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Outline

@ quick recap on angles
@ wrap-up on y/$3 measurement

@ direct CP violation and charmless two-body B decays
@ sides of the Unitarity Triangle
@ extraction of the CKM parameters
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B/d+ angle [recap]

Theoretically cleaner (SM uncertainties ~10- to 103)
- tree dominated decays to Charmonium + KP° final states.
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o/d. angle [recap]

] * Y

= arg [ @ th / I/vud > 0.01 = Combined
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v/ds angle

= arg {— Vu c VC d V{:T:J

Extract y using B—DOK?0 final states using:
* GLW: Use CP eigenstates of D°.

b — ¢ interfering with b — u]

B—» DYK®O * ADS: Interference between doubly suppressed decays.

B> DK'z* * GGSZ: Use the Dalitz structure of D—K_ h*h- decays.

B > D"

Bu _}D{'}p . . o
Measurements using neutral D mesons ignore D mixing.

+ charmless i
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v = arg [~ Vaua Vi, /Vea V)
y and DK trees

© D™K™ decays: from BRs and BR ratios,

no time-dependent analysis, just rates
© the phase y is measured exploiting interferences:

two amplitudes leading to the same final states
u
© some rates can be really small: ~ 10~ AA}< K-
w- S
b

_D + —0 - ch Do
PR~ T
Vi V 2
+ & A cb (N}\' )
- v + strong phases L
" b , u _
\ A s DO
~rge D K A(D - f) - W
) CK
Theoretically clean (no penguins Y Y
Vub=|Vub|e R (”7\‘3)

neglecting the D° mixing)
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Y = arg [7‘/;,1d V;})/ V:?d V:{?’}

Sensitivity to y: the ratio rs

\ U . 5 Vio=|Vusle ™ ("'7\'3)
_ e D°
] Wr‘:\f<i 3 W-H-LLH.I< Og = strong
- D° S - hase diff.
B O Vcb ("')"2) U U U K P

A(B- - D°K™)=Ap A(B~ — D°K™) = Agrge’95—7)
A(BT — DYK*) = Ap ABt - DOKt) = Agrpget(dB+7)

rs = amplitude ratio

B~ — DK~ \/ >, =
T — X
B B— — DOK n :0 cSs
¥ ¥
~0.36 hadronic contribution
& in B* — D™K* 1, is ~0.1 channel-dependent

@ to be measured: rz(DK), r*3(D*K) and r’;(DK*)
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Y = arg [*Vud ‘/1;1)/ X/Cd V:lf’

| Three ways to make DK interfere

GLW(Gronau, London, Wyler) method: more sensitive to ry
uses the CP eigenstates D% with final states:
KK, m*n~ (CP-even), K.nt° (w,$) (CP-odd)

+2rpgsinysindpg

— 1472 4+2 A =
Rep+ +TB:|: TR COS7y COSdp CP=x 1-|-'r%3:|:2'r3cos'yc0553

ADS(Atwood, Dunietz, Soni) method: B° and B° in the same
final state with D° — K*xt~ (suppr.) and D° — K*x (fav.)

RAps = T%-I—T%CS-I-ZTBTDCS cosycos(dp+dp)

the most sensitive way to y

D° Dalitz plot with the decays B~ — DO[Kg*n ] K

three free parameters to extract: y, rz and g
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Y = arg [7‘/;,1d V;})/ V:?d V:{?’}

y: GLW Method

® GLW Method: Study B* — D¢:°X* and B* — DX*+ cc ( D° = K*r')
® X+ is a strangeness one meson e.g. a K+ or K*+.
® D.°is a CP eigenstate (use these to extract y):

* 4 observables
D’ _ =K'K ,7°x"
CP=+l * 3 unknowns:
0 _ 0_0 0 0
Dep_., =Ksm™, Ky, K¢ e, Y=2and o

BF(B~ — DY.K~) + BF(BT — DYLKY) , > |, S
BF(B— — D°K-) + BF(Bt — DOK+) +7p rp COS 0 COS™
Acp, — BF(B- — DV\K~)— BF (Bt — D{K*t) _
BF(B— — DYK~)+ BF(Bt — DY K)
® The precision on vy is strongly dependent on the value of r.

> ry~0.1 as this is a ratio of Cabibbo suppressed to Cabibbo allowed decays
and also includes a colour suppression factor for B*—=DOK® b—u decays.

® Measurement has an 8-fold ambiguity on vy.

RCPj: —

+2rgsindsiny/Rcp,

Gronau, London, Wyler, PLB253 p483 (1991).
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7 = arg [ udvll /V 1‘ }

y: ADS Method

Attwood, Dunietz, Soni, PRL 78 3257 (1997)

® ADS Method: Study B=° — D®)° K*)=

® Reconstruct doubly suppressed decays with common final states and
extract y through interference between these amplitudes:

B — D®*0 K®) A = SN 5(*)0 K™
CKM Favoured b CKM and Color Suppressed
B! |
JK O
D*0 — K D0, Koo
Doubly CKM Suppressed ., 6 - D« CKM Favoured
® vy extracted using ratios of rates:
o _ A(B- - Do K") © 0 = 805 + 9§,
= _ N0 77— ) j '
B A(B™ — DMK ) © d0) is the sum of strong phase dlffer.ences
between the two B and D decay amplitudes.
0 - : :
s AD" >K'x )] ® r, and r; are measured in B and charm factories.
o AD’ K 7z%) ® §, is measured by CLEO-c
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= arg [ udV b /ch }

y: GGSZ Method

® GGSZ (“Dalitz”) Method: Study DO°K® using the DO%—=K_h+h- Dalitz
structure to constrain y. (h = &, K)
© Self tagging: use charge for B* decays or KO flavour for B® mesons.
A(B* > (Kh*h"),K*) ¢ f(m?,m®)+ f(m?,m?)r e
where m, = My,

© Need detailed model of the amplitudes in the D meson Dalltz plot.

