Measurements of CKM angle v at LHCb JYAN@ Iyt

1824
T. Evans, on behalf of the LHCb collaboration, ICHEP 2022

The University of Manchester



The CKM matrix

Vu d Vu S Vu b
Vcd Vv V

cS ch

‘/td V;Es ‘/tb

VCKM —

2/26



The CKM matrix

< v 513 — —arg (Vub)
“//Tud “//Yus 0,5 responsible for all known CPV in the Standard Model!
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The CKM matrix

< v 513 — —arg (Vub)
Via Vs @ 0,5 responsible for all known CPV in the Standard Model!
Vekm = | Vea Vi Veb

C CS

Via Vis Vi

VCTKMVCKM =1
= VooVua T VaVea+ ViVia =0
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The CKM matrix

Y~ 03 = —arg (Vub)

Via Vs 0,5 responsible for all known CPV in the Standard Model!
Vokm = | Vea V. cb

CS

Via Vis Vi

S
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excluded area has CL > 0.95 ' t’%
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The CKM matrix

Y ~ 013 = —arg (Vub)

PP
Via Vs 0,5 responsible for all known CPV in the Standard Model!
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v from B — D y~3h decays
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v from B — D y~3h decays

Vudvqu )

I' x TZB+T%+2TBTDCOS(5B+5Dify)
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v from B — D y~3h decays

[ ocrg + 1]+ 2rprplip cos (6p +0p £7)

R — suppresses inteference, diluting sensitivity
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v from B — D y~3h decays

[ ocrg + 1 + 2rprplp cos (6 +0p £7)

R — suppresses inteference, diluting sensitivity

I' x r4+r4+2rprgRpcos(dg+30p +7)

1
—rpRp (ycosdp —xsindpy) + 3 (2% +y?)

—rp(ycos(dp£7v) +xsin(dp £+ 7))

Rpéi®p / A () Ap ()"
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071’0

e Use three different D decays:

— D — K*=r" 70 [pictured]
— D — gt Y
— D — K"K—n°
e + two B decays
(BT — DK and B™ — Drn™)

~ total of 11 CP violating
+ related observables

Full Run 1&2 Data set

reconstruction is a challenge..

v from B* — D [hTh'Tx"] h* decays
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v from B* — D [hTh'Tx"] h* decays

801

68% C.L.
95% C.L.

99.7% C.L.

Combine observables (using external inputs on D parameters) to constrain ~:

Local minima compatible with averages:
v = (56 Tg)"

op = (122 t%gy

rp=(9315%) x 1073

Global minima:
Y = (145 i 38)0
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v from B — D y~3h decays

[ ocrg + 1 + 2rprplp cos (6 +0p £7)

R — suppresses inteference, diluting sensitivity

—10p

50 rpeE

=& . 1

= L0 —TDRD(ycoséD—x&ncSD)—i—5(:132—|—y2)

B+ —T— l [S 7_|T_ 7_T|_ _ —rp(ycos(dg £ ) +xsin(dg + 7))
= /4 K rnrn™nm
L « Local or phase-space dependent
DO
/rBe?’(éB"F'Y)
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Candidates/ (10 MeV/c?)

Candidates/ (10 MeV/c?)
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LHCb preliminary

30
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v from B¥ - D[K ntnx

T~ h* decays

Rps. ~ 0.4 = potentially large benefits from binned analysis
» Measure observables in 4 bins of D-decay phase-space [arXiv:1909.10196]

LHCb preliminary LHCb preliminary LHCb preliminary

B~ — DK~,Bin 1 B~ — DK~,Bin 2 B~ — DK~,Bin 3

chp ~ 85%

i@ﬁ#ﬂ—ww+ ilﬁ H++++++++4:»L+ i

bt IH+++ s ey

LHCb preliminary

9fb!

B~ — DK~ ,Bin 4

+ Data

W B — DK~
W B~ - Dn™

BY = DK-X

BB - DK X
BB - Dr X
m Ay - Dprt

Crossfeed
Combinatorial

JHiJF\LJrJFﬂH—HJr—HJH T

LHCb preliminary LHCb preliminary
1 1

Bt - DK* Bin 1 Bt — DK™, Bin 2 B* — DK*,Bin 3

BTETE T W TR ﬁrj N
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9fh!

