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Here we discuss Tl measurements, for TD see Stephie’s talk

The many measurements of y...

CKM phase y can be measured solely with tree-level “o v
K b ub U
B->Dh decays s 4? 50
b c B )

In the absence of NP effects at tree-level - SM
benchmark- negligible theoretical uncertainties when p - 2 . - o
interpreting observables in terms of y

Compare to vy interpretations from decays susceptible to NP contributions — sensitive to BSM effects at
mass scales greater than those accessible directly

e GLW ADS GGSZ
Dh Dh Dh D
rgei‘s)D(
B (h"h)gh B (h"h™)ph B (R*h™h*)sh" 4 variations
B /(55 —) ré’(ei(éé_ﬂ rl);ei(t?’é—v)
Dh Dh Dh As
Ab—u CP-eigenstate Non-charge conjugate state Self-conjugate 3 body final state

Choice of measured observables is dependent on the method that is most appropriate for the D decay
analysed - all sensitive to the same B decay parameters, rBX, 6BX, ¥ — combination fits


https://indico.scc.kit.edu/event/2641/contributions/10009/

CP observables in B*—D’h* decays

Use B*—D(h* decays to measure experimentally robust CP observables in GLW and ADS modes

[
I
m
GLW ADS pcs . | T
' ) Similar magnitude of r <™ 2
Dh Dh and r,°¢ leads to large )
rX el Ap for ADS modes N
+ - =
B- () h _ + ] ?
; B (K" m),h
N (K'K')ph N V
rX i) D X ei(05 =)
Dh Dh CF
r(BT — [T h~1phTlx) o 14+ (F)? + 2% cos(68 Fv)  MBF — (K 7 FIphTlx) o (570 + (F)° + 205" 1 cos(5F + 5™ F )
— a1 + (F)?) — aerX cos(sX F ) — (1 + ()™ cos 5™ — a1 + (rf ™)K cos(5B F )
+ax(1l — (rg)z)rg’" sin SS‘" — ax(1 — (rgﬂ)z)rg sin(&é T v)
e 28 CP observables are measured - partial width ratios, double ratios and A s
e Can be interpreted in terms of ~, r5% 65K 127 587 rB7K 27K (D77 507"
3

r5™,05™ and charm mixing parameters x and y taken from HFLAV average Eur. Phys. J. C (2021) 81: 226



CP observables in B*—D’h* decays

First measurements of CP observables using Bt—Dh*in ADS modes
D*-> D° %y is partially reconstructed - missing neutral

Reconstruction efficiency for low momentum neutral pions and photons is low - partial reconstruction

provides significantly larger yields

[
XL
m
Y
o
D
—_
N
o
N
-
~
[=}
(]
-_

ADS favoured decay - used for normalisation

Exploit exact
strong-phase difference
of T between part reco

D*-> DO r7° modes

Small m,.-m_ and angular structure of D*-> D%y 26000/
decays result in distinctive line shapes in m(Dh*) - =
yields can be obtained §
Measurements of B(B~ — D*'r") S A0
and B(D*° — D°°) are made and agree with current —
world averages 8 20004
o
Demonstrates method of partial reconstruction B
accurately measures B*—D’h* modes despite presence S

of multiple partially reconstructed background sources

5200 5400
m([K*n~|pK™") [MeV/c?



ADS

GLW

CP observables in B*—D’h* decays

First observation of ADS __

E B*—[Dn’],m* at 6.10 2 ter | All CP observables measured to worlds best .
S 10001 % < 1000 .
= y : precision 8
o = o
g 500 g 500 =)
3 3 Profile likelihood contours dominated by B*->DK* - =
8 o= s e 3 o= = — good agreement with LHCb/B factory results S
m([K*n~|pr™) [MeV/cY m([K~nt]pr*) [MeV/c?] =
o
<~4000 <~4000 .
- LHCb | 2 wes | Constructed using charm parameters taken as 2
=7 =7 external constraints from HFLAV average but these
%2000 %20"" modes provide significant sensitivity to these
51000 51000 parameters — motivates combination of gamma
< =
g — & o ; and charm results
5000 5200 5400 5000 5200 5400
m([r ] pr~) [MeV/c m([rtm]prt) [MeV/c?
— Total = B*— (D' - Dy)h* EEE Charmless = B~ =¥ DK™ s B~ -3 DK™
—— Data I B — D*h*n B Crossfeed % 150 ot Em < 9!
— Bi—>D7ri ] B’— D*K*n¥ A _><A*>chi S i J
—— B* - DK* —— B!- DK*r¥ o i
3 . P ¢ mm )\, — Dpr™
B B* - (D" — Dr')h B* - Dr*rntn~
B B (D — D)kt I B — Dhtr [ Misidentification 250
I Combinatorial
200
16 independent samples fit simultaneously v Ty 5




Constraints on y from B* — Dh” with D— h*h>"rr?

Quasi-GLW )
Dh 3-body D decay Dh

F+””“O=O.973io.01 7
B (m* o) B (K* K 1)

F KKm0=0.732+0.055
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rX el(05—) X /05 =)
Close to being CP-even
[(BF = [rtn 7% phT) o< 14 rd + 2rg(2FT™ — 1) cos(ds F ) [(BF = [KTK~n°ph¥) o< 1+ r3 + 2rg(2FK™ — 1) cos(65 F 7)
—ay(1+ ré)(2Ff”TO — 1) — 2ayrg cos(dg F 7) —ay(1+ ré)(ZFfKWO —1) — 2ayrg cos(dg F )

e Admixture of CP-odd and CP-even eigenstates
e Integration over 3-body D decay phasespace dilutes A,
e CP-even fractions, F,""™  measured at CLEO-c



Constraints on y from B* — Dh” with D— h*h>"rr?

