How well do we know the
Unitarity Triangle?
An experimental overview
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= [he beauty of the Unitarity Triangle

» Its role in understanding CP violation in the Standard Model
= Sensitivity to New Physics

= [he players
= B factories, Tevatron and kaon experiments

= The measurements
= CP violation in K°: the “e, band”
= CP violation in B?: the angles of the Triangle
= BY mixing and semileptonic B decays: the sides of the Triangle
... and more!

= What have we learned?
= Summary and conclusion
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It all started with kaons...

In 1964 Cronin and Fitch discovered CP violation in the
decays of K, mesons: K >n*n
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CP violation in the Standard Model

= Explained in Standard Model in 1973 by Kobayashi and Maskawa

= In KM mechanism, CP violation originates from a complex phase in the
quark mixing matrix (CKM matrix)
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A, (Cabibbo angle): very well measured
b C p,n: poorly known until recently
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Going beyond CKM

B
The (many) strengths of CKM

» Simple explanation of CPV in SM

» It is very predictive: only one CPV phase ‘

» It accommodates all experimental results ; '
= CP violation in K>nr and K >7lv CKM

= CP violation in the B system

New Physics models have many sources of CP violation
= e.g.: MSSM has 43 new CP violating phases!

- Exploit CKM prediction power: use CPV as probe for New Physics

Measure CP violation in channels theoretically well understood
and look for deviations w.r.t. SM expectations
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The Unitaritz Triangle

Unitarity of CKM implies: V'V = 1 - 6 unitarity conditions
Of particular interest: \v_, V., +V_V,+V,_V, =0

V| Vie |V
V=iVl Ve |V
\‘/td ‘/ts ‘/tb

All sides are ~ O(1) - possible to measure both sides and angles!
= CP asymmetries in B meson decays measure o, 3 and vy

» Sides from semileptonic B decays, B mixing, rare B decays
» Complementary constraints from CP violation in K, (g,)
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The Unitaritz Triangle

Unitarity of CKM implies: V'V = 1 - 6 unitarity conditions
Of particular interest: \v_, V., +V_V,+V,_V, =0
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All sides are ~ O(1) - possible to measure both sides and angles!
= CP asymmetries in B meson decays measure o, 3 and vy

» Sides from semileptonic B decays, B mixing, rare B decays
» Complementary constraints from CP violation in K, (g,)
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Going bexond the Standard Model

(p,1)

(0,0) (1,0)

= Two measurements fully define the apex
= This triangle has a base normalized to 1

= All additional measurements probe Physics Beyond SM

= All pieces of the puzzle must fit in the Standard Model
= Inconsistencies can be explained only by New Physics

. —
G. Sciolla = M.LT. Precision and redundancy are essential!




The experiments:

B meson exeeriments

= Asymmetric B factories:

BaBar (SLAC) and Belle (KEK)
= e'e = Y(4s) — BB

= Very clean environment
= Very high luminosity

1 billion BB pairs (BaBar/Belle)

= [evatron experiments:
CDF and DO at Fermilab

pp collisions at /s ~2 TeV
» Challenges: high multiplicity and bb trigger

= Complementarity: all b hadrons are produced
| BS’ Ab, BC""
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The experiments:

Kaon Experiments

Muon Muon

Photon Veto l)uu.lnr\ Analysis l\h-ml Filter . Counters THE SIMULTANEOUS KL AND KS BEAMS

M .‘“ TRD (\l

20cem]
Vacuum Decay Region
2 K, beams Vacuum Window

KTeV (l I)ir:llllllx ’rs

1 1 1 1 1 1 1 |
100 120 140 160 I\u
Distance from Target (m)

T AKS counter

N

Hu nunpu

Hadron Veto
with Lead Wall
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The measurements: g,
B
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CP violation in K|

= Constraints on Unitarity Triangle come from indirect CP
violation (due to mixing): €

e| ~ Z[n, |+ ~[ny|
3 3

n. = AK, »rn'n’) |BFK, »7x'n) Ty
T OAKg > T T, BFK, > n'n’)
where  «
. AK, »7'7°)  |BFK, —» n°n°) T,
Y AK - ') T, BF(K  — n'n")