Bt — DK™, Bin 4
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Full Run 1&2 Data set
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v from B¥ — D[K w7 7~ | h* decays

_120 | |
< LHCDb preliminary LHCDb preliminary
100l 9! 1 9fpt |
—  68% C.L. o
| - 6.0 +0.6 +6.7
~ 95% CLL. g | = (54.8 "
%0 - - 99.7% C.L. = v ( —58 0.6 — 4'3>
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Parameterise as: x,, + iy, = rhe
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v from B¥ — D[K w7 7~ | h* decays

Large expected improvement from incoming

= 20fb " of BES-III (3770) data
LHCDb preliminary LHCDb preliminary
100 |- 9fb~ 1 9fp! i }
— 68% C.L. s o
IS ‘ 6.0 +0.6 +6.7
~ 95% CLL. g | = (4.8 7
0 = - 99.7% C.L. K < —58—-0.6— 4'3>
W — T % LHCDb ~ combination — N K + 6.04+0.7+ 8.6 o
. ‘ A op = (134'6 — 6.0 -0.7 — 8.7)
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0L \ -— | \ -— 4
~ | | | | | | B
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Parameterise as: x,, + iy, = rhe
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v / charm combination

B decay D decay Data set

B* — Dh* D — hth™ Run 1&2

[Bi — Dh* D — htr n 7"  Run ﬂ

B* — Dh* D — hth—n" Run

B* — Dh* D — KPhth™ Run 1&2

B* — Dh* D — KOK*r T Run 1&2

B* — DK**+ D — hth™ Run 1&15/16
B* — DK** D — htr 7 7"  Run 1&15/16
B* — Dh*rtm™ D—htrnx"  Runl

B — DK*0 D — h™h™ Run 1&15/16
B — DK*0 D—htn o nt Run 1&15/16
B° — DK*0 D — KOhth~ Run 1

BY — DT r* Dt - K ntnt Run 1

BY —» DIK* DY - hth mt Run 1

BY — DI K*ntn Df - hth rnt Run 1&2

D decay Observable(s) Data set

DY — hth~ AAcp Run 1&2

D° — hth™ Yop Run 1

D% — hth~ AY Run 1&2

D° — KT~ (Single Tag)  R*, (2/%)2 ¢+ Run 1

D% — K*7n~ (Double Tag) R*, (z/*)2 y'* Run 1&15/16
DY — K*ratn™ (2% +9y2%)/4 Run 1

D° — Kortn™ T,y Run 1

DY — Kontn~

TopsYop, Az, Ay  Run 1&2

+ Critical input from BES-III (/CLEO-c) for D decay parameters
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-0.2

yx Al',z oc Am

| LHCb.

‘No Mixing
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[ET:LHCb Beauty and Charm
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+ Critical input from BES-III

NEW!

v / charm combination

B decay D decay Data set

B* — Dh* D — hh™ Run 1&2

B* — Dh* D—htrm a7  Runl

B* — Dh* D — hth—n0 Run 1

B* — Dh* D — Kgfﬁff Run 1&2

B* — Dh* D — KgKiﬂjF Run 1&2

B* — DK** D — h"h™ Run 1&15/16
B* — DK** D— htr 7 7"  Run 1&15/16
B* — Dh*ntn~ D—htr a7t  Runl

B - DK*0 D — h™h™ Run 1&15/16
BY — DK*0 D— htanrnt Run 1&15/16
BY — DK*0 D — th+h_ Run 1

BY — D% Dt - K ntnt Run 1

BY — DIK* Df - hth wt Run 1

BY —» DIK*ntr— Df - hth ot Run 1&2

D decay

Observable(s)

Data set

D® — hth~
D° — hth~
D% — hth~
DY — K*7~ (Single Tag)

DY — Kt~ (Double Tag)

DY = K*ntnty—
DY — K{rtn™
DY — Kontn~

Adcp

Yop
AY

Ri? (I/i> Y

2 y/i
R ()2, y'*
(z? +y?)/4
T,y
xC’P: yC’P7 AI’, Ay

Run 1&2
Run 1

Run 1&2
Run 1

Run 1&15/16
Run 1

Run 1

Run 1&2

CLEO-c) for D decay parameters
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-02 0

02 04 0.6 038

1

x (%]

See Surapat’s talk
This afternoon @ 2:30
+ Critical input from BES-III (/CLEO-c) for D decay parameters

v / charm combination

B decay D decay Data set

B* — Dh* D — hth™ Run 1&2

B* — Dh* D—htrr 7t Runl

B* — Dh* D — hth—n" Run 1

B* — Di* D — K% h~ Run 1&2

B* — Dh* D — KOK*r™T Run 1&2

B* — DK** D — hth™ Run 1&15/16
B* - DK** D — htr—n 7t Run 1&15/16
B* — Dh*rtm™ D—htrnx"  Runl

BY — DK*0 D — hth™ Run 1&15/16
B° — DK*° D—htn ot Run 1&15/16
B° — DK*° D — KOhth~ Run 1

BY — DT r* Dt - K nfrt Run 1

BY — DIK* DY - hth wt Run 1

BY —» DIK*ntr— Df - hth ot Run 1&2

D decay Observable(s) Data set

DY — hth™ AAqp Run 1&2

DY — hth~ Ycp Run 1

DY — hth™ AY Run 1&2

DY — Kt~ (Single Tag)  R*, (z/*)2,y'* Run 1

DY — K*7n~ (Double Tag) R*, (z/*)?,y'* Run 1&15/16
D - K*rfatn— (2% 4+ y?) /4 Run 1