® Use a control sample S s _ KKp
(CLEO-c data or D**—D0x*) ] S = N
to measure the Dalitz plot. ' E.
D" 5> D7z |
L 0 01 +1— I 2 3 R "1_4'. i
2 (GeV?/c?) 2 (GeVZ/c?)
D" — K;h™h

Control sample plots from BaBar GGSZ paper
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7 = arg [7‘/;,1d /1;1)/ V:?d V:?){-"}

y: GGSZ Method

© neutral D mesons reconstructed in three-
body CP-eigenstate final states
(typically D° - Kstn*)

© the complete structure (amplitude and strong
phases) of the D° decay in the phase space is
obtained on independent data sets and used
as input to the analysis

© use of the cartesian coordinate:
® X, =g COS (0 = 7y)
®y,=rgSin(d £y)

© Yy, rg and 9z are obtained from a
simultaneous fit of the Kqt*r Dalitz plot
density for B and B’

© need a model for the Dalitz amplitudes

© 2-fold ambiguity on vy

m2 (GeV/ch

e
tn

Interference of

B - DK, D° - K*n
(suppressed) with

B — DK, D°— K*x

~ ADS like

S0

I4S

= 40

w

— 35

=]

=30

=
n

=25

=20

=

15

r 10
05 -

2.5 3
m,2 (GeV/c)

Interference of

B - D°K’, D% - K%p°

with

B > D°K’, D° - K%p®
~ GLW like
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Y = arg [*Vud ‘/1;1)/ X/Cd V‘;}f’}

CP violation: y

2 [ [UT

S s WA

© UTfit prediction

?0.2—

% y from B into DK decays:

0

£ combined: (73.4 + 4.4)°
0.1

UTTit prediction: (65.8 + 2.2)°

%
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direct CP violation




Time-integrated direct CP asymmetries

@ can be measured in decays of both neutral and charged mesons
® Mmeasure a direct CP asymmetry by comparing amplitudes of decay:

N-N
Ac = =
CP N + N
® Event counting exercise: when studying neutral B mesons we can select
a self-tagging final state. i(d1461)
e need an interference between Ar = @re- " | o strong phases
(at least) two amplitudes contributing 4, — a,ze'f-(@ﬁ +92) CP even

to the same final state
As = a,exp [i ¢1)] + az exp [i ¢2)]
ﬁf = a, exp [i{d ] + ag exp [i(d2 —]
® the measured asymmetry becomes:

[Ag|? — | Ayl . y . |
Acp = |£;|2 ¥ |A;|2 AP i sinf@—&)sin5: _ 3]

@ limited by our knowledge of weak and strong phase differences.
> But there are many possible measurements that we can compare!

¢;: weak phases
CP odd
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Charmless two-body B decays

B(B — Km,nw, KK)

-‘ I{{]Fﬂ HFLAV
May 2018
H AR KK
& K+K'
- 7070
T T | ;I CLEO
Belle
—— .
= T BABAR
= K00 Our Avg.
—= K+q0
— = Kfn
Kt ’ —g= K'r*
|| || 1 I || 1 ] ) )
0.0 15.0

Branching Fraction x 10~°

30.0
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Charmless two-body B decays

d
hﬂ ﬂ }‘1
W~ u W™
" b . u 5 b <
BY A B A
a . d d .
A< A
b }\U W- AE d ?T b AD W- ?\2
B° % R
g U ™ g
d ’ d d .
A > N
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Direct CP violation in charmless two-body B decays

|‘if|2 _ |Af|2 g o . O;. strong phaSe
— _ ~ ;A3 i — s 6-5 — i
Acp = |A|2 + |Ag|? ,,Zj“ “ SmSl CP even
. _ ¢i: weak phase
interesting modes: CP odd

= K*n-: penguin+tree
= K*no: penguin+tree
= K’n+: pure penguin

W =, 5 5 _, 5 K+, Tt
b a Y
B+, BO g
B+, BO 70, 7 g
’ 70, -
u, d > u, d u, d . u, d ’
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The kr amplitudes

CKM enhanced CKM suppressed
A(B’— K*7m) - Vis V™ X {E -P 6m(u-c)}
AB*—= Ka) - Vi, Vi, X PO+ Vis Vo X {A -P6m(u-c)}
V2: AB— K7 4V, V' X Pc) b Vi Vi X {E +E +A -P avi(u-c)
V2 AB—K7) =}V, Vo' X PN Vs Vi X (E+P 6i(u-c))

