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«  time-dependent CP violation in D° - K*K~and D° — z*zn~
arXiv:2105.09889

- mixing and time-dependent CP violation in D° - Kdz*n~
arXiv:2106.03744

Beauty physics:

« first y+charm simultaneous combination
LHCb-CONF-2021-001, LHCb-PAPER-2021-033 (in preparation)
- Am,with B® - D-z" decays
arXiv:2104.04421
- amplitude analysis of 5, - pK™ K~
arXiv:2104.15074
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CP violation and mixing in charm

DO
Charm neutral mesons are the only ones made up of up-type quarks W

— complementary sensitivity to BSM Q=+2/3 (U C t

0=-1/3 ' d S b

Mixing and CPV suppressed by v}{ol v\lﬁ'

*
cs’su

\)
. V., V¥
smallness of CKM elements involved: cPV « Im( cb ””) ~—6%x10"*

+  GIM mechanism (m,/my;, < m,/my,, dand s contributions cancel in SU(3)r limit)

Need further measurements to confirm
rescattering origin of first observation of
CPV in the decay

(AAcp = Agp(D° — KTK™) — Ap(D° — ntn™)
PRL 122 (2019) 211803)

Grossman & Schacht 2019

ntn~ — KTK~ rescattering
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Kagan & Silvestrini 2021

CP violation and mixing in charm

Theoretical parametrisation of mixing:

0 0 : :
ii D (@) — (M _ iI*) D () First observation that x;, # 0
dr \ D% 2 D) this spring arxiv:2106.03744
/ \ lCPVa//owed
off-shell on-shell
transitions. NP? transitions
L 2Mpl|Am]
2= " “r mixing parameters —
I';h|  |AT (set the oscillation probability)
i y12 = ~ C
i[f I 2 0.3 Bio
' ) o 3 20
0.2; 32
TR T T T e L Exe
03102 03 04 05 06 07 08 09
- — M '—,‘ x12 (%)
M 12 > “ . . .
| = ar . . .
| ¢, g(M1A2 =) | dispersive and absorptive No signs of CPV in the mixing so far
‘ r mixing phases Independent test of the SM
", b, = arg( 12 > (responsible for CPV) wrt CPV in the decay
| =

Kagan & Silvestrini 2021
Grossman et al. (in preparation)

Li, Umeeda, Xu, Yu 2020
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CP violation in D° — KSKS

Acp(D° — KJKY) can be larger than in other channels

such as D° - K*K~ (see backup):
- BR tends to zero in the SU(3) limit
« CP-violating interference terms don’t

* Run 2 data sample (2015-2018)
- Flavour tag from D™ — D’z decays

« use Kg decayed both within or outside
of the vertex detector

- 8k candidates

CLEO [~

LHCb (Run 1) — _H—
Belle |- "'
LHCb (Run 2) — '*'
Average (—19 =+ 10) % "‘"

: 1 : : : 1 :
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PRD 104 (2021) LO31102

D% D°— KK ﬂ LHCb

-+ Data
PV-compatible — Total
medium-purity IR ----Back ar ound

-------- ¥

III|II|III|III|III|III|II-I-

—u—1 World best measurement
AP(KY KY)  Previous was Belle (0.0 +1.5+0.2)% PRL 119 (2017) 171801

I B P IR SR L L
140 142 144 146 148 150 152 154
m(KJKJmt,) — m(KJKJ) [MeV/c?]

Acp(D° = KIKY) = (=3.1 + 1.2(stat) = 0.4(sys) £ 0.2) %

PLB 767 (2017) 177
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CP violation in D(Jg) — hthO m=mK

_7[77

«  Precision on SU(3) sum rules relating the relative size of Ap
for different decay modes is often limited by decays with neutrals.

« Ap(DT > 1 *7%) < 107 in the SM due to isospin selection rules

This is the first attempt to measure them at a hadron collider

‘.::‘::«" g 20 3 102
W é I5E,
D+ L 10F
* © < .
3
;ﬁ)o 0 10
“otd P Ap(D* - 7t = (13209 £0.6)% Z 5k
wotld g Ap(D* > K*2%) = (-32£47£2.1)% -10F
Ap(DF - K*n%) = (~0.8 3.9+ 12) % I T
SO Ap(DF - ) = (=02+ 08+0.4)% i
ApDF = 7t =( 0.8+ 0.7%0.5)% .
wbcersLEd_,} ApD* > K™ =(-6 =10 +4 )% Ay/>
ApDF > Kty =( 09+ 37+1.1)% LS
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Time-dependent CPVin D > KK~ and D° — ntn~

m

Ay = L2 PO TW 210 1 0y D r=KE
, 1) = = ~ d T “. mi + =
P T — £, +TMD° = .oy ¢ =z X S T
AY; m — xpp sin ! Needed to measure CPV in the decay
from time-integrated Acp(K+K-):
g
_ (D) k-
Acp(KTKT) ~ al, o + AYyig- —
D
T
< LHCb | % 3F tico4 ¢ 2015-2018 sample
> 6" ] - 6" .
2 s 98M 1225 18M 1 - D" — Dz}, flavour tagging
- D'—K*K~ = F D=t ] . _ .
S 6f 1S 2f 1 -« instrumental asymmetries causing
PR ~+ Data PRk + Da : biases as large as 6x the exp. unc.
5 4 —Signal 15 ¢ —Signal 3 are removed by equalising the
g NS = ER: = kinematics of D° and D candidates
L 0.5F - . .
© FIRY 1Y T | ; L « asymmetry measured in 21 bins of
03005 2010 2015 20 2005 2010 2015 2020  decay time

m(D°x*,)) [MeV/c?] m(D"r},,) [MeV/c?]

