The CKM Matrix

Alan Schwartz
University of Cincinnati

US Belle Il Summer School
Virginia Tech
12 July 2021

the Standard Model (SM)

the CKM matrix and Unitarity triangle
measurement of sides

measurement of angles — Soeren Prell
other tests of the SM — Tom Browder




:} °
g d Fundamental Particles: Quarks

matter constituents

FERMIONS pin = 172, 312, 512, ...

Leptons spin =1/2 Quarks spin =1/2

. Approx. ,
ESTe GM?/S/SZ Elhectrlc ElECT Mass Elhectrlc
eV/c charge GeV/c2 charge

\w up 2/3

W iimor (0-0.13)x10-9 0 0.002
€ electron 0.000511 -1 @ down 0.005 -1/3
W adle 1« 1(0.009-0.13)x10~°| 0 ) charm 1.3 2/3
M) muon 0.106 =i §) strange 0.1 —1/3
Vi neatrino* | (0.04-0.14)x10-9| 0 &) tor il7 2/3
I T tau W7 77 -1 @ bottom 4.2 _1/3J
Quark “flavors” are organized into doublets, as u C t
that makes it easy to keep track of how they I I
couple to each other via the weak interaction: d 4 B

(each up-like flavor couples to each down-like flavor)
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7,

“d Ouarks bind to form mesons and baryons (= hadrons):

Mesons qq

Symbol| Name || Quark | Electric | Mass |Spin
content| charge |GeV/c?
at | pion | wd | +1 | 0140 | 0
K | kaon | sa | -1 [ 049 | 0
p* tho | ud #0776 | 1
B? | B-zero ‘ db l 0 5279 | 0
e | etac || ec | 0 | 2980 | 0

Belle and Belle Il produce B° and anti-
B°® mesons by colliding electrons and
positrons:
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u C t V'u,d V'u,s Vub u
I I U = Vcd Vcs Vcb ¢
d S b

Unitarity (U'U=1) prescribes 6 complex equations:

% * * _ Each equation can be plotted in the
V>V V>V \ %4 =0

waVea t VisVes T Vi Var complex plane as the sum of three
V*V, +V*V, +V -0 vectors:

Vctl td+‘/;2‘/;s+vc>;) tb 0

V;svud_*_vcz cd+ ts td = 0

VisVua T VarVea T VieVia = 0

ViV,.+tViV.,+YV, = 0

A. J. Schwartzg US Belle 11 Summer School 2021 The CKM Matrix



VérVa

The internal angles of this triangle are phase differences, which can be measured:

chvcd
p— ar -
¢1 (8) g <_V£th)
N Convention:
¢, () = arg M Viq and V,, are taken to be complex,
—V*V. others real
V':bvud
p— ar _—
®q (v) g (_V;’};Vcd)

A. J. Schwartzg US Belle 11 Summer School 2021 The CKM Matrix



Unitarity triangle — determining the angles

u*bvud T cﬂ;)‘/cd T V;ZV;d = 0

The internal angles of this triangle are phase See Soeren
differences that can be measured via various Prell’s talk
methods (Belle/BaBar, LHCD):

B >t 1wt a | 7070
B = p'p I 10
B 5 prx

B® > a,(pm)* 7

BY ﬁ\J/WKS

B ﬁ‘J/!//KL

B > l//, KS
B — DO gp K- Bg — e K
B% = D¢p K Bo_)nc(*l)(s 0
B — DY(K*r) K™ B =D qPﬂ’g 0
B — DO - % Vg BO—)(¢/77// 4
B ﬁD(*)(KSﬂ"_ﬂr) K- B ﬁ‘(KsKsl)o/a))KS
B > D(n'7) K
B > D(KsK'r) K
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Belle

Unitarity triangle — determining the sides [ic»

B’ - Py
BB, mixing

‘/;Z ‘t/d Jubb et al., Nucl. Phys. B 915, 431 (2017)

Artuso et al., RMP 88, 045002 (2016)
(0.

