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Introduction

The angle y is one of the angles of the CKM unitarity triangle:
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http://ckmfitter.in2p3.fr/www/results/plots_summer19/ckm_res_summer19.html
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Introduction %

The angle y is one of the angles of the CKM unitarity triangle: [CKM fitter group]
1.'5IIIIIIII‘IIII%|IIII|IIII|IIII_
» It is studied in the heavy flavour physics experiments like LHCb, P ; 3
L : %
BELL, KEKB and BaBar. 1-“5 Am, & Am,
r Sil‘lzﬁ '
» |t is a Charge-Parity Violation (CPV) parameter. 05 -
- gk :
» It can be measured from tree-level processes only and it is a = 00 :——-& ----------------
standard candle measurement in the SM. 05:
» Very small theoretical uncertainties associated with tree-level i ,
-1.0 E
. — -7 - : i
measurements: 6y /y = 0(1077). ;0 01 051y =R oo ]
_1-5 L1 1 | | L1 [ 1 ] 11 1 1 | L1 1 | | L1 1 1 I 1.1 1 I_
» Discrepancy between tree-level and loop measurements can be 10 05 00 05 10 15 20

used in probing the New Physics effects beyond the Standard
Model.

27.07.2021 Woijciech Krupa | Measurements of the CKM angle ¥ | HADRON 2021 3


http://ckmfitter.in2p3.fr/
https://arxiv.org/abs/1308.5663

B — DK decays

The CKM angle y can be measured in processes
where the interference between favoured quark

transition b = ¢ and suppressed b — u occurs.
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b - c

rDei(aD)
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B/B° | [Flp X

rBei(SB_Y) e
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SUPPRESSED
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Method X [Flp
B°/B* | ADS (mixed state) K, (K, Knmem]
B°/B* | GLW (CP eigenstate) K, (KK, 7T,
T
B%/B% GLS K, [hh]
BY BPGGSZ K*0 (KOhh]
B°/Bd Time-Dependent [K,K**,K*9 [hhh, hh]
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B — DK decays

(Y

Several methods of measurements of the angle y: GLW, ADS, Dalitz plots and time-dependent.

{ GLW 1 [PL B253 1991 483 |

{ ADS J[PRL7819973257]

7% * D 0 7 % 0 * \
y I'(B°>DepK*?)-T(B°>Dcpk*) a r(B° - DR+ -K*°) —T(B° > D _+K*°)
CP= F(B°—>DCISK*0)+F(B§—>DCPK*°) ““ 7 r(B° - DY, 0_1?20) + 1“(?0 - D K*0) .
2krPK 51n(6DK ) sin(y)  Rce A = 26Xl sin(8E T +85™) sin(y) P
/ CP™ 1+12+2rp cos(8g) cos(Y) AL B B e cos(8B"""+55™) COSVO/)/
KK/7T7T ( BPGGSZ } [PRD 68 054018] [Time-Dependent}
s ™ 4 dl'(x, t)
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https://arxiv.org/pdf/hep-ph/9612433.pdf
https://arxiv.org/abs/hep-ph/0303187
https://www.sciencedirect.com/science/article/abs/pii/037026939191756L

LHCb detector

[JINST 3 SO8005 ]
LHCb spectrometer, which is designed to study /\ e
ricn v “'\T v .

heavy flavor physics of B mesons and C mesons:

» Covering the pseudorapidity range (2<n<5).
» |dentification : &,_p~90% €,~97%

» P resolution : g;p=20 um RicH

CALORIMETERS

T
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/pdf

27.07.2021

Outline

Several new and updated results from 2020 and 2021:

> B% - DK*? : the new D decay mode:
D -» K~n~m*m™ analysis over Run1 + 2015 and
2016 data samples

> B? - DTK*n*m*: the time-dependent and model
—independent analysis of using the full Run 1 & 2
data samples.

>B* - Dh*,D —» Kh*h™:the Run 1 & 2 analysis
independent of the modelling of the D-decay
amplitude.