tag

Method is validated on a sample | »
of 518M D° — K~7* decays ey AYg_. = (=0.4+0.5)x 10
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Time-dependent CPVin D > KK~ and D° — ntn~
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AYpip-=(=23+15+03)x 107
AY,, - =(-40+28+04)x 107

1.3 x 10-4 Preaisiom

BaBar 2012
88 £ 2554 5.8
PRD 87 (2013) 1, 012004
CDF 2014
+12.0 £ 12.0
PRD 90 (2014) 11, 111103
LHCb 2015 p~ tag (3 fb=1h)
+12.5 4+ 7.3
JHEP 1504 (2015) 043
Belle 2016
+3.0 £20.0 £ 7.0
PLB 753 (2016) 412
LHCb 2017 D** tag (3 fb™1)
+1.34+28 +1.0
PRL 118 (2017) 261803
LHCb 2020 pi~ tag (5.4 fh=1)

+29+£32+£05
PRD 101 (2020) 1, 012005 _

this work| I

LHCb 2021 D** tag (5.7 fb=1)}
274+ 13403

K

d

World average
09+11+£03

—40 —20 0

T
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AY [1071]
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Mixing and CPV with D° - KJntn~

2 — 2010 =+
arXiv:2106.03744 my = m-(Kgm™) doubly Cabibbo suppressed
q’z‘ 1G] S L L L L L L B -l: E 2‘5
< LHCb | 1 2
¢ sa' 11 % 0 0
S5 11 .,= D Kyn*n~
NSI : - _E 10 llﬁ. ‘\
B 1 N —
2;\ ’ ,’;/36/ mixing - DOJ
n iy Cabibbo favoured
L §0
1.5 & Cabibbo favoured
1= ‘ ‘
: DO Kdntn~
0-5:;'1 L, T D . mixing """ > DO—%L
0.5 1 15 2 25 3 Cabibbo suppressed

m2 [GeV?/c4]

Bin-flip method rrb 99 2019 1, 012007

mZ2, < m2.: mixed decays
are more and more

important as time passes.

m2; > mZ2.; dominated
by unmixed CF
DO—K*(892)-1t+ decays.

PRD 99 (2019) 1, 012007

T

w

Bin the Dalitz plane to keep strong-phase difference 6
across the bisector approximately constant.

Measure ratio of yields in opposite bins across the
bisector as a function of time:

« most acceptance effects and instrumental
asymmetries cancel out in the ratio; 1

. . . - o -\ external constraints
ratios increase with x12@ y 12@ from CLEO and BESIII **(

m2 [GeV¥ ¢4
(o)
[\ @)

—_
n

TITTTT[TTTT[TTTT[TTTT[TTTTI

L B e B e I |

-b

+b

N W kA N

—

*  model-independent. PRD 82 (2010) 112006 0.5
PRD 101 (2020) 11, 112002

1 1.5 2 2.5 3
m2 [GeV¥ ¢4

Absolute bin index b
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Mixing and CPV with D° - KJntn~

. , . : . , , rX = (e®), = ¢ —is,
Ratio of candidates in opposite bins across the Dalitz bisector: | P @ NN
Zep = — (Vep + ixcp)
DO/DO rati?at time zero Az = — (Ay + iAx)
* 1 2 2 A2\]/42
;«i N r, +4/1, Re [Xb (Zep ® Az)] (t)j+4 [|ZCP + Az|* 4+ rRe(zgp — Az )] (t >j Xep = + x5 c08 P
bj ~ 1 |
o T Re[Xaop £ AD|(0); + g [nlzcp £ Az + Re(Zp = AD(2); | o=+ yipcosds
Dalitz  time leading order: Ax=—ypsing,
bin bin Ré ~r,+ \/r_b [sb(l + 1) (Xcp £ Ax) — (1 — 1) (Yep £ Ay)] (1) %y = + x, sin ¢3f
4 0+ : - - A\ =AY
» D7 - D'y, flavour tagging Data-driven corrections for:
« 2016-2018 sample - detection asymmetry of z 7~ pair (from Cabibbo-
(23x w.r.t. 2011-2012) favoured D} — z*ztz~ on and off the ¢(1020) mass shell)
6 . " " " "
q, 4SBT - variations of efficiency as a function of t and m(z*z")
= 35 - Data 09 &
g 35_ —Fi 6 08 %
= c 1t E
§ 2.5F B Background 07 %
5} - 0.6 >
g 25 ! 0.5 E
ER: 0‘4 -~
< E o
o I B 03 .5
0.5 2
0a =
140 142 144 146 148 150 0.5 1 1.5
Am [MeV/c?] mA(m ) [GeVYct]
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Mixing and CPV with D° - KJntn~

