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CKM matrix
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® Key test of the SM: Verify unitarity of CKM matrix
o Magnitudes: branching fractions or mixing frequencies
¢ Phases: CP violation measurements
® Sensitive to the physics beyond the SM
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Outline

LHCb experiment is dedicated to beauty and charm physics
— an ideal lab for various CKM and CPV measurements

® CPV and mixing in charm decays:

o Mass difference in D° — K2h™h~ PRL127(2021)111801
o Measuring ycp with D° — hTh~ arXiv:2202.09106
o CPV with D° — hth™ptp~ see details in \V/. Lisovskyi's talk

® Latest combination v and charm mixing parameters JHEP12(2021)141

o New  measurement with B~ — D(hh'7°)h~ arXiv:2112.10617

® CPV in b baryons:

o N — DpK~ PRD104(2021)112008
o =y = pKJrK* PRD104(2021)052010
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
https://arxiv.org/abs/2202.09106
https://agenda.infn.it/event/28365/contributions/161418/
https://link.springer.com/article/10.1007/JHEP12(2021)141
https://arxiv.org/abs/2112.10617
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052010

CPV and mixing in the D° system

® Neutral meson mixing:

|Di >= p|D° > 4q|D° >, |D> >=p|D° > —q|D° >

with mixing parameters: y = rl;rrz, and x = ™-"2
— CP violation in mixing if [ 7| 7 1
® Interference of mixing and decay in charm
D° 0

ﬁ —éy

f
\%0/ ?é \Do/

— CP violation if weak phase ¢r = arg(g/_Ai;) #0

® CPasymmetry: ycp o< xsing(| 1] — [E]) + ycosg(| 1] + [£])
— Precise knowledge of x and y are important!
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CPV and mixing in the D° system

® Neutral meson mixing:

|Dy >= p|D° > 4q|D° >, |D> >= p|D° > —q|D° >
M-
2r

— CP violation in mixing if [ 7| 7 1

m—my

with mixing parameters: y = ,and x =

® Interference of mixing and decay in charm

DO 0

ﬁ —éy

f
\‘%0/ ?é ~ DO/

— CP violation if weak phase ¢r = arg(gf\l;) #0

® CPasymmetry: ycp o< xsing(| 1] — [E]) + ycosg(| 1] + [£])
— Precise knowledge of x and y are important!

f

® Select D*" — D°7" with D° — fto
tag the production flavor of D°
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Bln—ﬂlp method with DO — th+h7 PRL127(2021)111801

® Bin-flip method: Dalitz-plot binning with minimal strong phase variations
¢ Sensitivity to all mixing and CP violation parameters
© Measure ratios of events in Dalitz-plot bins —b & +b for D° (R}) and Do (R,)
— Model-independent & most acceptance effects cancelled
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012007

Bln—ﬂlp method with DO — th+h7 PRL127(2021)111801

® Bin-flip method: Dalitz-plot binning with minimal strong phase variations
¢ Sensitivity to all mixing and CP violation parameters
© Measure ratios of events in Dalitz-plot bins —b & +b for D° (R}) and Do (R,)
— Model-independent & most acceptance effects cancelled
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For Dalitz bin b and decay-time bin j, r, = Rp; at t =0, X}, = eiéD(b), ép is the strong-phase difference

2y, .
RE rp + rb(t—}Re(zﬁ-P —AZ%) + <—t:)i |zcp£ Az + /Tp(t)Re[X} (zcptAZ)]
i

1+ <t—:)-iRe(zE-,;. —Az?) + rb(t—:)i |zep£Az|? + \/Tp(t)jRe[Xp(2cp+AZ)]
zept Az = —(%)il(Y+ ix), xcp = Im(zcp), ycp = Re(zcp), Ax = Im(Az), Ay = Re(Az)
® Non zero of Ax and Ay — sign of CP violation
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012007

Mass difference in the D° system PRL127(2021)11101

* Simultaneous fit with 8 bins of D° and D° to determine xcp, ycp, Ax and Ay

® Effect of mixing clearly visible
— xcp = (3.97 £0.36 + 0.29) x 103, ycp = (4.59 £ 1.20 + 0.85) x 103

