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Introduction W1

‘The following results will be presented:
* Measurement of the CKM angle ¢ using

« B /Y- utu)o(-> KYK™) - » ATLAS, CMS, and LHCb

* B> J/W(—ete)d | 5 LHCb

beauty— . Measurement of the CKM angle ¥ using

« Bf >Dh*, he{K,n},D - hhand D - K.hh
« BY - DiK*nint

« B - DihEimtn™t LHCb
-+ Combined measurement for y using all channels —

* Measurement of the time-integrated CP asymmetry in
charm DO > KtK~
« Direct CP violation in D® - ntm™
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CP Violation in the Standard Model 108

* The CKM matrix is a 3 X 3 complex, unitary matrix whose elements represent the strength of flavor-
changing weak interactions.

d’ d Vud Vus Vub
s'"l = Vekm | s |, where Vekm = | Vea Ves Vb
b’ b Via Vis Vi

An N X N matrix will have N(N — 1) /2 real parameters (Euler Angles) and (N — 1)(N — 2)/2 nontrivial
phase angles.

Veckm === 3 real parameters and 1 complex phase — origin of CP violation in SM

* Using Wolfenstein’s parametrization [prLs1 (1983) 1945]

22 ) O
1- /2 A AX(p — i) Relative quark
~2 1— /12/2 A2 +0(Y I:> _ coupling
t th
AB(A—p—in) —AX 1 SHENEHS
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https://lib-extopc.kek.jp/preprints/PDF/1983/8311/8311329.pdf

Unitarity Triangle WY1

Exploiting the unitarity of the CKM matrix, we get 9 conditions from which 3 triangles could be created.

V..V +V VX +V Vi =0 most commonly used, obtained
ud“ub cd¥cb td " tb by multiplying 15t and 3"

) column of CKM matrix

VidVibh
VudVap/’

a = arg (—

where - ﬁ—arg( Veals )

y = ( VudV b)
(0,0) (1,0) L VedVep

Area gives a measure of CP violation in the 15 e A

I
excluded area has CL > 0.95 |,

sin 2B //3&

1111

Standard Model.

The aim of experimental study of CP violation is to measure the
angles a, f and y precisely for each unitarity triangle by e
studying the decays involving quark transitions corresponding = o
to the matrix elements V. If the Standard Model is the correct
description of our universe, then the unitarity of the CKM

\\IIIIILIIIIIIII]\\JI

IIII‘IIIIIIIIIlIIIIJ\\\Illlli

matrix should hold. 1o o
Unitarity triangle formed by the constraints from ik x oL wios2p o0
various measurements [ckwFitter] E— s as = @E e @b im  =b
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http://ckmfitter.in2p3.fr/www/html/ckm_main.html

Mixing Induced CP Violation at the LHC ¥

Neutral B mesons can oscillate into their counterparts via quantum loop processes
opening additional mechanisms for CP symmetry breaking.

Decay Channel - B decays to charmonium - B - J /¢

S -

0 - }4)
B — ]/l,bqb olecay proceeds via 5o _—
the b — ccs transition. . c
W a1

b
\

W »

—0
Two competing processes — a direct decay of BY and a decay from BY — B¢ mixing to a common
final state. Mixing occurs about 3 X 1012 Hz, making it a major experimental challenge.

uﬁt s wW— b

S > > b
0_ po
Bs =B = po W+§ %W B> BY  wuct wet B
_ - - _

oscillation
h — = S b S

-+
uet w+t
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SM parameters in B — J /¢ decay

Measuring CP Violation Parameters in B — | /i¢ Decays

I
Y1

Ps

A weak phase difference between
mixing amplitude and decay
amplitude

Related to the CKM matrix via ¢ =

- 2,85, with s = ar'g[_VtSVt?)/Vcch*b]-
Assuming no New Physics is involved,
a value of —2f; = —0.036961359972
was predicted by the CKMFitter group
[ckivritter] and =25 = 0.03700 +
0.00104 by the UTfit Collaboration
[JHEP 10 (2006) 081]

Highly sensitive to New Physics

I

* The average of the decay

widths of light and heavy mass
eigenstates

* Not sensitive to New Physics

Easwar A. Narayanan

AT,

Difference between the decay
widths of light and heavy mass
eigenstates

In the Standard Model, the value
for Al is predicted to be

(0.085 + 0.015) ps?