BO—)ﬂ'/*v %
B > X,¢v Vib Vi
Bt >ty \
¢,(v)
V

Ab —>p VARV
%k
ob Vod

C

Lenz, Nierste, arXiv:1102.4274 (2011)
FENAL/MILC, PRD 93, 113016 (2016)
FLAG, EPJC 77, 112 (2017)

Bourrely et al., PRD 79, 013008 (2009) -

FLAG, arXiv:1607.00299 (2016) B > DOV v

Detmold et al., PRD 92, 034503 (2015) ¢ ’

Faustov and Galkin, PRD 94, 073008 (2016) mass moments)
B’ - X, y (y energy moments)

Lange et al. (BLNP), PRD 72, 073006 (2005)

Andersen, Gardi (DGE), JHEP 601, 97 (2006) Caprini et al., Nucl. Phys. B530, 153 (1998)
Gambino et al. (GGOU), JHEP 10, 058 (2007) FNAL/MILC, PRD 89, 114504 (2014)
Aglietti et al. (ADFR), EPJ C59 (2009) FNAL/MILC, PRD 92, 034506 (2015)
Bauer et al. (BLL), PRD 64, 113004 (2001) Benson et al., Nucl. Phys. B665, 367 (2003)

Gambino, Uraltsev, EPJ C34, 181 (2004)
Gambino, JHEP 09, 055 (2011)

Alberti et al., PRL 114, 061802 (2015)

Bauer, Ligeti, et al., PRD 70, 094017 (2004)
Gambino and Schwanda, PRD 89, 014002 (2014)

A. J. Schwartzg US Belle 11 Summer School 2021 The CKM Matrix 7




/ ® 7 /
¥d Semileptonic Decays: some formalism

r dl « |A]? = GZ|V2|-|H"L,|?
e Vep_pJ Vi
+ @ _
B Go/ ™ L, = <PePu|£'7u(1_'75)Ve|0> (leptonic current)
2D

H" = (D|ey"b|B) (hadronic current)

Evaluating the leptonic current gives Z’yﬂ(l — v5)v,, where £ and v are spinor wavefunctions.

We cannot evaluate the hadronic current because we do not know the |B) and (D| quantum states.
However, the hadronic current must be a four-vector, and, since B and D are spinless, the only four-
vectors available are Py and Pp,. Thus:

(D|éy"b|B) = A-P:+ B.PE:
— .f_|_(PB + PD)M + f—(PB - D)M (form factors)
= f(@*)(Pg+ Pp)" + f_(¢*)q" where ¢" = (Pg — Pp)"

Each of these terms gets contracted with the leptonic current E’yﬂ(l — ~%)v. The second term gives:

¢ty,(1 =) = (Pg— Pp)tly, (1 —~°)v = (P,+ P,)"y,(1 —~+°)v
= (P, + PV)“E'YHV - (P, + Py)“£77“'75u
Z(ﬂ[" B,V — E(¢g+ ¢V)75V
(—m,+m)lv — (—m, —m) v
[applying the Dirac equations (¥ — m)y = 0 and ¥(p + m) = 0]
= (-m,+m,)lv + (m,+m,)~v
0 [sincem,~0and m, < Mg, Mj]

Q

Thus, for £ = (e, p), the contribution of f_(g?) is negligible, and the decay rate depends only on f+(q2).
This is sometimes called “current conservation.”
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|V.,5| via exclusive B— mlv

dl' (B — wlv) G2
dg? = 5 POVl £1(a)
f+(q?) ! 3 b l k_( 1)’“k 4] Bourrely, Caprini, Lellouch
+ q = z — (— —Zz ] ’ ]
(1—-q*/M3.) (= " 4 PRD 79, 013008 (2009)

\/t+—q2—\/t+—t0
\/t+—q2+\/t+—t0’

t, = (Mg+ M,_)* = 29.4 GeV?,

where z =

to = (Mg + M,) (/Mg — \/MW)2 = 20.1 GeV?

. (\I'_| I T T T T I T T T T I T T T T I T T T T I T T T T I T
Fit g spectrum + LCSR + LQCD for BCL parameters and |V,,|: S . r 4 Average Belle + BaBar |
8 10— IV, I=[3.67 + 0.09 (exp) + 0.12 (theo) ] x 10° LCSR (Bharucha) ]
. — *é* arucha, —
(LQCD.’ Aoki et al., EPJC 77, 172, (2077),' o - Fitprob.: 47% £~ BCLfit (3 +1 parameter)
LCSR: Bharucha, JHEP 05, 092, (2012) ) = gl Data & LGCD (FLAG) & LCSR|
& F L L A R B B o B + 7]
%) 14 ; :)np;}}’\‘ge;sure:-.ems(; Phys. Rev. D83, 071101 (2011) ; g i i
L elle untagged , Phys. Rev. , ] > | ]
) o v B’ Belle had. tag, Phys. Rev. D88, 032005 (2013) - > 61— + ]
S 19 A B Belle had. Tag, Phys. Rev. D88, 032005 (2013) ] p L _|
bt - ¢ B°& B* BaBar untagged, Phys. Rev. D86, 092004 (2012) - '[: - -
[\ r O B°& B* BaBar untagged, Phys. Rev. D83, 032007 (2011) ] L _
g 1 O = 1 ® Likelihood fit average ] OT 4 - 1
E I‘ | N ] Qo - i
+ 8 H, | % — ]
B = T 4 B 7]
NS — l = 2l HFLAV ~
-S| -%— :éF ] - -
@ 4 - ] - .
-O - bt — I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
" mrEr I NE 075 5 10 15 20 25
o = 2 2
- == q [GeV’]
L 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 r
% 5 10 15 20 25 Vol = (3.67 £ 0.09,, = 0.12;,) x 1073

