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Setting the Stage B — I Kg

The B°-B° Mixing Phase ¢g4

Experimental Status:

sin(2p) = sin(2¢,)

BaBar 0.69 +£0.03+0.01
PRD 79 (2009 072009

BaBal i 069+0.52+0.04+0.07
——

PRD 80 ‘2%091 112001 :
BaBar J/y (hadronic) K : 1,56 £0.42£0.21
PRD 69 (2004):052001 :
Belle : 0.67+0.02+0.01

PRL 108 (2012) 171802
0.84 152+ 0.16

ALEPH
PLB 492, 259 (2000)

OPAL :
EPJ C5, 379 (1998)

3.20 2380 +0.50, |

CDF : : 0.79 941
PRD 61, 072005 (2000) —— o
LHCb : L 0.7340.04 +0.02
PRL 115 (2015) 031601 :

Belle5S : 0.57 +0.58 + 0.06
PRL 108 2012) 171801 ;

Average : : 0.69 £ 0.02
HFLA : :

2 8| 0 1 2 3

[HFLAV]

=

B = Sy ¢ B — Dg DS By — KTK™

s s

Golden Modes ...
» B® - JRp K
» B® - JRKY
.but also many other B® — (c¢)K® chan-

nels to further boost sensitivity

World Averages:

4 = [43.7£1.4]°
= [475+23]°

[CKMFitter]
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The B%-BY Mixing Phase ¢

Experimental Status: Inputs:
T Golden Mode ...
£ 0
5 68% CL contours » By — J/wd)

(Alog £ =1.15)
... but also many other channels to further

boost sensitivity, including
» B - D;D;
» BY 5 KK~

CMS 19.7 fb~!

CDF 9.6 fb~!

LHCb 3 fb!

ATLAS 19.2 fb !

World Averages:

04 02 0.0 02 0a
6" [rad]

[HFLAV] ¢ = _0.021+0.031
2 = ~0.03702"0 5og6s

[HFLAV] & [CKMFitter]
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Setting the Stage B — I Kg

=

Be = Jb o B — Dg DS Bg — KTK™
Excellent Probes to Search for New Physics
Today:

> Already incredible experimental precision, zooming in on Standard Model expectation

New physics contributions, if present, will be small
= Finding it will require much more effort

Tomorrow:

» Entering a new era of precision physics: Aim to reach a precision of 0(0.5°)

> Need to have a critical look at assumptions underlying these measurements
> What about subleading contributions?

IA(B ) =

@ ’ Controlling contributions from penguin topologies becomes mandatory!
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Setting the Stage B — JJY Kg Be = Jb o B — Dg DS By — KTK™

Introducing “Penguin Pollution”

Subleading Effects:

» Experimentally measure an effective mixing phase

A (B~ 1)
V1~ (Adin(BY - )

» Controlling the higher order hadronic corrections is mandatory!
. especially if we want to disentangle them from qﬁ’;'P.

= sin (qsf,“) = sin (¢§M + o+ Aqbq)

> Challenge: Penguin shift A¢, is decay mode specific

Dealing with the Strong Interactions

> Non-perturbative, long-distance QCD contributions make determining the shift A¢q
difficult.

» Theory calculations have been attempted (See for example here or here)

» Preferred option: Data-driven techniques relying on flavour symmetry arguments.
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Setting the Stage BY — Jj Kg B = Sy ¢ B — Dg DS By — KTK™

Determining Penguin Pollution

Decay channels already studied in detail:

» B® — Jip K [Fleischer et al.; Ciuchini, Silvestrini et al.; Jung]
» BY > Jhp ¢ [Fleischer et al]
» BY - D; D} [Fleischer et al.; Jung & Schacht]
» BY > K*K™ [Fleischer et al.; Ciuchini, Silvestrini et al]
More detailed list of references in the Backup
This Talk:
» Briefly discuss each of the four channels

» Will focus on the method(s) proposed by R. Fleischer

» Some numerical updates compared to the latest papers
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Setting the Stage BY — Jj4 Kg Be = Jb o B — Dg DS By — KTK™

Introducing Trees & Penguins

% Tree Topology /Q Penguin Topology

u, ¢, t
Bis) W Ky

A(By~f) = Ni[l-bre'e™]
A(BY > f) =neN¢ [1- brefe™]

Decay Amplitude:

» N¢: overall normalisation, represents the tree topology,
» bs: the relative contribution from the penguin topologies,
» pr: the associated strong phase difference,
» «: UT angle and the associated relative weak phase difference.
» n¢: CP eigenvalue of the final state
%
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Setting the Stage B — JJY Kg Be = Jb o B — Dg DS By — KTK™
Example: B® — Jiy KO and B2 — Jj K?
The Penguin Suppressed Mode:
A(B® - JjpK?) = (1 - lAQ)A’ [1+caee] = N L0053
s 2 ’ T1-a