¢ Data —— Fit
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801

Mass difference in the D° system PRL127(2021)11101

e CP violation: Look at differences of ratios for D° and D°

® Consistent with CP symmetry
— Ax=(—0.274+0.18 £0.01) x 1073, Ay = (0.20 £ 0.36 + 0.13) x 1073

e Data —— Fit
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Mass difference in the D° system PRL127(2021)111801

e CP violation: Look at differences of ratios for D° and D°

® Consistent with CP symmetry
— Ax=(—0.274+0.18 £0.01) x 1073, Ay = (0.20 £ 0.36 + 0.13) x 1073

e Data —— Fit
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801

|\/|ixing parameter ycp with DO — hth™ arXiv:2202.09106

® Measuring decay-time ratio of D — f(h"h~) over D° — K™n™

® Precise yi» — Y55 adds constraint to y = r12}r2

_ ND°—ft) e St/ E(F2)
RO=3o s kmn™ P qkemn

e D° — fkinematics are matched with D° — K~ x" to ensure equal acceptance of
kinematic phase space
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https://arxiv.org/abs/2202.09106

Mixing parameter ycp with D° — hth~ rXiv:2202.09106

® Measuring decay-time ratio of D — f(h"h~) over D° — K™=

® Precise }/CP yCP adds constraint to y = rl r2
Ri(t) = NP =) e (B
N(D® — K=t t) (K7, 1)

e D° — fkinematics are matched with D° — K~ x" to ensure equal acceptance of
kinematic phase space

® Fit to Am: sum of three Gaussian + Johnson SU function for signal extraction

Am= m(hh’wtag) — m(hh'")

x10° x10° x10°
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https://arxiv.org/abs/2202.09106

Mixing parameter ycp with DO — hth™ arXiv:2202.09106

® Combined: ycp — y&5 = (6.96 & 0.26 4 0.13) x 103
— improved precision by a factor of 4

® Previous world average:

6fb™
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LHCb yep — yi5 = (7.16 + 0.93 4 0.60) x 1072

9/22


https://arxiv.org/abs/2202.09106

Mixing parameter ycp with DO — hth™ arXiv:2202.09106

® Combined: ycp — y&5 = (6.96 & 0.26 4 0.13) x 103
— improved precision by a factor of 4

® Previous world average:
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® New: (6.97+£0.25+0.13) x 107,
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https://arxiv.org/abs/2202.09106

CP violating angle v

® Relative weak phase -y in interference between b — ciis and b — uCs transitions
® v = arg(—VuaVip/ VeaVy,), measured with tree-level decays, theoretically simple

*

_ Vi Iq —0
Vub D
B-
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CP violating angle v

® Relative weak phase -y in interference between b — ciis and b — uCs transitions

® v = arg(—VuaVip/ VeaVy,), measured with tree-level decays, theoretically simple

e Interference occurs when D° and D° decay to the same final state f

o GLW: CP eigenstates, e.g. D — KK, D — 7w

o ADS: CF or DCS decays, e.g. D — Kr

o BPGGSZ: self-conjugated 3-body final states, GLW/ADS analysis across the
D decay phase space, e.g. D — Knw

o Time-dependent: B — D; K™ & Dalitz: B® — D°K™n~

® Combination of all methods provides the best precision

o Direct measurements from B decays: v = (72.173%)°
o Indirectly inferred from other constraints: yokMFitter = (65.55fg'_96°5)°
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7y measurement JHEP12(2021)141

[(BY — Dh*) o |rpe "7 4 rge®8+) |2 = 2 4 2 4 2rprpcos(dp+ 0p £ )

— External inputs: rp and dp are the magnitude ratio and strong-phase difference
between D° — fand D° — f, for GLW modes, rp = 1 and 6p =0

— rg, dg rp and dp are specific to each B decay and subsequent D decay

— CP-violating weak phase difference ~y is shared by all such decays

7'.',51_)

/DOh \
o
TBe%(mDOh / e.g. D—=Km*
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https://link.springer.com/article/10.1007/JHEP12(2021)141

Y combination + charm miXing JHEP12(2021)141

F(B* — Dh*) o 1} + % + 2rprecos(ds + 6p + 7)
— a[(1 + &) rpcosép — a1 + rp)recos(dp + )]y
+ (1 — &) rpsindp — a(1 — ) resin(ds & 7)]x