¢ [GeV?]
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i
. New kinematic variable w (rather than g2 ):
~J
-+ o L " 2 2 2 2 2 2
B - ~a w — Py - P, :—(PB—PD*) + P; + Py, :MB—I—M*—q
g o Mg M. 2 My M, 2 Mg My,

[Recall that ¢ = (P — Pp.)’ = (P, + P,))?]

Two extreme situations:

q2 ~0— w= Wmax q2 = qzmax= (MB _MD*)2
= (4"’6132+ Mp+)/(2MgMp-) =10.69 (GeV)? — wy; =1
.4—. —_’.'o o — . —_— e
z v
D B 4y Bp
reliabie, no Zero recoll . reliapbie, no
(LCSR reliable, LQCD not) (“ iI” : LQCD reliable, LCSR not)
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\V._,| from B— DOlvy

0+
\;< 2 2
Vr,hz\giJ V[ — . — MB + MD

w —= v (¥
B+ ? B "D 2M M,
G —_
o DY
B— Dlv dr _ G% M3 (M 3/2 1y |2 2
S + M —1 N G- (W
decay rate: dw 4872 ( N D) ( . bl EWform(fac)tor
Caprini, Lelouch, G(w—z) = G(1)|1—8p*z+ (51p% — 10)2* — (252p° — 84)2°|
Neubert:
where z = (vVw +1 —VvV2)/(vVw + 1+ V2)
- dr
B—>D’lv . 48;“31\43 (Mg — Mp.)%/ w? — 1 (w + 1)%|V, [*n2,, F2(w)
decay rate: form factor
F2(w) — [ha () 2[1—2wr—|—r2 {1-|—R2( i 1)}+1+(1 = w—1]°
w - Alw (1_,',,)2 IS W 2(w))1—’l"
where r = M,,./Mg,
Caprini, Lelouch, h, (2) = h, (1) [1 — 8p%z + (53p® — 15)22 — (231p% — 91)z3]
Neubert: R, (w) = R,(1) — 0.12(w — 1) 4 0.05(w — 1)?

R,(w) = R,(1) — 0.11(w — 1) + 0.06(w — 1)
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| Vcbl f rom B —> Dl | 4 711 fb-1 gé?fé%%ra zt(glb gg)elle), PRD

B—D¢v Reconstruction: Tegside g+ signal side
Divide event into 2 hemispheres: “signal” side and
“flavor tag” side. Tag side is fully reconstructed (using
neural net)

charged tags neutral tags charged signals neutral signals
Dt — K rntnat D’ —K-nt
Dt —S K ntatza® D’ K—wtn0
Dt K rntatata— D°— K- mtntn=
Dt K- Ktnt D’ K —#wntnta—=n°
D+—>Ks7l'+ DO_)KSW+7F—
D+ — K ntn® D°— K ntn—n®
Dt — K K+

D°—-K-K*

Dt — gtr® D’ —mtm—
Dt sxtata— D°— KgKg

D° — 7070
D> K S 7070

D° > xtatn0

Note: over 1000 decay topologies considered.
[This is straightforward at an e*e- machine but very difficult
at a hadron machine]
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Events / ( 0.09 GeV?)

\V.,| from B— DIlv 711 b

Glattauer at al. (Belle), PRD
93, 032006 (2016)

B—D¢v Reconstruction:

After tag side reconstructed, tracks are “‘removed” and signal side D reconstructed. After D

reconstructed, e or i is added to decay and missing mass calculated:

Mr?aiss = (Pbeam — Pp — Pe>2

Missing mass spectrum (in bins of w) is fit for signal yield; from signal
yield one calculates Al/Aw.

