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Introduction and
physics motivations



http://www.nature.com/nmeth/journal/v11/n12/full/nmeth.3173.html

Introduction

o CKM mechanism introduces CP violation and A .
neutral meson mixing phenomena  fengg
» The presence of new heavy particles exchanged in . o ( ,{*t\ -
virtual loops could introduce additional phases i \ .
altering the corresponding measurements | 2 ]

» Constraining these phases put stringent limits on a
large range of NP models

e CP violation is needed to explain baryon
asymmetry in the Universe

» Discovered in 1964 in the kaons, 2004 in the B
and each time awarded with Nobel Prizes

»  Still missing 10 orders of magnitudes!

o Experimentally, CP violation observables accessed
through ratios of measured quantities
» Cancelation of many experimental systematics

» Flagship measurements for LHCb and Belle II
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Introduction

(?)
2
[A(B = JWX)|” = + € +
: higher order ‘:benguin” contributions NP could be
“trgg’r’rc]:g]r?trr]itbﬁl\iﬂ on from non-perturbative hadronic effects comparable to
that are difficult to calculate in QCD penguins...

[Nierste et al. Phys. Rev. Lett. 115, 061802 (2015)]
[Liu et al. Phys. Rev. D 89, 094010 (2014)]

Direct decay
¢e" = by — 20D o

_ NP o VaVi B, fer
— _-25q -+ A¢q + 5q Bq = arg( chVSé) (W\BO /qu

q
Mixing and decay

e ¢ and ¢4 determination via global fit to experimental results
ignoring contributions from penguin diagrams:

SM __ T +0.0007
¢y = —20s = -_0'0376—0.0008] rad Very precise theoretical

[CKMFitter] < .. :
+204 = [48.6 + 2.6]° predictions!

HEAG) | P

\.

Simon Akar CKM 16' - Measurement of penguin pollution effects


http://ckmfitter.in2p3.fr/
http://arxiv.org/abs/1503.00859
http://arxiv.org/abs/1309.0313
http://www.slac.stanford.edu/xorg/hfag/

B°—B? mixing phase: ¢4
sin(2p) = sin(2¢,) [

PRELIMINARY

BaBar - , ﬂ 0.69 = 0.03 = 0.01
PRD 79 (2009) 1072009 ; :

BaBar y, : . 0.69=0.52=x0.04 +0.07
PRD 80 %00093 112001 g

BaBar J/yp (hadronic) Ks : 1,56 = 0.42 = 0.21
PRD 69 (2004):052001 : ;

Belle i : 4 0.67 = 0.02 = 0.01
PRL 108 (2012) 171802 | :

ALEPH ' E L 0.84 9% . 0.16
PLB 492, 259 (2000) : S

OPAL ; : D 3.20 380+ 0.50,
EPJ C5, 379 (1998) : o *
CDF : : : 0.79 541
PRD 61, 072005 (2000) S

LHCb : : " ; 0.73 +0.04 = 0.02
PRL 115 (2015) 031601 !

Belle5S : 5 0.57 = 0.58 = 0.06
PRL 108 (2012) 171801 '~ 1~

Average | 0.69 = 0.02
HFAG ; :
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» Golden mode: Bg — Jp P

—2.167

0.04
0.05

e New physics contributions, if present, will be small!!

e Entering a new era of precision physics: Aim to reach a precision of O(0.5°)
at the end of LHC Run-3

e Controlling contributions from penguin topologies becomes mandatory!

:—1.7 +1.9)°
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Controlling penguin
topologies



http://www.nature.com/nmeth/journal/v11/n12/full/nmeth.3173.html

General framework

-

Q Penguin Topology Exchange Topology Zi:%:iilg;ion

Ve - A — L) -~

‘ ) S 9 el
X By AW X B 30 1| 27 4 X

» Decomposition:
- BPSJpKy: T+P
- B)>Jhp¢p: T+P+E+PA

» Assumptions:

- Given the current experimental sensitivities, exchange and annihilation topologies
can be ignored (control channels to cross-check this assumption : Bg—> Jip o, )

- Up to now, only penguin contributions are being studied from analyses involving
SU(3) counterparts where T ~ P: BS—> JIp Kg , B> Jppo, Bg—> J/p K*°