)
D DCS  Quasi-ADS Dh CF X
3-body D decay N
i5% ~
3 . 2
) o S
& 3 B + 70 3

o - + - - - - :
° B (T K* %) h 3 (K- 11%) ~
2 L c
%) rX i) rX ei(%5 =) rpeioo 3,
= k,=0.79+0.04 S 3
Dilution relatively small ]
CF ’ DCS <
Balanced Competing amp"tudes maximises Not as sensitive to CP effects - interference %

interference term not at leading order
M(BT — [nTK*n%phT) o r3 + rg + 2rprerp cos(ds + dp F 7) M(BT — [7*K¥1%phT) < 1 + rjr3 + 2rprgkp cos(8s — op F 7)
—ay(1 + r3)rpkp cosdp — ay(1 + rd)rs cos(dg F ) —ay(1 + rg)rpkp cos 6p — ady(1 + rp)re cos(dg F )
+ax(1 — r3)rpkp sindp — ax(1 — r3)resin(dg F ) —ax(1 — rg)rpkp sin8p + ax(1 — r3)resin(dg F )

e Integration over 3-body D decay phasespace dilutes sensitivity
e Dilution factor, xp, and average strong phase, 8, taken from BESIII/ CLEO-c/ LHCb



Quasi-ADS

Constraints on y from B* — Dh” with D— h*h "'’

LHCb
-1

World’s best precision on
observables

First observation
of BT - [rTk*x'pKkT at >70!
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95 ""[| Second solution qu e LHCb
Interpreted as y, r;, 8, using g»f? woll Y = (5 19) w ko B
inputs from CLEO-c/BES Il =~ o i - Global minimum
Due to trigonometric 8 140 v = (1457 59)°
ambiguities 4 solutions for y = 12
E 100
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Measurement of gamma in B*—D[Kshh]h*
— GGSZ

Analyse B*—D[Kshh]h* decays in bins of

Ap(m?,m?) Ap(m?,m?)
ﬁ Dh ﬁ Dh* D-decay phasespace
B- +h B+ Ksh* h)_h~ To access gamma need knowledge of
X i(65=7) (Ksh™ h ) g /(6X+7) ( )D how strong phase of D decay varies over
‘ g € g €
B Dh* phasepace
Ap(m? ) Ap(m=,m:) Ap(m?, ) = |Ap(m? , m? )| Po(mm)

Can construct yield observables for each bin i F normally determined through

5 3 semileptonic decays (no CPV)
N = hp= [F+z' + ((W?K) + (42") ) Foi+ 2/ FiF_; («2"eq + yI_JKSH)] however to increase sensitivity

o . , o B->D1r channel is fit simultaneously
Normalisation absorbs  Efficiency corrected fraction of events ~ Cosine/sine of strong phase ith B->DK
production and detection that fall in bin i difference between D°and D°  WI -
asymetries averaged over bin i

c, and s, inputs taken from combination of BESIII and CLEQ results Negligible contribution to gamma

691 (1202) 20 d3Hr

PRD101 (2020) 112002, PRD102 (2020) 052008 precision from B->D1r as 5K ~ 20 x rf™

Use of D1t channel controls selection and reconstruction effects See also Martin’s Belle (II) talk



https://indico.scc.kit.edu/event/2641/contributions/10557/

Measurement of gamma in B*—D[KsOhh]h*

CPV -> differences in distributions of D decay from B* and B

m?(KQK ™) [GeV?/cY

D decay has rich resonance structure - increases sensitivity

3.0 1
2.5 1
2.0 1
1.5
1.0 A
B+
0.5 4 decays
05 1.0 15 20 25 3.0
mQ(IX'gW+) [GCVQ/C’l]
1.8 1 q) LHCb
1.6 1
1.4 1
1.2 1
Bt
1.0 4 decays
1.0 12 14 16 18

m?(KJK*) [GeV?/cY

m?(K3r+) [GeV?/c?

m?(KJK™) [GeV?/cY

3.0 1
2.5 1
2.0
1.5
1.0 A
B-
0.5 4 decays
05 1.0 15 20 25 3.0
'm2(KgTr“) [Gevz/cﬂ
1.8 LHCb
1.6 1
1.4 1
1.2
B-
1.0 4 decays
1.0 1.2 14 16 1.8

m?(K2K™) [GeV?/ct]

