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. Introduction l(([%

* Charge-Parity (CP) symmetry = natural laws the same for (anti-)matter

" C changes particles for anti-particles, e.g., Q —- —0Q
= P reverses spatial handedness, x - —X
" CP symmetry apparently exact for electromagnetic and strong interactions

= CP violation (CPV) seen in weak interactions
 CPVin the Standard Model (SM) comes from a single parameter in the

Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix, which determines
the size of the couplings between quark flavors

* Not nearly large enough to explain observed (anti-)matter
asymmetry! Prompts searches for sources Beyond the SM (BSM)
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https://pdg.lbl.gov/2023/html/authors_2023.html
https://academic.oup.com/ptep/article/2022/8/083C01/6651666

Sources of CPV l@%

1. CPV in decay (“direct”)

= Defined by different rates of charge-conjugated decay for hadron M:
[(M™ > f7) = T(M™ > f7)

(M~ > f7) + T(M* > )

" The only possible source of CPV for baryons and charged mesons

c/qfi —

2. CPV in mixing

= Comes from differences in mass and flavor eigenstates for neutral meson M:
M, ;) =pIM®) +qIM°),  Ipl2+1ql2 =1
lg/p| # 1 = CPV

" The only source in charged-current semileptonic neutral-meson decays

3. CPVininterference between M® » fand M° - MY - f


https://pdg.lbl.gov/2023/html/authors_2023.html
https://academic.oup.com/ptep/article/2022/8/083C01/6651666

Measurement of CP asymmetries and branching (E HC
fraction ratios of B~ decays to two charm mesons 3

* Search for direct CP violation, A"

. . — (*)— (0 _ + (*)"'_(*)O
e Arises from interference between F(B > Dy D ) F(B > Dy D )

(s)

cquP —

: B - )= p ()0 + )+ H ()0
decay amplitudes r(B--D{) D®0) + r(B* > DH*DO0)

* Predicted to be small in SM, up to 1% Docay  World Average A% 4] b ufc/t y
for b — ccs and up to 5% for b — ccd BT DD 00T ;W:J D"

. B-— D-D* - _

* Also, measure two BF ratios, B-—D°DY 16425 b <
— 1O — O *— 10 — N0 B:—)D‘_D*O 13+ 18 %O
R(D~D°/D;D°) & R(D*"D”/D~D") B DD bd1d ) i !

c d
B(B~->D DY)B(D~ - K*'nrn") B _

-no -0y —

RD™D%/Ds D7) = 5= D; 0% B(D; — K*K-1°) A ;

B(B~ —» D*"D%)B(D*~ » D7 )B(D® -» K*r~)  ° i . 7 W <

+=10/n—n0Y) = _ - AT = = u c
RIDTDY/D7D0) = 5 5= 5oy B(D~ > K*n~m") B D ’

[ u u
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https://link.springer.com/article/10.1007/JHEP09(2023)202
https://arxiv.org/abs/2306.09945

Measurement of CP asymmetries and branching
fraction ratios of B~ decays to two charm mesons

-
* 9fb~! of data (Run 1+ 2) Ds < KJ:

 Reconstruct D; D% D~D°, or D*~D°

K+
final states D“<n_
-

* Partially reconstruct intermediate

D:7'° > D(y/n®) decays
(contributes broad structure to ()//ﬂo)‘x

invariant mass)
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https://link.springer.com/article/10.1007/JHEP09(2023)202
https://arxiv.org/abs/2306.09945

Measurement of CP asymmetries and branching (E HC
: : _ 5
fraction ratios of B~ decays to two charm mesons
.+ AP = Araw — Ap — Ap
= Calculate raw asymmetry (A 4y) from N(B~ - DG D) — N (B* > DY DM0)
vields and correct by the production and ~ #raw = N(B- 5 DD D@0 + N(B+ - DO*H0
detection asymmetries (Ap and Ap) to ( () ) ( (s) )
cP
get A o(B™) —a(B*)
" Ap and Ap evaluated with Ap = B T 0B
kinematically-weighted calibration data
* Branching fraction ratios are