= World Average in PDG 2006:

lex|=(2.232£0.007) % 107 Precision: 0.3%!
» NB: ~3.7c shift wrt PDG 2004 after including: KTeV, KLOE, NA48
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[ T T T | T T T | T T T |

- ¥ ! CKM é
— [ d | fitted —
06 — 2 Amy, E',K \ \BEAUTY}DE =
! 3 \ -
0.5 = ¢ —
— -:Cu Y sol. w/ cos2[i < Y _
— @ {e:u:l.atGL:'—n.a ]
- 0.4 — ¢ - < _ - P =
| ~ 1:, < - -
0.3 & - o ]
K -
0.2 g —— — \ ]
0.1 | |

0 Ial 1 | | | 1 |B | 1
-0.4 -0.2 0 0.2 _ 04 0.6 0.8 1

Kaons'’s contribution to the UT: g

Experimental error on g, ~ 0.3%
... but large errors on constraints of (p,n)

= Bag parameter from Lattice QCD B,=0.86 £+ 0.06 + 0.14 (16% precision)
= Kaon decay constant from leptonic decay rate fy,=(159.8 + 1.5) MeV
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The measurements: 3
B
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How to measure the CP asymmetry
B

N(Eo(t) — fCP) _N(Bo(t) — fCP)

A,()=—=
T NB ()= fe) +NB ()= fop)
¢ > Flavor tagging
R0 Q=(30.5 + 0.5)%
15—~ —
> < | +
iB K
B->f ., exclusive 0 ~~ —>
reconstruction < | | \ T
| | b

'4—>|

Az~ B’YC At :::> Precise At determination
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CP violation at the B factories

e_2iB WA f CP

UIXTW

A () N(B°(t) — fpp) ~N(B°(t) — f5,)
g N(B°(t) > f,)+N(B°(t) > f,)
=S, sin(fAmt) —C, cos(Amt)
(M) , —
szl‘|7tf|2 = ZIm;sz fzi._f
1+, ] 1+[4, p 4

=  When only one diagram contributes to the final state, |A|=1

C. =0
S, =ImA

Acp(t) = £ ImA sin(Amt)

(CP violation in interference between mixing and decays in B?)

G. Sciolla — M.IL.T.
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CP violation in B? decays: sin2f3
B

For some modes, ImA is directly and simply related to the angles of
the Unitarity Triangle.

Example:
BY->J/¥Kg: the “golden mode”
= Theoretically clean
= Experimentally clean
= Relatively large BF (~10-4)

L[V (VaVe) (Vi) _ e
Vol o \ Vi Jea\ VetV oo

Acp(t) = sin2ZBsinamt | Jyoo

p17
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The golden mode for sin2p:

sinZE in B> J/y KY

1200 B> /vy K (1) ﬂ

(aV] : ~nJ -1

% 1000 | 500 fb

> I

S goo [

= %00 Nygoy = 7482

S -

S 600 f

2 400 F

) L

> [

W 200 [ ‘
0 . ama .
5.2 5.25 5.3

M., (GeV/c?)

200

Belle ~500 fb?

150f

100}

Asymmetry Entries /0.5 ps
O o)
o (JI””O'”O”

O
O

sin(2B) = 0.678 £ 0.026

BaBar+Belle Moriond 2007
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Constraints from 3 on the UT /\\
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= Sin2[3 is measured with a precision of 3.8%
= Most stringent constraint for Unitarity Triangle

= Precision is purely dominated by statistical error
= Will improve in the near future
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The measurements: o
B
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o. from B> nm, pp, pm

o= arg{—

ViV
Vi i

|

I
= Not as simple as B in the golden mode: tree and penguin diagrams
Tree d Penguin <
Wl:< 17 :: ¢
“ Vi g:: Vid
b . M b '.‘ . x
Vi W....

s Ap(t) will have two contributions:

A_(t) = Ssin(Amt) — C cos(Amt)

= S measures UT angle o

s C measures direct CP violation

G. Sciolla — M.IL.T.
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Combined constraints on o /)\

EEE—

[ T T | T T T | T T T | T T T | T T T | T T T | T T T ]
0.6 — 9 ! Amg & Amy=—= == = - %_:
. E o ‘ﬁmd P K~ BEAUTY 2006 E
0.5 = 2 sin2p < —