Deviations from constant Deviakions from zero
values are due to mixing are due to CP violakion
¢ Data Fit
I — Fit (x,,=0) 0225 0.005F ¢ Data Fit ;
! LHCb 1 |~ I % LHCD 30005 | e
00962 4 02 R i H ¢ $ 1 5.4fbl o<
T Lo e s < L9 %{i}r% L
0.0933 10215 e i % % E —o.oosJ‘E"oo
‘ ‘ ] -0.005F ‘ ‘ , , ‘ ‘
0.021 % —o.o1
| ] | o
. < Ml W—; "
5 LT P
g ok —-0.01
0.3f . 0015 ~0.05
. S T R L E
& 029fF R~ Jo Ok e T
, b T R .
0281 E ‘ | . . =005
0.465F o0lf ‘ ‘ ' ' ]
04()& QN :ﬁ % % —50.01 E:N
3 +|N 0 ’? T%% % ii%#%; ’ 70 +IN
0.455E < %% % Jom &
i ~0.01F ]
0455 S ‘ ]
2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8
tit tit

Xop=( 397+046+029)x 102  First observation of xop ~ x;» #0 (70)

Yep=( 459+£120£0.85)x 1072  Largest systematics:

_ - trigger-induced efficiency variations
= (- + + 3
v S (S22 LT D) 25 0 wrong time measurement for secondary charm from B mesons
Ay =( 0.20+0.36 +0.13) x 1073

External inputs on strong phases — 40% of stat. unc. on x12
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Impact on global fits

— 1 — T T T T — 0.6

X 1 B P
Tagal 1 Eoal .
S RS ]
0.6] @ : 3 E
; ; of (@) -
04 — - -
i 02 -
0.2 - World average 2020 | -04 i World average 2020 j
i * | New world average | E ® | New world average E

o _ TR R B
% ~"02 04 06 08 1 "%3 02 01 0 01 g2 03

X, [%] ¢ [rad]

>
X, = (407 +£049)x 1073 x2.5 improvement

Vi, = (6.13 £0.53) x 1073

¢y =(0.033£0.022)rad  x1.6 improvement

¢y =(0.048£0.029)rad  x3 improvement

Improvements are mainly driven by D — K{z*z~. AY contributes to ¢}/

Both d)é” and ¢2F are approximately equal to zero (rather than m):
the nearly CP-even D eigenstate is shorter-lived and heavier
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Simultaneous y + charm combination

+5.0)o
-5.87 "
LHCb-CONF-2018-002

Many new/updated y measurements since the last combination y = (74.0
Precision driven by golden modes B* — Dh*:
- BPGSSZ D — Kgﬂ+ﬂ_ JHEP 02 (2021) 169

« ADS/GLW D — hTh™ Juer 04 (2021) 081 1/' DOK+ p 10D
backup
fD K*
F(Bi _>71)) Ki) x |rDei5D + rBei(5Bi7)|2 - ()[:L/\> DOK+

o'_‘ [ I ]
S LHCb o
< 150~ -|  Small overlap of ADS D — K"z~ with the contour
S 1 of the total combination allows to measure 55"
100 - with precision similar to combination of 55* (4°)
- 1 — 2x better than charm-only fit
50— [ ] B*—=D°h*, D"—=hha’/h3w - _ _ .
[0 B'—=D'h*, D'—Khh | Motivates a simultaneous fit to
B+_>D0]’l+,DO—>h+h'_ ..
ol EEER All B>D'* modes | Y+ charm mixing and CPV .
E] Beauty and Charm y = arg< ub’ud >
- ‘ ‘ ' s VEY
0 50 100 150 ched
v [°] LHCb-CONF-2021-001

LHCb-PAPER-2021-033 (in preparation)
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Simultaneous y + charm combination

— 1.00F i L ;
= L LHCb 557 is highly correlated with y,,
> 0.75F | - precision driven by measurement of
Y = — 1,08 55" + x;, sin 55"
0.50 F . _
in DY - K*z~ decays
0.25 F
: _ 0.52 -3
E N y X = (4. OO+0 23) X 10
0.00 ot OMIXINg 5 i .
- (0¥ Current World Average Y1 =(6.30 —0. 30) X 10 1.¥x meravemeﬂk
0.25 | M LHCD Beauty and Charm | «— 2x  improvement
0.25 0.00 025 0.0 0.75 1.00
X [%] — .
@)
af

y = (65. 4+3 8) Compatible with indirect
determinations

y = (657199 CKMfitter
y = (65.8 i 2.2)° UTFit

' frequentist approach
| 52 parameters

157 observables

fit probability: 67%

(o)

: y ']
details (and new measurement of ADS L HCb-CONE-2021-001
Ay = [K*77]ppK7) in backup LHCb-PAPER-2021-033 (in preparation)
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Am, with BY — D r

«  Constrain the CKM triangle (with Am,)

« reduce systematic uncertainty in CPV
measurement of y — 23,
JHEP 03 (2018) 059

1=

[J Combinatorial
I BY— Dt

Aot
mm B, - DVt

N§ LHCb §
S 104 6t |
S 10

(am)

=

~ 103 3
g

:_8 o~ om»w".’%*".“o". “"U‘."'&M%;
@102....|.'.'..|....|....|....—
C% 5300 5400 5500 5600 5700 5800

m(D; ") [MeV /c?]