_&(B~ > D" p®°) —&(B* > Dt D)

Ap = —
measured for fully-reconstructed e(B~ - DL D) +(B+ - DI D)
decays where we achieve high
precision | N NGB DD - DDY)
= Calculated using efficiency-corrected R(D™D"/Dg D) = N(B- > D-D%) e(B- > D-D9)
. S
yields N(B~ — D*~D%) ¢(B~ —» D~D°)

R(D*~D°/D~D®) =

= Efficiency from data-corrected simulation N(B- - D~D%) (B~ - D* DY)
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https://link.springer.com/article/10.1007/JHEP09(2023)202
https://arxiv.org/abs/2306.09945

Measurement of CP asymmetries and branching
fraction ratios of B~ decays to two charm mesons

T .
e A cp A A A 2f 20D S
— — — 2 0f E=DD 9fb ! ]

raw P D R T s -

= [ - B'—D"D™ ]

21000 [-_.... % D**D*" -1

5 f--B-DD ]

'-g 800 |-+~ Comb. -

o ]

+ Fitm (DL} D) to extract Arau

" Asymmetry extracted from simultaneous fit DTS
to both charges

521
m(D**D’) [MeV/c?] m(D*"D°) [MeV/c?]

F'. pata T 7 —Tllmodl L —Ttlmodl

. . Soof Bopm penB LHORY S b TRRen AR LHCY 3
WOE B pD° — B— DD -3 =2YF g — B~ D'D" -1 3
= Background asymmetries constrained to : g T o o S
P < B\—»D"D* ---B—D"D 3

-- Comb.

improve resolution

* Extract Ap by kinematically weighting ANAR ]
previous LHCb result from BT - J/YK™ et T e

m(D*D’) [MeV/c?] 200m(DD)[M V/52]
P PRI
. — ‘\'3 -_-Dt — Total model = N: I - Data — Total model =
* Extract Ap (dominated by K™ nuclear S b Ppm RSB DHGY @bty TRRERL HOp
S sof--- B-DDD" - B—)DD 4 <= s B-DD" - %—»DP __
- - L I e oo o I - T vr ot 38
interaction) using independent, 18w :
s L ] g F ]
O 30 -] O 30F -

kinematically weighted calibration

samples of D™, D**, and B decays SN LT -:
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Measurement of CP asymmetries and branching
fraction ratios of B~ decays to two charm mesons
« R(D~D°/D;D°) & R(D*~D°/D~D®)

= Agree with world averages

o
N
T

l

* Higher precision

R [%)
=2

20F .
15F .

- Previous world average - ]
= Result 10 =

D D% D.D’°
D DY D D’
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https://link.springer.com/article/10.1007/JHEP09(2023)202
https://arxiv.org/abs/2306.09945

Measurement of CP asymmetries and branching
fraction ratios of B~ decays to two charm mesons

- R(D~D°/D;D°) & R(D*~D°/D~ D)

= Agree with world averages

R 30F :
= Higher precision o »of.  first measurement! ]
. 4CP <7t |
. — 10¢ E
" No evidence of CP violation found 5 |y ooy
RN VOIS fAUUNRNOU. NSRRI RN | NI I, I
"= More precise than world averages Op et + ;

« AP(B~ - D, D° ith and ~10¢
A (s) ) agree with an - Previous world average :
supersede previous LHCb measurement —20F - Result B

e Substantially improve knowledge of
B~ meson decays, helping to
constrain BSM physics

B—>D.D’
B—D, D’
B—D,D"

B— D D’
B—>D D"
B—>D D’
B—>D D"
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https://link.springer.com/article/10.1007/JHEP09(2023)202
https://arxiv.org/abs/2306.09945

Search for CP violation in the phase space of (-E HC
D° - K/KTn" decays with the energy test 3