[RMP 88 (2016) 045002, arXiv:1511.09466v2]
Moderately sensitive to New
Physics.

If New Physics is involved, we expect different values of
¢ and AI'y compared to Standard Model prediction.
Further, the oscillation frequency Amg provides a
powerful constraint in global CKM fits.
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http://ckmfitter.in2p3.fr/www/html/ckm_main.html
dx.doi.org/10.1088/1126-6708/2006/10/081
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.88.045002
https://arxiv.org/pdf/1511.09466.pdf

ATLAS Result - B = J/W(= utu™) ¢

80.5 b1 [eps c 81 (2021) 342]

* 9 physics parameters

Data collected at v/s = 13 TeV corresponding to

Results consistent with ATLAS Run 1 results using 7
and 8 TeV data [Her 08 (2016) 147]

Statistically combined Run 1 and Run 2
results [er) c 81 (2021) 342]

Parameter Value Statistical Systematic
uncertainty uncertainty
¢pslrad] —0.087 0.036 0.021
Alg[ps?] 0.0657 0.0043 0.0037
I [ps] 0.6703 0.0014 0.0018

Comparison of results using 7 and 8 TeV, 13 TeV and
combined data using contours?! of 68% confidence

level in the ¢pg- AT plane [Eps ¢ 81 (2021) 342]
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‘ ‘ | .
1,7and 8 TeV, 19.2 b1
----13TeV, 80.5 b

—— Combined 19.2 + 80.5 fb!

0.2

The measurement of the CP violating phase ¢ is consistent with the Standard Model
prediction, and it improves on the precision of previous ATLAS measurements.

¢, [rad]
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https://arxiv.org/pdf/2001.07115.pdf
https://link.springer.com/content/pdf/10.1007/JHEP08(2016)147.pdf
https://arxiv.org/pdf/2001.07115.pdf
https://arxiv.org/pdf/2001.07115.pdf

CMS Result-B - J/W(» utu™) ¢ 1

) Measurement Pase_d on data corlrespondlng to an Comparison of results using 8 TeV and 13 TeV and
integrated luminosity of 96.4 fb collected at /s = combined data using contours! of 68% confidence level
13 TeV pp collisions [pLs 816 (2021) 136188] in the ¢¢- Al plane [pLs 816 (2021) 136188]
* Significantly more precise than CMS Run 1 results CMS 19.7 + 96.4 b (8 + 13 TeV)
using 8 TeV data [pLs 757 (2016) 97] W 020 L g isTevdamesnol
. . A Q r . ]
* In addition to 9 physics parameters, oscillation =018 8 TeV dafa 88% GL R
] ) ) L [ s 13 TeV data 68% CL ]
frequency, Amg, and direct CP violation parameter, 0461 ¢  Standard Model .
|A|, are estimated from the fit and consistent with 014k ]
the world average value [prLp 98, 030001 (2018)] and with CE
no CP violation, respectively. 0121 R
* Statistically combined Run 1 and Run 2 0.1F g
measurements [pLe 816 (2021) 136188] 0.08 E
Parameter Value Statistical Systematic 0.06 - .
uncertainty uncertainty 004: A T SRR NS RN R B
7 400 -200 0 200 400
ps[rad] —0.021 0.044 0.010 ¢_(mrad)
AT[ps™] 0.1032 0.0095 0.0048 Significantly more precise than

previous CMS measurement
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https://arxiv.org/pdf/2007.02434.pdf
https://arxiv.org/pdf/1507.07527.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.030001
https://arxiv.org/pdf/2007.02434.pdf
https://arxiv.org/pdf/2007.02434.pdf

LHCb Result-BY - J/y(—» utu" ) KtK~

Data collected at 13 TeV corresponding to an
integrated luminosity of 1.9 fb! [eri c 79 (2019) 706]

9 physics parameters

Good agreement with LHCb Run 1 results using 7 and
8 TeV data [pre 114, 041801 (2015)]

Single most precise measurements of ¢, Alg, and I

to date

Statistically combined Run 1 and Run 2 results [LHcb-

PAPER-2019-013]

Parameter Value Uncertainty
¢pslrad] —0.081 0.032
Alg[ps] 0.0777 0.0062
I [ps?] 0.6572 0.0023