7
06

05

]
|

_|_

7Corntrol vertex-

' to measure t(BY)

arXiv:2104.04421

decays

T T S E—
Amy &AM, KM
Y >
Amy Ex Summer 19
sd.w'c A <0
—~ (exd alCL > 0495)
g /
NG
(04

- IllI[IllllllljllllllLJJllllllllll

0.6 0.8

ol

Run 2 sample
- useboth D7 - K"Kz~ and D] - n*n"n~
- sWeights for time-dependent fit from 2D fit

to D;” and B? mass (~13% combinatorial,
~2% physical bkg.)

0(z)

o(p)
| Il

detector
alignment and
length scale at
high precision

courtesy of Kevin Heinicke
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Am, with B — D~ 7t decays o

— B —» D7t — BY - D nt — Untagged

Projection on a single oscillation period

) > F T T T
:: ' *;;3 0.3 : —+ Data
< 2000 A 0.2 F —
= ol s : it
g = 0.1F
z < 00f
% 1000 : 5
) F A —0.1F ]
= - —0.2f LHCD 1
ok —0.3F o 6fb
0.0 0.1 0.2 0.3
Al t
e‘Fs‘[cosh(—zs ) + COS(Amst)] ‘Lol t modulo 2m/Am, [ps]
+ flavour tagging, time acceptance and resolution
average| 1o Amg=17.7656 £0.0057pst — -
Dzt 6 Amg = 17.7683 = 0.0051 £ 0.0032 psT! —— 14— 3 x lo0-4 Pretiston

Dyntrtr= 9fb ]

Dynt 1fb~tF .

J/YKTK~ 2fb~ ' .

J/YKtK~ 3fb~ ' .
17.64 17.66  17.68  17.70  17.72  17.74  17.76  17.78
Amg [ps™!]
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Amplitude analysis of 5, — pK™K™

- 2011-2012 (5 fb-1) + 2015-2016 (5 fb-1) sample E b LHCb —— Data ]
o Total fit .
- signal window m(Z,) + 40 MeV/c? a 100_Jr ------- =, signal =
. @ 5\ £, signal y
° 193 + 297 Candldates S/ 80 :_ ------- E}: —)gp[(_n'_ Cross-feed_:
° 63% and 70% purlty ,ic-) 60 ?\4\ ERERES Part. rec. bkgd. —:
LS 10 - \‘ ; — — Comb. bkgd. E
- ™~ h : 7]
o L T .
5 1 3. ,r’/:\*l R \ \ t
S : — — 05600 3800 6000 6200 6400
. Updated search for Q; — pK~K~ T m(pK K ) [MeV]
\“T _ 5 1804 LHCb —4— Data
q R — f“Qb_ % B(Qb — pK_K_) < 62 (71) X 10—3 E 160% 2 fb_l Total fit
l — —— T T T e A Z} signal
fEb_ B(Zy = pK~K7) g o1\ f]
I I 100 f_ e
"6 Y SRS Part. rec. bkgd.
E 60 E_ -"-,l — — Comb. bkgd.
40 5\
20
) ] ] ) ) T P (SO PP, o A . )
First amplitude analysis of this decay mode: 5600 5800 600 6200 6400

p— m(pK K) [MeV]
« assume unpolarised &, — 2 d.o.f.

- A" and 2* resonances modelled with a Breit-Wigner distribution,
possible non-resonant components with exponential lineshape

- allows for CPV
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Amplltude anaIyS|s of B, — pK K~

= R R R
3 iFDS‘“ ERNG) 80?* LHCb i?&““ E
S Ay 1 S O 5 1 DAY _— . e
S Ay 4 2 e - A7) 6 significant components identified
&~ e 2(1775) A e (1775
Q e 2(1915) E Q e 2(1915) E
E - ] E = RN
E E Asymmetry of fit fractions
e = — compatible with no CPV
myq (PK") [GeV] Mo, (PK") [GeV] Component AT (1072)
§ OF wpms g OF wpm X(1385) —27 4 34 (stat) = 73 (syst)
35F --. A(1405 1 *; 35? - -+ A(1405 1 =
= ok gﬁgig ‘H R R ! 1 giﬁgi LA A(1405) —1+24 (stat) £ 32 (syst)
> s A 15 e 1 A(1520) 5+ 9 (stat)+ 8 (syst)
£ o o Soub B - - .83:%;@ A(1670) 34 14 (stat) =10 (syst)
8 2 g m 2
10f 10} - X(1775) —47 426 (stat) =14 (syst)
S 5 ' X (1915) 11426 (stat) 422 (syst)
3 4 5 - 0 3 4 5
My(PK) [GeV] my(PKY) [GeV]
B(Z, - X(1385)K~) = (0.26+£0.11 £0.17+£0.10) x 107°
( B (=, — A(1405)K~) = (0.1940.06 £ 0.07 £ 0.07) x 107°
‘j¢ B (=, = A(1520)K~) = (0.76 =0.09 £ 0.08 + 0.30) x 10~° Quasi two-body branching ratios
'1 B (=, — A(1670)K~) = (0.45+0.07£0.13+0.18) x 107°
B(Z;, - X(1775)K7) = (0.22£0.08 +0.09 £ 0.09) x 10~°
B(=, = X(1915)K~) = (0.26£0.09 £ 0.21 £ 0.10) x 107°
] , X