 CPVin charm decays is expected to be

small in the SM DO - KIK*m~ (0S)

: : : D® - KOK—m™ (SS)

* Observed for the first time in 2019 by DO — KOK*+7~ (S9)
LHCb in singly Cabibbo-suppressed D° » KJK~m™* (09)

(SCS) decay modes [1], unclear
whether consistent with the SM

» D% - KOK*n™ decays are dominated
by SCS amplitudes, previously studied
in amplitude analysis by LHCb [2], and

contain other CP-sensitive amplitudes -
D%/DO tagged at
production by tt/m~
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https://link.springer.com/article/10.1007/JHEP03(2024)107
https://arxiv.org/abs/2310.19397
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://arxiv.org/abs/1903.08726
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.052018
https://arxiv.org/abs/1509.06628

Search for CP violation in the phase space of
D° - K/KTn" decays with the energy test

Ll

* The energy test quantifies whether

two multi-dimensional datasets are B
: - Zn(n - 1), 2 i + Zn(n 1) z Yij — nnz:lp”

consistent with the same underlying
distribution

L,j#i

Sum over n D? pairs, 7 D° pairs, and n, 7 D°-D° pairs

* Test statistic T near zero for no CPV,
large for significant CPV

* Significance determined by comparing
found T-value to null distribution

= Repeatedly run the test with the D, D° s12 = M*(KJK*), 513 =

flavors randomly assigned = null dist.

* The p-value = fraction of permutation
samples with T-value > the found value
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_ —df/287

12] = (512,i - 512,j)2 + (513,i

— 513,j)2 + (st,i — 523,j)2

m2(Kdn"), 3 = m?(K*n™)

d2 is the square of the Euclidean distance between candidates

6 sets the distance scale (optimized for max. sensitivity)
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https://link.springer.com/article/10.1007/JHEP03(2024)107
https://arxiv.org/abs/2310.19397

Search for CP violation in the phase space of
D° - K/KTn" decays with the energy test

< F | LHCb ] < LHCb ]
7 200F 54 b . ~, 200f 54 fb! E =
> soF D KKt > 5ok D' KK *w ] s
= | Signal i = | B Signal i 5
= w0F ] Background = w00 1] o Background g
£ sof L 1 £ sof 1
S C g ] S C
S () et S ot ST s st v e
@ 140 145 150 155 @) 140 145 150 155
AM [MeV/c?] AM [MeV/c?] :
0 0 + $ . 0.5 1 1.5 , 2
* Largest sample of D —» K¢ K*m™ decays ever studied mA(K ") [GeV?/e!]
e 54 fb_l of data (Run 2) T 2 ' Thoe 171290 3
: : . . 18 g 220 3
* Selections achieve signal purity = 91% Z ief ORI b (o
e Contributions from K** - KJm* clearly visible as S | osH1% &
horizontal band in SS and OS Dalitz plots S 100
. . — . . - -l 80
* Contributions from K*Y — K*n~ clearly visible as Ry Ny B
vertical band in OS Dalitz plot U S 2
A e 2
0.5 1 1.5 2
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https://link.springer.com/article/10.1007/JHEP03(2024)107
https://arxiv.org/abs/2310.19397