Charming Penguin ~ 7\.2 Vus Vub* ~ )\.4

The ingredients:

= The elements of the CKM matrix (from the UT analysis)

= Color Allowed (E;) and Color suppressed (E,) tree-level emissions
= Charming (P;) and GIM (P;“™) penguins

= Annihilation (A;)
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Direct CP violation in charmless two-body B decays

® B°— K*n™: tree and gluonic penguin contributions
@® Compute time integrated asymmetry
_ N(B"»K n")—N(B"—K*n™)

R i = -0.084 + 0.004
Ax N(B°»K-nt)+N(B"->K*n~)

© Experimental results from Belle, BaBar, and S 00D ' ' E
now also LHCb have significant weight in the = | légﬁiﬁﬁ
world average of this CP violation parameter. = 300- +ﬁ 6.1G -
© First measurement of direct CP violation E 200 j ﬁ E
present in B decays. 2 100 K E
© Unknown strong phase differences between 0:

amplitudes, means we cannot use this to o1 o0 o1

measure weak phases AE (GeV)

M.Bona - Flavour Physics amd CP Violation - lecture 4 20



Direct CP violation in charmless two-body B decays

© B* — K*n": colour suppressed tree (in addition to the colour allowed one)
and gluonic penguin contributions

u u, d
b 70 4 _ _ 70
% u _ g.d -
B+ b S
S K+ B+ W K+
u > u u u

© Experimentally measure:  A(K*n’) = 0.040 + 0.021

® Difference between B+ and B° asymmetries:
A(K') = - 0.084 + 0.004

® Difference claimed to be an indication of new

physics, however:
> Theory calculations assume that only T+P
contribute to K+, and C+P contribute to K*n®.
> The C contribution is larger than originally
expected in K.

¢ K0 d K0

300

200

100

[ Belle Kn analysis

0 ' A
52 5.25

My, (GeV/c?)
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Is there a kxt puzzle?

caveat: quite old

QCDF [50]  PQCD[54,55]  SCET [58] exp
Only SCET includes a | prir—k0) 103H#13+194132 945136 9081 79406+07 23.1+10
non-factorizable Acp(r— K%  0.9102+0340.1408 0+0 <5 0.9+25
O(Aaco/Ms) charming | Br(Ok-) 11.1+}8758+08+62  139%100  113+4.1+1.0+03 128:+08
penguin. Acp(rK~) | 71117 +28+08+80 —113 —11+9+11+2 47+28
All these approaches | BR(r+k-) 16.313§138+14+114 2097188  201+74+13+06 194+06
neglect the CKM- Acp(rt K-) | 45111 122+0.5487 —918 —6+5+6+2 —95+1.3
suppressed O(Aqco/Me)| BR(AOR®)  7.0137+4T+07+54 9.1+ 38  94436+02+03 100406
corrections Acp(r®K9) —3.3119+12+05+3.4 i EYEVES| —12+11
ko Acs(K'R") E: oo Acr(K'R)

No CKM suppressed

o18f- aseE- aco/m, terms
Upper Value O(Aqco/mb) Upper Value O(Aqc/mb)
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Aecp of Most Precisely Measured Modes

Direct CP violation searches meLay o ] —
|

May 2018 *
Y . KTK-xt

= Kn'tn

L KTK KT

—
ﬁ: KOq+
Belle 1

Ktutyu
BABAR o n
v T Our Avg. j (e
A i\l - i\l I(*Alr-
cCP — = e KT
N + N Kt
Kt
== Kt - —
—=
ACP —0 Jee— KG(1430)°7°

. . (s +d)y
=no CP violation %
—_—— KOt

dK™T

—
| pK ptp

——

o+
N ppK

® We have searched for direct CP violation R
now in a huge number of channels. — KT

nrt
——

® This is a selection of the modes more == i

(:-‘I\’:t{]

precisely measured. KK K-

P+ I0{]

K%+ x—

—_———— TT+TT_TT+

-0.4 0.0 (.4 Me—
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Sides of the Unitarity Triangle




Sides of the Unitarity Triangle

b — ulv " Use theory to relate partial branching
fractions to V , for a given region of

phase space.

B> rlv
B—> X Iv

B — plv * Several theoretical schemes available.
B— (.OIV (paﬁ) V*
_ \/ td Vtb
\/ud a VLd V
Vi V
(0,0) (1,0)
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Sides of the Unitarity Triangle

* Use theory to relate partial b —>clv
branching fractions to V, for a B —» DVly
given region of phase space. )2 Ry gy g W9

B> D lv

M.Bona - Flavour Physics amd CP Violation - lecture 4
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Sides of the Unitarity Triangle

Vu is linked to the B° mixing

(box) diagram so to the B°
oscillation parameter Amy

\/ud \/ub

% ' /
Vcd Vcb //

,\ Y l:'
(0,0) (1,0)
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Side measurement: V

© |V,| < BR(B— X/|lv)in a limited region of phase space.

© Reconstruct both B mesons in an event.
® Study the B

® Measure BR as a function of
2
qlv’ mX ’ mMISS or El

to measure V.

recoil

and use theory to convert these results into |V, |.

© Can study modes exclusively or inclusively.

© Several models available to estimate |V |
® The resulting values have a significant model uncertainty.