- Ignore non-factorisable SU(3) breaking

Simon Akar CKM 16' - Measurement of penguin pollution effects



2
A (B = (J/d);) = (1 — %) A [1 +eale'liel } e =\2/(1—)2%) =0.0536

« tree » « penguin »

- a; and 9;: magnitude and phase of the penguin contributions

- Amplitudes are polarisation dependent: i< {0, I, 1}

- Penguin contributions are doubly Cabbibo-suppressed

- Will ignore Exchange and Penguin-Annihilation contributions

- Differences in hadronisation dynamics: A¢s can be polarisation dependent
(but so far no indication of that in the data)
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The penguin shift Ags

>

>

Partner 1: Bf—» J/p KO » Partner 2: B’ — J/ip°

A(B? — J/YK*0) = =AA; [1 — ae'ie™] } A (Bg — J/wpo) = —)MA,; [1 —

~

;e

i0; ei’y} }

- Reconstructed using flavor specific final - Access to both Aé‘}f and mixing induced
state, only access to direct CP violation, AZ¥ CP violation AP
— Need additional information from - Branching fraction information is
branching fractions optional
« tree » « penguin »

Ignoring non-factorisable SU(3) breaking:
- There is one universal setof aand 9: a;=a;=a;; 6;=0;=0;

- The penguin shift can be expressed in terms of the penguin parameters:
4 )

tan(Ad ;) 2¢ea; cos 0; siny + €2a;?% sin(2+)
arl S,i) —
’ 1 4 2€a,; cos 0; cosy + €2a;? cos(27)

. J
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Analysis of BY — J/i K™ decays

JHEP 11 (2015) 082]

» Analysis overview: / - / -

- Perform an angular analysis using full Run-I data
sample and measure the polarisation dependent
fractions f;, the direct CP asymmetries, and the
branching fraction

1

_
[\
S

Candidates / 0.
&
T

» Results: T T

q — D 0 5.
B(B, — JWK™) = k

(4.13 +0.16 (stat) + 0.25 (syst) & 0.24 (ﬁ)) x 1077

fs

0.497 &+ 0.025 (stat) £ 0.025 (syst)
0.179 £ 0.027 (stat) £ 0.013 (syst)

]

—
[\
=]

—_
[
S

[e]
(e
T TTTTTTT

fo
1

ASP(BY — Jh K*%) = —0.048 £ 0.057 (stat) £ 0.020 (syst)
AFP(BY = JWWK™) 0.171 £ 0.152 (stat) £ 0.028 (syst)
ASP(B? — JWK*®) = —0.049 £ 0.096 (stat) & 0.025 (syst)

\ S

» Accessing penguin parameters:
-A-CP _ F(Eg_)J/lb(KJFW_)i)—F(BS—)J/lp(K_WJF)i) _ 2a,; sin 0; sin 7y
z T'(BY—Jp(K+m=); )+T(BO—Jp(K—nt);) 1—2a; cos 0; cos y+a;?
B(BY = J/YK*) fi  1—2a,cos0;cosy + a;”
B(BY — J/ive) fI 14 2ealcosb cosy + €2a;’?
Ratio of hadronic amplitudes calculated using latest results from QCD LCSR [arXiv:1503.05534]

Candidates / 0.1

Candidates / 0.31 [rad™!
5 3

[\
S
T

1
‘H, x -
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http://arxiv.org/abs/1509.00400
http://www.arxiv.org/abs/1503.05534

Analysis of B’— J/iy m*m decays

[Phys. Lett. B/42 (2015) 38

» Analysis overview:

— Perform a time-dependent flavor-tagged
angular analysis using full Run-I data sample
and measure the direct and mixing-induced
CP violation parameters

- p? disentangled from the m*n~ spectrum using
technique from [Phys. Lett. B719 (2013) 383]

, ~18k signal
$ events

LHCb

Bs— J/ynn

R e g

Combinatorial

» Results:

26 (BY — J/p°) = (41.7 £ 9.6(stat) 25 (syst))°
acp(BY — J/p?) = —(32 £ 28(stat) T (syst)) x 1073

_ 1=
L+ [Af]

acp

» Accessing penguin parameters:

()‘3”627;7 - 1)+ 6()‘3‘ - 1) ;o —iA2p3
A¢s = —arg ((X ) bV, D | = IMle

A26 = (25J/W - 25J/¢Kg) = (—0.9 & 9.7(stat) 755 (syst))°

5500
m(J/yr') [MeV]
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http://arxiv.org/abs/1212.6434
http://arxiv.org/abs/1411.1634

Combining BY— J/i K™ & B’— J/yp°

[JHEP 11 (2015) 082]

ABB(By = J /") A | AYB(Bs = J/v¢) :
(B — Ty | T / AP(Bs — Jjvo)
/ r \ Minimal Fit
B(By — J/1p") B(Bs — J/WK*) AJL(Bg — J /9K

Extended Flt

Old Input

QCD Calculations I Extract ratio of hadronic
amplitudes from data
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http://arxiv.org/abs/1412.6834
http://arxiv.org/abs/1509.00400

) Combining BY— J/i K™ & B’— J/yp°

JHEP 11 (2015) 082]

» Using the extended fit method proposed in: [JHEP 1503 (2015) 145]
- Assuming: ‘ Ai(By = J/yo) | | Ai(By = J/v9)
Ai(BY — J/pK*0)| | Ai(B® = J/¢p°)

1.0 “TT TN 1 T T 7 | WAL AL BN B4 v s N I ) N B R L S B

VAN

ie
G
(el
1|
g
~—
\e_
e
=

R (il

— 68 % C.L.
0.70c-290% C.L.

= S(B" = J/vp°)
— AT(BY - J/yK")
mm HI(B% — J/4p")
HI(BY = J/¢K™)

s 0.5]

0.4

0.38 \

0.2 '

R S —— X%
0.1 .9@936%3;3020:?}?1& é:q'&,’ 3
| GRIRISEETIEILER
. (- LIRS
180—160—140—120—100 —80 —60 —40 —20 0 20 40 60 80 100 120 140 160 180

0) |deg]

Complete set of results on following slide

Simon Akar CKM 16' - Measurement of penguin pollution effects


http://arxiv.org/abs/1412.6834
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Combining BY— J/i K™ & B’— J/yp°

JHEP 11 (2015) 082]

» Using the extended fit method proposed in: [JHEP 1503 (2015) 145]
Ai(By = J[vg) | |A2(B.9 — J/¢¢)
0 5 J/WE)| | A(BY — J/vpO)

- Assuming:

longltudmal parallel perpendlcular
1.0 T : , , R e —— . . — v . 1.0 ; ; ; .
—0.017010 = Co(B" = J/0p) ay =007 41 m= OB — J/up) | ar = 004701 == CL(B' = J/up))

09 00 ~(82755,)° L b \: So(B® = J/Y Z ") 09 9“\‘ — (8572 L C = s‘r(B” - J/#»ﬁ“) 09 6, = (387312 LHCb ‘ =SB~ J/tZ O
0sHle= 39% C.L. = ASP(BY = J/pK™) | osll== 39% C.L. e ACP(BY 1R ] 0sHE= 39% C.L. = AT(B! - J/pE") |
1 68% C.L. mm 1B — /1) — 68% C.L. = 1B J/0p) — GB%C.L. mm HY(BY - J/yp")

0.7l c=2 90 % C.L. HOBY s i) 07fe=: 90 % C.L. H“(BU_):]M%M,) 1 0.7Hcz2 90% C.L. HEB 5 1) |
0.6 0.6 : 0.614 '

S05 S0 S 05
0.4 0.4 0.4Hh
0.3 0.3 0.3}
02 02 02\ ®
0.1 S B » & = A 0.1 01 N e et OSSP
00180 —160— 110120100 —80 —60 —40 20 0 20 40 60 80 100 120 140 160 180 0.0 80— 160110 120100 80 —60 10 —20 0 20 40 60 50 100 120 110 160 180 0.0, 60— 14021202100 80 ~60 —0 —20 0 20 40 60 50 100 120 140 160 180
0y [deg] 0) [deg] 0, [deg]
J/w +0.009 4+0.004
+0.10 _ +98 \© A = [).000™ stat syst
_— +O.12 — +142 J/l.(fff’ 4+0.007
a; =0.04 0. = (38%312)° +0.010 -
1 ~0.04 1 218 Ag,'" = 0.003Z¢ 014 (stat) g ges (Syst)