Search for CP violation in the phase space of

HC

0 0+ F :
D” —» K¢ K=n™ decays with the energy test
I825- T 88:“‘\“‘\“‘\“““7 mgiwww‘ww‘www‘www‘\\\
= : LHCb D'—Kamx* £ ;L LHCb D’ —>Km*a E g 7; LHCb D’—K’K7* background
Lf] 20; >4 fb_l jEjlictation ] L% 6; >4 fb_l jll:::saectation E Lﬁ 6é S4 fb-l igzti:ctation B 5 030 B | | | | | ]
isf . 5 E Sp p ] 50.25]- LHCD SS :
; ne : W 1 7 0 54 b :
I Y SN R 1 - ]
10E ] ] 3 E 3f = LE O'ZV D’ —KIK m+ ]
sk 1 2 i 2F = 2Z0.15F i L Data T-value —
I ] 1 E o B = —— Permuted T-values -
i — i | L e LSRR NSRS SRS OO OSSR P - h
00 | ‘0.2 0.‘4‘ ‘0.‘6 ‘0.8 | 1 00 | ‘0.2 ‘0.4 0.6 0.8 1 0= Ll — — Qdﬁ) O.1F ]
p-value p-value 0 02 0.4 0.6 (;8-Valuel 0.05F é
. % 8: T R O - (I N - L :X10_6
* Method found to be free of biasby £ ;| oy o—kikr bakeroms -2 2 4 6 8
. 0 L SAfpt TP E T-value
comparing to subsets of control and o Expecttion L. 04F S
o = 9 u ]
background-enhanced samples i 1 80y 1521%1 E
o 0.3F . =
_ _ —_ 3 E ) u 3
= DO S5 K ntnnt, D% - Kdn'tn ok ©oEeas) L piken 1
0] r m
" |nvariant-mass sidebands I T 0 g 02F S e
. . . O 02 04 06 08 1 5 0.15F E
* No evidence for CP-violation pvalie % o) E
(p-values 70%, 66% for SS, OS) 0.05F 1
T B
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https://link.springer.com/article/10.1007/JHEP03(2024)107
https://arxiv.org/abs/2310.19397

Conclusions l@%

* Measured CPVin B~ — D((;))_D(*)O and D° —» KOK*nt decays

* Found no evidence of CPV in these decays
 These measurements are statistically limited

" We expect =5x greater integrated luminosity in Run 3+4
" And we expect much larger hadron-trigger efficiency in Run 3+4
= . we expect £10x greater statistics in near future!
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https://link.springer.com/article/10.1007/JHEP09(2023)202
https://arxiv.org/abs/2306.09945
https://link.springer.com/article/10.1007/JHEP03(2024)107
https://arxiv.org/abs/2310.19397

JHEP 09 (2023) 202 [arXiv:2306.09945]
JHEP 03 (2024) 107 [arXiv:2310.19397]
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https://link.springer.com/article/10.1007/JHEP09(2023)202
https://arxiv.org/abs/2306.09945
https://link.springer.com/article/10.1007/JHEP03(2024)107
https://arxiv.org/abs/2310.19397
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Measurement of CP asymmetries and branching

HC
fraction ratios of B~ decays to two charm mesons 3

* Ap = Ay + Ag + App + Aris +AT0s £ (B‘ - D((;‘))'D(*)O) —¢ (B+ > D((;‘)”E(*)O)
* Weight calibration samples to match signal Ap = B =10 N 700
kinematics £ (B = Dy D ) Te (B = Dy D )
* Agn
= Difference in raw asymmetry between Decay Ao Ap Ap
D* - K m*n* and D* —» K°r*
= Corrected for K° asymmetry D;D° —-13+£02+01 -11£03+03 -0.7+0.2
e A . fromD*" > (D’ > K ntn nM)rn?t D~D° 24411409 -1.1+04+03 —0.8+0.2
e A DS_D*0 —084+084+04 —-114+04+03 —-0.8+£0.2
PID _ S D~D° 1.5+41.04+£02 —1.14+£044+03 01+£02
u Indu_ced by ilght partlcle identification (PlD) D—D*O ~134+20+1.3 ~1.14+044+0.3 0.1+0.2
s . DD’  244+16+£02 -12+042£03 0.2+£0.3
* FromD** — (D° —» K~n)m* without PID D*D*  13+21+16 -11£05+03  0.1+0.2
requirements
. Values of A, Ap, and Ap in percent, averaged over all D° decay modes and
CATIS' c/qTOS data-taking periods. The uncertainties on A, are statistical and systematic,
* |Induced by hardware trigger requirements respectively. The first uncertainty on Ap contains all sources of uncertainty
= From D*t - (DO N K_7T+)7T+ and B — EOMWMX except that on AP (B* — J /YK ™*), which is the second uncertainty.
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Measurement of CP asymmetries and branching
fraction ratios of B~ decays to two charm mesons

