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The CKM matrix

* Quark flavour mixing determined by the CKM
matrix — connects weak eigenstates to mass
eigenstates
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Unitarity of CKM matrix leads to the unitarity
relations that form triangles in the complex

plane
Z VieVik =
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 CP violation in the SM comes from complex
phase in CKM matrix
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CKMfitter Group (J. Charles et al.), Eur. Phys. J. C41, 1-131 (2005)
[hep-ph/0406184], updated results and plots available at:

http://ckmfitter.in2p3.fr
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Measuring the CKM
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Alves, A., & others (2008). The LHCb
Detector at the LHC. JINST, 3, S08005.

The LHCDb experiment — Run 1 and Run 2

X Electromagnetic (ECAL) and
Hadronic (HCAL) calorimeters to
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https://jinst.sissa.it/LHC/LHCb/2008_JINST_3_S08005.pdf

Phys. Rev. Lett. 132, 021801

Measurement of sin(2f) with B® - J /Y K¢

Using Run 2 data (6fb™"). Three modes:
« B > J/ (= utu )KS, 306k events
« BO > J/yp(- ete)K?, 42k events

« BO > (289 (~ utu)K?, 23k events CP violation 0 =0
: : parameters B” - B
measure CP violation parameters Sand C mixing
frequency
cp r'(B°(t) » f) —T(BY¢t) = f) S sin(Amgt) — € cos(Amgt)
A7) = [(BO(t) > f) + T(B(t) » f) 1 1
f)+1( /)" cosh (5 ATyt) + Hapsinh (5 ATyt)

AP (t) = Ssin(Amgt) — C cos(Amyt)
S = sin(2B +Ady + ApiT)

possible contributions
from new physics
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021801

Phys. Rev. Lett. 132, 021801

Measurement of s1n(2ﬁ)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021801

Phys. Rev. Lett. 132, 051802

Measurement of ¢, with BY — | /Y

|
I/
* A golden mode for study of c
CP violation 2 —
* Probe of CKM parameter [ _ ¢
* Neglecting subleading loop )
contributions, CP violating O hcbrma e 4 Dam
phase ¢s« = —2f; 10°F 349k events :;sz;lﬁf
g = arg|—(V, V* V V* 4__ ----B;:kground N
Bs gl—(VesVip)/ (VesVep ] 10 E e sl KK

Candidates / (3.5 MeV/c?)

10° / \
« SM prediction very precise oA/ \\
Lo -
-2 = —0.037 + 0.001 rad. I ¢ M
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m(J/y K*K™) [MeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.051802

Phys. Rev. Lett. 132, 051802
Yy

Measurement of ¢ o
with By — ] /¢ DN
_ N

s~ extracted from 4D fit to decay time and

. . . L. . R W —3
three helicity angle distributions = M B2 01 1 <00
* Disentangle CP odd and even components R NG S S N
« Flavour tagging and decay time acceptance ol R S T T .
accounted for " ; S
* Fitresults using rull Run 2 dataset with 349k L —— i~
cos@,
events: o T
S K 8000 LHCb Run 2.6 "
g 8000F § iaa e SVVRPRE L SR
¢, = —0.039 + 0.022(stat.) + 0.006(syst.) rad. % R R
o} wook 1= 4000f--" T —-""'jgjt‘;‘l o
o 18 I G
] 1 20005~ //"\\ Swave 7]
« Most precise measurement of ¢, to date 1 PN e
e ok S L
and consistent with the SM prediction B " %, Irad)

20/07/2024 Mary Richardson-Slipper (University of Edinburgh) 9


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.051802

Phys. Rev. Lett. 131, 171802

Measurement of ¢55° with BY - ¢¢

* Another golden mode of LHCb

* Probe of CP violation in penguin-
dominated decays

* Experimentally clean RO

* CP violation in mixing and decay
predicted to cancel in the SM
SSS — ¢M ¢D ~ 0 <
Upper limit: 0.02 rad.l!]