Penguin effects in B, mixing are under control!
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http://arxiv.org/abs/1412.6834
http://arxiv.org/abs/1509.00400

Combining BY— J/i K™ & B’— J/yp°

JHEP 11 (2015) 082]

» Accessing Hadronic Parameters :

- Using the branching ratio information and solutions for (a;, 6;) as inputs
- Get information on hadronic amplitudes as a nice byproduct of the fit:

Fact./LCSR | LHCb Fit

4Be = JUd) | | 1154015 | 1.105:097
AO(Bd — J/w pO) : . . -0.056
Aﬁ(Bs - J/"/} 0)
Ay By~ I p°)

A" (Bs = JJ) p) +0.081
L | | 1.13+0.10 | 1.042%
Au(By — Jfipp) -

1.25+0.15 | 1.238%3-2%4

[JHEP 08 (2016) 098] [JHEP 11 (2015) 082]
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http://www.arxiv.org/abs/1503.05534
http://arxiv.org/abs/1509.00400
http://arxiv.org/abs/1509.00400

The penguin shift A¢g

» Strategy:

— Similarly as for A¢s, the decay mode Bg — JP Kg can be used to control A¢g

Penguin Enhanced Mode

Penguin Suppressed Mode

AR (Bs = J/YKQ) = fet(a, 0,7, ds)
4t (Bs = J/YKQ) = fet(a, 8, 7)
External Input: v, ¢,

AEp(Ba — J/¥K) = fet(a', 0,7, 6a)
A%I}E(Bd — J/ng) = fCt(a,, ¢',7)

Y

Fit for (a,0)

!

SU(3) Symmetry: a=a' & 0 =6

!

A¢d — fCt(a,a 0,3 ’7)

off
¥

®d

3 Quantity is Theoretically Clean

1 Affected by SU(3)-Breaking Effects

Simon Akar CKM 16' - Measurement of penguin pollution effects




Analysis of BY— Jip KJ decays

[[HEP 06 (2015) 131]

» Analysis overview: 2  p~_ .  LHG®
] . ] v 10°F Downstream K
- First flavor-tagged time-dependent analysis of S
Bg — Jp Kg decays g 10 & o 4
g e %
Yield Long K2  Downstream K? T ok B .........
O ; S
B°— JW K? 27 801 + 168 51 351 + 231 F
B — Jh K? 307 + 20 601 + 30 I - ;
Combinatorial background 658 + 37 2852+ 74 £ . : :
» Results: 5 5 0 s
0 0 0.77 P
Aar (By— JWKJ) = 049 + g¢l (stat) £ 0.06 (syst) 2 103: """"" Then
w = 0 3
Cuir (BY— JRp K9) = —0.28 4 0.41 (stat) + 0.08 (syst) - B tone £ 2
Smix (BY — Jp Kg) = —0.08 =+ 0.40 (stat) + 0.08 (syst) z 10F -
g i, € :
T r0f 6 .
g N © = By %, §
» Successful proof of concept waiting for more L )
statistics = s 2
[l
e Can be used to estimate the penguin shift Aggq Ok
\. J S5E _ -
> 5 10 15
t (ps)
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http://arxiv.org/abs/1503.07055
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Prospects and
summary



http://www.nature.com/nmeth/journal/v11/n12/full/nmeth.3173.html

Prospects on penguin shift A¢gq

» Illustration the era of the LHCb Upgrade:
— Results from [JHEP 1503 (2015) 145] using the following extrapolated inputs:

A% (B, > JWKD) = 0.004 +0.065, ~ = (73.2+ 1.0)°
X (Bs - Jp K®) = —0.274 + 0.065 , bs = — (2.1 £ 0.5|exp % 0.3|theo)°
0.5 e ‘ ‘ . N 0.0
a=0.19 + 0.03 = AIL(B, = J/YKY)
0 = (179.5 £ 9.4)° mm ASX(Bs — J/YKY)
=1 39% C.L.
04— 68% C.L. il S I Vot S
c2290% C.L.