® Larger B samples improve precisions of y and g
— similar precision of strong phase difference §5™ possible

® Charm mixing parameter y is limited by the current precision of §K™

® Simultaneous combination of both beauty and charm measurements
sensitive to v and charm mixing parameters

e~ 0D For B~ — DK™

DOh~
/ A \ rg>>x,y
For BT — Dn™:

mIXII"I
h’ B~ Xy

rBet(m DOR= / eg. D—=Km
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https://link.springer.com/article/10.1007/JHEP12(2021)141

Combination of LHCb measurements

® Using the Gammacombo package

JHEP12(2021)141

— a frequentist approach used with 151 observables to determine 52 parameters

— 7 new/updated inputs from B-meson and 8 inputs from D-meson decays

Peilian Li

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

B* — Dh* D — h™h~ 20] Run 1&2 Updated
B* — Dh* D — htantne 21] Run 1 As before
B* — Dh* D — hth=7° 22] Run 1 As before
B* — Dh* D — K3h*th~ 19] Run 1&2 Updated
B* - Dh* D= KOK*r7 (23] Run1&2  Updated
B* — D*h* D — hth™ [20] Run 1&2 Updated
B* — DK** D — hth™ 24] Run 1&2(*)  As before
B* - DK** D — htawtns 24] Run 1&2(*)  As before
B* — Dh*rta— D — h*th~ 25) Run 1 As before
B" - DK D= hth™ 26] Run 1&2(*) Updated
B° — DK*° D —htamta 26] Run 1&2(*)  New

B° — DK*° D — K3rtn~ 27| Run 1 As before
B — D¥n* Dt —» K-ntrt [28] Run 1 As before
BY — DFK* D} — hth~rt [29] Run 1 As before
BY —» DFK*ntr D} — hthnt [30] Run 1&2 New

D decay Observable(s) Ref. Dataset Status since

Ref. [17)

DY — hFh~ AAcp [31,32,33] Run 1&2 New

DY — hth— yop [34] Run 1 New

D® — hth~ AY [35,36,37,38] Run 1&2 New

D° — K*tz~ (Single Tag)  R*, (2/%)%, y'* [39] Run 1 New

D — K*+n~ (Double Tag) R*, (z/*)2, y/* [40] Run 1&2(*) New

D° — K*p¥ata— (22 +y?) /4 [41] Run 1 New

D° — K{ntn— z,y [42] Run 1 New

DY — K{ntm~ zep, yop, Az, Ay [43] Run 1 New

D° — K{n*r~ xep, yop, Ax, Ay [44] Run 2 New

(Heidelberg

)
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https://link.springer.com/article/10.1007/JHEP12(2021)141
https://gammacombo.github.io/

Combination of LHCb measurements JHEP12(2021)141

® Around two sigma tension between BT and BP results
° = (65.4ﬁ:§)°, excellent agreement with indirect results:

- UTFit: v = (65.8£2.2)° - CKM fitter: v = (65.55%3%2)°
- 1_ ) T T ]
LI) Coilies LHCb ]
08l -
- e ]
0.6~ [ ANl Modes —

L

o
~
T I T T

50 60 70 80

y[°]

* Does not include the latest ycp — ygg from arxiv:2202.09106
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https://link.springer.com/article/10.1007/JHEP12(2021)141
https://arxiv.org/abs/2202.09106

Combination of LHCb measurements JHEP12(2021)141

® X

MMz — (0.40015:923)%
o y= rl—rz = (0.63070033)%  — Factor of 2 more precise in y
* |q/p| = 0.997 +0.016, ¢ = arg(q/p) = (—2.4 £ 1.2)°

T T107""”I””g”"l""l'

E No Mixin;
0 - g

T3 TCurrent World Average

02 ; III LHCb Beauty and Charm é

-02 0 0.2 0.4 0.6 0.8 1
x [%]

* Does not include the latest ycp — yKT from arxiv:2202.00106
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https://link.springer.com/article/10.1007/JHEP12(2021)141
https://arxiv.org/abs/2202.09106

LHCb Combination for Charm on|y arXivi2202.09106

LHCb Charm only global fits taking latest ycp — y’c(;; into account:

® Mixing parameter y = "2 = (6.46193%) x 1073
— Further improvement ( 1.4x) w.r.t the previous combination
+3.7\0