» Bt - D®h*: the Run 1 & 2 simultaneous
measurement of BT decay to D*%and D"

[LHCb—CONF-2020-003]

B decay D decay Method Dataset Status since
Ref. [3]
BT — Dh™ D — h™h~ GLW/ADS 16| Run 1+2 Updated
BT — Dh™ D — hta mxtr~ GLW/ADS  [24] Run1 As before
BT — Dh* D — hth™=° GLW/ADS 25 Run 1 As before
BT — Dh™ D — KSh*h~ BPGGSZ i Run 142 Updated
BT — Dh™ D — K{K*rT  GLS 20] Run 142 Updated
BT — D*h* D —hth™ GLW/ADS 16| Run 1+2 Updated
BT — DK** D — hth™ GLW/ADS E Run 142(*)  As before
BT — DK** D — h*a~ata~ GLW/ADS  [26] Run 142(*) As before
BT - DK*x n~ D —hTh™ GLW/ADS  [27] Runl As before
B — DK™ D — h™h~ GLW/ADS i Run 142(*) Updated
BY - DK* D — hma~ntn= GLW/ADS 21] Run 14+2(*) New
B DK*n~ D — hth~ GLW-Dalitz @ Run 1 Superseded
BY — DK D — Kirtn~ BPGGSZ 28] Run 1 As before
BY— D¥r* D* — K¥r=x* TD @ Run 1 As before
B! — DFTR* D* — hERT D 30] Run 1 As before
B° — DTK*z*xF D*— h*=h¥z*  TD 23] Run1+2  New
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http://cds.cern.ch/record/2743058

B° - DK*¢

[JHEP 08 (2019) 041]

Updated result from 2014 over Run 1 and Run 2 data sample of 4.8 fb~1

» Two-body (GLW): » Four-body (quasi-GLW):
D% - KiKT, . DY Kfrntn*tn,
D° - K*m™, N .

B % 0 , ot +_ +_ -
DO _y ot o F S D T T 1T
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https://arxiv.org/abs/1906.08297

B° - DK*® i

[JHEP 08 (2019) 041]

*0 *0 *0
The 2D scans of 82K vs.yand 65K versus r@X Measurement of CP parameters:
Contours contain the 68.3%, 95.5% and 99.7% C.L. ontours contain the 0, o an % .
3507 - 3507 : 6"@ dnTiCL ATE = 019 +0.19 + 0.01,
% 3000 LHCb * s0f LHCb Ri8¢ = 0.080 + 0.015 + 0.002.
O - - |
zso@ C 250/ ( ! ARBTT = —0.01 £ 0.24 =+ 0.01,
200 <® 200 @ RAET™ = 0.073 £ 0.018 £ 0.002.
150 150[- @ GLW
100? ( 100~ ((\./ \J
E - *0 *0
S0t 501 % 4 2krP K sm((SDK ) sin(y)
200 60 80 756‘20‘40\'@\[1530 006:05 0.1 0,15 05&3'635"64" cP 1+rg+2rg cos(8p) cos(Y) )
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Ax? =2.30,6.18 and 11.8 contours «— 68.6%, 95.5% and 99.7% C.L <

A = 22K Org* ° sin(Sg* 0+8§n) sin(y)
CcP (rgK*O) 2+(rl’)(”)2+21crgK* Org* 0 cos(SgK* 0+6§”) cos(})

J
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[ Excellent constrains on the y angle value! ]



https://arxiv.org/abs/1906.08297

B) - D;htmntm™ S

[JHEP 03 (2021) 137]

Measurement of the angle y in B - Dy htn ™ decay:

(FullRun1&2:9 fb~! data sample)

A time-dependent amplitude analysis: A model-independent analysis:
the time-dependent amplitude fit using signal (phase-space integrated decay rate)
PDF through full-spectrum decay rate. Measurement of the CP coefficients:
(fIBS) = A°(x) (f|B7) = re'®™M A (x) Cr, A", AR, Sy, Sf
(o 2rsin@— £y —26) |
A*(x) = z atdi @) ([ areen Cy e L1+r2 )
i e Tstdtde, A
ATt ’ 2 2.
o< (|Ac(x)|2 + r2|Au(x)|2) cosh( > ) + qf (|AS ()| 2| A% (x)|") cos(Amyt)
AC(X) :ZaiCAi (x) i f 2 s f f
; — 2Re(A5(x)"T A¥ (x)e 0~/ (r=2h)) sinh (TS> —ZCIfIm(Afc (x)*r A (x) e~ =2B5)) ,sin(Amst)
—_— \\ , ) Y /