3.0 — 3
KskK
54 7
Kstrr ¢
o 6 _ T 161 -
= 2.0 N 2
s N g 14 g
S5 48 = =
ol = o
£ 3— & |
1.0 A 12 rt
2
0.5 1 1.0 4
T r T T T T T =
0.5 1.0 1.5 2.0 2.5 3.0 1.0 1.2 1.4 1.6 18
m?2 [GeV?/cl] m? [GeV?/c|
8000
600 Long K, wrucw Long K, wLuce
Ni 500 = B* - DK* Ni
5 i 6000
= 400 B® - D*(= D[T))K* = —— B* 4 Dat*
e W B* - D"(> D[=°))K* L —— B* 4 DK*
| Pl B* - D*(— D[y])K* =~ 4000 B° - D*(— D[xT))x*
3 300 B* S DKt 3 W B* o D*(= D[a°))n*
k 3 ) . B - D°[x%]KT = B% 5 D" (= Dy))=*
| 200 Mis-ID part. reco. T 2000 B* — D[n|x*
G Combinatorial (g BN Combinatorial
| 100 + Data + Data
5 0
o 5200 5400 5600 5800 5200 5400 5600 5800
: : m(DK*) [MeV/c?] m(Dr*) [MeV/c?]
2400 ' 17500
Downstream K
T — 1200 s <5006 Downstream K
N 3 s
= — 5= oR- =
% 1000 — B* et Z 12500
-] W B° - D*(- D[aT)K* = —— B* 4 Da*
2 800 9 = B* - D*(— D[ K* 2 10000 — B* 5 DK
= B* 5 D*(> Dl)K* s B° — D*(— D[x¥))n*
g 600 B* & Dix)K* £ 7500 = 5t D (o D"t
£ . B° - D°[r*]KT £ Bt 4 D* (= Dly))n*
T 400 Mis-ID part. reco. E 5000 B* = D[n]r*
5 EEN Combinatorial é BN Combinatorial
200 + Data 2500 + Data
v g 1 v T
5200 5400 5600 5800 5200 5400 5600 5800

m(DK*) [MeV/c?]

m(Dr*) MeV/c?]

691 (1202) 20 d3Hr
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Measurement of gamma in B*—D[Kshh]h*

Binned asymmetries

084 LHCb B+ pk+ Up to 100 deviations M ncn
I 0.10 4
% 06+ ==« NobCPVfi E
5 0.4 - [ ——— Predlicted by| central vy = (687t§% o, 0.05 1 %
= CP values frpm fit o ' o ] o~ 2y B~ S
t/_* 0.2 4 DK=* +0.0077 3 0.00 - [ g
)} rp- = 0.0904Z go75, = (i X
LZ‘I (1N SEEEEEE § TEEEEE CEEREEE FES S TEURE o aas EAEER O TEREY SXEH :t : R
= SER" = (118131 22)°, 005 B+ 2

B I SO .. 8 " ' ] Stat error 2

-8-7T-6-5-4-3-2-11 234567 8-2-11 2 ™ P o N
At rg. = 0.0050 £ 0.0017, (10 3 only
Dn* _ +24y0 ~0.10 ~0.05 0.00 0.05 0.10
T . 5B - (291—26) * DK
No significant asymmetries
. 1 T F T 5 T

041 LHCb B* - Dr* Most precise measurement of ‘T’ g
Z o0 gamma from a single analysis -
1?\‘ 0.00 1 semen 8 EF COR
X -002 Systematic due to precision of
T 004 strong phase parameters is of
z 0061 similar size to total LHCb-related

~0.08 1 Kixta~ | KYK*K- systematic ~ 1 degree

8765432112345678-2112 1

Effective bin i



Measurement of v using B*— D[Kmrmrr]h* - binned

Dh Quasi-ADS Dh

X i B(D — K*n¥) ~ 3.9%
B(D - K*n77%) ~ 14.4%

B(D —» KE*aFTrTnt) ~ 8.2%

High branching fraction and charged
final state

X _i(68—7)
rpe? K,~0.4

Dh' Small coherence factor - many contributing
resonances - reduces sensitivity to y

B

(K" ) h (K mmm'm) jh

Suppressed
Favoured
@

s X
rge’(éB_’Y) rgeldé

Dh
Interference term at first order Sub-dominant interference term

Determine CP asymmetry of suppressed modes using favoured mode as a normalisation channel

Small coherence factor - bin phasespace into 4 regions such that local coherence factor, Ko in each bin is
higher than phase-space integrated value. Binning scheme uses LHCb model but k,, and average strong
phase taken from CLEO-c/BESIII - Analysis remains model-independent

Simultaneously measure flavor tagged D° decays from inclusive SL modes to provide additional constraints
to D parameters



Measurement of v using B*— D[Kmrmrr]h* - binned

"~ Preliminary ('t A Preliminary
[ §Z(m (JBﬂ)—ﬁDf: .Bin1 +E?' — Da* Bin 1 ]
_______________ iy, More abundant but 3 i
| lower interference 5
l effects as r;"~0.005
" L s VPRI compared with r %~0.1 i e =
_;‘ Zw LHCE ; LHCb LHCb
GEJ é ‘ (-, Bin 2 B> <+ DB 2 %,zm {I)er—vD: .Bin 2 1l)af})—> Da*.Bin2 ]
E |I° 11| i 1 CPV at10¢ - largest | :
© < | 1 CP asymmetry ]
o
O |, iyt observed so far o N
2 ] LHCb 8 z LHCb LHCb
S ‘.l’?(},—fDI\ Bin 3 E om 9!
® é Eém B — Dx .Bin3 Bt — Dx* Bin 3
ks 3
) Opposite sign o ]
; asymmetries - “strong
LHCD ! phase” difference of Tr| .= S Fhps
9fb < ‘ERCE’ 'l;gm.’
B DR Bl — <> :c;‘;.)m B~ = Dx",Bin 4 .B')~»D Bin 4
_Small coherence] . é
factor S
L 13
| ar e i ¢ R
" o “ (3;:1-:«@] K > e 6 _: 5.6 ]




Measurement of v using B*— D[Kmrmrr]h* - binned

This analysis

A_p results of phase space integrated analysis consistent with Run 1 result

A =-0.321 £0.039 £ 0.005 A=-0.313+0.102+ 0.038 Uncertainties factor
A_=0.070£0.019 £ 0.006 A_=0.023 £0.048 £ 0.005 ~2.5 smaller

Run 1 result

Using binned phasespace results with hadronic parameters of the D decay constrained from BESIII,
CLEO-c and LHCb charm mixing results

55 - (1346t 6.0+0.7+ 8.6)°

6.0—0.7+ 8.7
s +14.743.0414.7\ ° . +6.04+0.6+6.7\°

(52 = (311'8—15.0—2.3+15.0) "]’ - (54'8—5.8—0.6+4.3)

K +3.1+0.54+3.0 -3
rg = (94.6 3175 x 10 . : .