® Strong phase difference between CF and DCS D° — Krm: 85" = (192.1737
— 30 deviation from 180°, evidence for U-spin symmetry breaking

= T T T T = T T T T
‘o>‘ 1 . LHCb-PAPER-2021-041 LHCb |°>| 1- . LHCb-PAPER-2021-041 LHCb
> r LHCb Charm Only B > F LHCb Charm Only 1
0.9 (HEP 12 (2021) 141) | 0.9 (HEP 12 (2021) 141) |
. LHCb Beauty and Charm g LHCb Beauty and Charm

r (HEP 12 (2021) 141) q r (HEP 12 (2021) 141) g
0.8l- LHCb Charm Only _

: + LHCb-PAPER-2021-041

® Further improvement with simultaneous fit of
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https://arxiv.org/abs/2202.09106

v measurement with B — D(— h*h*70)h* w2112 10617

* quasi-ADS modes B~ — D(rT KTn%)h~:
—» rp as magnitude ratio of the favored and suppressed D decay

* quasi-GLW modes B~ — D(r~7"7°)h™ and B~ — D(K~ K" 7%)h™:
— admixtures of CP-even and CP-odd states

® Sensitivity to  varies over the phase space, dilution factor sp from
quantum-correlated DD pairs produced at ¢(3770)

® Simultaneous mass fit to 8 modes (16

JLE:CL I subsamples) together

Mode Yield

BT - [K*KTn0|pnt 4026 + 77
B* = [rtnT a0 prt 14180 & 140
Bt — [K*n% 10 pnt 140696 + 589
B* — [n*K¥ 10 prt 293+ 27
B* - [KEKFr0pK* 401+ 29
B* - [rtnF a0 p K+ 1189+ 51
B* - [K*rFr0pK* 12265+ 158
B* = [t KT pK* 155+ 19
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https://arxiv.org/abs/2112.10617

Y measurement Wlth B:t — D(% hih/i'ﬂ'o)hi arXiv:2112.10617

® Suppressed B~ — D(n~ K*7°)K~ decay is observed for the first time with a
significance of 7.8 o

0
® Eleven CP observables (AZ"/7T , Rhi) are measured with world-best precision

w0 T(B™ — D(hhn®)K™ /7~ ) — T(B" — D(hhn®)K* /1)

A =
KIm T (B~ — D(hhn®)K~/m—) + [(B* — D(hhn®)K* /m+)
° v =(5613%)°, o5 = (1227%53)°, re = (9.3749%) x 102
5 180 = 5— 180
o — ®%CL LHCb —_ LHCb
e} 95% C.L. 1 [Se] 1
ST 99.7% C.L. | 9fb “ 160 i O
140 140
120 120
100 100 —— 68% C.L.
95% C.L.
99.7% C.L.

80{ 80

e LHCb 7 comb. |

x|
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https://arxiv.org/abs/2112.10617

CPV search with /\2 — DpK~

® Few studies of b-baryon decays to final states involving single open-charm meson
exist, promising for measurements of CP violation

® First observation of A) — DpK™ with D — K"7~
B(A) — [Ktn~|opK™) — B(A) — [K~ 7" ]ppK™)

Acp = o — — = — -
BN = K- JopK-) + B(RG — [K-n+]opK")

o +0.02 _ B\ = [K 7 1ppK ) +04
—+ Acp=0.124+0.097; 5, R= —B(/\OH[K e =71+0.8
~ 60 ~— 60
o LHCb. I ;Dma I o LHCh. I ;Data I
% 5ok 9fpr L 20 . DpK™ % 5ok 9fbr L /\n* DpK*
E F Oomb| naton d 2 F COmbi naon ﬂ
w 40f @ 40f
8 s 8
& 30- & 30: I
9 X 9 |
k=] S 20§
108
00 5500 5600 A5700 5800 5900 00 5500 5600 5700 5800 5900
M(DpK") [MeV/cE M(DpK*) [MeV/c?]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112008

CPV search with =, — pK™ K™
® Large CP violation effects observed in three-body charmless B meson decays,
B — hhh") (h = K, )
® No breaking of CP symmetry observed in any b-baryon yet