Vi

D
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https://link.springer.com/article/10.1007/JHEP03(2021)137

[JHEP 03 (2021) 137]

B - Dy K*m*n~|

/ ; ————— ——— T . ~TO00F T T T T = - “.55 T T T 3 \
C A LHCb ] 3 = 04 LHCb 3
- 20000 ; 4 Data ] 0.3 ?' BE"_) M af o 4 =
‘E g Fit E 0.z ;_
jg 15000 % B D 3 0.1 3
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; E —-04F 3
J//r'///ﬁ‘b . e - riP P R . 3 0.5 E —l 1 PP | 3
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Decay-tlme oscillation period along with the fit projections BS - DS T 'IT'TT
— —_— —_ = T T T 0.5 T T e
- . . . > S00F T 3 2 oaF LHCb L \
/ ﬁ LHCb :l' 700k LHCh 3 < 0.4 E- — E
- ¢ Data = E 0 Frt oo E 03 —f=D.K'x"x -
= Fit = 600 Bi—=D;K"m°mt 3 0.2F: —+— o
4 BEHD?K%F}:" = spof 3 o.1E, E
= B sDIK*ntn = E EoC E
= T T\ N~ R— Comb. bkg. >~ 400 E O
E] B Part. reco. bkg. 300E = _321 E
v EEE MisID bkg. E B 3 —0.2E o :
200f s : 3 E
...... 100 3 3 E
i b m G # d <E I ] 1 3
5400 5500 5600 5700 2 4 6 8 10 _“'JU 0.1 0.2 0.3
K m(DIK* nt ™) [MeV] t [ps] t modulo (277 Am,) [ps] /

Amg = (17.757 £ 0.007(stat) + 0.008(syst))ps~? - the most precise measurement of Am!
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https://link.springer.com/article/10.1007/JHEP03(2021)137

[JHEP 03 (2021) 137]

B) - D;htmntm™
Incoherent contributions from

Contributions fromb — cand b — u decay amplitudes K' intermediate-state components

Full PDE % 350 B)—DIK (1270)* >
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< 300 - a
S . 0 v +
S 250 - ~___ B)—>DIK (1400) ;
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: ) S S
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100 -
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2] Al 2 RSB
/ A" T e s 2 Oitisis 1 12 14 16 18 2
% 1000F LHOb 3 E 1000 E
5 - = o 5
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- ‘ \ = S 600 =
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= e < 400f o
200F
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¥} o 250F ] L ]
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< < 200 E S F ] e
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https://link.springer.com/article/10.1007/JHEP03(2021)137

B) - D;htmntm™

A model-independent analysis:

A time-dependent amplitude analysis:

Decay channel

Fel7]

F'[%)

BY— DF
BY - DF
B! — DF
BY = DF

K1(1270)* — K*(892)0 n¥)
K1(1270)* — K+ p(770)")
K1 (1270)% — K (1430)° 7 %)
K1(1400)* — K*(892)" 7 %)
BY — DF (K*(1410)* — K*(892)07%)
BY — DT (K*(1410)* — K% p(770)7)
BY — DT (K (1460)* — K*(892) z%)
BY — (DF r#)p K*(892)°

P

13.0£24+£274+34
16.0+£1.4+£1.8+2.1
34+£05£1.0£04
63.9£51+£74+13.5
12.8+0.8+1.54+3.2
5.6+04+0.64+0.7