5 = (94.6251705155) Key input to next gamma combination!
rT = ( 4 5+1.1+0.3+0.4) X 10—'3

B~ 9-1.0-0.3+0.3 )

Second most precise determination of gamma using any single D decay mode - systematic uncertainty
order of magnitude smaller than statistical

First analysis of this kind!
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Beauty and Charm LHCb gamma combination

Measurements of gamma in B decays include charm mixing parameters and strong phases of subsequent
D decays

151 observables to determine o It ' ] =
. U ] B° LHCb T %
52 parameters using L osk i B o
GammaCombo package " . ] >
06 :— I A1 Modes { g
Decay Parameters Source C ] 3
0468 39 ] a
.t - . (% .
B® = DK kDK™ LHCb 02F -
B® - D¥n* B8 HFLAV 9. ] .02 & [®7LHCb Beauty and Charm
B® - D¥K*(nm) ¢, HFLAV o= M AN AR AR AR AP
D—)h+h_7l'0 F,:;mm Fltn-n" CLEO-¢ 60 70 30 90 [O] -02 0 02 04 06 08 1
D atr-ntns  Ff CLEO-c¢ ; 2 . . 4  [%]
D - Ktn—n® rKre? §Knn’ gKax®  CLEO-c+LHCb+BESIII o tenflon 0 Factor 2 more precise in yl
D — K*rn¥Frxtn~ 1% 6857 kK3 CLEO-c+LHCb+BESIII between B and B
KK= <KOKx KUKn ) 0.052
D — K§K*r* o 59" ey CLEO Wait for full Run 1+2 BP results T = (0.400 1-0 053)%
D - K3K*n¥ " LHCb +0'033 ‘7
. . = (0.630 " 0
Rely on inputs from independent = (65 4 +3.8)o g ~0.030)
measurements —4.2 Dedicated CERN seminar '°



https://gammacombo.github.io
https://indico.cern.ch/event/1124744/attachments/2386670/4079272/CERN_seminar_080222.pdf

New inputs to y combination

—
O
a

Measurement of the charm mixing

parameter ycop — ygl:-’,' using
two-body D? meson decays

LHCb collaboration®

Abstract

A measurement of the ratios of the effective decay widths of D® — 7~ and
D°— K~K™ decays over that of D°— K~ decays is performed with the LHCb

i using proton—proton collisions at a centre-of: energy of 13TeV,
T to an i luminosity of 6fb~". These observables give access
to the charm mixing parameters y7f, — y&7 and y/% — &7, and are measured as

Y& — yoE = (6.57£0.53 £0.16) x 107°,
yii — yF = (7.08£0.30 £ 0.14) x 1073,
where the first uncertainties are statistical and the second systematic. The combi-

nation of the two measurements is ycp — y&F = (6.96 + 0.26 + 0.13) x 103, which
is four times more precise than the previous world average.

Dedicated CERN seminar

. I .
e
- -B°
B o s
_— -AllModes

[ 68.3%

= oo

Constraints on the CKM angle ~
from BT — Dh* decays
using D — hTh/Fx0 final states

LHCb collaboration'

This paper is dedicated to our friend and colleague Bernhard Spaan.

Abstract
A data sample collected with the LHCb detector, corresponding to an integrated
luminosity of 9 fb~?, is used to measure CP observables in B* — Dh* decays, where
h is either a kaon or a pion, and the neutral D meson decay is reconstructed in
the three-body final states K*7 77, 7%z ¥7% and K*KFr°. The most suppressed
of these modes, B+ — [r*K¥n0|pK*, is observed with a significance greater than
seven standard deviations and constraints on the CKM angle  are calculated from
the combination of the measurements.

90

Y [°]

Measurement of the CKM angle v
with B¥ — D[KFrtntaF]|n+t
decays using a binned phase-space
approach

LHCb collaboration®

Abstract
The CKM angle v is determined from CP-violating observables measured in
B* — DIK¥r*n*r¥]h%, (h = K,7) decays, where the measurements are per-
formed in bins of the decay phase space of the D meson. Using the full Run 1 and
Run 2 LHCb data sets, +y is determined to be

_ +6.0-+0.6+6.7)©
v = (54.8%53138157)

where the first uncertainty is statistical, the second systematic and the third from
the external inputs on the coherence factors and strong phases of the D-meson
decay.