vvvvvv

0.3}

X X
VAVAVAY, SWAVAS, AvAwAN Vv

0.2} .
a' =0.19+0.03 003

AN /’ ¢’ = (179.5 £ 9.4 +20.2)°
0.1} R f ol e =~ 0205430
3 39 % C.L. = 3
— 68% C.L. e ACH(Bs = J/UKS)
£2290% C.L. mm AU(Bs = J/YKY)
0.0 ‘ ‘ w —2.5 ‘ ‘ ‘

90 110 130 150 170 190 210 230 250 270 40 110 130 150 170 190 210 230 250 270
6 [deg] 0" =6+ 6 [deg]

A¢py = —(1.02 £ 0.24(stat) T35 (SU(3)))°
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http://arxiv.org/abs/1412.6834

» Illustration the era of the LHCb Upgrade:

From Kristof De Bruyn

40

LHCb

3.4°

BaBar

2.6°

2.1°

Belle

| J

Current

Sources :

BaBar arXiv : 0902.1708

Belle — arXiv: 1201.4643

LHCb arXiv : 1503.07089

Belle II — Talk at Krakow

LHCb Upgrade — arXiv : 1208.3355
Ads — arXiv: 1412.6834

LHCb
; Upgrade

:s]: ;I

Belle 11

2f
Aoy

Future

We will be able to control the penguin effects in B’ mixing!

Simon Akar
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Prospects on penguin pollution

measurements

» Modes to be investigated in the future:

— Control Modes for Bg — JP ¢:
(1) High precision CP analysis of B’— J/p°: Determination of penguin parameters
(2) Search for Bg — JApp® and/or B’>— Jp¢p: Control contribution from E + PA
(3) High precision CP analysis of B, — J/ipK **: Cross-check

- Control Modes for B’— Jp Ky
(1) High precision CP analysis of Bg — J/sz;’ : Determination of penguin parameters
(2) High precision CP analysis of B’ — Jiyn®: Determination of penguin parameters

(3) Search for Bg — Jipn®: Control contributions from E + PA in B’ - Jpm®

Simon Akar CKM 16' - Measurement of penguin pollution effects



» We entered in the era of high-precision for the measurement of
the B’—B° and BY—B? mixing phases

Observable Mode Run 1 Run 2 Upgrade 1 Upgrade 2 CKMFitter
(2010-12) (2015-18)  (2020-30)  (2031-34) (2015)
3fb~! 8fb~" 50fb~" 300 b~
®q [°] BY — J/YK?Y 2.2 1.2 0.4 ~ 0.2 ~ 2.6
¢s [rad] BY — JYKTK™ 0.049 0.025 0.008 ~ 0.004 ~ 0.001
BY — J/prta— 0.068 0.035 0.012 ~ 0.005
Combination 0.039 0.020 0.007 ~ 0.003

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

e Demonstrated that we can control the penguin effects sufficiently
well for the Upgrade Era:

| A¢, ~0.001£0.020 rad ¢ = —0.030 +0.033rad |

S,CCS

e ...but more work might still be needed for a 300 fb~! Upgrade
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Additional material
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SU(3) assumption

» w-¢ mixing:
» Octet and Singlet Contributions:
— ¢ being a pure ss state, hence an admixture of octet and singlet state
- In the current framework, only the octet contribution is considered:
» Only needed for the H observable to relate the form factors of Bg — ¢
and B, — K™ or B’— p°

» Mixing:
— Can mix with the orthogonal w state: parametrised by mixing angle 6
— Relation between branching ratios: [Phys. Lett. B666 (2008) 185]

B(B) - Jhpw) =tan’§ x B(B? - Jjhp d)

— Challenging, but LHCb should be able to perform a measurement of this
branching fraction allowing to get insight on the mixing angle 6§

Simon Akar CKM 16' - Measurement of penguin pollution effects


http://arxiv.org/abs/0806.3584

SU(3) assumption

JHEP 11 (2015) 082]

0.15

0.00

—0.10

» Penguin pollution in ¢s with Bg — JWPYK™

Allowing for SU(3) flavor symmetry breaking:

68% C.L. band

0.05¢

—0.05F

o

A¢))

0 5 10 15 20 25 30

Uncertainty on & [%]

35

10

I

50

0.15

angxaz,9;:91+5

0.10

0.05F

0.00

—0.05F

—0.10

0

5 10 15 20 25 30
Uncertainty on & [%)