Weighted cands. / (0.3 ps)

10°

&

Measured BY decay time

LHCb

vl vl

| IIII|,|,|,| IIIIIIIII

L 1 1 L | L L h.
5 10 15
Decay time [ps]

Amg = 17.694 1+ 0.042 ps* agrees well with the world average value [prLb 98, 030001 (2018) ]

Most precise measurements of ¢, Al;, and I using a single channel to date
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https://arxiv.org/pdf/1906.08356.pdf
https://arxiv.org/pdf/1411.3104.pdf
https://cds.cern.ch/record/2679467/files/1906.08356.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.030001

LHCb Result - ¢, from All Channels ¥

Results using the following channels are combined [er; c 79 (2019) 706] :
. BSO = J/PYK*K™ [epsc79 2019 706]

y Bso = J/Yr T [eaierer o)) IEQ,O‘” D-D* 3fb! Is_glrﬁt; 2019
. BSO — D Dg [pri113. 211801 (2014)] 5 | J L
¢ BSO - IIJ(ZS)Qb [PrLB 762 (2016) 253-262] 0.12 Ak
Parameter Value Uncertainty 0.10
¢slrad] —0.042 0.025
Al[ps?] 0.0813 0.0048 008] jiuK*K- 4.9
I [ps?] 0.6563 0.0021
0.06
* Direct CP violation parameter oy E— 00 02 04
|A| = 0.993 + 0.010 ¢s[rad]

¢, AlL, I, and |A| are the most precise to date.
Value of |1]| agrees well with the no direct CP violation in this decay and I and Al are consistent
with the expectations of Heavy Quark Effective Theory (HQET) [iuep 12 (2017) 0ss]

Easwar A. Narayanan
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https://arxiv.org/pdf/1906.08356.pdf
https://arxiv.org/pdf/1906.08356.pdf
https://arxiv.org/pdf/1903.05530.pdf
https://arxiv.org/pdf/1409.4619.pdf
https://arxiv.org/pdf/1608.04855.pdf
https://arxiv.org/pdf/1711.02100.pdf

A comparison [epscsi1 (2021) 342] of

measurements using
B) = J/(= utu")p(= KTK™)is
shown at 68% confidence level in the
¢ps- Al plane

Combined measurement from all
channels by LHCb is shown.

0.1
0.08

0.06

| CMS, J/yK'K™, 116.1 fb"!

- LHCb, J/wK*K™, 4.9 b’

' ' ' |
ATLAS

\s=7,8,and 13 TeV |

68% CL contours

LHCb, all channels, 4.9 fb™

ATLAS, J/wK*K~, 99.7 b’ -

I 1 L 1 I

0 0.2
¢ [rad]
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https://arxiv.org/pdf/2001.07115.pdf

* First of its kind - /] /s is reconstructed through its
decay to an e*e™ pair Measured B? decay time

e LHCb measured based on 7 and 8 TeV data

CRPELL 1 ]
. o 107 E LHCDb B
corresponding to 3 fb [ersc 81 (2021) 1026] < -, 3 fi! ;
* 10 physics parameters g 102 B
* Dominant sources of systematic uncertainty — g :
imperfect mass and decay-time resolution models 3 10k Dat
[ Fo=Ll)ala
Parameter Value Statistical Systematic g - —Total
uncertainty uncertainty & 1} —CP-even
& [ --CP-odd
¢slrad] 0.00 0.28 0.07 o L --S-wave | |
5 10
-1 .
Aly[ps?] 0.115 0.045 0.011 Decay time [ps]
Iy [ps] 0.608 0.018 0.012

These results constitute an important check on the results with muons in the final state.
Shows no evidence of CP violation
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https://arxiv.org/pdf/2105.14738.pdf

Direct CP Violation at the LHC — CKM Angle y ¥

y LHCb Measurements
* Weak phase between b - uand b - ¢ Tree level decays —
e Can be measured entirely from tree level e CP Asymmetric rates in BT —
decays Dhi, h € {K, T[} [1HEP 04 (2021) 081]
* World Average Value: (66.273%)° [savz0]  Time dependent CP violation in
e Global CKM Fit: (65.7%9:9)° [cxusiteer] BY - DS:T'KiTL'iTL; [ikep 02 (2021) 166]
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https://hflav-eos.web.cern.ch/hflav-eos/triangle/pdg2021/index.shtml
http://ckmfitter.in2p3.fr/www/html/ckm_main.html
https://arxiv.org/pdf/2012.09903.pdf
https://link.springer.com/content/pdf/10.1007/JHEP02(2021)169.pdf