16


https://indico.cern.ch/event/1124744/attachments/2386670/4079272/CERN_seminar_080222.pdf

CP violation in B* — K* °

Family of B — K 1 decays proceed via several processes - CPV arises from interference - great probe
for new physics contributions

U
)
~
Mode Quark-level amplitude X
B S Ktr | T+ P + PC Tree and penguin contributions dominate, expect %
Bt gl | T Pt CE_iVY Pew + PS4 A sizable A, with ~ same magnitude and sign S
EW =
BT — Ko7t | P+ PRy + A _ P
B 5 K% | P+ C + Pgw + Pgw Almost pure penguin - no sizable A, expected in SM g
o
arxiv:1101.0675 N
. . 3
d - Q:
b < o
- c -
b & “

A\ E.
/N
.

o0
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CP violation in B* — K* °

Within SM amplitudes should obey relations of Isospin symmetry - can predict branching fractions, A, and

U
lifetime relations amongst the four B — K 1 channels A
Full SM Isospin sum rule [PLB627 (2005) 82-88] >
N
o
-0, _+ 40 0.0 N
4 -0+ BA T AK+7TO 281\ TB“ 41\ o 4]\()_0 ZBA _ 0 ;
p, - — —_— = ©
Bl\+7T BI\+ TB:l: 5 BI\+T g

A DB~ = K-a% —T(B* » K*n)

P=

Krr puzzle: (long standing b anomaly) DB~ = K-n) +T(B* > K*10)

Expect Observe
41\+—— ~ _11\'—,70 5.50 deviation from equity
ob'¥7 o —_—

(BaBar/Belle/LHCDb)

Acp(KOn0) = —0.150 +0.032 ———p Acp(KIn°) = 0.01 £ 0.10

(non-zero) 18



CP violation in B* — K* °

B* — h* ¥ poses unique challenges for p-p collision environment Introduced dedicated trigger for
- One track + one ECAL cluster — First analysis of one track b hadron ~ Run2 20"
decay at hadron collider g+ o
- No reconstructible displaced vertex - key signature of b hadron decays K

Acp(Bt = K+7%) = Apw(B* = K+7°) — S

prod.

&4000F" T TTTTTTTLACH T
%3500;

k =3000F
[} F-
L2500,

=~ Eo-

7)) E %
gzoooz

, 1500
QQ = 1000}
S %
500F

—+— Data 3
— Signal 3
Combinatorial
------ Partial Reco. 1
Peaking Partial Reco. ]
- B> E

E n — 1 L. F
0=%500 5000 5500 6000 05—t
mK ") [MeV/c?] 4500

".l e sbia ] | 3
5000 55(0)0 6000
m(K*m) [MeV/c?]

With Run 3 data projected statistical uncertainty 0.005
Proof of concept for B®->K°1? - run 3 trigger in place!

Combined effect of nuisance asymmetries measured with
high statistics B->J/yK control channel

Z08160 (L202) 9Z1L1¥d

Acp(B*t— K*7%) = 0.025 £ 0.015 & 0.006 + 0.003

Result is consistent with world average but more
precise

e, -1 0
AR ~ AE.™ does not hold at > 8¢

Using result in sum rule A (B®->K°®) =-0.138
+0.025 - inconsistent with zero at 5.5¢

Confirms and strengthens K1t puzzle! 19



b—c u q anomaly

Rates of colour allowed non-leptonic decays are not in agreement
with SM expectations based on QCDf - tensions pull in the same

Branching fraction
(Units of 1073 for b — ciid and 10~ for b — ciis decays)

direction
B(B® — D¥K™) 75
- Theo. prediction 1
(Belle 2111.04978) i et ;
B(BO — DtK~ ) ° | 5_60’_ Theo. prediction 2
(2007.10338)
B(BO DK~ ) - : L Current exp. value
(PDG)
B(BO — D+ ) ° . 4.60'
B(B.(s) — D*+7T ) N 1 ° 1
B(B® — D*n~) :
B(B® = D*r~) - :
B(BY — DfK~) .
| | | |
2 3 4 5

Potential causes?

Non-leptonic tree-level decays have been considered insensitive to NP - how does
this affect our interpretations of gamma? JHEP07(2020)177

B(B® —» D**K~)

B(BY - D*n~)

B(B° — Dtr)

Experimental inaccuracies?

B(BO_)DwLK*)— e — LHCb

mm= Belle

s CDF
- BaBar
CLEO

B(BY — Dir~) | —

T T I T ] T
1.5 2.0 2.5 3.0 3.5 4.0

Branching fraction
(Units of 1073 for b — ciid and 10~ for b — ctis decays)

Unaccounted for QCD effects?

i
NP in tree-level
decays?
W/
q
b e ® C

SU(2)1 x SU(2)» x U(1)y
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b—c u g anomaly - Ag

In SM Bs — Ds+7r_ is flavour specific and CP-conserving
C2: ./Tf = Ay
General BSM model

Cl: A:=0= As
Standard Model

. [ (Bs(t) = f) =T (Bs(t) = f)

® 7T (Bs(t) = ) +T (Bs(t) = 7)
as, — — > CPV in mixing

as, = (—60 + 280) - 10>
Dominated by SL decays

Challenge C2 with general BSM contribution

SM

As

¢ - ¢BSM

| ASM| e,¢SM
| ASM| e’¢SM

—-M =9

SM

BSM

Qid Aq paydadoe ‘gLpp0"LLLE (AIXIY

+ |ABSM| I¢BSM IQPBSM
(1+ re'®e "p) ,
=™ = APM| /1AM

fs R ap, — 2rsingsinp

.5
=dgg —

New physics effects may modify value of Af,s in B, — DFm= to 1072 or above

Neither AL (D7) or its friend Az (DT K ™) has been explicitly measured.

s
dir
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b—c u g anomaly - Ag

Experimentally favourable to measure untagged, time-integrated asymmetry

— Significant gain in statistics as no longer need flavour tagging (tagging efficiency ~6% at LHCb)

q
a’fs

q ~ q
<Auntagged> G Adlr (1 o pQ) Lose no sensitivity to A,

~ 0.63 and p; ~ 0.001
N(DFn~) — N(D; ) P 5 )

