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Charm Physics at LHCDb

Unique probe to study CPV in up-type quark.
Difficult precise theoretical predictions.
Expected small CPV (<0.1%).

e Large cross section: o(pp — ceX) ~ 2.4mb o(pp — bbX) ~ 144ub @, /s =13TeV
[JHEP 2016, 159 (2016)] [Phys. Rev. Lett. 118, 052002 (2017)]

LHCb charm program:
e Search for direct CP violation.
e Search for CP violation in mixing. Arguments of this talk
e Measurement of rare decays.
e Amplitude analysis in multi-body decays.

Spectroscopy.



https://doi.org/10.1007/JHEP03(2016)159
https://doi.org/10.1103/PhysRevLett.118.052002

I_ H C b [LINST 3 508005 (2008)]

e Single arm spectrometer Tracking: Vertex Locator - Spectrometer

e Vertex Locator (VELO):
impact parameter resolution
o(IP) = (15+29/P,)um
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e Spectrometer: measurement of tracks
momentum resolution
AP/P = 0.5% at low momentum

e RICH, calorimeters, muon chambers:
particle identification.
(K—K) ~95% and ¢

€pip (m—K) ~5%.

e Run1(2011-2012):3fb!at7-8TeV.

PID

e Run2(2015-2018):6fbtat 13 TeV.
Particle ID: Cherenkov (RICH) - Calorimeters - Muon chambers



https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
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Direct CP violation
in DY - K*K™ decays




Direct CP violation

e Time-integrated D° CP asymmetry depends on decay-time acceptance £(t) and is affected by mixing:

e(®)T(D°—f)dt — [(t)T(D
e®)T(D°—f)dt + [(t)I'(D

Acp(f) = §

e 2019 first observation of CPV in charm decays [Phys. Rev. Lett. 122, 211803 (2019)]:

t) pore — (¢
AAcp = Acp(D® - KYK™) — Acp(D° = 7tn7) = ad e —ad_+ s = Dnn AY = (—=15.44+29) x 107*

Tpo

e a%, and al, measurable combining AAcp and Agp(D° — KYK).

e LHCb measured Agp(D° — K*K~) = (44 12 4 10) x 10~* with Run 1 data [Phys.Lett. B 767 (2017)]

e Updated measurement of Agp(D° — K™K~ ) with Run 2 dataset [LHCB-PAPER-2022-024 (2022)]

in preparation



https://doi.org/10.1103/PhysRevLett.122.211803
https://doi.org/10.1016/j.physletb.2017.01.061

CP asymmetry in DY — K*K~

e Measure raw asymmetry:
AD® - K*K~) = x

(D°sK'K~) - N(D">K'K")
(D"5K*K~)+ N(D* 5K+ K")

e Subtract production and detection asymmetries:
A(DO - K+K7) = ACP(DO — K+K7) + Aprod(DO) —+ Adet(ﬂ—ﬁ;ft)

exploiting high-statistics D* and D*_decays

Cp.: AcD” - KK*) = +AD™ - (D° > K KH)zt,) —AD™ — (D° - 1

soft

+AD" - K ' at) - [ADT - K° 7)) — A(KKO)]

Particles kinematics are equalised with a reweighting procedure.

-) .
e DO flavor tagged from prompt D** — D%iﬁdecays (m-tagging). {é\‘
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CP asymmetry in DY — K*K~

(-) .
e DO flavor tagged from prompt D** — D%iﬁdecays (m-tagging). {é\‘
e Measure raw asymmetry:

N V77 o
AD® - KV E-) = x(DMK K )-ND'-K'K")

(D"5K*K~)+ N(D* 5K+ K")

e Subtract production and detection asymmetries:
A(DO - K+K7) = ACP(DO — K+K7) + Aprod(DO) —+ Adet(ﬂ—ﬁ;ft)

exploiting high-statistics D* and D*_decays

Cpss: Ace(D° = K"K = +A(D™ — (D° > K°KN) zlp) —AD™ - D° > K 7) zfp)

+AD} - ¢ = [AD) - K° K1) — AKKY)

e Particles kinematics are equalised with a reweighting procedure.