Direct CP Violation in BT — Dh* Decays ¥

B* — Dh* where D represents an admixture of D® and D° states and h € {K, 7}

I/l-.lb
U b U
W T, K~ E{l
d: S W- c
VE‘I) B~
b - & - C d, S
B~ DY T, K~
U <t U U = U

« If D% and D° decay to a common final state f, interference effects sensitive to y occur
* Parameters:

* 715 — ratio of amplitude magnitudes of B~ and B decays

« Oy — strong phase difference between B~ and B™ decays

* 1 — ratio of amplitude magnitudes of D? and D°decays

e &§p — strong phase difference between D® and D%decays

9

Do\fﬂ DO 1y &
T TN

[K~n*], K*

[\
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LHCb Result - Bt - Dh¥ Decays

Analyzed data - Run 1 + Run 2

(~9 fb1)

D decay channels (two body) -
D->K'K~,D->n*n",D -
K% [1nep 04 (2021) 081]

30 observables — tight
constraints on 15, 65, and ¥y =000 S e

Huge asymmetry between B* m([K'm]pK™) [MeV/e]
and B~ decays with CP —
Asymmetry (Acp) = (45 + g
2.6)% =
Includes partially reconstructed B¥ — D*h* decays where D* = Dr® or
D* — Dy

D decay channels (self-conjugate three body) - D — K hEh¥ [1mer 02 2021) 160 ]
Strong phase 6 measured by CLEO-c/BES-III [prp 101 112002 (2020)]

= (S
o S
22

—
o
(=]

wt
(=]
i

Candidates / (4.0 MeV/c?)

o

y = (68.7121)°

= Most precise single measurement!

100+

5000 5200

5400

m([K-n"|pK™") [MeV/c?

68% C.L.

- 05% C.L.
99.7% C.L.

o DKM

LHCb
9 bt

0 50

100
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https://arxiv.org/pdf/2012.09903.pdf
https://link.springer.com/content/pdf/10.1007/JHEP02(2021)169.pdf
https://arxiv.org/pdf/2003.00091.pdf

* Measurement using B = DFK*ntnT and B —» DIKF T [ier 03 oon) 137]

* Reconstructed using data corresponding to an integrated luminosity of 9 fb!

* Measured parameter: y — ¢ = ¥ — 2, where [ is well constrained from BY — | /¢
decays and is taken as an external input [ersc 79 (2019) 706]

* Strong phase variations across phase space — time dependent amplitude analysis

* Calibration channel B - D; n*ntm™ can be used to measure Amg

* Full time dependent amplitude fit: y — 2, = 42 + 10(stat.) + 4(sys.) + 5(model)
 Model independent fit: y — 28 = 42113 (stat.)*5(sys.)

* Full time dependent amplitude fit: y = (44 + 12)” modulo 180°
« Model independent fit: ¥ = (44722)" modulo 180°
« Amg = (17.757 £ 0.007 + 0.008) ps'— agrees well with world average value [prLo 9, 030001 (2018)]
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)137.pdf
https://arxiv.org/pdf/1906.08356.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.030001

CKM Angle y — Combination of all LHCb Measurements ¥

* Last LHCb average: y = (74f2)° [ LHcb-conF-2018-002]
« New LHCb average: ¥ = (65.473%)° includes [1er 12 2021) 141]
« B* 5 D*ht he {K,m}and D - hh, Ks?hh [1HEP 04 (2021) 081, JHEP 02 (2021) 169]
« BY > DsiKiT[iT[1 [s1EP 03 (2021) 137]
%%0’2 W B =D, D'—hhai3n | IlHCbI

~ | 0000 B'=D'n', D°—Kshh
0 B =D, D" —>hth

I All B"—D°h* modes
0.15|~ [ Beauty and Charm 7]

0.1

; | \ | . I .
0'050 50 100 150 50 60 70 80 90

v [°] Y [°]
Getting closer to the precision of global fits: y = (65.619:2)° [ckwritte]