N(Dsn=) 4+ N(Ds7t) W~
(AS > Araw — Adet

untagged

Araw =

/ Symmetric KK or rrrmr final state

=0

2000

Aprod

[, e st cos(AMst)e(t)dt 3" rr—pmme—s

Decays / (0.04 ps)

[=, e "t cosh(£5:L )e(t)dt

1000 F

Backgrounds well

LHCb
6fb "

understood through control E f A LI 41. '
samples - not a Ilmltlng bkg bkg Small A od is diluted by time-integral
systematic P

6

8
t [ps]

Qid Aq paydadoe ‘gLpp0"LLLE (AIXIY

6-T (2z0?) ‘8T SdIsAyd ainjeN

N
N



b—c u g anomaly - Ag

LHCb has best prospects for such a measurement

Run 2 sensitivity of 2x1073
Run 3 sensitivity of 6x10
o 15fb
e New software trigger enhancing efficiency of
hadronic modes in particular

Candidates / (3.3 MeV/c?)

+ Data [ Combinatorial
------ B » D;nt [ BY— D n*

LHCb
6t

/1378700 + 700 |

: MW"*‘WM«
102 & (e 1 1 1 B
5300 5400 5500 5600 5700 5800
m(D;7") [MeV/c?

Existing limits on Afs from SL decays are consistent with tiny SM value - if (Ajniageea) NON-zero at 1072 level
would be clear evidence of NP causing direct CPV independent of any theoretical uncertainties

With much improved precision can consider

?S(D;I_W_) - rs‘s(Ds_I_g_Df) — f!ir(D:ﬂ-_)

Any significant non-zero value would be unambiguous signal of NP independent of any theoretical

assumptions

Arxiv: 2111.04478, accepted by PRD

. A - Aot B B —» DIK*
BY, = DMt z
L,s) o
o — £
3l LHCb | @
Z 6fb™ 3
= r
0 8
S —
TI00F o
: S
% E 1 I iy B
g 1940 1960 1980 2000 -
& m(KTK-n*, 7t~ n%) [MeV/c?] 3;
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| I visible interaction | 5 visible interactions 50 visible interactions
/ Z =2 x1033cm—2s L P =1—2x% 103*cm—2s"
LHCb Upgrade |
HL-LHC

2010-2012 2015-2018 2022-2024 2028-2030 2032-2034 2036-2039

Inst. Lumi. increasing by i 1

factor 5 3! 9 fb! 23 fb-! 300 fb-!
New scintillating
// fibre tracker \ ectroni
(SciFi) gcaL HCAL M5 ew electronics _ )
M4 (CALO, MUON) LHCB-TDR-12

New silicon

upstream tracker Magnet sdri  RICH2 M2 LHCB-TDR-13
_________ ' LHCB-TDR-14
X/ L e N LHCB-TDR-15
AN < T ‘II \ LHCB-TDR-16
’ SR | ‘ -‘ LHCB-TDR-17
Il NH I LHCB-TDR-18
Vertex 1 = il ~= | I | :
B A i ) New fully software trigger
/ = 7N - All sub-detectors read out at 40MHz
New pixel / T el ] \ ] 'HLT1 to run on GPUS
vertex detector o —— New optics and -Greatly increases hadronic decay

(VELO) photodetectors

(RICH)

efficiencies in particular

1
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LHCb Upgrade Il

Inst. Lumi. increasing by

I visible interaction | 5 visible interactions

Z =2x103cm—2s~1
You are here

50 visible interactions

ZF =1-—2x103cm—2s~1

HL-LHC

2010-2012 2015-2018 2022-2024 2028-2030 2032-2034 2036-2039

[Run 1 ] 51 JRun2 | 52 Jruna] 155 [muns | tss Jrons] 155 | rune]

I I
factor 10 Ti ffliaht 300 i - o il
ar ime-of-flig
(TORCH) for low p .
PID Tungsten M4 M5 \
Magnet & NNES‘AL ) M3
Magnet Stations z‘sipli TORC};K‘H?SNMW M2 RICH and CALO
nic b heme- - . .
~ Tracker 4 [t with timing and

New pixel vertex
detector
(VELO) with ~ 50ps
timing

A"

better resolution

New technologies for
high occupancy
regions

A\

Upgrade I
Physics case

Phase-11 Upgrade



https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.08865

Prospects for y measurements

All ADS/GLW observables are statistically limited. Will the
systematic uncertainty scale with statistics?

e Increased calibration samples for production and
reconstruction asymmetries

e Larger MC samples for efficiencies - fast simulation
methods

e Background uncertainties that will improve with higher
statistics studies

GGSZ golden-mode model-independent analysis gives the
most precise single measurement of gamma to date - also
statistically limited
e Largest systematic due to external inputs from
CLEO-c/BESIII(3fb™) currently 1 degree
e  With 20fb™" planned from BESIII will reduce to 0.5
degrees arxiv:1912.05983

Can extend methods to BO->D[—>KSTT+TT']K+'IT' “Double Dalitz”
model-independent measurements, r,~0.25 - high sensitivity!

100

Run 3

a(y) [°]

—
o

Run 4 !

\LHCb
1

v IADS/GLW only
3

.
X

x  B* s DK*
Bt - D*K*

v B* 5 DK**

+  BY— DK*

e e e e e e e X - = — = — — = = ==

X - === ==

Assume systematics
decrease with 1/~lumi
—_

DK
.
o Bo
— —
= o

0.12

0.1

0.08

0.06

5 23 50 300
Integrated Luminosity [fb™!]