\ = — I —6
from B(Z, »pK K~)=(23+0.9) x 10
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Summary

Huge advances in charm
. world best measurements of A-p(D° - KJK{) and Acp(Df) = h*7', h*n)

- first observation of nonzero mass difference — 1.00
of neutral charm-meson eigenstates in D% > Kgﬂ'-'-ﬂ'_ °: -
. 0.75
- CPV mixing phases (,bé” and (,bzr measured ]
with precisions of 20 and 30 mrad 0.50 [
- compatible with zero, precision one order .
of magnitude above SM predictions p° - kdz*z~ 0.25¢

D > h*h~

0.00 |

New simultaneous combination of y + charm
[« TLHCDb Beauty and Charm

provides y = (65.4fi'§)° and doubles the y,, precision 02500 i et
' 025 0.00 025 0.50 0.75 1.00
X [%]

2Xx improved precision on Am, = 17.7656 £ 0.0057 ps~!

First CPV amplitude analysis of a beauty-baryon decay £, — pK~ K~

Many other ongoing measurements with Run 2 data (e.g. y-p with D™ tag)
Looking forward to Run 3!

N

talk by Evelina Gersabeck
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Observation of A) — [K*z7],pK"~

Favoured mode

- Baryon analogue of the golden ADS mode phys. Rev. D 63 (2001) 036005 £ 300F Tt BARRRRRAR AR
< L ' A, = DpK~ 7
B~ — [K*77],K™ to measure the CKM angle y 2 2ol 9 b i Combinaiorial ]
C e A) > DK™ ]
- two observables: E - 1400 |; 52—>D157K‘ 5
<200} i -
ratio of suppressed % -
R B(A) = [K™7*]ppK ™) to favoured modes 5 50 ]
B(A) — [K*7~ |ppK™)’ S 100f ;
e B(A) — [K+n~|ppK~) — B(A) — [K~7F]ppK™) S <ol :
B(A) — [K*7~]ppK~) 4+ B(A) = [K~n*|ppK+) ésymmetry of O . _
suppressed mode 5400 5500 5600 5700 5800 5900
M(DpK~) [MeV/c2?]
_ +0.4
R=71+0.8 (stat.)_o.?)o(ig/st.), full Run 1+2 sample ___Suppressedmode __
A — 0.12 :l: 0.09 (Stat.>t003 (SYSt.), N\b 100'_ LHCO A2—>DpK_ _'
% L ot L. Combinatorial |
2 2, 4 = soF - Ay = DpK~ ]
Subsample M“(pK~) < 5 GeV~/c™ with enhanced oo
sensitivity expected due to A resonances: MQ(;E 60 ]
=] L e
R = 8.6+ 1.5 (stat.)*94 (syst.), 5 op -
A =0.01 4 0.16 (stat.) =903 (syst.). S 1
- This is the first observation of the suppressed decay P A ) Wi
_ , . 5400 5500 5600 5700 5800 5900
- asymmetry consistent with zero, not sensitive to y angle M(DpK~) [MeV/c?]
yet = looking forward to Run 3 LHCb-PAPER-2021-027 (in preparation)

PANIC, 2021-09-05 T. Pajero (University of Oxford) | CKM, CPV and mixing at LHCb


https://inspirehep.net/literature/531525
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-027.html

LHCDb experiment

/
/
/

95% kaon PID efficiency
for 5% n* — K™ misID
— I10 I I — I102

__“ Muon
chambers

N

Vertex tracker
15 + 29/pt pm (IP)
45 fs = 0.1 T(DO) (decay time)

/ / Magnet

I

/ _ Tracking stations ‘
Dipole magnet op/p = 0.5-1.0% E
4T-m (vertical) for p = 20-200 GeV/y

JINST 3 S08005 (2008)
N \VifeYo M Zia A 3() (P() ()()
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Integrated luminosity

40 MHz bunch crossing rate

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

- | . 2018 (6.5 TeV): 2.19 /fb O O O
L 9 = . 2017 (6.5+2.51 TeV): 1.71 ffb + 0.10 /fb 2 .
= S|« 2016(65Tev: 167/ LO Hardware Trigger : 1 MHz
> = 2015 (6.5 TeV): 0.33 /fb readout, high Er/Pt sighatures
B E . 2012 (4.0 TeV): 2.08 /fb / ~/ ~/
g 7 2011 (3.5 TeV): 1.1 /fb .
= - 2010 (3.5 TeV): 0.04 /fb l
3 6F — —— —
B sE J / ...... : ........... : ........... : .......
© - / . Software High Level Trigger .
Q 4E . .
8 = LS1 7 Partial event reconstruction, select
o 3FE g displaced tracks/vertices and dimuons
8 E e
© 2F .
> = / Buffer events to disk, perform online
g 1E detector calibration and alignment
o_2010 2011 2012 2013 2014 2015 2016 2017 2018 p - - - - "
M \ Full offline-like event selection, mixture
R 1 (3 fb 1 7.8 T V) R 2 (6 fb 113 T V) of inclusive and exclusive triggers
R TR0 Run S Qi e e o T 1

