K meson B meson K meson
O Bottomquark @ Strange quark O Top quark O Anti-down quark
S E ] wH 1 ¥w  Bell " Belle (LHCb. Babar)
>k ) 1 3 elie, Belle (LHCb, Babar)
2 30 . B —K “ete - (0'2 60 BO_)K*Oe+e_ _ T
. . - o - _ — _
3 ! Combinatorial — S sof b2 g<= MZ(I+/') _
g B—Xe e _E E 40 } * ® : _
>l<0 - 'E *
% -BOQK J/y = L‘I'>JJ 30 él-o‘ : s i
3 1.1<q?><6.0 [GeV*/c*] = 20 | 1
o ‘ = _ '—}" 4 Data _
= = 0 0.5 +4- $ LHCb -
> Nt : = Y 5.24 5.26 5.28 + BaBar —
e - E of _ SM prediction ]
= el il o % Oj{—l_l:{‘l | r+—l—. | I+LT ] l+ +1 0.0 | . 1 . . | 1 1 . . | . . . . | . . . .
= - L R e L T 0 5 10 15 20
5500 6000 522 504 526 528 2 (GeVz/cz)
m(K me*te”) [MeV/c?] M, (GeV/c?) q
D> aggn %;,,@/ THE UNIVERSITY OF
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- Belle, arXiv:1908.01848
R( K) LOO p a n 0 m a ll es LHCb, PRL 122(2019) 191801

- - . LHCb
Rk is ~2.50 from the SM, primarily 100 _+ Data
claimed by LHCD. 30 fi e

------ B*— K'ete"

B B = J/ y(ete )K”
B Part. Reco.
Combinatorial

New Belle result compatible with SM but
Belle Il dataset needed.

[PRL 122 (2019) 191801]

Candidates / (24 MeV/c?)

<« 2 A
R - o R0t = P
i 05000 5500 6000
- m(K ete~) [MeV/c?]
1.5 Il
i L %OF
: ® 70F
i o F Belle,
(o] —
1= il g 0 BrKrete |
Bawti= " S 0
b——T—¢4—%———— ¢ LHCb [PRL 122 (2019) 191801] J b :
i LHCb Run 1 [PRL 113 (2014) 151601] @ 401
05— A Belle [PRL 103 (2009) 171801] £ 3ok Pk
>l Il @ BaBar [PRD 86 (2012) 032012 e 1 +
i y Belle 2019 [2rXiv:1908.01848)] ool + P
I 10— s |
0 | ] | | | | | | | | | | ] | | | | ] | | | | | E ::‘.‘ ':;
0 5 10 15 20 , 85 5015995 035 04 5 95596 5.27 5.98 5.29
q° [GeV~</c?] M, _(GeV/c?)
- - o THE UNIVERSITY OF
WHEPP 2019 Phillip URQUIJO 53 3. MELBOURNE




P5" Anomalies

o Deviations from SM also claimed in folded angular observables.

o Anomaly claimed by LHCb analysis.
e Theoretically affected by charm loop effect.
e About ~40 deviation g2=[4,8]GeV?

e In 2022, Belle Il can reach current LHCb sensitivity and add neutral & inclusive modes.

- Vo' T T T | T T T T [ | | T T [

e LHCbdata © ATLAS data

m Belledata © CMS data

SM from DHMV
SM from ASZB

o — . ; ) I
c () « 7 * Pf! 77// /1 / : /

_1 1 1 |._|(I‘| 1 1 1 | 1 1 1 1 1 | A
5 10 15 15 1.0 —6 5 0.0 0.5 107" 1 10 10°

g* [GeV-/c*]
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0.0

//f‘ N 3 [ . ps.[40’ 60]G8V2 ...... ......... _
Ll —Psacee
—Py[0,251GeV ]