Uncertainty on & (%)

35

10

45

50

0.15

0.10+

0.05¢

0.00

—0.05F

—0.10

0 5 10 15 20 25 30 35 40 45

Uncertainty on & [%]

50
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http://arxiv.org/abs/1509.00400

SU(3) assumption

[Phys. Lett. B/42 (2015) 38

» Penguin pollution in ¢s with B'— JPpp°
Allowing for SU(3) flavor symmetry breaking:

2 - | | | -
= 15F LHCb =
= E =
5 .F 5
ED 0.5:— =
O - .
— 0 ]
= :
O . =
X - =
) = =
o) : -
© E
< _2 C L L L | L L L L | L L L L | L ]

0 100 200 300

0-0 [deg]
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http://arxiv.org/abs/1411.1634

Bo— Jym'm : Resonance contant

[Phys. Lett. B/42 (2015) 38

1400 e
% F LHCb + Data : | |
s 1200 7 N T Signal - Component Fit fraction (%)
2 1000 - r - Background E
= F . E— o) 1 [p(770) 65619 |
7 S00F ‘\ - rss) 3 fo(500) 20.1+0.7
2 600 F R 700 1 f(1270) 7.8+ 0.6
= 400 j/ \i.\’ 1 w(782) 0.641913
§ 2003— // \\" .......... _ p(1450) 9.0+ 1.8

0 (0 "'7'"“'7'*":..23 p(1700) 3.1+0.7

" m(rt) [GeV]
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The LHCb experiment

e Forward General-Purpose Detector at the LHC

e ~30 % of heavy quark production cross-section with just 4% of solid angle
. J

— TRACKING SYSTEM

VERTEX DFTECTOR momentum resolution

. Aplp = 0.4% —0.6%
reconstruct vertices
decay time resolution: 46 fs
IP reconstruction: 20 um

COLLISIONS . ——n | <
@ 40 MHz 5 '
b= =
~12 MHz —— ,
VISIBLES VY £ \ ¥
INTERACTIONS = | DIPOLE MAGNET
(2012) G 4 Tm
normal condt_Jcting
regular polarity MUON SYSTEM

switches

CALORIMETERS
RICH DETECTORS — energy measurement
K/1r/p separation particle identification
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Measurement ingredients

Acp(t) = a (Eg(t) — f) -1 (Bo(t) — f) ~ Sysin (Amt) — Cy cos (Amt)
cP\%) = I (EO(t) — f) + I (BO(t) — f) ~ cosh (%) + Aarsinh (%)

[New J.Phys. 15 (2013) 0563021]
e Tagped mixed

» Mixing parameters: 5 ! o Tagged unmixed
< 400f- iy § Fit mixed
Am — mH - mL AF — FL - FH g I Lo Fit unmixed
T% 200/ |
» CP observables: 1 .
0 1 2 3 4
- 2%(>\f) . 1 - |>\f|2 _ 2%()\f) decay time [ps]
F— 15 PVIE P15 Af[2 R [Ar|? . o INucLPhys. B873 (2013) 275-292]
B 5 03 LHCb
Bg(t) — E 02 =+ Jiphe
q >
A =151 go = 1y A gl Z o
p A(B3(t) = f) -

S
S o

CKM 16' - Measurement of penguin pollution effects
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https://indico.cern.ch/event/312481/contribution/2/material/paper/0.pdf
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Measurement ingredients

» Tagging, resolution and other nuisance effects:

Ameas(t) — AC’P(t) X Dies X Dtag L Adet/prod

» Decay time resolution (~45 fs): o R
Am2o3 o A g
Dres — e T 2 ® SS Pion BDT P
» Tagging dilution: ® oo Side
Dtag — (1 — Qw) 4 ﬁ‘p | Opposite Side /*‘cs Kaon
c— 8 OS K. NNet
— Initial B flavor efficiency: Etag B b’;*‘\(‘l/
- Wrong tag rate: W e Vet Chree 0S Muorn
- Effective reduction in statistical power: 0SCharm S

Ceff — Etag(l — 2w)2 ~/ O(%) O-Stat(¢s) X \/eifﬁ

» Also need to account for detection/production asymmetries, acceptance
effects on time and angular variables (P — VV), ...
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