B’ — Dte v (2848 signal events)

30| 1.00 < w <1.06

-

B

(<)
I

1.36 <w<1.42

— —
o o
=} =}
I I

Events / ( 0.09 GeV?)
(o]
o

T 1 l T 7T T T 1 T T 1 T T

5 . . 1.5 2
M7 (GeV?) M2 (GeV?)

miss

= data

[ B —» Div
B B - D*lv
I other background

1.54 <w <1.60
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ol =4 } Glattauer at al. (Belle), PRD
1 )
711107 93" 032006 (2016)

Results: CLN (2 params, heavy quark symmetry)

(‘r
o Ay’=1 CLEO
s 40 Xi Belle :
%SS_'FH _8 50~
o >
- — i
25;— :
20 O YABAR tagoed
s > 401 : g8
l ea}
15E —
10 =
s
OE— | | | i | | | I 30_
1 1.1 1.2 1.3 1.4 1.5 1.6
st [ HFLAV
0.048—
g oosep ALEPH
Z -
N - 20— y3/dof =5.0/8
0.046— | | | ! |
i 0 1 2 p?
0.0445
- New G(1) [Ve| = (42.00 £1.00) X 103
0.042—
- Using G(1) = 1.0541 =+ 0.0083 [MILC, PRD 92, 034506, (2015)]
0.04— new = 1.0066 = 0.0050 [Sirlin, Nucl. Phy. B196, 83 (1982)]
. B’—>Detv,
0.038|— . _
R [Veol = (39.58 £ 0.94cxp £ 0.37incor) X 10
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Events

Events

Events

V| from B— D'y T e

Advantages:

* (2.2-2.4)x larger branching fraction

* hadronic tag reconstruction not needed due to D*

= much higher statistics (180k signal events, vs. 17k for B— Dlv )

Statistics are high enough to fit the w, cosé,, coséy,, y distributions

dI'(B® — D*~¢+v)

to fully differential decay rate
dw dcos 0, dcos 0, dx

3
16><1O

o

145
12F
10;
8-
6

a4
2

14 [”
2

10

Result:

o N B O
wgww T

105 1.1 115 12 125 13 135 14 145 ‘:’.5 1 -0.8 -06 -04 -02 0 02 04 0.6 o,scose: T]EW F(l) |Vcb| — (35.06 i 0.58) X 10_3

x10°

20}
15—
10

5

Using F(1) = 0.906 £0.013 [MILC, PRD 89, 114504, (2014)]
new = 1.0066 £0.0050 [Sirlin, Nucl. Phy. B196, 83 (1982)]

Events

N B O
T

Vel = (38.4 £ 0.63p £ 0.64100) X 1073

0

-1 -08 06 -04 02 0 02 04 06 08 1

| | | | Ll L L 0

slightly better than B— DIv result:
Voo =(39.58 £0.94,, .+ 0.37

exp — theor

cos0,

)x 1073
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>
5/ - Gambino and Schwanda, Y. Amhis et al. (Heavy Flavor
é Inc l usive | J ch | PRD 89, 014022 (2014) Averaging Group), EPJC 81, 226 (2021)

o An “inclusive” search means B— X_ [v ., where X, denotes final state hadrons containing
charm.
W v * Experimentally, no specific final state is reconstructed. Statistics are high, but
_ ~ backgrounds are high
0 b ¢ * Theoretically, one calculate a b — c transition, not a <D*|H|B> matrix element
d d (parameterized by form factors). Typically this gives less theoretical uncertainty

® adecay mode with a specific final state is called an “exclusive” decay

Strategy: the inclusive b — clv decay rate can be calculated via the Operator Product Expansion (OPE)
[see Takeuchi-san’s talk on Tues/Wed)]. This is a double expansion in small (perturbative) parameters «g, and
(Aqc/my, ). The expansion depends on unknown B matrix elements of local operators. However, these matrix
elements also determine moments of the lepton energy and recoil hadronic mass in B—» X [v decays. These
moment distributions have been measured (Belle, BaBar, others), and thus one can fit the moment
distributions and the measured width for B— X lv to extract |V,)|

HFLAV
r

<E> (GeV)

/ dE, (E¢)" —
<Ez7,> — Ecut dEe

Emax dr
[ a, XX
Ecut dEe

<(E<E>)> (GeV?)