M.Bona - Flavour Physics amd CP Violation - lecture 4
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Exclusively reconstructed b — ulv

@ If we fully reconstruct @ Study B decays to:
one B meson in an event, ” e Fully reconstruct B
then ... B oz l'v RECO
_ _ _ ® tagged or untagged for
® ... with a single v in the B’ = pl'y the second B
event, we can infer PVand : ,
‘reconstruct’ the v B* -5 n'l'v ® Extract yields from m?,s
o Clean signals . op+ In g2 bins to reduce
< e form factor dependence
@ but low efficiency B* = al*v o Then compute |V.,|.
Fully Reconstructed B, decay oo 2 40 u :fh 5 ooben
B0 p g“Li 9110.§$MMM8 gm—i 651:12 %E:ﬁ:mrmnds
Semi-leptor;(: b—ulv decay m 3";

Use the beam energy to constrain PVto 10-
effectively ‘reconstruct’ the v from the missing :

10
energy-momentum: m,, s = m, = 0. :

1 2 3 4 5
Missing mass squared (GaV’)

2 3 4 5
Missing mass squared (Ga‘\f’}
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V,: Using g2 distribution

d[(B—>zlv) G;

Vi |2 Pi | f(qz) B

dq’

- 2473

C\.J_I I ) I I I | | I I I | ] ] ] 1 | T T T T | T T T T I
.-:} - _
® 10 v 1:[3.65 = 0.09 (exp) = 0.1 (theo) ] x 10° —$— Average Belle + BaBar  _|
Q) - ub —&— LCSR: Bharucha .
S — Fitprob.: 61% ~~—— BCL (3 + 1 parameter) 1
= 8~ ]
o — [ _+ ] a
g - I ]
> 6 B l ] | —+— + N
+ - _
- - i
c:T 41— l -
m L ] |
o = a
ge L |
2 - ]
: Summer 2016 :
0 B | | | | . + a

25

-l

5

15 20
q2 [GeV?]

|Vuw| Is determined from a
combined fitof a B - w form
factor parameterization to

theory predictions and the
average (2 spectrum in data.

Form factor input:

¢ Low ¢? region (< 6-7 GeV?):
Light cone sum rules,
unperturbative, at 9> =0

¢ Intermediate to high g2
region (>14 GeV?). LQCD,
ungquenched.

From the fit (in 103):
V| = (3.65 £0.09 £ 0.11)

uncertainty 14%
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V,: inclusive analysis

@ Treat B meson decay like a free b quark The following theoretical calculations
. are used to extract |Vub|:
(+correct|ons) BLNP [arXiv:hep-ph/0504071v3]

DGE [arXiv:hep-ph/0509360v2].

® High background from clv decays. ESE;:ﬁTQf(%Sﬁ%%%Y]ﬂOS%'4524]
. . arxiv: .
@ Kinematic cuts are used to suppress BLL [arXiv:hep-ph/0107074v1]
No avera%ed value for |Vub| from the
baCkg rou nd_ different theoretical models
® Use Operator Product Expansions to
translate measured branching fractions to V. | 5658, e
. . . . Hl’iﬁ.(} Ave, (DGE)
® Measure branching fraction in different T
. . . HFAG Ave. (GGOU)
Kinematic regions. —
© 09 ] HEAG At (ADTR), ——
‘-::; D'B-'_ T0t3| x ev WI~de HFAG Ave. (BLL)
u - . bln 4.62+020+£0.29 —_——
—iz 08 BABARLEY .
8¢ BB 1 ;
oot BBAR o L) :
02"
U.i; e N | L Ll ISummer,Z‘OT!
% ""os 1 T 2 3 4 5
Electron Momentum (GeV/c) V| [x107]
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Side measurements: V

© Use the differential decay rates of B — D’lv to determine |V |

dI'(B — D'I'V)
dwd cos6,d cos@,d y

@ Reconstruct B~ — DV v
e

|
D? > J?:fr
D> K'n

® Measurement is not statistically limited, so
use clean signal mode for D—Kn decay only.

® Extract signal yield, F(1)|V,| and p from 3D
binned fit to data.

< F*(@,6,6,, )|V,

Entries / (0.4 MeV/c?)

® F is a form factor.

® Need theoretical input to

relate the differential rate

measurement to |V _|.

— BaBar D*ev paper

Am =m

Kar

_mK

(a)

T

Am [GeV/c?]
[0 Signal Signal-like
D** (Am~peaking) B D%
D (Am-flat) Combinatorial
Correlated B T events
B Uncorrelated

" 1 ]
0.135 0.140 0.145 0.150

D.'O
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Side measurements: V

© Use the differential decay rates of B — Dlv to determine |V

dT(B— DI'v
dawd cos 6d cos6,d y

® Use a sample of fully reconstructed tag B
mesons, then look for the signal.