/ AN 1 L i il Ld il

wr— THE UNIVERSITY OF

3. MELBOURNE




EW penguin B decays / Belle Il Prospects

Belle Preliminary 2019, arXiv:1904.02440 Belle Il should refute/confirm deviations observed

g° in GeV?/c* All modes BY modes BT modes by LHCb within 5 years.
- T0.36 L T0.55 L T0.60 L . e . .
0.045, 1.1] 0:52 20726 £ 0.05 0460 57 £ 0.07 0.6279.5, = 0-10 ] arge program of radiative decays CP violation -
1.1, 6] 0.96" 59 =0.11 1.06_ ;55 =0.13 0.727 57, = 0.18 . . . *
0.1, 8] 0.90t°27 £ 0.10 0.86+033 £ 0.08 0.96+%5¢ +0.14 New sources of CP violation in B>K*y, py could
: +0.52 +0.61 +1.99 o
0.045, ] 0.9417017 £0.08 1.127227 +£0.09 0.7077 %5 £0.07
—~ 1.8— 5 5 5 Observables Belle Belle II
X L -1 -1
T 16 Bellell 2019 ... S E—— (2017) 5>ab™" 50 ab
- ~ Projections for R(K*) i B(B — K*tvp) <40 x 107° 25% 9%
14 :_ ........................ ..................................... ..................................... ................................ B(B _ K+y7) < 19 « 10—6 30% 11%
1 2:_ ........................ I ..................................... ..................................... ................................ Acp(B — Xeigv) [1072] 29 L 404+08 1.5 0.5
e [ N S(B — Kgr") ~0.10£0.3140.07 0.11  0.035
- - f : - S(B — p) —0.834+0.65+0.18 0.23 0.07
0.8 :_. ................... . ..................................... —— .................................... AFB(B N XS€+€_> (1 - q2 35 Gev2/64> 26% 0% 307
06_ ..................................... ...................... 07’a.b-‘I ......................... B']"(B — K+ILL+ILL_)/BT(B —> K+€+€_) 28% 11% 4%
— : : : -1
|- N  mm20a7 (1< q> <6 GeV2/c)
N >4ab™ Br(B — K*+(892)utu~)/Br(B — 24% 0% 3%
0. SR mm50.0ab o . 5 5, 4
“b K*™(892)eTe™) (1 < ¢* <6 GeV~“/c*)
B | I R B | R R | I B B | I B B B BS — < 87 X 10_6 23(7 _
0% 5 10 15 20 SWemm) O
02 (GeVZ/cH B(Bs — 77) [107°] _
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Belle II's 1st penguin: Observation of B2 K*y

0o
(00)

<~ 7 [ Bellell 2019 <~ 7 F Bellell 2019
O E preliminary o - preliminary
o 6F > 6F .
3 det 2.62 fo S i det=2.62fb
5 sEY. !
S B’ = K — K'my N - B =K'y
S S
~ 3Fe ¢ - 3
[ ] [ ] [ ] U) ﬂ :
Yields consistent with S o ottt ot S T T Y
° ° > > ]
WA branching fraction © 1773777 L 1ot | eltg -
O_ iy | T I T I Y T B P _ g mm O i T 1 P T Y R Y T o B B
5.2 5.21 522 523 524 5.25 526 527 528 529 52 5.21 5.22 523 5.24 525 526 527 5.28 5.29
m, [GeV/c’] m, [GeV/c’]
°f 10
§ 4 b preliminary § .| preliminary B* > K% — K'n
- - B i + *+ 0 4
3 3.5§det=2.62fb1 3 ; det=2.62fb1 Bl - K~ Ky
~ c\l 35_ +% *y . 0 ® c\l =
1/4 of the Phase 3 S Pk~ S 6FN, =355%69
dataset s 2O =
0 . h ~ 2 ~ 4
) H 2 I
B->Ksm?y is the target 2 15| 2 n g I
° ) 1(¢ ¢ ® ® 2
for TDCPV analysis TR i |
o5 i |
O | A N [T B B T L : O
52 521 522 523 5.24 5.25 526 5.27 528 5.29 5.2 521 522 523 524 525 526 5.27 5.28 5.29

m, [GeV/c?) m,[GeV/c’]
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Belle 1l Milestones in the next 5 years (B-physics oriented)