HC

* Ap = Agp + Ap + App + Aris +Artos £ (B‘ N D((*))'D(*)O) — ¢ (B+ N D((*))Jrﬁ(*)")
. . . . —_ S S
* Weight calibration samples to match signal Ap = B =10 N 70
kinematics £ (B 2Dy D ) Te (B =Dy D )
* Akn
. Diiferenc_e i.T rziw asmerrnetrx(l?e’Erween S DD D-DO D= Do
DT> K™m 7T_ and D" - K& mal state Runl Run2 Runl Run2 Runl Run?2
= Corrected for K° asymmetry Ap 042 043 041 043 048 048
ot 0 o — N+ AP (Bt — JRKT) 030 030 030 030 030  0.30
* AgfromD™ - (D" > K n'n n™)n Ak 028 011 004 004 010  0.00
e A Ax 0.09 009 006 006 018  0.17
PID _ o Ap1p 020 003 025 011 055  0.10
* Induced by tight particle identification (PID) Atis 008 010 0.08 010 0.09 0.1
requirements Aros 0.01 0.03  0.01 0.02  0.01 0.01
= From D** —» (D° » K~m*)m* without PID Weighting 0.00  0.00 0.04 000 001  0.00
. Part. rec. weighting  0.03 0.02 0.02 0.01 0.03 0.01
requirements Total 0.67 055 058 055  0.82 061
* Ars, Aros
* |Induced by hardware trigger requirements Systematic uncertainties on the corrections for A? in percent, averaged over all
* FromD** - (D° > K n")n* and B - Dutv, X DO decay modes.
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Measurement of CP asymmetries and branching
fraction ratios of B~ decays to two charm mesons

HC

DY decay mode Run 1 Run 2 Run 142
K—nt 6.88+0.24+0.12 7.354+0.12+0.11 7.224+0.11 £0.10
K ntn—nt 6.93+0.38+0.23 7.40+0.18+0.15 7.304+0.16 +£0.14
Combined 6.89 £0.20+0.12 7.36 +0.10£0.10 7.254+0.09 £ 0.09
CP 0y —
A (B - Dg D ) (+05 + 02+ 05 %+ 0-3)% Values of R(D~D°/D; D°) /1072 for each D° decay mode, for Run 1 and Run 2
N - — 0 and the combined measurement. The first uncertainty is statistical and the
AP (B~ - DD —0.5 + 1.1 + 1.0 + 0.3)% d the combined he fi inty is statistical and th
second is systematic
AP (B~ - Dy D*O)—(+11 + 0.8 + 0.6 + 0.3)%
ACPB~->D DY) =(+25+ 1.0 + 04 + 0.3)%
ACPB~->D D) =(-02+ 20+ 14 + 0.3)%
CP *=D0Y) = 0
dq (B =D ) (+3 3 i L. 6 i 06 i 03)/0 DY decay mode Run 1 Run 2 Run 1+2
quP(B N D*—D*O) — (_|_2 3+214+17 + ().3)% K:7r+ ] 0.328 +0.023 £ 0.011  0.256 £ 0.009 & 0.005  0.271 & 0.008 + 0.005
K-ntn—nt 0.316 + 0.033 £ 0.015 0.272 4+ 0.012 £ 0.008 0.278 + 0.012 + 0.007
Combined 0.324 +0.019 £ 0.010 0.262 4+ 0.007 £+ 0.005 0.271 4+ 0.007 £+ 0.005

Values of R(D*~D°/D~DP°) for each D° decay mode, for Run 1 and Run 2 and the

combined measurement. The first uncertainty is statistical and the second is
Values of AP where the first uncertainty is statistical, the second is systematic, systematic

and third is from AP (Bt - J/YK™).
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