<G (@) |V, [

® Improves background rejection, at the cost

% % 100
T E
¢} a
- - 80
S S
=1 =1
3 2o
5 5 B
i o ] .
a0 - w IS
20 4
; . related to
o
L | | 2
05 ] 0.5 1 15 2
Missing Mass Squared [GeV?/c*] q Of the
o o7 T T o 7 T T
% x5 B4BaR =B - DI £ “FB4Bar E=18 Dl B meson
2 Fpreliminary I B — Dl 2 fpreliminary I B — D’
o C_1B - D™l o s B — D"}
<+ 20 [ continuum + BB = [ I continuum + BB
2 r [ fake lepton 2 o [ fake lepton to the D
3 r ] 7t e
£ 5 1.24<w<130 = E w>1.54
5 °F ] ]
i ] i

S aal T vt s e
Missing Mass Squared [GeV?/c*]

Tz ija N g et o 1
0.5 1 1.5 2
Missing Mass Squared [GeV2/c*]

® G is a form factor.

® Need theoretical input to
relate the differential rate
measurement to |V _|.

® Reconstruct the following D
decay channels:

D> Kz*
Krn'n’
Kr'nn
K.n'n™
Kon'n n’
Kon’
K'K~
z'n
K.K;

D" > Kzt
Krx'n*n®
Kon*
Kin*n®
KK 7"
KoK*

0 -
Ka'n'n
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Exclusive |V |

ﬂ'é B — Dlv CLEO 9 | fx=t cLEO B — D*|v
:_D 50r _g l
? . > |
; i BABAR global fit/ ~ 40
% BELLE 4/ = " xay
> 401 AVERAGE W/ EXBAR tagged E i PAL / DELPHL
m = part. reco.) (part. reco.)
& AGE
35 3ABAR (Global Fit)
ALEPH VBABAR (D*0)
B BABAR (excl.)
30 BELLE
| - HELAY
ALEPR W Sy 2010
20_ | , | | xzf’dof=4,7|,-’8 = | | | | | | ¢ | ‘HIH
0 1 N 0 0.5 1 1.5 2
3 o2 ] 2
G(1)|Va| =(42.3 + 1.5) 102 P F(1)|V.s| =(36.0 = 0.5) 10° P
V.| =(39.4 + 1.7) 103 V.| =(39.0 + 1.1) 103
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Inclusive |V

At parton level, the decay rate forb - clv r, :Fn[l + g @e(me) +a{z,ﬁuyﬁﬂ(%)2+ ﬂ(z}(ﬁ)z
can be calculated accurately and is m AN
proportional to [Veo|? N (_1 4+ p® %) 2l M (g'i‘” £ 0 %) pzfmy)
To relate measurements of semileptonic 2 m)[my N -7
B-meson decays to |V.|? the parton-level n df“f% » g{mlp‘i;; L% Her on ders]
expressions have to be corrected for the m my
effects of non-perturbative effects.
Heavy-Quark-Expansions (HQE) successful a;‘* [
tool to incorporate perturbative and -
nonperturbative QCD corrections. % 4-6A__ N
X B
E.g. total decay rate expanded in the kinetic scheme 2 4
Determine the five parameters + |Vy| -
from a simultaneous fit to moments I
4.2
From the fit (in 10°?): i
|
Veo| = (42.19 £ 0.78) 1 | \ \
0 05 1 15
uncertainty 2% E..: (GeV)
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V.| and |V | in 2018

——0.006 —
Q N
Vs (excl) = (38.9 + 0.6) 10° >> \\ UTyi;
—0.0055F
|Vl (incl) = (42.19 £ 0.78) 10° . winter18
0.005F
~3.30 discrepanc -
? et 0.0045
0.004
_ -3
V| (excl) = (3.65 £ 0.14) 10 0.0035
|Vw| (incl) = (4.50 + 0.20) 10° \
0.003
~3.4 0 discrepancy >ﬁ
0.0025 =
- x c
00 _Illllllllllwk_Ill_-ii!IIIIIIIIII
' 8.2032 0.034 0.036 0.038 0.04 0.042 0.044 0.046 0.048

Vo / V| (LHCb) = (7.9 + 0.6) 107

1V
cb
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Unitarity Triangle analysis




Unitarity Triangle analysis in the SM

© SM UT analysis:

® provide the best determination of CKM
parameters

® test the consistency of the SM (“direct” vs
“indirect” determinations)

® provide predictions for future experiments (ex.

sin2p3, Am,, ...)
analysis from
M. Bona et al. (UTfit)

JHEP0507:028, 2005  www.utfit.org
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the method and the inputs

f(p, 1, X|c1s ..., em) ~ H fj(clﬁa 77, X )%
Bayes Theorem Jj=1,m

[ fi(e:) folos )

i=1,N

Standard Model +
OPE/HQET/
| Lattice QCD
— to go
from quarks
to hadrons
Amd/AmS
. M. Bona et al. (UTfit Collaborati
AC’P(J / YK S) JHEOS%gO?:O(ZS,ZBOSOhg 95?}/?%31199
. M. Bona et al. (UTfit Collaboration)

JHEP 0603:080,2006 hep-ph/0509219
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Unitarity Triangle analysis in the SM

F T |: B G |: r E
g ' ) g

0.5

-0.5-

0.5

(=)
T T [ T 17T

-0.5

.
-
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Unitarity Triangle analysis in the SM

Observables Accuracy

[Vun/Ven| ~ 7%
€k ~ 0.5%
Amg ~ 1%
|Amy/Amg| ~ 1%
sin2f ~ 3%
cos2f3 ~ 13%

o, ~ 6%

Y ~ 6%
BR(B — tv) ~ 22%
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Unitarity Triangle analysis in the SM