» Used to measure sin( ff)

The Penguin Enhanced Mode:

A(BY — JJp K2) = -AA[1- ae”e |

» Used to determine a and 6

Flavour Symmetry Relation:

> Decays are related via U-spin symmetry: interchange all s <> d quarks

» 1-to-1 correspondance between all decay topologies

a=¢txa & 0'=0+6

@ » ¢ and 0 are SU(3)-breaking parameters; Uncertainty taken to be O(20%)
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Setting the Stage BY — Jj Kg B = Sy ¢ B — Dg DS By — KTK™

The Basic Strategy for Controlling Penguin Effects

Penguin Enhanced Mode Penguin Suppressed Mode

wix(By — J/YKY) = fet(a, 0,7, ¢s) wmix(By — J/WKS) = fet(a’, 0,7, da)
AL (B, — J/YKS) = fet(a, 0,7) AdL(Bg — J/PKY) = fet(a’,0',7)
External Input: v, ¢

Fit for (a,0)

SU(3) Symmetry: a =a’ & 0 =0’

Ady = fet(a, 0/, 7) g

T3 Quantity is Theoretically Clean = Affected by SU(3)-Breaking Effects
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Hypothetical Scenario:

AS (B - JKE) = 0.016 +0.028 , v =(72.1+0.4)°
AZX(Bs — JipKY) = -0.183+0.034, $s = = (2.1 £ 0.5|xp % 0.3|theo)”

Penguin Parameters:

a=0.121 % 0.020

0= (184.2 £ 7.5)°
@ 39% C.L.
= 68% C.L.
cI2 90 % C.L.

&h(Bs = J/UKY)

= P

= AU (B = J/YK)

0 110 130 150 170 190 210 230 250 270
@ 6 [deg]



Setting the Stage 7

An lllustration for the LHCb Upgrade Il Phase

U
BY = Jy Kg

Translate to B® — Jj K:

=

Bg — S & B — Dg DS By — KTK™

(300 fb~1)

> Non-factorisable U-spin-breaking corrections enter

with  £€=120.2,

a = 0.121 £ 0.020 )%
0= (1842753

(0.70 £ 0.12 +913y°

o= AW(Bs = T/UEY)
BBy — J/VKY)

a=¢xa, 0 =0+6
0.0
—05
~1.0
. -15
< 90
¥ 25
SS 230
<l 14
—35 AR
Pa =
4.0y 2399 C.L.
_4.5]=68% C.L.
0% CL
% 10 130

150 170 190

0 [deg]

210 230 250 270

» We will be able to control the penguin contributions!
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Setting the Stage B — JyY Kg Be = Jb o B,

About SU(3) Symmetry Breaking

- DT d TKT
— D7 D By = KTK

Amplitudes:

> In terms of the individual amplitudes
Nf o< A(I) o< Atcree + A[CJen - Apt:en

> and

u t

ipf (r 9" Apen_Apen
bre’" ocae o< Rp A A AL
tree pen pen

Factorisation Framework:

» SU(3) symmetry breaking in Atree and Apen comes in two flavours:
factorisable effects and non-factorisable effects

» Non-factorisable effects are suppressed

» Leading contribution to N is factorisable SU(3) symmetry breaking: Dangerous
» But factorisable effects drop out in the ratio bs: A lot less affected
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Current Constraints from B2 — Jji) KO
v=(72.1+5.8)°
¢s=-(3.3+£2.8)°

[LHCb, arxiv:1503.07055 [hep-ex]]

A (B, > JpK®) = ~0.28 £ 0.42 ,
A (Bs — JpKS) = 0.08+£0.41,

Penguin Parameters:

1.0 -

a=01572 Eh(Bs = J/VKD)
09y 9= (2m7)° = AU (Bs = J/YKY)
0.8]=39% C.L.