HFLAV

r HFLAV ] -0.034
L
L

. HrLav R
[ § ]
% 03 T 5 0 03 T 5
Ecut (GeV) Ecut (GeV)

<M2> (GeV?)
>P> (GeVY

2
X

V| = (42.19 £ 0.78) X 1073 (kinetic scheme)
Ve =(41.98 £ 0.45) X 1073 (1S scheme)
The CKM Matrix 16
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L. Cao et al. (Belle),

(to appear in PRD)

£
P b o Y. Amhis et al. (Heavy Flavor
: ? Inc l usive | J u bl arxiv:2102.00020 Averaging Group), EPJC 81, 226 (2021)

Very challenging to measure B— X, lv (X, denotes final state hadrons not coming
charm), because B— X_. lv background is ~50x larger and swamps the signal.

and BLL, but no theoretical approach is preferred over the others.

Strategy: fit data in limited regions of My, E,, and q? where B— X, [v background is suppressed, e.g., at
lower values of My, higher values of E,, and higher values of q?. Requiring such limited phase space regions
complicates the perturbatve QCD calculations needed to extract |V | from the measured rate. Different
theoretical models use different parameterizations of the “shape functions” needed to evaluate the
unmeasured regions of phase space. Five theory models are commonly used: BLNP, DGE, GGOU, ADFR,

104 104
7 X T T T 7 T T T \- B_,D‘[V ] x T -\ BaDIy T
() DIy = B-Dtv i - H
> 2 = oo 220y <17 Gev =pare To beat down B— X [v, Belle uses a sophisticated BDT
o 6 Y [ Gap modes 7] (D X [ Gap modes . 4 . .
0 s = o] 3 15 , = o based on M,;.;2, finding a soft =+ from D" decay, number
B B-X,v B B-X, v B
Nt o S ., Ao of kaons, By, vertex, and Q. Cutting on BDT output
=3t 5 rejects 98.7% of X.lv, keeping 18% of X, Iv:
-
c2f § 05
o1k m
v,9 0 I9F ‘ ‘ ‘ ‘ ‘ ‘
g2 ] =t I
El.ol‘{{iiii11{1111111il %1'0Illllilfi}il}‘lllll}{}{!}i
®ogh ‘ ‘ L ‘ R 08F. . ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 00 05 10 15 20 25 30 35 40 45 © ho 12 14 16 18 20 22 24 : 1750 [ ‘ ‘ ‘ ‘ ‘ = oo ] = 50w
My [GeV] Ef [GeV] - / et o GRS ] 1=
% 1500 1 Gap modes | 8 300 *g g::,:of::: MX <1.7 GeV
O 1250 g (Stz;‘tii:zl::’ 250 = Continuum
~N e ; . BoX, v
S N § Data
g 1000 WI/A peta = 290 s wcunc.
o 750
e
§ 500 .
W 250
0 :
BDT \ .
EI.O{}IQII — ;lilgll :g; t P
Bosl | | | ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
A. J Schwartz B 00 05 10 15 20 25 30 35 40 a5 Lotz 1416 18 20 22 24 26

E? [GeV]



1 Inclusive V)

L. Cao et al. (Belle),
arXiv:2102.00020
(to appear in PRD)

Y. Amhis et al. (Heavy Flavor
Averaging Group), EPJC 81, 226 (2021)

AB(B— X ttv)

g+ AT, (B— X £1v)

(4.05 0.0 5537 45:35)
)