* Significant deviation from zero is
clear signature of BSM physics [ Meromus Barach, Gorard Buchale

Decays at Next-to-Leading Order in QCD.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.171802
https://arxiv.org/abs/0810.0249
https://arxiv.org/abs/0810.0249

Measurement of @555

with BY — ¢

Value of ¢555 extracted from 4D fit to decay
time and three helicity angle distributions

Fit results using full Run 2 dataset with 15.8k
events:

558 = —0.042 £ 0.075 (stat.) + 0.009 (syst.) rad
Most precise measurement of time-dependent

CP asymmetry in penguin dominated B decays
to date and consistent with the SM prediction
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Phys. Rev. Lett. 131, 171802
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.171802

J. High Energ. Phys. 2024, 253

Measurement of AT, with BY = J /Y’
and BY - J/Yyntn™

Tensions exist in measurements of Al using
Bd - J /i ¢ from LHCb, ATLAS and CMS

HFLAV
0.16
Theory assuming 68% CL contours
0.14 74" =1.517 £ 0.004|ps Alog £ = 1.15
Do \EHESEE
= 0.121 CMS 116.1|fb~
Z 0.10]
1%
: \
1

LHCb 9 fb~

0.041 Alc-errors scaled by 1.88

D
0.061 Combined’

I, errors scaled by 2,51 ATLAS 99.7 fb~1!

0.02 " " " "
%.630 0.640 0.650 0.660 0.670
CCS -1
rslps=1
Amhis, Y., et. al. (2024). For the 2024 edition of the Review of
Particle Physics by the Particle Data Group

0.680

Since ¢, small, to good
approximation

* CP-even measures light lifetime
* CP-odd measures heavy lifetime

Al'; is measured from decay-width
difference between

e CP-even decay BY = J/yn' and

e BY - J/ymntn~ which is CP-odd via
the f,(980) resonance

Independent cross-check!
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https://link.springer.com/article/10.1007/JHEP05(2024)253
https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2024/
https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2024/

Candidates/ (6 MeV/c?)

Candidates/(6 MeV/c?)

J. High Energ. Phys. 2024, 253

Measurement of AT, with BY = J /Y’

and B) — |

LA

Weighted average with systematics
ATy, = 0.087 + 0.012 + 0.009 ps!
In agreement with LHCb BY — ] /y¢ result!
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https://link.springer.com/article/10.1007/JHEP05(2024)253

Future prospects

. Megsurements statistically LHCb
limited Upgrade Il

- Exciting era of LHCb alsoon the by
Upgrade | horizon for v B KtrKot

HL_LHC ) 23 50 300

Integrated Luminosity [fb~]

* Taking data at higher
instantaneous luminosity
and with fully software trigger

Table 3.1: Statistical sensitivity on ¢3% and ¢34

o(stat.) [rad]

Decay mode
LHCb Upgrade I 3fb~! 23! 50! 300!
0 o BY - ¢¢ 0.154  0.039  0.026 0.011
sin 283, with BY — J/y K¢ 0.011 BY - (K*n~)(K~n*) (inclusive) 0.129  0.033  0.022  0.009
¢s, with BY — J /¢ 14 mrad B - K*(892)°K*(892)° — 0127 0086 0035
5%, with BY — ¢¢ 39 mrad
Aaij, R., & others (2018). Physics case for an LHCb Upgrade Il -

Table adapted from Aaij, R., & others (2018). Physics Opportunities in flavour physics, and beyond, in the HL-LHC era.

case for an LHCb Upgrade Il - Opportunities in
flavour physics, and beyond, in the HL-LHC era.
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Summary

+ B9-BY yield asymmetry

Total fit

0.0}
* World-leading sensitivity from -osfp LHCD
LHCb measurements of B oo COROr ) T
meson mixing phases 9% 2.5 5.0 75 100 125 15.0
t [ps]
* CKM picture is holding strong LHCD
Run 1 +Run 2,9 fb' LHCb - 2011&12 ——e—
for now ]
e So far, no evidence for new N R
p hyS i C S zR:llf;l - b IR
* Exciting times ahead with S e SR Ry
9™ [rad] AT [ps’]
LHCb Upgrade | underway
and Upgrade |l to come
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Measurement of sin(2f) with B® - J /Y K¢

Time dependent decay rate expressed as
P(t,d,n) < e Tat/M1 + d(1 — 20T (M) |Pgo(®) + [1 + d(1 = 200~ (1)) |P5o (£)}

With
Pgo go(t) o< (1 + a)(l + Aetag)[l + Ssin(Amgt) + C cos(Amyt)]

CP asymmetry as function of decay time
_ N N
C’qlnt (Z' K;jd, ')/(Z K Dj ’)
Where D; = (1 — — w; ) is tagging dilution, d; is tagging decision
and k; Is the S|gnal event welght
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BY — ] /Y@ differential decay rate

d'T(BY — J/p KT K~

dt d2

The time-dependent functions h(t) can be written as

) o3 ) ().