12.5 kHz (0.6 GB/s) to storage

Comput. Phys. Commun. 208 (2016) 35

Yield has more than doubled between Run 1 and 2:
« x 1.7 increase in production cross-section;
- new “Turbo" data taking paradigm

/ - only the signal candidates are recorded, rest
of the event is discarded;

Pioneered by charm triggers - improved efficiency, higher rate recorded.
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Theory for Aqp(D? — KJKJ)

A confirmation channel for the observation?

Only exchange diagrams vanishing | 2 ARG —in)
in the SU(3) limit contribute at tree level. Verm = | =2 —iad5y 1 A2 |+oe0%
AVA—p—in) —-AN 1

CPV could be enhanced up to the percent level

Brod et al. 2011, Nierste & Schacht 2015

(though smaller are more likely, see e.g. Li et al. 2012, Buccella et al. 2019, Cheng &
Chiang 2019)

C > S, d ¢ . d
g
. d,s d, Sab d,S
' » 000000
d,s g d,s
u . s,d u pengquin annihilation s,d
exchange

Figures from Cheng & Chiang 2012
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https://inspirehep.net/literature/1720402
https://inspirehep.net/literature/1753090
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The missing piece for CPV in charm: decays with 7"

The absolute size of CPV is difficult to estimate, but

SU(3)g-based sum rules predict the relative size
among different decay modes

u
- e.g.D* - KJ)K*vs. D} - Kzt vs. D} — K*z° d}ﬂ*
. . w
« might be violated by NP.
D+{ ! }71’0
a d
Ap(D* — 77% < 1073 T

q
d }WO
, : , . }fro v/2° q
in the SM due to isospin symmetry 9%%<d
D* C u

Buccella et al. 1993, Grossman et al. 2012

S|
Y}

JHEP 06 (2021) 019
—T

- CLEO ...but not for NP

(29£29=x03)%
[Phys. Rev. D 81 (2010) 052013]

- Belle
(231£124+023)%
[Phys. Rev. D 97 (2018) 011101]

LHCb

(-1.3+£09 £ 0.6)%
[LHCb-PAPER-2021-001]
Average
(0.4 £0.8)%

| L 1 1 1 ] 1 1 1 1 | 1

0 5 10

A p(D*—mtal) (%)

Figures courtesy of Tom Hadavizadeh
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Acp(Df;, = h*hP): analysis strategy

Run 1 + 2 data samples (dedicated triggers since 2015).

Nuisance asymmetries are removed by subtraction with D(J; ) = h+K§’ decays;

. . . . — ht K 0
- kinematically weighted to match the signal channels; ( )
« asymmetry from Kg regeneration and CPV is calculated “0
and removed. D( N h™h
10 LA L L L L R A B L L B 10 L L L
¢ Data LHCb ¢ Data LHCb
— Total 6 fb! — Total 6 fb’!
106 -- D1—>Kgrc+ 106 . D*—>K2K+
+ — D =Kt — D —KK* +
D === Background D ¥, === Background D

—
=)
73

T IIIIIII| T IIIIII| T IIIIIII| T TTTTT

Dy

.................

—_
)
'S

—_
o
(9]

T IIIIIII| T IIIIIII| T IIIIIII| T T TTTTI

p—
(=]
N

1 IIIIIII| 1 IIIIIII| 1 IIIIIII| L1 11
Candidates / (1.1 MeV/c?)
11 IIIII| 1 IIIIIII| 1 IIIIIII| L1 11

Candidates / (1.1 MeV/c?)

TR B S VIR A B L L TR S N B .

1800 1850 1900 1950 2000 1800 1850 1900 1950 2000
m(Km*) [MeV/c?] m(K3K*) [MeV/c?]

Asymmetries are measured from ML fits to the 2D distributions of the D+ and 1% mass;

- signal shapes based on simulation;
- account for correlations due to radiative tails.
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Fits of D(f) — h*r0

—T
LHCb 1 Data
9fb! — Total

(%)
=
=
e}

—_ [\ [\
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] o )
(=) o (e)

2500 o Dz_)nzn()
— D —n*n®
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1000
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_
S W
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o O

llllllllllllllllllllllllll

-------

500

‘lllllllllllllllllllllll
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Candidates / (1.0 MeV/c?)

R RS L . I L S B L \:m; e
1800 1900 2000 2100 100 120 140 160 180
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—
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800
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—
[V}
-
=}

o DE* K =0
1000 ___g;_j;g& 600
QOO ™. "ThMgMy 0 L Pure comb. 500
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600 5 2.6k w00

300
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swwmmmT

400
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200 :— “““ N e 100E
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Fits of D() — h™np

p—
=
=
-}

800

600

400

200

Candidates / (5.0 MeV/c?)