9SeDd SoISAUd [ opelbdn

| [] GGSZ 300fb [ ] GLW/ADS 300fb™

e e . A P T S |
GGSZ5fb" [ ] GLW/ADS 5fb! LHCbi

| B*—DK* only

GGSZ resolves
multiple solutions
of GLW/ADS
methods

|- contours hold 68%, 95% CI i
PRt R il |SSUAR il | S IO TSR] RS LSS VST o - T[S PR [ P |
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https://arxiv.org/abs/1912.05983
https://arxiv.org/abs/1808.08865

Prospects for y measurements

Sensitivity to m° modes will increase

D->Kmr? , D->KKT? , D-> 1rrrmr©
Branching fractions 3-10x larger than 2-body decays

Reconstruction and selection efficiency of ° 3% currently

In Upgrade Il can fully exploit ADS/GLW and GGSZ modes
with additional 1° due to CALO granularity and energy
resolution improvements

B->D[Kstrrrr?]K will have sensitivities approaching
that of golden B->D[KsTr1T]K channel

CALO improvements also will drive B->Km® and B->K°m®
measurement sensitivity

5_

0.1

LHCb combination vs. world average

X

o x  LHCb

RUI? 3 +  World Average
;s Run

t .

1.5° | i

§ 0.35° *

Includes BELLEII i ]E
5 23 50 300

Integrated Luminosity [fb™!]

9SeDd SoISAUd [ opelbdn
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https://arxiv.org/abs/1808.08865

Prospects for y measurements

Now End of Run 3 End of HL-LHC
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Prospects for b—c u g anomaly

B(B® — DK~

) 7
o (v} Theo. prediction 1
(Belle 2111.04978) (2105 04138v2)
B(BO — DtK~ ) | 5_60’_ Theo. prediction 2
(2007.10338)
B(BO - D* K~ ) I Current exp. value
(PDG)
B(Bg — D;+7T ) ° ° 1
B(B® — D*n~) :
B(B® — D*n~) - .
B(BY — DfK~) .
| | | |
2 3 4 5

Branching fraction
(Units of 1073 for b — ciid and 10~ for b — ciis decays)

With 300fb™" LHCb will be able to bring statistical and
systematic uncertainties down by almost an order of
magnitude.

Normalisation channel is limiting systematic- need
improvements on B’—D1r and Bs mode or fs/fd

With 300fb™ expect uncertainties on A%, and A3
at 10 * . - _
Can study All predictions here are my own ;)
+ +p— _ b
?S(Ds Q0 ) - ?’S(Ds ¢ Vg) — i!ir(Ds n )

Any significant non-zero value would be unambiguous signal
of NP independent of any theoretical assumptions
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68% C.L.c
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Summary

e LHCDb continues to perform a uniquely wide range of CP violation studies in
non-leptonic B meson decays with Run 1 and Run 2 data

e With upgrades | and Il LHCb will be sensitive to new modes

e Extremely exciting prospects for anomalies such as K-11 puzzle and b—c U g anomaly
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Backup - pi0O reconstruction

¥ Reconstruction

0 from B® » ntn—nO

* Neutral pions identified by decay to two photons
* Below pr = 3 GeV photons can be resolved in two
separate clusters, at higher energies clusters merge
* Cluster separated into two subclusters centered on
highest energy deposits according to expected
transverse profile
* Photon separation and invariant mass required to be
consistent with 7°
e Merged °: ’ ——
+ Higher pr P,1<_rr“> u:lee\')
+ Reduced combinatorial
- Wider mass resolution
* For B* - K*n0, keep only merged i to preserve
trigger bandwidth

LHCb-2003-091

Resolved 7t°
Merged n°

Taken from Will Parker Single cluster 2 interleaved subclusters 19
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https://cds.cern.ch/record/2772321/files/WCP_K+pi0_FPCP%2009.06.pdf

Backup - Beauty and Charm LHCb gamma
combination

B decay D decay Dataset Status since
Ref. [17]

B* - Dh* D — hth™ Run 1&2 Updated
B* — Dh* D —> htn—ntn~ Run 1 As before
B* — Dh* D — hth=n" Run 1 As before
B* — Dh* D — KSh*h™ Run 1&2 Updated
B* — Dh* D — K{K*n¥ Run 1&2 Updated
B* — D*h* D = hth- Run 1&2  Updated
B* - DK** D — hth- Run 1&2(*) As before
B* - DK** D — htmatm™ Run 1&2(*) As before
B* — Dh*ntqn— D — hth™ Run 1 As before
B - DK*® D — hth~ Run 1&2(*) Updated
B® —» DK* D— hta—ntn~ Run 1&2(*) New

B® - DK*® D — Kirtn~ Run 1 As before
B® —» D¥g* DY = K-atnt Run 1 As before
B - DFK* D} = hrhrat Run 1 As before
B - DFK*ntn~ Df = h*h~n* Run 1&2 New

151 observables to determine 52 parameters using GammaCombo package

LyL(1202)ZL d3Hr
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https://gammacombo.github.io

Backup - Beauty and Charm LHCb gamma
combination

D decay Observable(s) Dataset Status since
Ref. ﬁ1_7§
D® —» hth~ AAcp Run 1&2 New
D® — hth~ Yop Run 1 New
D° = hth™ AY Run 1&2 New
D - K*rn~ (Single Tag) R*, (z'*)?, ¢+ Run 1 New
D° - K*n~ (Double Tag) R*, (z'*)?, y* Run 1&2(*) New
D° —» K*nFntn— (x2 + y?)/4 Run 1 New
D° —» Kintm~ T,y Run 1 New
D° —» Kintm~ Zep, Yop, Az, Ay Runl New
D° - Kintm~ Tep, Yop, Az, Ay Run 2 New