D° — Kortn z,y Run 1

D° — K9ntn— Tep,Yop, Az, Ay  Run 1&2
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v / charm combination

(indirect v ~ (65.573)° )

B decay D decay Data set

B* — Dh* D — hth™ Run 1&2

B* — Dh* D—htr rm 7" Runl

B* — Dh* D — hth—n" Run 1

B* — Dh* D — KOhth™ Run 1&2

B* — Dh* D — KOK*r™T Run 1&2

B* — DK** D — h*h™ Run 1&15/16
B* - DK** D — htr—n 7t Run 1&15/16
B* — Dh*ntn~ D—htr 7" Runl

B — DK*° D — hth™ Run 1&15/16
B° — DK*° D— htrr ot Run 1&15/16
B° — DK*° D — KOhth~ Run 1

BY — DT r+ Dt - K nfrt Run 1

BY — DIK* Df - hth wt Run 1

BY —» DIK*ntr— Df - hth ot Run 1&2

D decay Observable(s) Data set

DY — hth™ AAcp Run 1&2

D — hth~ Ycp Run 1

D% — hth~ AY Run 1&2

DY — Kt~ (Single Tag)  R*, (z/*)2,y'* Run 1

DY — K*7n~ (Double Tag) R*, (z/*)?,y'* Run 1&15/16
D - K*rfatn— (2% 4+ y?) /4 Run 1

D° — Kortn™ z,y Run 1

DY — Kt~

Top,Yop, Az, Ay Run 1&2

+ Critical input from BES-III (/CLEO-c) for D decay parameters  2g/26



Am, from BY — D_x*

— BY - BY - D;nt — Untagged Finds:
Am, = 17.7683 4+ 0.0051 + 0.0032 ps~*

Important input for v from BY — D, K™
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Finds:
Am, = 17.7683 4+ 0.0051 4 0.0032 ps_1

Important input for v from BY — D, K™

L o e s B

10 - Am,

05 .

= o0l L 2

05 a

-1.0 — -

_1'57\\\\\ \\\\\\\\ [ B B
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

And an important CKM measurement!
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Search for CPV in A} — DpK ™~ decays
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=, = DpK”
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Initial state (currently) unique to LHC

(.T LI ] T T T T I T T LI I T LI I T T T T
2100 LH(_Zlb —e— Data .
> of™ Ll Ag — DpK
§ ------------- Combinatorial
8o . A S DpK T
v 5
~ -
2 60f }
m — —
o gl
~— RIVARCS I
5
- p— i | -]
ﬁ 40 ll .“ _'..
= | ~ I\ I
CG vy )
S\ ﬁ L -
el one 0 1. I.
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— First observation of suppressed mode
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Search for CPV in A} — DpK ™~ decays

=71+0.873

['(AY - DIKTn~|pK~) —T(A) - DK 7| pK™) 40.02
A= - P2 ) 0.12 4 0.09+0-02
(A - DIK*trn—|pK~)+ (A} - D[K—7t|pK™) '
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Search for CPV in A} — DpK ™~ decays

Measure:

T'(AY — D[K- 7" pK~)

R =
T(AY > D[K'r |pK-)

=71+0.873

[(AY - D[KTn~|pK~) —T(A) = DK 77| pK™) 40.02
A= - P2 ) 0.12 4 0.09+0-02
I'(AY) - DIK*tn—|pK~) +T(A) - D[K—7t|pK™) '

g No evidence of CPV in baryons yet ...

@ R ratio looks very favourable for future studies with more D decays ...

25/26



Conclusions

1.5 (L I LI ! B T T T UL
%
excluded area has CL > 0.95 <

1.0

0.5
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0.0 —

-0.5

I[Illl['llllllllllIlllllll

-1.0

(o]
x

o E 'Y sol.w/cos2<0
ICHEP 10 H (excl. atCL > 0.95) —

IIIIIIT\I‘IIII

_1_5||\1|||||i||11||\1||\|||[|11|_
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p

15 T T T T T T ‘ T T TXTY ‘ T 1T T T T T T T
: excluded area has CL > 095 |, % :
L % ]
1.0 X -
L Amy & Amg
= i
05 -
- Amy ]
0.0 —
-0.5 — =
1.0 - Y & ]
r fi sol. w/cos2B<0 -
= Spring 21 : (excl. atCL > 0.95) -
1.5 Covvn by o b v b b i 0 ]
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

10 years of measurements have been game changing for flavour physics.

~ no longer the least precisely known of the weak phases!

LHCb already achieved target precision of < 4° for first generation
experiment - with many more modes still to add!

Aiming for < 1° in the upgrade era ..
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