=k UTs; Y / levels @
1'_\ summer18 95% Prob
I / Amgy
0.5
: i ~9%
of — p=0.148 + 0.013
n = 0.348 £ 0.010
-0-5:— g ~3%
qE anal sis from
I TS e M. Bona et al. (UTfit)
P
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Unitarity Triangle analysis in the SM

obtained excluding
/ the given constraint

from the fit
Observables Measurement Prediction Pull (#0)
sin2f 0.689 + 0.018 0.738 £ 0.033 ~1.2
Y 73.4+44 65.8+ 2.2 <1
o, 93.3+5.6 90.1+2.2 <1
Vo] - 10° 3.72+0.23 3.66 + 0.11 <1
V| - 10° (incl) 4.50 £ 0.20 - ~ 3.8 «<¢—
V| - 10° (excl) 3.65+£0.14 - <1
Voo - 10° 40.5+ 1.1 42.4 +0.7 ~14
BR(B — t)[10%] 1.09 £ 0.24 0.81 +0.05 ~1.2
Ag® - 103 21217 -0.292 + 0.026 ~1
Ag ° - 10° -0.6 + 2.8 0.013 £ 0.001 <1
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Unitarity triangle fit beyond the SM

1. fit simultaneously for the CKM and
the NP parameters (generalized UT fit)
- add most general loop NP to all sectors
- use all available experimental info
- find out NP contributions
to AF=2 transitions

2. perform a AF=2 EFT analysis to
put bounds on the NP scale
- consider different choices of the FV
and CPV couplings

M.Bona - Flavour Physics amd CP Violation - lecture 4
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generic NP parameterization:

i : 7 [1rSM NP i
B. and B, mixing amplitudes c., e, (BJHG+HYB) _ Aye .
5 5 |SM 2iB.
(2+2 real parameters): (BJ|H IB,) Agye
ANP . .
2i SM _2i¢>M 21 (VP _ gy SM SM 2igSM
A =C. 2 AMa2its —|1 49 a?ildg —¢57)| ASM a2idg
q
Observables: sssume NP
_ SM _ SM only in loop
Amq/K_CBq/AmK<Amq/K) e, =C, ¢

Al =sin2(Bdg) AL ~sIN2(=B + g )
A% =Im(T%,/A,] AT9Am, =Re[T%/A,]
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NP analysis results

= F
kN
05F p=0.144 + 0.028
v y evels@ | | 1 - 0.378 + 0.027
V] 95% Prob
| {
05| of SM is
: only shown p=0.148 + 0.013
L the constraints n= 0.348 + 0.010
- unaffected by NP
P
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NP parameter results

AN
A — q e2|(¢q —¢." ASM 2i¢,"
q SM
q
gz-_-' 80 2— 80
Z o _f UTrit Z_ o UTfit
< 60:_ summeri8 o 60 summer18
“op NP fit 40 NP fit
20 20
of
20 -20
1ok 40 dark: 68%
4505— B 60 B
sof | | | | 80 ISM: Ired clross | |
OI L1 I0 1I | | I0 2I 11 I0 3I L1 I0.4I L1 I0.5I 11 I0.6 0I [ | I0.1I | | I0-2I L1 IO.SI 11 I0.4I II%IO.5I 11 I06
NP, A SM P/aSM
AF/AS ALP/AS

The ratio of NP/SM amplitudes is: o
< 18% @68% prob. (30% @95%) in B, mixing
< 20% @68% prob. (30% @95%) in B, mixing
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Testing the new-physics scale 5.0 era wi

JHEP 0803:049,2008
At the high scale arXiv:0707.0636

new physics enters according to its specific features

&&= At the low scale 1AB=2 _
use OPE to write the most et ™
general effective Hamiltonian.
the operators have different QI = q ."?*’ﬁfffr,.f?}?n’? hal
chiralities than the SM ;
NP effects are in the Wilson 5 = CRaLT; o

Coefficients C W o B 8 o
@ Q;g = QiR 9GRS L -
— Q1" a0,

(J’;I?(ILL(}JL(LI?

%9 _ o (B 08 «
;| function of the NP flavour couplings Q5" = Gir%ir9r9iR
loop factor (in NP models with no tree-level FCNC)
A: NP scale (typical mass of new particles mediating AF=2 processes)
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Effective BSM Hamiltonian for AF=2 transitions

The dependence of C on A changes @
depending on the flavour structure.
i ci(n) =5

We can consider different flavour scenarios:

® Generic: C(A) = a/A? F~1, arbitrary phase

® NMFV: C(A) = a x |Fsy|/A* Fi~|Fsu|, arbitrary phase
®

a (L) is the coupling among NP and SM
© o ~ 1 for strongly coupled NP
®© o ~ aw (as) in case of loop
coupling through weak
(strong) interactions

If no NP effect is seen
lower bound on NP scale A

F is the flavour coupling and so
Fsu is the combination of CKM factors for the considered process
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results from the Wilson coefficients EPS17