- = sol. wi/ cos2[i <0 \ Y
— 8 (excl. at CL > 0.95) \ -
04 — 2 —
k=3 C 3 \E
0.3 65 S — ?
2 . .
. A\
0.1 N =
o

p N
p
Average of BaBar and Belle CKM fit
a=(92.6,97)° o = (100.0%7)°

G. Sciolla = M 22



The measurements: vy A\

|

*

V.V

u

(o

<
=S

cd’c

G. Sciolla — M.L.T. How well do we know the Unitarity Triangle? 23



Vud Vui :|

= ar —
! g[ V.V

The angle y
B

Use interference between B* — D°K* and B™ — D°K™* with both
D° and D° decaying to the same final state f

Cabibbo allowed Cabibbo and color suppressed
57 7 ”
* > | -+ ) - = U 0
‘/us‘/c%u ) K B+ ) k\<(' } D
+ b—e—F——7 | 15 v b KT
b U = (. D Vcs Vub ‘
AB* > D'K*)oc V.V o )} A(B* — D°K*)oc V, Vi oc A2

= Only tree diagrams contribute: pure Standard Model process!
= Low Branching Fractions: more statistics would help
= Best measurements from D>K e Dalitz analysis
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Summary of y measurements

! | ! I ! | ! ! ! | T !
Amg & Am,

o
o
url BE
0.95 ]

o

ﬂmd i

| fitter

BEAUTY 2006
K

Y

sol. wi/ cos2[i <0
{excl. at CL > 0.95)

-2
1]

Average of BaBar and Belle

CKM fit:

y = (605F)°

y = (59.0_;9.;33 ) °

G. Sciolla — M.IL.T. How well do we know the

Unitarity Triangle?
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The measurements: R,

S

D

>
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Semileptonic B Decays
B

Parton level Hadron level
W_
0 7
0%
3O o0 s, > N :

Vcb

ub’

I'boulv)=
927r

= Sensitive to hadronic effects
= Theory error not negligible

= T(b=>c)/T(b>u)~50
« V_, precisely measured (£2%)
« |V, is the challenge

u
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|V,,| from Inclusive B—>X,| v

B
4 Inclusive B - X " lv 2 CLEO (endpoint) i
4.09 048 +0.36 H_._H
BELLE (endpoint)
- |- 482 +045 +0.30 o sl
E BABAR (endpoint) :
V 439 +£0.25 +0.39 e
ub BABAR (E,. ¢) :
457 £0.31 +0.41 H+H
BELLE m.,
4.06 £0.27 £0.24 ==+
i BELLE sim. ann. (my, cf) E
Inclusive B — X Iv 572046 03 H——H
o _ - BABAR (my, q)
= Hadronic final state is not specified |.7s+035+05 ===t
= b->clvbackground is suppressed | = WA: 4.49£0.1940.27 i@
using kinematical variables 2 /dof = 6.1/6
= Partial rate is measured Pl Rey D72 073006200 |
mbmpu:‘, from b —|> clv ancllh—:o 57 1|'nnments | | Iﬁ | e
- theoretical uncertainties ~5% 5 4 | 6
- = Vo [ 10°)
G Sciofla - MLT. Precisionon V. +/7.3% -8




|V o/Vland the Unitarity Triangle
EE——
Third most precise constraint in the (p,n) plane

[ I T | I I I | I I I I I T | I I | I I I ]

LT d N E

0.6 — 2 Amy - EK \ \BEAUTYEIJDE _

B P =

0.5 = ¢ ) —

- S B , (oo B ) M —

04 — °© - —

0.3 & % s x

: (0 _]

/ EK 1 —

7-2 I \ ]

[0.1 | =
l | al 1 | | | | h | | | | | 1 | | 1 | B | | | |

ﬂ
-0.4 -0.2 0 0.2 ﬁ 0.4 0.6 0.8 1
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The measurement: R,
B

R = thth ~ 1°th
t *
Vchcb )L'Vts

G. Sciolla — M.L.T. How well do we know the Unitarity Triangle?
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The measurement of R, /\

td(s) a’(S)
DO 0
Bd(s) % éW Bd(s)
d( td(s)
. - 0"l:Bdmixing Amg = 0.5 ps™
= B./B, oscillations ~  ]B.mixing Ams=20ps’
z 2050 AR
Am, N Vv, § OE
A}/ns Vts g() —: \\\ 2 l
Theor 0 2 0 os LTIV HTT
. y error <5% (LQCD) =005
= Am, is precisely measured P