T

LH?b I Data
6 fb — Total
-- D*—=n*n

T D;_
38k

—Df—mt”’]

----Pure comb.
------- Part-reco.

- T T 1 ,
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LHCb-PAPER-2020-04

Time-dependent detection asymmetry

2 E_ ?a | LHICb prelimilnary _E
> 005F 2y 2016 MagUp
: : &) SR B D’—K ]
- Large momentum-dependent detection asymmetries g 0.04¢ i
(mainly from the dipole magnet). S 0.03F ~ + DY
i i i : . N % :D 3
-+ Owing to the selection requirements (e.g. on DY flight distance), 3002 g
they reflect into time-dependent asymmetries. £ o01F | k E
88 C .
E_ 2 E_ . “,..........»““‘»’0%’43 ++++ + } i

= L e T it e ++ ﬂ -

> -2F . . . 1

< 0 5 10 15

pT(DO) [GeV/c]

Removed by equalising the distributions of the vector

momentum of z}, and z,candidates, and of D" and D° Sooas) LHCb preliminary -
. ) © 004k 2016 MagUp -
candidates (binned procedure). o Y DK 7 ]
0 0.035} =
@0'5;""""""""; S 0.03F =
7 O (o TS SE— 70025 1
= [ = Raw ] m 0.015F E
7 —-1f —%— Weighted = 0.01F 3
< i LHCb preliminary 0.005F E
-1.5¢ 2016 MagUp E OEMH_H_H_H_H_‘
_2;__._?% b=k 3 0 2 4 6 810121416 18
25;_ Pitnitiy, e 3 p (D) [GeV/ﬁ]
: low decay times

| Y U B B B

0 2 4 6

8
t/ T
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LHCb-PAPER-2020-04

Asymmetry from B decays

Suppressed by requiring IP(D") < 60 um

A = Ag (1) + fOTAHD) — Agy(0)] P(DY) gplgo
—I/

Fraction is measured with template fit to the 2D distribution of IP(D?) vs. time.

. x10° . . First Itime bin x10° Middle time bin x10° Last time bin
AL L A = Fry T T T fro T T
= LHCb 1 2350 LHCb ik 16E LHCb 3
" 20152018 (6fb™) 1 3 2015-2018 (6fb™) 1 wvvn TTF 2015-2018 (6 fb™") ]
5 1 5 3f 1 5 14f 3
& D"—K 12 D'—K =T D"—=Km* ]
2 17, €[045,065[ | % 25f 1Ty, €149, 1600 { o 1.2 17, € [447,800[
£ | 5 I 13 1f E
g —— Data E g 2r — Data E g E — Data ]
= —+— Fit 1 £, 51 —+ Fit 1 = 0‘8: —+— Fit E
O —— Signal ] 8 ~F —— Signal ] 8 0.6F Signal ]
D™ from B mesons ] 11 D™ from B mesons ] T D™ from B mesons ]
] i ] 0.4F 7
105 1 02f . E
R ] 0:,,, ! cl 0:, ) L sl
100 1 5(()) 200 0 50 100 150 200 0 50 100 150 200
IP(D°) [um] IP(D°) [um] IP(D°) [um]
— 8 :
§ F
N:ﬂ* ;
6 e 3 : _
i E Asymmetry difference, (2.2 +0.4) x 1073,
: -
s : measured from data at large IP.
3 S E
: N LHCb ]
E 2015-2018 (6 fb™") 7 . . —4
i P Total size of subtracted bias: 0.26 X 10
L. P - | P 1
% 2 4 6 8
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Simultaneous ¥ + charm combination — inputs and results

LHCb-CONF-2021-001
LHCb-PAPER-2021-033 (in preparation)

B decay D decay Ref. Dataset Status since
Ref. [25]

B* — Dh* D — h*th~ [27] Run 1&2 Updated
B* — Dh* D — htrnta~ [28] Run 1 As before
B* — Dh* D — hth=7° [29] Run 1 As before
B* — Dh* D — K2hth~ [26] Run 1&2 Updated
B* — Dh* D — K{K*n¥ [30] Run 1&2 Updated
B* — D*h* D — hth™ [27] Run 1&2 Updated
B* — DK** D — hth™ [31] Run 1&2(*)  As before
B* — DK** D — htrrtr [31] Run 1&2(*) As before
B* — Dh*rtnr~ D — hth™ [32] Run 1 As before
BY — DK™ D— Ktrn~ [33] Run 1&2(*) Updated
BY — DK*° D — htrrtn [33] Run 1&2(*) New
B — DK*r~ D — hth~ [34] Run 1 Superseded
BY — DK*® D — Kdntn~ [35] Run 1 As before
BY — DFr# Dt - K—ntrt [36] Run 1 As before
BY — DTK* Df — hth—nt [37] Run 1 As before
BY - DFK*rtr= D}f — hth—nt [38] Run 1&2 New
- D% — hth~ [39-41] Run 1&2 New
- D% — hth~ [42] Run 1 New
- D® — hth- [43-46] Run 1&2 New
- DY — Ktr~ [47] Run 1 New
- D — K+m™ [48] Run 1&2(*) New