151 observables to determine 52 parameters using GammaCombo package

LyL(1202)ZL d3Hr
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https://gammacombo.github.io

Backup - Charm mixing parameter ycp — yg,f

2 _rt
= e
Prob(D° — D°, t) = ’—Z‘ 5 (cosh(yTl't) — cos(xl't)) T(DO ->K-nt) . f e 4 - 5
f : 2 5 4 1 2 s 4 @°>f) =Yep ~¥er = y(1+yRp) zZ
E f=K K*andm m* 5
5 @ K IZOser ® 0% Izo0ors 1 VI S , _ [B@°—=K*nT) 6% S
Zost E R gy Ao B(D° - K-1rt) p
- Xandysmall N ZOOM S
/’m\‘ ) R . LHCb preliminary / S
1 % | Data ! ! o
S, 2 ot E791 1999 —_— / 7322890 £1030 ¢
= ® —Fit E c
. S — S — ] = £ FOCUS 2000 H—-—IH ' 3420£1390£740 5
Zos|- y=0.005 yi=0:048 Jos a 3 ] CLEO 2002 | H———H -12.00 £25.00 +14.00 3
= Very small Ams | T = ; 3 Belle 2009 = | 145+6.10+520 =%
] c 8 = —1 J o
v ] o A eviy’  LHCb2011 H—H | 550 £630 +4.10 Q.
L 2 E i 2 s g o | . BaBar 2012 M t—— 720£180+124 G
arxiv: 1209.5806 =R L BESIII 2015 H—o— F—— || -1965+1300+700 =0
@ S oep SP = background Belle 2016 b e 1110 £220 092 2
. . (7)) % 0:57 D-rrt __Fit W - . I L. T U U
Result compatible with the present world average and 3 < o« {  LHCb2019 H 5.66 +1.33+0.94
more precise by a factor = é by 3 E Belle 2020 H—— L - N e 10.30 £9.10 + 6.43
of four! S Pl A LHOb2 L el } 3o, - e 10°) 6.96 £026 +0.13
E Am (MeV/c?)
Kn -3 > _ : . World
Yop — Yop = (6.96 +0.26 + 0.13) x 10 T @ e ——  Worllavsings | ) . 6.97+025+0.13
E 3 sf eme I Signal : + + : .
O I [ Dhwe | e —50 0 50 100
Result will be added to LHCb Beauty and Charm - ] y = yKn' [10-3]
combination soon! il W | cp  “cp
R : :
O g 145 150 155 Dedlcated CERN seminar 34
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https://indico.cern.ch/event/1124744/attachments/2386670/4079272/CERN_seminar_080222.pdf

Backup - Measurement of gamma in B*—D[Kshh]h*

3.0

Can construct observables for each bin i KSTrr

Ni, =hp- [Fﬂ + ((x?K) ( ) ) I - 2\/ﬁ_l( Koy | /D 3+i)] 201

Normalisation absorbs  Efficiency corrected fraction of events Cosine/sine of strong phase
production and detection that fall in bin i difference between D® and D°
asymetries averaged over bin i 0.5 -

| bin number |

().‘5 l,'O ll') 2.IU 2.I5 3.IU
c, and s, inputs taken from combination of BESIII and CLEQ results e 19ey°4el]
PRD101 (2020) 112002, PRD102 (2020) 052008 =

L8+ KsKK

691 (1202) 20 d3Hr

F. normally determined through semileptonic decays (no CPV) however to
increase sensitivity B->D1r channel is fit simultaneously with B->DK to )
determine ]
Use of DT channel controls
DK DK D7r selections and reconstruction . 1

FI’ : y:l: ; y:l: effects i)

In facta sI|ghtIy different parametensatlon is used for fit stability Lo 12 ) [1(4 Vz/li(f L8
Hl+ ae c

| bin number |

Choice of binning scheme affects only the
statistical sensitivity to gamma - model
independent measurement 39

Negligible contribution to gamma precision for B->D1r as 5% ~ 20 x rg



m?(KIr~) [GeV?/cY

m?(KQK ™) [GeV?/cY

Backup - Measurement of gamma in B*—D[KsOhh]h*

D decay has rich resonance structure - increases sensitivity

1.0 1.5
mQ(I(g'fr+) [GCVZ/Ci]
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decays
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Simultaneous fit to mass distributions in 16
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Backup - CP observables in B*—D(’h* decays

i = * [ — 2350 '
5350 B —- D*K , - — g
N " 9! §§° B~ = Dm m
= i 300 | o
300 i | N
| , B
i il :‘\ ) Y
: / [=}
501 — 68% C.L. i o)
95% C.L. " -_—
99.7% C.L. 200 200
e D—KJth
00 50 100 150 0 50 100 150 0
v [] ¥.[]
Profile likelihood contours dominated by B*->DK* - good £ 150
agreement with previous LHCb and B factory results -
100
Constructed using charm parameters taken as external constraints
from HFLAV average 50
However B*—D()h* provide significant sensitivity to these o T
37

parameters — motivates combination of gamma and charm results v [



Backup - Constraints on y from B* — Dh” with
D— h*h 'Y Quasi-ADS Quasi-GLW

Q
;‘;C',’ ’g—;‘C}’ - 120 LHCb LHCh ;
900 4 D 9! 9!
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= 80

£ 600
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