hi(t) = Nye lst lax, cosh (%AFSt) + by, sinh (%AFSt)
+ ¢ cos(Amgt) + di sin(Amyt)]
k fr(Ou, 0K, 1) N ak b Ck di,
1 2 cos? O sin? 0, | Ao |? 1 D C -S
2 | sin? O (1 —sin? 6, cos? ¢p,) |A|||2 1 D C -5
3 | sin? 0k (1 — sin? 0u sin? Lph) |A | |2 1 -D C S
4 sin2 OK Sin2 Qﬂ Sin2g0h |AHAJ_| C’sin((ﬁ_ —(5”) SCOS((SJ_ —5H) Sil’l(6J_ —5”) DCOS((sJ_ —(5”)
5 5V 2sin 20k sin 20, cos ¢y, | Ao Ay ] cos(8)| — o) D cos(d) — do) Ccos(8)| —60) | —Scos(d) — do)
6 —%\/isin 20K sin260,, sinyy, | |AgAL| | Csin(d; —dg) | Scos(dL — do) sin(d; — do) D cos(6, — do)
7 2 sin? 6, |Ag|? 1 -D C S
8 % 6 sin O sin 260, cos ¢y, |AsAy| | Ccos(d) —ds) Ssin(d)| — ds) cos(8) — 6s) Dsin(6) — ds)
9 zV6sinfk sin260, sinpp, | |[AsA | | sin(dy —ds) | —Dsin(d; —dg) | Csin(dy —dg) | Ssin(d; — dg)
10 13/3cos O sin? 0, |AsAo| | Ccos(do — ds) S'sin(dog — ds) cos(dp — Is) Dsin(dp — 0g)
S 1SRP 280 2RO
L2 LR I DY
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B) — ¢¢ differential decay rate

440 (¢, Q)

6

dtd$)

hk<t) — NkG_Fst [ak COSh(

k=1

X Z ho(t) f.(2)

5 St) + Qg cos(Amgt) + Qdy sin(Amg t)

AT AT

i N; a; b; Ci d; f;
1 | Ao 1+ [Nol? —2| Ao cos(9) EDWE 2[ o] sin(o) 1 cos2 0 cos? O
2 Ay L+ —2|Ay| cos(¢s,) 1—|N° 2|\ | sin(es,)) sin? 0 sin” 0 (14 cos 29)
31 |ALP 1+ AL 2|AL| cos(¢s.1) 1—[A.]? —2|\| sin(es, 1 ) sin® 0; sin” 0y (1— cos 20)
1A 1AL Sin((SH —d,)— |)\H||)\J_" —|)\H’ Sin((SH -0, — ¢57H) sin(d) —6.1) + ‘)‘HHAJJ' |)\”| COS((SH — 5, — ¢57”) ‘2 - '
4 | == . . . -2 0 0 20
2 sin(6) — 01 — ¢s| + Ds,1) | AL |sin(0) — 61 + ds,1) sin(0) — 61 — ds | + s,1) AL | cos(8) — 01 + ¢al) sin” #; sin” 0, sin
[A) 1] Aol COS((SH — (50) + |)\H||)\0|- —|)\||| COS((SH — 50 — gbs’”) COS(5H — 50) — |)\||||)\0|- —|)\||| Sin(5‘| — 50 — ¢37H> . .
’ ? cos(d) — do — @ + @) +| Ao cos(8 — 0o + ¢) sin(d) — 0o — ¢s | + ) + Aol sin(d) — o + ¢) V/2sin 260; sin 260, cos ®
| Ao||A | sin(dg — 1) — [ Aol |A L] —|Xo|sin(dg — 61 — @) sin(dg — 1) + [No||AL|: | Ao| cos(dg — 01 — @) B . . .
° 2 sin(dg — 01 — ¢+ ¢s,1) +|AL|sin(do — 61 + ¢s.1) sin(dp — 0, — ¢+ ¢s.1) AL cos(Bg — 61 + ps.t) /2 sin 26, sin 260, sin ®
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AT, with BY - J/Yym'and B — J /Yy

[~ Tst(1+y)] "2

R. t1 X (1-y) y = ﬁ
l [e—rst(l—y)]ii (1+y) ) ZFS
RAW
_ a1 Np
Ri — Ai NRAW
H
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