=68 % C.L.
7

0'00 20 40 60 80 100120140160180200220240260280300320340360
0 [deg]
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Setting the Stage BY — Jjp Kg B = Sy ¢ B — Dg DS By — KTK™

Current Constraints from Bg — JJb P Decays

» Additional assumptions apply

1.0 : :
a=01201 AN(By — Ty
0.91 g = (184.2+15)° m“(Bd — J/r’)
081 ¢a=(43.7+1.6)° H(Ba) — J/b(n/K))
0712239 % C.L. _ AlL(BE 5 J/yn)
"1=68% C.L. Adlr L (By — J/HK)
0.61:290% C.L. Adlr (B:t N J/’LﬁKi)
S 0.5 H(Biyjq) — J/YKY)
0.4 . AlL(B, — J/q/)KZ)
IIll‘( B _> J K
03 ( JYKS)
0.2
0.1 -
0.0 =
90 110 130 150 170 190 210 230 250 270

0 [deg]

Jfab K2 . . .
> Obtain A¢y ks _ = —(0.71%3:3%)°, ignoring possible SU(3) breaking
updated from [KDB, R. Fleischer,arxiv:1412.6834 [hep-ph]]
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Setting the Stage

U aly Y
B — JyY Kg

Bg — J) V Fit Strategy

Bg = S & B — Dg DS

=

By — KTK™

AL ((By— J /e
Ann\‘ (Bd‘) J/’L“f7/1(]>

/

(/)¢

\

( (CH f(Bs — J/vo)
/ A (B > J/b0)

Minimal Fit

/

?
|

|B(Bs— /0]

|B(B; — J/vK™)]

’ Alp ((Bs — .I/@‘)K*”)‘

|

New Link
T

()ld Input

QCD Calculations

Kristof De Bruyn (CERN)

Controlling Penguin Effects in B Decays

Extended F1t

[KDB, R. Fleischer,arxiv:1412.6834 [hep-ph]]

LHCb Implications (08-11-2017)
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Setting the Stage BY — Jjp Kg Bg = Jp b Bl = B o) Bg — KTK™

Current Constraints from Bg — Jp V Decays

Longitudinal

= ASIBY = T/
ARy )
o AlhBY 5 /R

ay= 0,01

= AT(B' = T
e

= ALBY = JjuR"

TP
90120 150 1

T
180 ~150 120 =90 60 ~30 0 30

0o [deg] 6 [deg]
Perpendicular

= AL (B = T/
o ABEL(BY /)
o AL (BY = IR

a, = 0.0

o 30 Y .
=68% C.L.
=290 % C.L.

AU~ (0.0178)°
AP _ (0.02*96)°
A _ (0.17f813§)0

updated from
[LHCb, arxiv:1509.00400 [hep-ex]]

We can already control the penguin effects! ‘
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mxx(B N D D+)
A8 (B, — Dy DY)
¢a(Ba — J/PKQ)

B5(B, — D7 DY)
AL(B, — Dy D)

Penguin:
—L_@
U-spin U-spin
(minimal)

o] [ [

[ |

@ 1 Quantity is Theoretically Clean = Affected by U-Spin-Breaking Effects




Setting the Stage

Current Constraints from B% — DJDJ

U U
B — JyY Kg

Bs ~ o

By — KTK™

1.0 ‘ - v. |
a=01548 BRI = ABB, D0
0.9 6= (20974 i i WE(B, — Dy DY)
w339 % C.L. cil
0.81 5 68% C.L. ; E
122290 % C.L. i
0.7 |
d
0.6 |
:
S 0.5 “‘
\ 4
0.4 ;' ‘\
;
0.3
/
/
0.2
/’ _
0.1 par =
0.0 T
0 20 40 60

80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
0 [deg]

¢popr = (11£9.7+1.1)°
AG2 % =~ (07805 (stat) 333 (U-spin))®
¢s = (0.36 + 9.87 (stat) + 0.34 (U-spin))°

‘ updated from [L. Bel, KDB, R. Fleischer, M. Mulder, N. Tuning, arxiv:1505.01361 [hep-ph]]
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Penguin Suppressed Mode Penguin Enhanced Mode

AL (Bg — mha™) = fet(d. 0,7) AL (B, — KK ™) = fet(d', 0',7)
ABE(Bg — 7 77) = fet(d, 0.7, $a) L (B, — K+K~) = fet(d', 0,7, 6,)

External Input: 7, ¢4

Fit for (d, 0)

} SU®3) S yd=d &0=0'

Ap, = fet(d',0',7)

— «

1 Quantity is Theoretically Clean == Affected by SU(3)-Breaking Effects




Setting the Stage BY — Jj4 Kg Be = Jb o B — Dg DS Bg — KTK™

Classic Strategy

» Strategy already adopted by LHCb

1

- (b)

051

-2p, [rad]

O

W/// / ////////////////// ¢s = - (6.9753)°

[LHCb, arxiv:1408.4368 [hep-ex]]

0.5

_1;

_1‘5:”‘\”‘\”‘\”‘\”‘
0 0.2 0.4 0.6 0.8 1

K

» Compared to B — Jii) X and B — DD, different CKM structure for decay topologies
» Will quickly be limited by SU(3)-breaking uncertainties
» Challenging to reduce uncertainties below O(5°)