Modes highlighted as golden in the B2TiP 6 SL

(Belle Il Physics) book (non exhaustive). SL

SL

E. Kou, PU et al. arXiv: 1808.10567 CWP

Accepted to PTEP, printing in December

EWP

[ab-1] Group Channel Current Precision EWP
precision TDCPV

(Belle)

TDCPV

L . HAD

0.05 LOWM ee-> A'y, A’>invisible - Unique

OWM ee>a’y,a’>vyy - Unique o2 EWP
LOWM ee> 7’ uu, Z’> invisible - Unique TDCPY
 OWM ee-> MM - Unique TDCPV

2 SL  R(B>D'tv) 0.02 0.012 HAD

SL  R(B>Dtv) 0.07 (0.04) 0.035(0.024) 20+ EWP

SL  |Vub| (B>l V) 5% 2.5% EWP

+LQCD improvements EWP
TDCPV Scp(B~> J/ Ks) 0.023 0.012 TDCPV
WHEPP 2019 Phillip URQUIJO

Br(B->tV)

(
Br(B >pv)
(

Br(B -> Xu | v) inclusive dI'/dMx for |Vyp|

R(K) e.g. 1<q2<6 GeV/c2

R(K*) e.g. 1<g2<6 GeV/c2

P(5’) in B> K*|+1- e.g. 4<q2<6 GeV/c2
Scp(B->n’ KS)

Scp(B>K™ y)

®3 (B>DK)

Br(B->Xs [*l), e.g. 3.5<g2<6 GeV/c2

Scr(B->pY)
Scp(B>J/Y 1O)
Acp(B~>Ks T10)
Br(B>Kvv)
Br(B->K" v V)
Br(Bs>yv)

Scp(B->10110)

5/

21%
20
9%
28%
26%
0.34
0.08
0.32
15 deg
24%
60
0.22
0.15
~100%
~100%

<8.710°

9%
>50
4%
11%
10%
0.12
0.03
0.12

5deg

8%
10
0.10
0.05
11%
10%

0.3 106

0.06




Belle Il - LHCb Comparison

Belle Il

Higher sensitivity to decays with
bhotons and neutrinos (e.g. B>Kwy,
V), inclusive decays, time
dependent CPV in By, T physics.

LHCb

Higher production rates for ultra
rare B, D, & K decays, access to all
b-hadron flavours (e.g. \v), high
boost for fast Bs oscillations.

Overlap in various key areas to
verify discoveries.

Upgrades
Most key channels will be stats.

limited (not theory or syst.).

LHCb scheduled major upgrades
during LS3 and LS4.

Belle Il formulating a 250 ab-!
upgrade program post 2028.

Observable el Current Bellell - LHCh e upgraden
Babar (250 ab-1) (300 tb'1)

CKM precision, new physics in CP Violation
sin 2B/¢1 (B— J/y Ks) 0.03 0.04 0.005 0.011 0.002 0.003
v/ @3 13° 5.4° 1.5° 1.5° 0.4° 0.4°
/2 4° — 0.6° — 0.3° —
'Vu| (Belle) or |Vu|/|[Ves| (LHCD) 4.5% 6% 1% 3% <1% 1%
Os — 49 mrad — 14 mrad — 4 mrad
Scp(B—1’ Ks, gluonic penguin) 0.08 O 0.015 O 0.007 O
Acp(B—Ksn0) 0.15 — 0.04 — 0.02 —
New physics in radiative & EW Penguins, LEUV
Scp(Ba—K* y) 0.32 O 0.035 O 0.015 O
R(B—K*I") (1<g?<6 GeV?2/c?) 0.24 0.1 0.03 0.03 0.01 0.01
R(B—D*1v) 6.4% 10% 1.5% 3% <1% 1%
Br(B—1v), Br(B—K*vv) 24%, — — 4%, 9% - 1.7%, 4% —
Br(Be—pp) - 90% - 34% - 10%
Charm and =
AAcp(KK-mtm) — 8.5x10-4 5.4x104 1.7x10-4 2x10-4 0.3x10-4
Acp(D—mn0) 1.2% — 0.2% — 0.1% —
Br(t—e v) <120x10-*° - <I12x10°* — <5x10-* —
Br(t—uupn) <21x10°%  <46x10-° <3x10% <16x10° <0.3x10-° <5x10-*