D — K*rFrtr—  [49] Run 1 New
- D® — Kontn [50,51] Run 1&2 New
- D° — Kdrtn~ [52] Run 1 New

. 68.3% CL 95.4% CL
Quantity Value ) )
Uncertainty Interval Uncertainty Interval

7] 65.4 3 61.2,69.2] e [56.7,72.9]
DK 0.0984 Ho00t 0.0958,0.1011] +0.0050 [0.0932, 0.1040]
§DE* 127.6 9 [123.4,131.6] e [118.4,135.4]
ror* 0.00480 000070 [0.00424,0.00550] oot [0.0037,0.0065]
50T 0] 288 i [273, 302] e [257, 314]
ro K 0.099 o018 [0.080,0.115] +0.050 [0.061,0.129]
SR ) 310 +2 [287, 322] +20 (239, 330]
ro 0.0095 Foo0ss [0.0034, 0.0180] R [0.0006, 0.026]
50 ] 139 +22 53, 161] 32 10, 171]
- 0.106 oo [0.087,0.123] oo [0.066,0.137]
SOE ] 35 +20 20, 55] p [7,92]
rhIe 0.250 Mo [0.226,0.273] B (0.198,0.294]
SDE ] 197 a0 [187.7,207] i [179,221]
i 0.310 +0.008 0.218,0.408] 020 0.10,0.51]
05 7] 356 +19 (338, 375] +39 (317, 395]

0T 0460 Ry [0.376, 0.541] +0.16 [0.29,0.62]
R R . 7 BT 333, 358)] +26 [320, 371]
royT 0.030 +oou [0.018,0.044] +0.038 0.002,0.066]
SO 30 +26 [—7,56] 5 [—51, 75
pDEErtn 0.079 Tooes [0.045,0.107] oo [0.000, 0.129]*
popta 0.067 B [0.038,0.092] oo [0.000, 0.107]*
z [%) 0.400 tooes [0.347,0.452] A [0.29,0.50]
y (%] 0.630 oo [0.600, 0.663] BN (0.572,0.699]
riT 0.05867 000015 [0.05852,0.05882] 000031 [0.05837,0.05898]
oK™ [°] 190.0 i [185.9,194.2] 5 [181.7,198.6]
la/p| 0.997 oore [0.981,1.013] o 0.964, 1.030]
¢ [°] 2.4 +1.2 [—3.6,—1.2] +2.5 [—4.9,0.1]
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Simultaneous y + charm combination results

LHCb-CONF-2021-001
LHCb-PAPER-2021-033 (in preparation)

02 T T T T T H
B*—Dh*, D' —hhn"/h3m Ry
| | [ B*—=D°h*, D"—=Kghh LHCb | Qx
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I All B—D°h* modes
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0.11- g .
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L 1w
100~ n
50 [ 1 B*—=D"h*, D'—=hha’ih3m —
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I | 04 —
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001 — 0.2
0 ! ! . | ; 1 . I ]
0 50 100 150 o 0 50 100 150 o
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Simultaneous y + charm combination — impact on charm

LHCb-CONF-2021-001
LHCb-PAPER-2021-033 (in preparation)

[°]

| T I T T T T T T I T ] T I T
] CLEO/BES D'—K*x LHCb B LHCb D'—K*7*
< a [ | LHCb D°—K*7* [ LHCb D' —Km* 7~
oo 2501 g All Charm Modes 7 | LHCb D'—h'h™

[ All Charm Modes
[+ ] Beauty and Charm

[ ] All Beauty Modes
[e ] Beauty and Charm

0
200 — ) —
B } -20 i
50— | — -
TS m —40 N . . ) .
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Charm: the dark horse of flavour

DO
P
Charm is the only up-type quark which mixes and Q=+2/3 (U C t
allows high-precision CPV measurements
0=-1/3 | d S b
V\/)V V\\/
K()

0
FCNC are extremely suppressed B

GIM mechanism broken by the
beauty-quark mass (instead of top)

W \
C Uu

_ My s\ 2
DO d737b d,S,b DO X < <. ’b>
" . M AR =p—in —AR 1 t

Vekm =

c +0(U%

A =sinf- ~ 0.23
CKM suppression of b-quark contribution

The third generation of quarks nearly decouples from the first two, while the
contributions from d, s quarks cancel out in the limit of U-spin symmetry (m, = m,)

Experimentally x;, % 0.4 %, y;, = 0.6 %

en)

Main contributions come from low-energy QCD
interactions through on-shell resonances.

Theory predictions are challenging.
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The first observation

+ Nuisance asymmetries cancel out
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» Observed value is at the upper end of the SM predictions, challenges first-principles
QCD calculations Grossman et al. 2007, Li et. al 2012, Cheng & Chiang 2012, Khodjamirian & Petrov 2017

» Prompted intense theoretical study: O(1-10) enhancement of QCD rescattering or NP?
Chala et al. 2019, Grossman & Schacht 2019, Buccella et al. 2019, Cheng & Chiang 2019, Soni 2019,
Dery & Nir 2019, Li et al. 2019, Wang et al. 2020, Bause et al. 2020, Dery et al. 2020, Cheng & Chiang 2021
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