—_
o

Generic: C(A) = a/A?, NMFV: C(A) = a x |Feu|/A2,
F~1, arbitrary phase Fi~|Fsu|, arbitrary phase
?O:f,,fg o ~ 1 forlstrongly & |
< " lamec, coupled NP <"
‘< [ [WC,, §

o _[oy

—_

o
>

L

—_
o
w
LU

—_
o

(]
T

10 10

c C ¢ C

c ¢C € ¢C C

7 > 3 1 5 7 > 4 5
AS> 50105 TeV \ Lower bounds on NP scale ‘ AD> 114 TeV\
o ~ 0w in case of loop coupling o ~ oy in case of loop coupling
through weak interactions through weak interactions
A>1.510*TeV A>3.4TeV

for lower bound for loop-mediated contributions, simply multiply by a. (~ 0.1) or by aw (~ 0.03).
M.Bona - Flavour Physics amd CP Violation - lecture 4 50




Summary

" Very partial, shallow and simplified vision of flavour physics

" Points to consider to measure a CP violating asymmetry.

Need more than one amplitude (more than one Feynman diagram)
to have a non-zero CP violation signal.

" Neutral mesons to measure the weak phase cleanly (usually).

" Charged mesons to measure direct CP violation. Knowledge of strong
phases limits how you can interpret these measurements in terms of
the weak phases.

Need a model, and many measurements to say anything sensible.
Even then you will have a large theoretical uncertainty.

The right parameterisation for the experimental fit can be different from the
theoretical framework. Keep an open mind.

Flavour physics has the fundamental role to carry on precise
measurements and indirect searches that could be more powerful

than the direct one in finding our way towards new physics
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CP violation in the D system

* B factories have measured the D mixing (2007)

* The time-integrated CP asymmetry have contributions from
both direct CP violation (in the decays) and indirect CP violation
(in the mixing or in interference)

* In the SM, indirect CP violation in charm is expected to be
very small and universal between CP eigenstates:
= predictions of about O(10-3) for CPV parameters

« Direct CP violation can be larger in SM:
it depends on final state (on the specific amplitudes contributing)
= negligible in Cabibbo-favoured modes

(SM tree dominates everything)
= |n singly-Cabibbo-suppressed modes:
up to O(10-4 - 10-3) plausible
» Both can be enhanced by NP, in principle up to O(%)
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Where to look for direct CP violation

* Remember: need (at least) two contributing amplitudes
with different strong and weak phases to get CPV.
* D’ - K'K and D° - n'w decays:
* Singly-Cabibbo-suppressed modes
with gluonic penguin diagrams
* Several classes of NP can contribute
... but also non-nealiaible SM contribution

S
C > > C u

I u p

(a) Tree diagram. S (b) Penguin diagram. S
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No CP violation measured so far

M.Bona

Arg(a/p) [deg.]

II|III|III|III|III|III|III|lII|II

02 04 06 08 1 12 14 1.6 1.8
lg/pl

CPV-allowed plot, no mixing (x,y) = (0,0) point: Ay 2> 300
No CPV (lg/p|, ) = (1,0) point: Ay ?*=1.479, CL =0.48, consistent with no CPV




AI's and ¢s measurement from Bs — JAp¢

~ The time evolution of the meson Bs and Bs is described by the superposition

of By and B, states, with masses mg + Amg/2 and lifetimes I's + AI's /2 .
These states deviate from defined values CP = + 1, as described in the

SM by the mixing phase ¢s (¢s = -2fs),

SM prediction (fit): ¢s =-0.0368 + 0.0018 rad
Al's = 0.082 £ 0.021 ps’’

New Physics can contribute to ¢s, and change the ratio AI's /Ams.

~ In general, the decay to a final state that is coupled to Bs and/or Bs, exhibits
fast oscillations driven by Ams. Interference between amplitudes for both

states generates CP violation, and conveys information on ¢s .

t,c, i b
s > > > > 4 s ol
ral K
w{ {W \w“\< };_,<C
_ 5 =
b —— 5 » > c
t,c,u
Decay amplitude with mixing (¢,) Amplitude with direct decay
If B/B flavour at production is not determined (not tagged), the fast
oscillations cannot be observed, but interference terms remain if the final

state is described by a superposition of amplitudes of different CP values.

56
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angular analysis in B — JApd

~ In the decay Bs(Bs) — JApo — - KK~
different components in the
angular-distributions amplitudes
correspond to CP = +1 or -1

~ The “transversity angles” are
used to describe the angular distributions

> N

¢ rest frame

J/Y rest frame

M.Bona - Flavour Physics amd CP Violation - lecture 4

57



angular analysis in B — JApd

® Angular analysis as a function of proper time and b-tagging
® Similar to Bg measurement in By— J/ApK*
® Additional sensitivity from the AI's terms (negligible for By)

d*P(t, = -
W) Ay R TLh W | A R T, 6 W)

dtdw
+] AP THw)+| Ay llAL U (w)
+[Ag || Ay | cos()) T fs(w)
+ Ao AL Vifs(w)

T, =e'" x [cosh(ATt/2) Fcos(2B,)sinh(AT't /2)]
], n=+1(-1) for P(P)

+cos(5,)sin(2B,)sinh(Ar't/2)]

Dunietz et al.
Phys.Rev.D63:114015,2001

Ambiguities for

hs = TT-Os,

AFS — 'AFS,

® transversity basis: W(0, ¢, )
@ 0§ and ¢: direction of the
u* from J/ decay
®1): between the decay planes
of JAp and ¢
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angular analysis in B — JApd

LHCb 1fb! + CDF 9.6fb™' + DO 8fb! + ATLAS 4.9fb’!