D

arXiv: 1808.08865 (Physics case for LHCb upgrade II), 1808.10567 (Belle II Physics Book)

Belle I

Phillip URQUIJO

o Possible in similar channels, lower precision
— Not competitive.
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Conclusions

e CKM UT angles (CP violating) and sides (CP conserving) to improve everywhere by factor
~3X at least within 5 years: results from Belle II, LHCbh, BESIII, LQCD.

o Most powerful tests will continue to be statistics limited, clean theoretically and
systematically.

e Many more BSM CPV searches to greatly improve with upgraded detectors + datasets (Belle I,
LHCb), such as gluonic (B> n’Ks) and EW penguin (B->py).

e LFUVin leptonic and semileptonic theoretically clean but NOT always experimentally
clean. Material mapping, hermetic coverage, and lepton universality in triggering and
DETECTION is critical. Belle Il has a major role in next 5 years.

o Bellell: First physics run in Super B Factory mode (Phase 3) began March 2019.
Integrated ~10 fb-1, 1034 /cm2/s exceeded.
5 year prospects are very promising on CP violation, UT precision tests and LFUV anomalies.
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Roadmap

e Most powerful tests will continue
to be statistics limited, clean
theoretically and systematically.
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ee- mr(y)
precision p(g-2)
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Belle Il Physics Ultimate Precision, 50 ab-!

Observables

Expected the. accu-

Expected

Facility (2025)

racy exp. uncertainty
UT angles & sides
1 [°] ot 0.4 Belle 11
o [°] ok 1.0 Belle 11
ZZg ©] «  CKM 1.0 LHCb/Belle II
Vp| incl. giolo 1% Belle 11
Vep| excl. giol 1.5% Belle 11
Vb | incl. g 3% Belle 11
Viup| excl. ok 2% Belle II/LHCb | |
CPV Radiative & EW Penguins
S(B — ¢KY) ok 0.02 Belle 11 B(B — Xs7) *x 4% Belle 11
S(B — n'K) Hokok CPV 0.01 Belle II Acp(B — Xy qv) [1072] %k 0.005 Belle II
A(B — K79 [107?] Hokk 4 Belle II S(B — Kn'%) Aok 0.03 Belle II
AB — KT77) [1077] ook 0.20 LHCb/Belle II  S(B — pv) *k EWP oo Belle II
(Semi-)leptonic B(Bs — v7) [107°] gio 0.3 Belle 11
B(B — Tv) [1079] *k 3% Belle II B(B — K*vw) [1079] Aok 15% Belle II
B(B — pv) [1079) Hok 7% Belle II B(B — Kvp) [1079] ok 20% Belle 11
R(B — Drv) Hokk SL 3% Belle 11 R(B — K*00) Ak 0.03 Belle II/LHCb
R(B — D 1v) o 2% Belle II/LHCb ~ Charm
‘ B(Ds — uv) otk 0.9% Belle 11
B(Ds — Tv) Aok D 2% Belle II
Acp(D® — KnY) [1072]  ** 0.03 Belle 11
lq/p|(D° — K2nt7™) kK 0.03 Belle II
d(D° — KenTn™) [°] Hokok 4 Belle I1
Tau
7 — wy [10710] ekl < 50 Belle 1T
T — ey [10719] ok L < 100 Belle 11
7 — ppp [1071Y] ok <3 Belle II/LHCb
sggm # THE UNIVERSITY OF
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Dark Sector, expected sensitivity

