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CP violation in the Standard Model

e The CKM matrix gives amplitudes for transitions between d-type
and u-type quarks:

Vud Vus Vub
VC KM — Vcd Vcs Vcb
Vie Vis Vb

e The matrix can be parametrised to have a single complex phase,
which is the only source of CP violation in the Standard Model:

1—)A?)2 A AN3(p — in)
Vekm = -A 1-)2)2 AN? +O(\*)
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The unitarity triangle

rach

THCD

e According to the Standard Model CKM matrix is unitary since there

are no flavour-changing couplings apart from W=,
e We get constraints such as V4V, + VgV, + VgV, = 0.

e This defines a triangle with angles of similar size:

(p.,n)

* Vo Vo
VUd V Vcd Vci)
Vaa Vip
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We can measure certain triangle parameters from decays involving box
diagrams (susceptible to new physics):

e sin(23) from B® — J/yK? decays;

e /Amy and Am. from B(Os) mixing;

e cx from CP violation in neutral kaons.

This gives us an indirect measurement of v = (65.641’2:%)"_
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Measuring CKM parameters with tree-level decays
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e 7 the only angle we can measure using tree-level decays. This is
unlikely to be affected by new physics.

e This direct measurement gives v = (72.173%)°. Disagreement
between this value and the indirect value, (65.647%95)°, would be
evidence for new physics!
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~ measurements at LHCb

e The v world average is dominated by the LHCb measurement,
v = (74.075%)°.

e We measure v from interference between b — v and b — ¢
transitions. Decays of the type B — DK (where D is a
superposition of D® and D°) are ideal for this:

—_ S
B Veb 0 K-
u - u a a

Favoured b > ¢ Suppressed b > u

e We need a final state accessible to both D° and D°. Some options
are 2-body states h™h~ (GLW) and K*7F (ADS), and 3-body
states KOhth™ (GGSZ) [hT = (K*, 7).
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~ measurements at LHCb

e So far LHCb has collected 3fb™* of data at /s = 7/8 TeV (Run I)
and 6fb™ ! at /s = 13 TeV (Run 11).

e The v combination is made up of:

Run l only: BT — DK™' ADS and GLS, BT — DK™n—nt,
B® — DK*% ADS and GLW, B® — DK*? GGSZ,
B° - DK*n~ GLW-Dalitz, BY — DFK*,
B® — D*rF.

Runl & Il: BT — DK™ GLW and GGSZ, BT — D*K™* GLW,
BT — DK**.
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BT — DK* GLW analysis [Phys. Lett. B 777 (2018) 16-30]

e BT — DK™ is the first decay in which v was measured at LHCb.
The measurement has since been updated to include 2015 + 2016
data (= 5fb™ ! total).

e Use the GLW modes (D — KTK~ and D — 77 ™) to measure CP
asymmetries:

e T(B” = [h"h7]pK™) —T(B" — [h"h"]pK™)
[(B~ — [hh—]pK~) + T (B* — [hth~]pK™T)

and ratios of GLW vyields compared with favoured mode
(D — K=77) yields, normalised by B* — Dz yields:
cp _ T(B~ = [hh7]pK™)+T(BY — [h"h"]pK™)
MN(B~= = [K—7t]pK~)+ (Bt = [Kt7~]pKT)
(B~ = [K~nTlpr™ )+ (BT = [Kt#n~|pn™)
r(B=— — [hth~]pn—)+ (Bt — [hth~]pnt)

e These observables contain information about ~.
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nalysis [Phys. Lett. B 777 (2018) 16-30]

Favoured mode (D — Km) mass fit:
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e A large sample of partially reconstructed B+ — D*K¥* decays
(with D* — D%7% and D* — D7) passes the same selection

requirements as BT — DK™,

e These decays also CP violate, which can be exploited to extract
more information from the data!
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BT — DK* GLW analysis [Phys. Lett. B 777 (2018) 16-30]

e Strong phase difference of 180° between D70 and DO final states
means we can effectively measure the CP-even and CP-odd
parameters, R%, and A%,

e Soft neutral reconstruction is inefficient at LHCb, but we can get
around this by not reconstructing the 7°/v at all!

e Distinctive shapes appearing below the B mass allow us to
distinguish these decays:
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BT — DK* GLW analysis [Phys. Lett. B 777 (2018) 16-30]

D — KT K~ results:
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Bt — DK™ GLW analysis [Phys.

Lett. B 777 (2018) 16-30]

D — 77~ results:
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BT — DK* GLW analysis [Phys. Lett. B 777 (2018) 16-30]

The observables give constraints on ~, along with amplitude ratio rg(*)K

and strong phase difference 65(*)’{:
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BT — DKt GGSZ analysis [JHEP 08 (2018) 176]

Consider B — DK™ decays with the D final states K27+ 7~ and
KOK*K~. Compare B* and B~ yields in bins in the Dalitz plane.

D — K27~ bins: D — KK* K~ bins:

me [GeV?/c]
|Bin number|
me [GeV?/c]
|Bin number|

N O w A O O N ©
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m = m*(K2, h™)
m?: = m?*(K2, h™)

+N
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BT — DKt GGSZ analysis [JHEP 08 (2018) 176]

BT and B~ yields in bin =i:
Ni; = hg+ [FP' + (3 + y2)Fei+ 2/ FiF_i(xscei — y+5i;)]

N = hp+ [Fii + (2 4+ y2) i+ 28/ FiF i(x_cyi — yfsii)}

This depends on:

1. D strong phase information: measured at CLEO-c.
2. Fraction of D decays in each bin: control channel B — D*iuﬂ/u.

3. CP violation parameters, x4 and y1 (we want to measure these):

X3 = rgcos(dg £7)

y+ = rgsin(dp £ 7)
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BT — DKt GGSZ analysis [JHEP 08 (2018) 176]

e The analysis uses 2015 + 2016 data (= 2fb™1).

e An invariant mass fit to the full Dalitz plane gives us a shape:
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e This shape is fixed and used to fit the invariant mass distribution in
each Dalitz bin for B and B~.

e The yield in each bin is defined in terms of x. and y., which are
extracted from the fit.
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BT — DKt GGSZ analysis [JHEP 08 (2018) 176]

The opening angle between (x;,y;) and (x_,y_) gives us v = (87713
(the most precise measurement of v from a single analysis!)
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~ combination

These two results are combined with others to give v = (74.0739)
[LHCb-CONF-2018-002].
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More CP violation at LHCb

These measurements are just one small part of CP violation studies at
LHCb. Other areas of interest include:

e Measuring the CKM parameter sin(23) using B® — J/¢ K

[JHEP 11 (2017) 170].

e Searching for discrepancies from the Standard Model in the
parameter ¢ using B — J/1K* K~ [JHEP 08 (2017) 037].

e Observations of CP violation in charmless B decays, e.g.
B% — p(770)K*°(892) [arXiv:1812.07008]
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Conclusion

e LHCb has a world-leading measurement of v = (74.073%)°, but
better statistical precision is still needed to identify whether there
is tension with the indirect value, (65.64’:%‘_%)0, which would be

evidence for new physics.
e Many more measurements using the Run Il dataset are still to come!

e We hope to bring the uncertainty down to around 3° - 4° with Run
Il data, and to an even better precision with Run Il onwards.
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