0.21 +0.11
4.16 4 0.09 19-21 +0.11

—0.22 —0.09
4.05 + 0.09 7220 4 0.18

—0.21

‘ Measurement Accepted region AB[1074] Notes ‘
CLEO |564| E. >21GeV 3.3£02+£07
BABAR [563]  E. > 2.0 GeV, s < 3.5GeV? 44404404
BABAR [560| E. > 1.0 GeV 1.55+0.08 £0.09 Using the GGOU model
Belle [565] E. > 1.9GeV 85+04+1.5
BABAR [555]  Mx < 1.7GeV/c?,¢*> > 8GeV¥ et 6.94+0.6+0.4
Belle |566)| Mx <1.7GeV/c? ¢* >8GeVYct  744+09+1.3 V.| =
Belle [567 Mx < 1.7GeV/c?,¢*> > 8GeV?/c*  854+094+1.0  Used only in BLL average @i
BABAR [555] Py < 0.66 GeV 9.9+£09+0.8
BABAR [555| My < 1.7GeV/c? 11.6 £1.0£0.8
BABAR [555| My < 1.55GeV/c? 109 £0.8£0.6
Belle |554| (Mx,q?) fit, p} > 1 GeV/c 19.6 £1.7+1.6
BABAR [555|  (Mx,q?) fit, pj > 1 GeV/c 182+1.3+1.5
BABAR |555|  p; > 1.3 GeV/c 155+£13+14
Belle (2021) E,> 1.0 GeV 159+£0.7+£1.6
CLEO (E)
- +£0.49+0.22-0. I
Using GGOU BELLE sim.amn. (m,. ¢ 1 Cao et al. (Belle, 2021) :
. 4524047+025-028 N
for A]",h . BELLE (E,) 3
495 +£0.46+0.16-0.21 | — |Vub| (BLNP)
BABAR (E) 3
396 %0.10 +£0.17 e
BELLE multivariate (p*) : |Vus| (DGE)
4.62 £0.28 +0.09 - 0.10 =
BABAR (mx<l .55) :
430 £020+0.20 - 021 —— |Vub| (GGOU)
BABAR (m_<1.7) 3
4.10+0.23 +>b<.1(»0.17 e+ |Vub| (ADFR)
BABAR (m,<1.7.q’>8) :
433+023+024-027 “na
BABAR (P*<0.66) 3
425+£026+026-0.27 ‘_'_."_'_':
BABAR (m_, ¢* fit, p*>1GeV) :
444 +024 +0.09 -0.10 ——
BABAR (p*>1.3GeV) :
443+0.27+0.09-0.11 ——
Average +/- exp + theory - theory
432+0.12+0.12-0.13 %
%gz/dof: 12.7/10 (CL = 24.00 %) :
THEB DTS S Gy N Urettsey m
! | ! \ L2018

2 4

A. J. Schwartzg
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Putting all together: Inclusive vs. Exclusive |V, |, |V, |

((IT\ 5 B T I T T ] I I_
.O - B 5D*1v Inclusive _
— = B—->Dlv IV,,l: GGOU i
:‘ — IV ,l: global fit in KS -
e 45 i—) nlv b _
L b DUV - .
> [ [ Average 68% CL. —+— ] Latest lattice results:
" B Averase Ag=1 1 Bailey (MILC), PRD 89, 114504 (2014)
4 1 Bailey (FNAL/MILC), PRD 92, 034506 (2015)
- -1 Aoki (FLAG), EPJC 77, 112 (2017)
C | Detmold et.al., PRD 92, 034503 (2015)
3.5 =]
3 m i
: Spring 2019 :
C P(x?) =7.7% —]
2'5 L L L I L L L I L L L I L L L I I(X )I L ’ I
34 36 38 40 42 44

IV_1[107]

Exclusive (x 1072) Inclusive (X 1072) Difference

|V 3.876 £ 0.042 + 0.055 (D*¢v CLN) 4.219 £ 0.078 (kinetic scheme) 22330
3.83+0.07 £ 0.06 (D*¢tv BGL [Belle]) 4.198 + 0.045 (1S scheme)
3.958 £ 0.094 + 0.037 (Dtv)

1V, 0.367 £ 0.009 + 0.012 (ntv) 0.432 + 0.012 + 0.013 (GGOU) 2.6-2.8G
0.444 + 0.014 + 0.022 (BLNP)
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Vsl |Veal from leptonic decays D" —> £V

S Vy 2 2\ 2
+ + F p2 2 2 My
B(D(S)—>£ v) = - fD(S) Vcs’cd| T, MpMm, o
W+ D

1) Measure B, calculate f, on lattice, extract |V ., (compare to unitarity)

2) Measure B, take |V .| from other measurements + unitarity, extract fp
c o+ (compare to lattice)

3) Note that rate vanishes if m, = 0 = helicity suppression

. D> u'v . DI )Y

CLEO-c f——o—1 249.8+9.7+4.5
CLEO'C [ H  47.2+2.1+0.6 BaBar H—o—H 257.8+7.9+7.0
B Belle uv H—e—H 242.2+6.4+4.7
BESIIi(a) —_— 238.9:+17.315.0
BESIII(b) H-e-H 246.2+3.613.5
r(e)v ——H 245.4+10.915.2
CLEO-¢c  t(x)v ——e—— 270.1:16.8:4.7
BESIII A 45.7+1.2+04 | | w(p)v —— 249.8+12.315.6
r(e)v +——eo—— 240.1+12.3+16.1
BaBar  ()v ——e—0gH 235.7+11.1+13.0
"""""""" ey H—— 286.847.67T,,
Belle (u)v f—f—c—i] 257.8i8.1;171é:°0
lllllllllllllll T(ﬂ,’)V H—— 2617i93_88
BESIll(a) (7n)v 194+54+11
Aver —— 46.1£1.0+0.4 e —
erage 6 0+0 uv Hell 246.7+2.8+2.5
Average v H-o-H 249.8+3.5+4.1
| | uvTy el 247.7+2.2+2.2
45 50 I LB [ B
200 250 300
fDlvch [MeV]

f,IV_I[MeV]
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Vy

S

W+

Using the latest LQCD results:

Leptonic Decays D *—> v

2 m2 2
+ + TF p2 2 2 o I/
B(D(s) — £ V) 87 -fD(s) Vcs,cdl TpMmpm, ( mQD)
1) Measure B, calculate f, on lattice,
extract |V .4 (compare to unitarity)
2) Measure B, take |V .| from other

measurements + unitarity, extract fy

(compare to lattice)

fps=(249.9 £ 0.5) MeV

f,=(212.0 £ 0.7) MeV

arXiv:1902.08191

FNAL/MILC, PRD 98, 074512 (2018)
ETM, PRD 91, 0564507 (2015)

Aoki et al. (Flavor Lattice Averaging Group),

gives:

V.| =0.991 £ 0.013 (exp) £ 0.002 (LQCD)

V.| =0.2173 £ 0.0057 (exp) + 0.0007 (LQCD)

Using CKM Unitarity:
(CKMFitter)

V| = 0.973394 +0-000074_, 150096

|Veal = 0.22529 *0-00047 1 0032

A. J. Schwartzg

US Belle 11 Summer School 2021

gives:

fp. = (254.5 + 3.2) MeV

fp=(205.4 + 4.8) MeV

The CKM Matrix
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Summary of |V, |V

Dominated by BESIII [Ablikim et al., PRD 92, 072012 (2015);
Ablikim et al., PRD 96, 012002 (2017)]

2018

D—-puv e 0.2170+0.0051+0.0006
D—rlv e 0.2214+0.0028+0.0076
Average
D ()l v e 0.2183+0.0043
vN ——y 0.230+0.011
. 0.00041
Indirect | . 0.225297, ;0030
| | | | I | | | | | | |
0.15 0.2 0.25 0.3
IV |
cd

2018

D,—lv 0.992+0.013+0.002
D—Klv 0.953+0.004-0.020
Average =~ _ 0.981:0.011
Ds;—I1v+D—Klv U
0.32
W—cs 0.947,.+0.13
. 0.000074
Indirect I 0.973394_"0_00009|6
0.9 1.1

® Leptonic decays have larger statistical errors due to smaller samples, but smaller LQCD errors
(i.e., decay constants calculations are more accurate than those for form factors)

® Combining errors: best knowledge currently comes from leptonic decays

A. J. Schwartzg

US Belle 11 Summer School 2021
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Summary of CKM measurements

|V,,| is measured via exclusive B— D*4v and B— D¢v decays. Uncertainty arises from
form factors, of which there are two common choices: CLN and BGL

|V,,| is measured via inclusive B— X_.¢v decays and using OPE. Uncertainty arises from
matrix elements of local operators. These are determined by fitting moment distributions.
Two theory schemes available: kinetic scheme and 1S scheme.

The measurements differ: inclusive |V is higher than exclusive by 2.2-3.3c

|V.,»| is measured via exclusive B— r ¢v decays. Uncertainty arises from form factors, of
which there is one common choice: BCL

|V,,| is measured via inclusive B— X, ¢v decays. Many cuts are made to reduce huge B—
X. &v background, and this makes it challenging to theoretically predict the rate. Five
theory schemes available: BLNP, DGE, GGOU, ADFR, and BLL.

The measurements differ: inclusive |V,,| is higher than exclusive by 2.6-2.8c

|V.| is measured via exclusive D,*— ¢*vand D— K ¢v decays. Uncertainty arises from
decay constants and form factors, respectively. Results agree. D— K /v has much higher
statistics, but theory error from form factors is larger, so overall precision is worse.

|Vl is measured via exclusive D*— ¢*vand D— n¢v decays. Uncertainty arises from
decay constants and form factors, respectively. Results agree. D— 7 ¢v has much higher
statistics, but theory error from form factors is larger, so overall precision is worse.