> This strategy cannot match the experimental precision in the upgrade era
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Setting the Stage BY — Jj Kg B = Sy ¢ B,

New Strategy using Semileptonic Decays

=

s

= DL o) Bg — KTK™

s s

Penguin Suppressed Mode

Penguin Enhanced Mode

Adin(By - mt ) = fet(d, 0,7) [(By— mtn™) I(B, » K*K~)
A (By = ) = fet(d.0.7.60) | | 0BG = 70 0)/A oy | [AT(BY = K+ 0) fdaPl o

External Input: v, ¢a

AL (B, - KTK™) = fet(d', 0',7)

BBy = KTK7) =fe

Fit for (d,0)

R, = fet(d,0,7)

i = fet(Re, R, €)

Ry = fet(d',0',7)

d,0', Mg, &

R D T

[«

= Quantity is Theoretically Clean =1 Affected by SU(3)-Breaking Effects

[R. Fleischer, R. Jaarsma, K. Vos, arxiv:1608.00901 [hep-phl]
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http://arxiv.org/abs/1608.00901

6A¢KK [deg]

1.2

1.0

0.8

0.6

0.4

0.2

_RK

: : : = rel. error [%]
10 15 0

[R. Fleischer, R. Jaarsma, K. Vos, arxiv:1608.00901 [hep-phl]



http://arxiv.org/abs/1608.00901
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Setting the Stage B — JJY Kg Be = Jb o B — DZ DT By — KTK™

s s s

Conclusion

» Controlling higher order corrections to ¢4 and ¢s becomes mandatory

> lllustrated various strategies to get these corrections directly from data
based on SU(3) flavour symmetry

» BY - Jp KQ
> B~ o
» BY - D; D}

» BY » K*K~
» With current data, penguin effects in many channels already controlled at O(1°)

> With these strategies we will be able to control the penguin effects
sufficiently well for the Upgrade Era

A' Kristof De Bruyn (CERN) Controlling Penguin Effects in B Decays LHCb Implications (08-11-2017) 28 /28






Setting the Stage BY — Jj Kg B = Sy ¢ B,

References

=

— DT
s = Dg D
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Setting the Stage B — JyY Kg Be = Jb o B,

SHD

DS Bg — KTK™

s s

Dependence on Penguin Parameters

CP Asymmetries:

2 b sin prsiny

dir
B f)=
A (B = 1) 1 - 2 br cos pr cosy + b?

ix sin ¢q — 2 by cos pr sin(pg + ) + b sin(gg + 27)
B f)=
A (B~ 1) nf|: 1 - 2 br cos pr cosy + b?

C0s g — 2 by cos pr cos(q +7) + b? cos(pg + 27)
Aar(Bg =) =- !
ar(Bq ) Uf[ 1 — 2 br cos pf cosy + b2

Penguin Shift:

—2 b cos prsiny + bZsin2y

sinAqu7 = :
(1 —2bfcos prcosy + b?) \/1 - (ACC‘E(B N f))
cos A(j); = 1 - 2 by cos pr cosy + b7 cos 2y

(1 —2bf cos prcosy + b2) \/1 - (Ad(B ~ f))2
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Setting the Stage B — JJY Kg Be = Jb o B — DZ DT By — KTK™

The H Observable

One More Observable:

» Also decay rate contains information on the penguin parameters

A'[* PhSp (By — JW KS) 750 B(Bs » JW K3)
A| PhSp(Bs — J KS) Tee B(Ba — J K?)

1-2acosfcos~y + a°

1

€

H=

1+ 2¢ea’ cos b’ cos+y + €2a?

» Affected by factorisable SU(3) symmetry breaking through |A’|/|A]
» Today: Necessary to constrain penguin effects with available data
> Tomorrow: avoid as input

— Use it to experimentally constrain |.A’|/|A| instead
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Setting the Stage B — I Kg

B = Sy ¢

Alternative Strategy for B® — D D}

@)

=

Bs s s

SU(3) Symmetry
dT(BY) — Dyt ve)/dg?
ANF, T, ‘A//-Altheo

AEE(By — Dy D)
AEF(By = Dy D)
9a(Ba = J/VK)

&5(B, — DS DY)
ALE (B, — DS DY)

Y

Penguin:
(a,0)
U-spin Y

1 Quantity is Theoretically Clean

Kristof De Bruyn (CERN)

Controlling Penguin Effects in B Decays

1 Affected by U-Spin-Breaking Effects

LHCb Implications (08-11-2017)

= DL o) Bg — KTK™
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