1 OO GeV < P( reconl < 8. OO GeV —~ — 7
§ 015 i ?MC | ' i NCSJ 70Ooof_Beue Il 2019 Preliminary 1 Data _f
- N 0.15 - MG [ _ > | :
\7 g - —+— Data . ((1\3] 60000 f L dt=2.62 fb” ; Fit B
- ‘ 7 - 3 Signal .
photon = . 1 = - (3991.3 = 19.9) 10° candidates .
2 010k . Belle ] + - § 50000 - 1 = ( 132.296 = 0.005 ) MeV/c? — Background -
- R B i e —_ > o= (5.356 = 0.013) MeV/c? -
- 2018(Prellm|nary) - > 40000F- E >0.12 GeV =
ot . 2 2 ° .
ee>UUY ok det_261 ob” ‘ ' : u%’sooooi— -
. . ot Y - 20000 _
Single Photon Lines - ; e z
S e omea Yoee - 10000 — —
0.00 == 1 mes n -
0.6 0.8 1.0 1.2 0— o|.1 0.12 0.14 | O.|16 |
E(ECL) / p(recoil) M, (GeV/c?)
. e’ 7 Phase2 & early Phase 3
Dark sector results are the first to 4 . _
< 0_5 = X s Belle Il expected sensitivity (preliminary)
come from Belle Il g 10 v / S
~ . : g )
Z ' (| <o 10
H O
+a- =
ete >y X q £107
+a- 2
ee - V ALP (QW) . _ 10" Assumes no veto of yy :
" Belle ase B : 3
ete- >y A’ (dark photon) 3 ® T el 4 10° evensinbrrelat
10 2 °f e —
Dark Z’, Magn. Monopoles ° =Sl “Lowkzescey 4  10°
I 0_15 =TT — :
Can also access through flavour = 4 ) e
o 10_17 I il il . 10 10 10 10 10 10
transitions. 10 1072 10°" 1 ma|GeV/c
m, [GeV/c?]
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Leptophilic Dark Z'

Previously limited by trigger, QED background and theoretical imagination. Now new possibilities of
triggering, more bandwidth.

Belle Il First Physics. A novel result on the dark sector
(Z’ > nothing) recoiling against p-u or e-u pair.

Both possibilities are poorly constrained at low Z’ mass
and in the first case, could explain p g-2 anomaly. Coupling g

Also examine a lepton flavour
violating NP signature in the dark
sector
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Search for ee—ppZ'/epZ’ (Z'—nothing

U) | | | | | | | | | | | | | | | | | | | | |
-'(L) _I I I | I I I I | I I I I | I I I 1] E — . . -
§ o[ Bellel Proliminary . 2018 date § 107 Belle Il Preliminary e 2018data (D
— — -1 N
10 :_ ete— uru(y) 10 = *‘ +w
- e TT) - Belle I
- —= efe— eteut n
- ete— mr(y) — ete’— uru(y)
1= T ete > eteete g 1= ete— T (Y) %%¢ ¢ o L Y X
- S ete—ete(y) E = e¢fe = etentw
u ete— i (y) ﬂ t
= ~  ——— efe—>eteete 1% i |
107" 4 107" = aEE ete—>ete(Y) AqF 4 zgllff
2 SR | BNAREN | LN N - L |
o 1 2 3 4 5 6 7 8 102 i 23 4 5 6 7 8
Recoil mass [GeV/c?] Recoil mass [GeV/c?]
j 1§ T T T TTTT] T T T TTTT] I T T TTTI I I IAE § 80:||||||||||||||||||||||||||||| 1 1 1 1 T 1
© - Belle Il Preliminary - 2018 = < 700 Bellell 2018 - Preliminary
> i _ = .
o -1 — [ -
Ldt = 276 pb - _ 1
2 o'k f P = 2 60 fL di = 276 pb
o) — _ S [
S i s 50
X b
S5 10°  — Lok = p 40
E ...... L.-L,, BF(Z— inv)=1 E ﬁ 30 i_ _;
3 _ © - ]
107 = o 20 E
- ] 10 /—\_M J UU —
1 0_4 I I — | I | - | | | - | | | — :I L1 1 | L1 1 1 | I I | | L1 1 1 | I I | | L1 1 1 | I I | | L1 1 1 .
107 1072 10" 1 S -

M, [GeV/c?]

Compatible with backgrounds, No excess above 30
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Belle I

Recoil mass [GeV/c?]
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