® First amplitude analysis of =" — pK~ K~ to measure Acp of various resonances

— 0 : —s o~ 90
g LHCb pm 4§ ow E
g™ sfb* gy ] 9™
S 60 ‘/%1670; E S 60
= -3y 1 = E
g X =, o RK,, im0 8% E
'S 40 Combbkgd 4  E 40 E!
8 m Crsfd bkgd E 8 o
20 . E 20 E
10 -, E 10 E
0 2 3 T 0 3 4
Mow(PK) [GeV] My, (PK?) [GeV]
Component AP (1072)
$(1385) 27+ 34 (stat) £ 73 (syst)
A(1405) —1424 (stat) + 32 (syst)
A(1520) -5+ 9 (stat)x 8 (syst) ,, ... ..
A(1670) 3o 14 (stat) £ 10 (syst) | 1€ consistent -
S(1775)  —4T+26 (stat) £ 14 (syst) With CF symmetry
¥(1915) 11+26 (stat) £22 (syst)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052010

Summary

® Numerous LHCb measurements dominate the world average for CKM angle
and mixing parameters

o First observation of mass difference in D° meson

o First simultaneous combination of 7y and charm mixing parameters
o Most precise B2 — B oscillation parameter Amj

o Various CPV search in both charm and beauty decays

® A lot of more measurements are in good progress

® Run 3 is approaching! Exciting to see further improvement soon!

Stay tuned!
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7y measurement

I’(Bi — Dhi) X '2D + ,2B + 2I€DKJBI’DI’BCOS((5B +6p 7)
—a[(14 A)kprpcosdp — a(l + A)kprecos(dg & 7)]y
+ a[(1 = B)rprpsindp — a(l — 3)kprasin(dg & 7)]x

- x and y are charm mixing parameters

- rp and dp is the ratio of magnitudes and strong phase difference of DCS and CF D decay
amplitudes

- For quasi-GLW modes, rp =1, p =0 and kp = 2F+f— 1

- kp and kg are unity for two-body and account for a dilution of the interference term due
to strong phase variation
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LHCb combination with beauty and charm measurements

® Auxiliary parameters from other experiment

Decay Parameters Source Ref. Status since
Ref. [17]
BF - DK** KDETE LHCb 24] As before
B" - DK*® RDE LHCb [45) As before
B — D¥r* B HFLAV [11] Updated
BY - DFK®* (zm) ¢, HFLAV [11] Updated
D — hth—n° F:ﬂo , F;(—ﬂwr“ CLEO-c [46] As before
D —ata—pta=  Ff CLEO-c [46] As before
D — Ktnz° plsn’ g’ gKwr® CLEO-c+LHCb+BESIIT  [47,48,49] Updated
D — K*r¥atg—  plsm ghsm  gKsw CLEO-c+LHCb+BESIII  [41,47,48,49] Updated
0 7 0 g 0
D — KJK*7F pas KT GRSKT G KSKT CLEO [50] As before
0
D — K{K*nF RSk LHCb [51] As before

® Assumptions: negligible effect at the current precision

¢ Neutral kaon mixing

o CP violation in D-meson decays

o Strong phases in D — KOh*h™ decays

o Correlations of systematic uncertainties between input measurements
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v measurement with B — D(— h*h*70)h*

¢ Eleven observables with world-best precision
_ T(BT — D(nTKE7r%)hT)

Riosin = F(B¥ — D(K¥mtm0))hF’

hr® _
K/m

(B~ — D(hhr®)K~ /77)

T (B~ — D(K-7tm®))K—/7~)

mrd (B~ = D(hhn®)K™ /n~) — T(B" = D(hhn®)KT /)

A = T8~ D(AhrO)K /) + T(BT — D(hh0)K" /")

RKK‘A-O
R =
AT -
AKMWO =
j}?}(ﬂ'o :
s

0
T —
AT =

7
I
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1.021
0.902
—0.024
0.067
0.109
—0.001
0.001
0.0179
0.0085
0.00188
0.00227

H W H B H B HHHH

0.079
0.041
0.013
0.073
0.043
0.019
0.010
0.0024
0.0020
0.00027
0.00028

HOHH O H K H R

0.005
0.004
0.002
0.003
0.003
0.002
0.002
0.0003
0.0004
0.00005
0.00004
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