* New precise measurements of Amg and 5 are vital inputs for global CKM fits
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http://cdsweb.cern.ch/record/2319289/files/LHCb-CONF-2018-002.pdf
https://arxiv.org/pdf/2110.02350.pdf
https://arxiv.org/pdf/2012.09903.pdf
https://arxiv.org/pdf/2010.08483.pdf
https://arxiv.org/pdf/2011.12041.pdf
http://ckmfitter.in2p3.fr/www/html/ckm_main.html

CP Violation in Charm Sector 108

e (P violation in up type quarks
* Expected to be tiny in the Standard Model,

at the order of 107% — 1073 [PRL D75, 036008 (2007)] ' New Physics can alter this!
« Direct CP violation in decays of D°
* CP violation in D® — D° mixing «—— Ways to violate CP symmetry
* Interference between mixing and decay amplitudes T
E791
» Difference of CP asymmetry parameters, AAcp, for KK and mrm| ——— LHob preliminary | FOCUS
final states has been measured by LHCb [pr122 (2019) 211803] . CLEO
— — —_ =1 —_— Belle
AACP= ACP(K+K ) — ACP(T[+7T ) = —(154 i 29) X 10 4 ! . BaBar
- — CDF
* New measurement of the CP asymmetry of the individual : —— | | LHCb3 !
channel - Acp(KTK™)=[6.8 + 5.4(stat.) + 1.6(sys.)] x 1074 : L LHCb 5.7 7!
[LHCB-PAPER-2022-024] -
-5 0 B} 10

Acp(K~K™) [1072]

Easwar A. Narayanan Aug 14-20, 2022 18


https://arxiv.org/pdf/hep-ph/0609178.pdf
https://arxiv.org/pdf/1903.08726.pdf
https://cds.cern.ch/record/2812286

LHCb Result — Direct CP violationin D® » ¥t~ N1

M o | | | |
Direct CP violation T - -
4 4 S - LHCb N
parameters, agg and ag,, are = 40 ST
calculated from the 5 L e i .
. . — Qo R B 7
combination of Acp(KYK™) T 20 — b prefiminary -
and AAcp - - i
0 [ /..’..‘ e ]
ad, = (7.7 +5.7) x 10~* i - ]
kk = ./ T 0. - R et :
-90 - N et —— 8.71b" (68.3% CL) N
B s e B 8.7fb" (95.5% CL) i
agr = (23.2£6.1) x 107 N e Som(@anch
i ¢ i -.=. 3.0b7 (95.5% CL) i
AL e i 4 No direct CPV —
[LHCB-PAPER-2022-024] 40 | T T IO l:ec | .-

40 220 0 20 '404
d
A% [1077]

First evidence of direct CP violation in D° —» ¥~ at the level of 3.8 !
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https://cds.cern.ch/record/2812286

Summary ¥

« Single most precise measurement of the CKM angle y using B¥ — Dht,D - K.hth¥ in the
LHCb experiment

* Precision of ¢, Al, and I; measurements using BY = J /Y (= utu™)p(—> KTK™) by
ATLAS, CMS, and LHCb is greatly improved, and values agree with the Standard Model
predictions

* Measurements of ¢, Alg, and I using all channels in LHCb are the most precise to date

* Amg measured using B) — Dsil(iﬂini in the LHCb experiment agrees well with the world
average value

* First evidence of direct CP violation in D — *m~ decays has been reported by LHCb
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Angular Analysis for Decomposition to CP Eigenstates 1

Final state of a BY — J/1¢ decay is an admixture of CP even and odd states. Time dependent angular
analysis [pLs 369 (1996) 144-150] Where the statistical contribution of CP even and odd states, is required for the
extraction of SM parameters.

F 3 “ r s y
g J /4 rest frame ¢ rest frame
N O
/ 7 x x
/
/ /,
/ xy-plane /

* In the transversity angle 2(0, Y, 1) basis, four time dependent decay amplitudes - A, and
A corresponding to CP even eigenstates and A, and Ag corresponding to CP odd eigenstates can be
defined and their values at t = 0 are observables in this study.

* In addition, four relative strong phases 8y, 6|, 6, and ds are also defined as observables with §, = 0 by
convention.
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https://arxiv.org/pdf/hep-ph/9511363.pdf