« But B, mixing is very hard... oroper decay time, t [ps]
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B. mixing at the Tevatron /\
B

Flavor tagging
Qss7v4.8%

opposite | Quer~1.5%
side lepton | ; nt
fragmentatiop
—_ D meson
B jet
Time
reconstruction

o(ct)~25-70 um

Reconstruction of B; decay
in hadronic or SL modes
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CDF result

p CDF Run Il Preliminary L=1.0fb"
CDF Run Il Preliminary L=10fb ® 2r
= S | +dataz1c A 95% CL limit '
i —- data %-1 SF 16450 O sensitivity /\
"<\_> 400 « T ﬁ_t e 13Jdata:1_6450 A '.'
> B2 —» D /K" <L b data+ 16450 (stat only) | ‘ \Jl '
P | BY - Dlp 0 \/M ’ III' .,|l "I nm |
q) B M ."Iml | l ‘
a W b DX | Iy
B 200} — -0.5
s ! BB D : Il
5 L B A AT 1E .\‘ "\/"
C . | |
0 : -2 i ] 1 ] 1 ] | 1 | 1 I 1 ] l ] 1 | ‘ 1 | | ] I 1 ] 1
5.2 5.4 5.6 5.8 0 5 10 15 20 25 30 35

B? mass[GeV/c?]

Am, [ps’]

.
Am =17.77+0.10£0.07 ps” | = | |=4=0.2060+0.0007 "

V —0.0070
t
>50 > Exp. H Theory
<1% ~4%
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Impact of Am¢ on Unitarity Triangle

» Measurement vs limit: a factor of 2 improvement

[ I I | I I I | I I I | I ]
@ i Amg & Am,, % R
06 — 2 de BEAUTY 2006 ]
~Rh .
0.5 = 3 sin2B =
=ar {a"ﬁ':l ':ﬁ:“f Xooh) ¥ =
0.4 — 2 ’» \ e
0.3 gl P - "'" + \ 3
[\ - b =
0.2 =
01 -
| B y

D | | | | | | | | |
0.4 0.2 0 0.2 _ 04 0.6 0.8 1

Y
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Standard Model or New Physics?

Do all pieces of the puzzle fit?

| T I U U ] ! U _

s | CP conserving p-&sm Aier - os| CP V|oIat|ng R

0.5 :_E : _f 0.5 ;—E sin2p /‘ _;

F 8 // . 04 - 8 (:::'I.w a’t%f?l:s%) Y .

04 — ¢ — = 403 > =

SN — 1% ki o €

0.3 b —: . E @ EK o =

0.2 = 0.2 ;_ E

= 01 =

0.1 — C u

. L A Y. | I l . .B ! 3 0 L : Y' I ; — . 'B l S

%.4 0.2 [} 0.2 0.4 0.6 0.8 1 0.4 02 0 0.2 p 04 06 08 !
[ I . [ U | T T -
06| 11EE ¥(0) s s| LOOPS am, &AM e, o
C o 4 E O .
0.5 :—é /7 — 0.5 _—E sin2B 7
] = C ®© sol. w/ cos2p <0 I
0.4 :—_‘Z’ % _: 0.4 - g (excl. at CL > 0.95) _:
ISP /// 1 1= L — -
0.3 & -] 0.3 — % = _
] = € .
0.2 = 02 B K =
01 = = 3
. 01— T
o1 : Y' ' — | I 'B I = g ! ! | | | B :
~ o | | | | L f L ! L ! ! ! | -
0.4 0.2 0.2 D 0.4 0.6 0.8 1 %.4 0.2 0 0.2 o 0.4 0.6 0.8 1
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Standard Model or New Physics?

CP violation in Penguins

Complementary test: measure same angle in channels with different
sensitivity to New Physics

= Example B from B%-->J/¥K° vs “Penguin Modes” (e.g.: B> ¢K.)