A. J. Schwartzg US Belle 11 Summer School 2021 The CKM Matrix
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Extra Slides
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The Belle II Detector

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

— -* (end-caps , inner 2 barrel layers)
EM Calorimeter

Csl(Tl), waveform sampling electronics

\

—

electrons (7 GeV)

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)
Vertex Detector

2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

1117

= positrons (4 GeV)
Central Drift Chamber

Smaller cell size, long lever arm

Belle | TDR, arXiv:1011.0352
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The Belle Il Physics Book
E. Kou et al., PTEP 2019, 123C01 (2019)
[arXiv:1808.10567]

B Observables Expected exp. uncertainty Facility (2025) Charm

physics: UT angles & sides
¢1 [°] 0.4 Belle II il
és [°] 1.0 Belle II $ .
s [°] 1.0 LHCb/Belle 11 * i
V4| incl. 1% Belle 11 @
|Vep| excl. 1.5% Belle 11 2
V] incl. 3% Belle II 3 =
V| excl. 2% Belle 11/LHCb ARG
cBv R )
S(B — ¢KO) 0.02 Belle II
S(B — n'K") 0.01 Belle 11 Dark Photon/Sector
A(B — K°7%)[107? 4 Belle 11 T
A(B — K*r7) [1077] 0.20 LHCb/Belle II = 10°F -
(Semi-)leptonic EX 107 E
B(B — 7v) [107¢] 3% Belle 11 $ g0 BT £ 77 gl
B(B — ) [107] 7% Belle 11 Yook 3
R(B — D7v) 3% Belle IT g R o
R(B — D*rv) 2% Belle II/LHCb 018 T e 7
Radiative & EW Penguins Y S . B2t b sbmited o PTEP 2OT7) 3
B(B — Xs’y) 4% Belle 11 10 1073 102 10" 1
Acp(B — X, gv) [1072] 0.005 Belle 11 m, [GeV/c?]
S(B — K9n%) 0.03 Belle I
S(B — py) 0.07 Belle II Tau physics
B(B; — ~vv) [1079)] 0.3 Belle 11 Quarkonium-like
B(B — K*vw) [1079] 15% Belle 1I B, physics at 175S)
B(B — Kvp) [1079] 20% Belle II
R(B — K*00) 0.03 Belle II/LHCD

A. J. Schwartg
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D— (K,7) £*v: dar - Gip;
dq? 2473

Vs,eal® | £ (@)

= Take f,(q?) form factor from theory, determine |V | or |V 4|

d - - d
) f,(0)
Simple pole: F@) = = . Jm2 )
Modified pole model: 2y — 74(0)
Ta) = G @m0 — oy min)

z expansion: t, = (mpy+mp)? to=t, (1—1—t_/t,)
Vi — @@=\t —

z(q% t,) =
0 i — @+t =1
f(g®) = ! > a,
+ P(q®) (g%, t,) = ©
a1/a0 =7 a2/a0 =T,
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Semileptonic Decays

D> (K,n) v di  Gip;,

2 2
d? %Wcs,cd f+(d%)]

BELLE 2006 }_¢_._¢_{ 0.6762 +0.0068 +0.0214
0.1417 +0.0045 +0.0068

BELLE 2006 | I

BABAR 2007 0.7211 +0.0069 =0.0085

CLEOC 2009 M 0.1500 +0.0040 +0.0010
CLEOC 2009 H 0.7189 +0.0064 £0.0048

BABAR 2015 H 0.1374 0.0038 +0.0024 BESIII 2015A 0.7195 +0.0035 +0.0041
BESIII 2015 M 0.1420 +0.0024 +0.0010 BESIII 2015B M 0.7370 =0.0060 +0.0090
BESIII 2017 w 0.6983 +0.0056 0.0112

BESIII 2017 }Q—.—’{ 0.1413 £0.0035 0.0012
0.7133 £0.0038 +0.0030

BESIII 2019 H

World average 0.1426 +0.0018 World average 0.7180 +0.0033

0.66 0.67 0.68 0.69 0.7 0.71 0.72 0.73 0.74 0.75

0.13 0.135 0.14 0.145 0.15 0.155

‘Vcd| f+7‘5(0) |Vcs| ff(O)
Using recent LQCD results: K(0)=0.760 £ 0.011 | gives: | IVl =0.943 £ 0.004 (exp) £ 0.014 (LQCD)
ETM, PRD 96, 054514 (2017)
HPQCD, PRD B2, 114506; 84 114505 (2011) | £ (0) = 0,634 + 0.015 ¥, = 0.2249 + 0.0028 (exp) + 0.0055 (LQCD)
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