T 025F ! ! 1 =
2 B HFAG [
= :

7 021 =
E _ 68% CL contours
N (Alogl =1.15) Z

0.15F -
0.1 :_ k ombined _:
0.05 - AS E

0 - | | ] -
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errors predicted from

Look at the future Balletl . LLCH |
= F 0T » = F
1= moderate 1__
: future B
! SM fit -
051 0.5 J
ok Veo / ok !
| : \
- i o(f) ~ 0.2°
i O(Y) ~0.9° | moder-a-te O(fB\/BB) ~0.5%
future
A~ 6(Ven) ~ 1.1% - SM fit
:.l....l......(5.(\./”?).*‘.2.'.2%.. T, A e
1 05 0 05 r 1 05 0 0.5 (I
. P p
errors from tree-only fit on p and n: errors from 5-constraint fit on p and n:
o(p) = 0.008 [currently 0.0517] o(p) = 0.005 [currently 0.034]
o(n) = 0.010 [currently 0.050] o(n) = 0.004 [currently 0.015]
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Summary

" Points to consider to measure a CP violating asymmetry.
Need more than one amplitude (more than one Feynman diagram)

to have a non-zero CP violation signal.
* Neutral mesons can be used to measure the weak phase cleanly
(usually).
" Charged mesons can be used to measure direct CP violation.
Knowledge of strong phases limits how you can interpret these

measurements in terms of the weak phases.
Need a model, and many measurements to say anything sensible.
Even then you will have a large theoretical uncertainty.

You can count the CKM vertex factors in the Feynman diagrams to tell
you relative sizes of decays that you expect (This works for tree level
processes. You need to consider colour / Zweig supression for more
detailed guesses).
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CP violation in interference between mixing and decay:

examples

A
Afop = £. % B A
P “fcp t=0 3\ t
© decays in final state f 5 ep f
. = =
accessible to both a B ora B %
( fis not necessarily a CP eigenstate) B°
< >
© if ImA # 0 then — CP violation =
qAB 2 f) _VaVaA 54 pis the
- — = — o~ — .
pAB = f) ViViA A mixing phase
f Arg(%) ||| parameter
mixing B® 5 1vX, D™Mn(p,a,) 0 |~0 AMpo
“gin 237 B -5 J/yK°, ... 0 1 sin 28
“gin 2ax” B® - #nrw, pr, AT ~(—29) | ~1 sin 2o
“sin(28 + ~)” | B® = D™« ~{(—7) |~0.02]|sin(28 + v)
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BB pair coherent production

® The B® and B° mesons from the Y(4S) are in a coherent L = 1 state:
® The Y(4S) is a bb state with J?° = 1--
® B mesons are scalars (J° =0
= total angular momentum conservation
= the BB pair has to be produced in a L = 1 state.

© The Y(4S) decays strongly so B mesons are produced in the two flavour
eigenstates B? and B”
® After production, each B evolves in time, but in phase so that at any time there

is always exactly one B° and one B present, at least until one particle decays:
= |f at a given time t one B could oscillate independently from the other, they
could become a state made up of two identical mesons: but the L = 1 state is
anti-symmetric, while a system of two identical mesons (bosons!) must be
completely symmetric for the two particle exchange.

© Once one B decays the other continues to evolve, and so it is possible to have
events with two B or two B decays.
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I\/Ieasuring At

JT;+

BO
e
e € Bo BRRRLERS

Asymmetric energies
produce boosted
Y(4S), decaying into
coherent BB pair

Fully reconstruct
decay to state or
admixture under

study (Bgeco)
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I\/Ieasuring At

ﬂ:+
Fully reconstruct
) decay to state or
BO T admixture under
-_*‘-'-_|IIII-|I‘-- § StUdy (BRECO)
e e §0 Emygy ”0""""‘ .
A : : : BERRRREE
symmetric energies .
produce boosted "A-Z:(BVC)A’[

Y(4S), decaying into {}

coherent BB pair - ]
Determine time

* By = 0.56 (BaBar) between decays
= 0.425 (Belle) _from vertices |

*t =1, corresponds to the
time that B, decays.

*t-t,= At

t=t, t=t,
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I\/Ieasuring At

ﬂ:+

Fully reconstruct
decay to state or

BO admixture under
—>‘-|:_-..I-IIIII- study(BREco)
e e §0 gy 00""""’

E ."0.‘..*‘
Asymmetric energies : :
produce boosted "A-ZZ(BVC)A'[ : \ K-
Y(4S), decaying into U
coherent BB pair —_ i I-
Determine time | {}
* By = 0.56 (BaBar) between decays |
= 0.425 (Belle) from vertices . Determine flavour and vertex
= ' position of other B decay (B;,.)

*t =1, corresponds to the
time that B, decays.

*t-t,= At

t=t, t=t,

= Then fit the At distribution to obtain the amplitude of sine and cosine terms.
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