8
SM b 5 NP b - T - | u * =
] b WO
g S

R a . a
d d
. ‘©  [NMn'K)~900]|
= SM predicts same A(t); small theory errors = \(ﬂ )
. - e D BaBar 316 fb!
»« Impact of New Physics could be significant = 200 .
= New particles in the loop - new CPV phases ﬂ -
)
= Low branching fractions (10-) ‘dé; 100 i
= Many final states: @ K°, K* K"K, ' Ks, Ks Ks K, etc. T \

525 5.26 5.27 5.28 5.29
G. Sciolla — M.I.T. How well do we know the Unitarity Mg (GeV/c?)



Standard Model or New Physics?

E in penguins vs golden mode

1 l I 1 1 1 | 1 1 I I I 1 1 1 1 I I 1 1 I
b — cCS # 0.678 = 0.025 BaBar + Belle average
¢ K° —e—H{ | 0.39:0.18
n K° ;‘* 0.61=0.07 | « A trend is visible
Ks Ks Ks =@ 0.58 = 0.20 = although each measurement
™ K |_._! 0.33 = 0.21 is compatible with J/¥K-...
0 Ky p——————i—i—| .
P" s 0200571 4 Naive average: 0.53+0.05
w Kg =@ 0.48=x0.24 = ~2.60
fo K° —&=-{ 0.43=x0.17 o _
S Y.V J— 072+071| " Statistical errors st_|II large...
= More statistics will help
K'K K° }-*0-I 0.58 = 0.13
1 [ | 1 1 L I 1 1 L 1 l 1 1 [ | 1 1
-0.5 1

S|n2[3” A%}

Golden mode
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Standard Model or New Physics?
New measurement of |V./Vi.| /\

B
= |V,4/V| can be measured from decays of B>py/B>K"y
i .
»y 1_95% prob. intervals
_ - BR(B—p/ay)
W i BR(B—SJ;\;
AT -] Am
1/, vV ,V s,d 05—t
b = S N
u,clt) )
BFB - py) _|Va| f
BF(B — K*y) |V, T
= Recent results from B factories 1_
»« Challenge: BF (B—py) ~10! I.U,Tf",‘. N | S

= Theory error ~7.5% (LCSR) - B D B L .

Via

_ 0.2023'812 (exp) = 0.015(th) ... as expected in the Standard Model...

ts
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Conclusion

HEEE_
s Precise test of CP violation in the Standard Model

= ...thanks to many years of hard work by many experiments!
= Tremendous improvement in our knowledge of pandn

= Precision on apex ~ 0.04

= CKM is the dominant source of CP violation at low energy
= ... Since all pieces of the puzzle seem to fit together

s Search for New Physics is just getting interesting
= Expected effects of NP in loops ~10%
= Experimental precision is just getting there...
= First hints of NP in penguins? Statistics will tell
= Exciting times ahead...
= B factories (~2 ab'! by 2008)
= New experiments (e.g.: LHCb, SuperB)
= Theoretical progress will be crucial (e.g.: Lattice QCD)
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vy from B — DK

= GWL (Gronau, Wyler, London)
= D > CP eigenstate
» Theoretically clean
»« Small interference: needs more data

= ADS (Atwood, Dunietz, Soni)
=« A(D — f) is doubly Cabibbo suppressed
« Larger interference
= Needs more data

= Small systematics due to Dalitz model

= | Dalitz method (Giri, Grossman, Soffer, Zupan)
« Exploits interference pattern in Dalitz plot in D>Knn-

=« Combines many modes - statistical advantage

G. Sciolla — M.L.T. How well do we know the Unitarity Triangle?
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o

o

o. from B>, PTT, PP [*=%E v v

If tree diagram dominates

% %k d
A= (-1 Vie Via Via Vi Tree
- ( ) * * W .l
Vsztd Vuqub y

; u
A»(t) = sin20 sinAmt b ; u
cP\Y) ~ Vub
Large penguin contributions in i
Penguin o \/BF(B;) - n'iﬂi) ~50%
Tree BF(B" > nrn'm") Penguin u
...not so small even in B->pp...
Penguin BF (B’ — p°p") .: * 1/7
oc ~20% .
Tree \/ BF(B’ — p'p") th g th d
A_(t) = Ssin(amt) — C cos(Amt) W, &

S related to o; C related to direct CPV
o« Isospin analysis a la Gronau-London required to extract o...
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