10.2£1.6£1.8+4.5

41+£224 29 £26

5.1+2.24 3.5 £2.0

1.1+0.5£ 0.6 £0.5

19.3£52£ 83 £7.8

126+2.0+ 2.6 =4.1

5.6+1.0+£ 1.2 +£1.8

11.9+25+ 2.9 £3.1
28.4+5.6+ 6.4 £15.3

Fit parameter Value

Cy 0.631 + 0.096 + 0.032

ART —0.334 4 0.232 £ 0.097
A;—-.\F —0.695 + 0.215 + 0.081
S —0.424 + 0.135 £ 0.033
S; —0.463 + 0.134 + 0.031

Model-dependent

0.56 £0.05 £ 0.04 £0.07
0.72+£0.04 £ 0.06 £ 0.04
—14+ 10 £ 4 +£5
42+ 10 £ 4 £5

BY = (DFK*)p p(770)° 0.94+04+05+1.0
Sum 125.7£6.4+6.9+199 88.1+7.0+£10.0+£20.9
Parameter Model-independent
+0.08 +0.02
r 0.47 75008 ~0.03
+0.12 4 0.04
K 0.88 20719 Zol07
o +10 +2
J [°] —6 T3 1}
+19 +6
v — 285 [°] 42 T3 75
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[JHEP 03 (2021) 137]
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https://link.springer.com/article/10.1007/JHEP03(2021)137

Bt - DMpt

[JHEP 04 (2021) 081]

> The Run 1 and Run 2 data sample of 8.7 fb~1

» Simultaneous D° and D*© analysis with D™ decay to D% and Dy and D - K*nt,D - K*K*D - n*tn™

» Measurement of partially reconstructed B¥* - D®K™* and BY - D™t withD - K¥n™.

— Total B Bt (D' - D)t B! - D*K*nx* B8 Charmless
H H + 0 + —— Data B B’ — (D — Drf)h* [ B! - DK*rT | Cth‘.‘«[‘Ll“:l [ Misidentification
» First observation of BT — (Dm®)p+m™ decay. B LDr e e Do D23 B Dran @z M Akt SR Combimatoral
— B* 5 DK*  gmm B Dhr = B— Dha mm N — Dprt
6 06 o o
:D\)ooo LHCb {i o LHCb = 900] LHCD o0
2 9 Z 9! = | 9 fb-t =
2 2 = by ol =
= 4000 = 4000 = 150 S 150
S 2 2 &)
~ ~ 100 100
£o0m £ o0 £ g
= = = 501 = 50
= = = ‘ = _
5 0 = 0 ) 0 it bt P < 0 — - o
“ 5000 5200 100 - © 5000 5200 5400 . “ 5000 5200 5400 _ “ 5000 5200 5400
m([K~m ]DK ) [MeV/c?] m([Kta7]pK™") [MeV/d] m([K*7n~|pK~) [MeV/c? m([K ]DK"') [MeV/e?
c LHCH | & LHCh R LHCh ) LHCD
g 80000 9 b g 80000 9 é 10004 9 b é 1000 9 b1
> 60000 S 60000 S S
u = 2 2
2 40000 40000 % 5004 % 500
1 *,g = =
S 20000 = 20000 < <
S g = =
I 2, IR e/ N\ g Mo\
- 5200 5400 2 U0 5200 5400 . T s000 5200 5100 2 T s000 5200 5400 _
m([Kmtpr) [MeV/d m([K ' pr") MeV/d m([K T~ |pm™) [MeV/c?] m([K=n*|pr™) [MeV/c|
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https://link.springer.com/article/10.1007/JHEP04(2021)081

Bt - DMpt

CEES

[JHEP 04 (2021) 081]

» Measurement of CP parameters provide powerful constraints on the angle y for other LHCb measurements:

2501

200

50

100

100+

501

A = 0.136

AST = —0.008

ART = —0.011

RYF = 0.950
Bt - D*K*

— 68% C.L.
- 95% C.L.
99.7% C.L.
e D—KShTh™

50

100 150
v [°]

+ 0.009
+ 0.002
+ 0.003
+ 0.009

100+

+ 0.001,
+ 0.002,
+0.002,
+0.010,
Bt > D™

0

S 100 150
v [°]
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https://link.springer.com/article/10.1007/JHEP04(2021)081

Bt > Dh*,D - K2hth™

> The Run 1 and Run 2 data sample of 9 fb~1

» Type of 3 body D decay analysis at LHCb:

» Model independent — method takes inputs from CLEO / BESII
experiments (smaller uncertainties and smaller sensitivity to the angle y)

» Model dependent — method performs an amplitude analysis of D decay

(bigger uncertainties and better sensitivity of the angle y)

K 5DK Dm Dt
) B

» Simulataneous measurements of: )/,ré) , 15", Op

» Dalitz plot analysis: measurement of the yield in each bin of the Dalitz

plot.
[PR D82 112006]  [PR D102 052008]

» Strong phase input: ¢; , s; measured by CLEO and BESIII

[Optimal binning schemes for D - KOK*tK~ decays and D » K3t~ decays.
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CEES

[JHEP 02 (2021) 169]
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https://link.springer.com/article/10.1007/JHEP02(2021)169
https://doi.org/10.1103/PhysRevD.82.112006
https://doi.org/10.1103/PhysRevD.102.052008

Candidates / (5 MeV/c?)

Candidates / (5 MeV /c?)

* > Dh*,D - K2hth™
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[JHEP 02 (2021) 169]
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B+ _) Dh+; D _) KSOh-I-h_ [JHEP 02 (2021) 169]

> Fit results for CPV observables: /The 1-CL contours for angle v\

— 1 ‘ P ' i
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2 0.00 1 ]
P ] _
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_ ok : 2 80 ___________________
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e B e LI B e —— 77— S +5-2O
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> SR = (118.3729)°,
The most precise single measurement of angle
P g gey rB™ = 0.0050 + 0.0017,

e
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y combination by LHCb collaboration

(KiEY

[LHCb—CONF-2020-003]

» LHCb provides several CKM angle ¥y

measurements using different:
> B meson type (BT, BY, BY)
» Decay mode (B® - DK*?)
» Measurement method (GLW, ADS, ...)

» LHCb combination is in excellent agreement with

the indirect determinations of y = 659-2° (CKM

group) and y = 65.8 + 2.2 ° (UT collaboration)

1-CL

T T | T
- 0 LHCD -
- -BE Preliminary
08— & October 2020—
gL

0.6 — I Combination

04765 30,

0.2

O
LN

50 60 70 80 90

LHCb measurements :
y=67+4°at 68.3%C.L.
Yy = 67%%°at 95.5% C. L.
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Summary

CEES

[CERN-LHCC-2018-027]

LHCb
World Average

X

+

» Many new and updated results of analysis over Run . o1 *
1 & 2 data. %
» Exploration of decays through resonance states and g
multi-body final states using a different methods and
variety of beauty meson decays.
0.1 z

» Excellent results of studies of beauty to open charm

processes which is good prospects for the Run 3 & 4

measurements.

27.07.2021
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attention.
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Backup: Flavour Tagging %

> Flavor tagging algorithms tag the candidate as B or B (tag decision) with some efficiency and mistag
probability

— >\0_45....,....,.'..,..5
SS Kaon ; — = .
- SS Kaon NNet gt =  03F LHCb E
SS Proton = C .
@ SS Pion BDT i E 02 c =
TR F ]
‘ @’//gf//» = 0.1 /\;
Same Side o C / 7
p ])_‘_._‘-n_‘_‘gt;_, ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ — F Ry ]
g. Opposite Side — g —0]_ — —

\ -

e (c— s 0OS K. NNet

@O = —02F :

0S Muon =
8\2 éi;tf:q(]harge 0S Electron wn —04 L — L

) 10 15

t (ps)

» Same Side (SS): correlation between flavor of the B meson and charge of the particle (pion, kaon, proton)
produced close to the b-hadron in the PV.

» Opposite Side (OS): Correlation between flavor of the B meson and charged of charm meson and lepton
or charge of tracks from Secondary Vertex.

> CaOIibJ[ate tagging algorithm response using modes with known flavor (self-tagged,B* — J/YK*, BT —
D°xm™).
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Backup: B® - DK*Y TRES

[JHEP 08 (2019) 041]

27.07.2021
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Backup: B® - DK*Y TRES

[JHEP 08 (2019) 041]
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Backup: B® - DK*0 THES

[JHEP 08 (2019) 041]
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