[LHCB-PAPER-2022-024 (2022)]

CP asymmetry in DY — K*K~

e Combining the result obtained with the two control modes:

Acp(D* - K*K~) = (6.84+5.4+1.6) x 107*

more than twice times more precise than Run 1 measurement.

e From combination with Run 1, AA , £ . . I T ;
|
and AY measurements: & 60 Pt ;
d 4 |_+‘ LHCb preliminary .‘-"",',:::_'._‘_';...n :
al, = (1.7£5.7) x 10 o 40 e
ad, = (23.2+6.1) x 1074 20
0

first evidence of direct CP violation

=20 P
in D° — r'n” decays (3.8 0). R P o e
—40 :" _- ----- 3.0 fb" (68.3% CL)
emm -= 3.0fb (95.5% CL)
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CP violation in mixing




CP violation in mixing

Oscillation between D° — D° mesons can be described by:

z=(mp —my)c®/T y= (1 —Ty)/T
With mass eigenstates |D;,) =p|D%) + q‘DO>

CP is violated if: ‘%‘751 or gb_arg( )750

LHCb observed x > 0 in mt-tagged D% — ng+7r_ decays [Phys. Rev. Lett. 127, 111801 (2021)]:

z = (3.9872%) x 107°

New measurement with B — DO (—> KOW T ),u— v, X decays [LHCb-PAPER-2022-020 (2022)].

o Paperincludes also results comblnatlon.

Both analyses use bin-flip method.
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https://doi.org/10.1103/PhysRevLett.127.111801
https://cds.cern.ch/record/2824846

Mixing parameters in D°—K°_ rt*

7T decay

5 3F UL R B B
Bin-flip method [Phys. Rev. D 99. 012007 (2019)]: = CS K**T” LHCb
E 25 S5A4fb !
e Model independent. g i
. : KO pO
e Sensitive manly to x parameter but also to y. 1.5- 3
e Access to mixing parameters through time-dependent ratio between 1‘ —
-b and +b Dalitz bins (10 equipopulated time bins). 0507 CF K* ™ T
05 1 15 2 25 3
e Dalitz bins chosen to have constant strong-phase difference _ - s [GeVe’]
between D° and D° (measured by CLEO [phys. Rev. D 82. 112006 (2010}]). T ’F
> . b
0 25
e Suppresses biases due to non-uniform efficiencies. <
2 +b
1.55—
iE
0'55_ 1 1 1 | 1

[LHCb-PAPER-2022-020 (2022)]
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Absolute bin index b
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https://doi.org/10.1103/PhysRevD.99.012007
https://doi.org/10.1103/PhysRevD.82.112006
https://cds.cern.ch/record/2824846

Mixing parameters in D°—K°_ it decays
e Fit the ratio of Dalitz bin b and time bin j with:
Rf);. ~ Ty — () jvTo|(1 —ro)ee Yy — (1 +73)8p ]

where “+” for D? and “~” for D°, r, the ratio of bins, <t>j average decay-time in bin j,
and ¢, and s, are the strong phase parameters.
¢ SLData  —Fit  ----Fit(x,,=0) ¢ SL Data — Fit
0.125F LHCbH o2 oo LHCb 0,0202‘ .
ok 5.4 b g & [ } i ﬂl i I 5.4 fb! 55
& onsEe; ;0 M Ty T+ x +|[\ Gl -0 +|°O
011F o2 24 } {ﬁ % &
0.105F —0.0164| , /_‘_‘__0'0203
0ef E 004431 {00324
& osf E e | Uy B
ossE E > : + _ &e
U o4 —0.043} 1-0.0324
onE /_._t 00326} 7 " oaoss
. 0,315— ] “ % [ } ] &
R oaf Mk S L °F W #lﬂ i% § -1 L
0f [ % * h x
E —0.0326f ) 4-0.1086
049 0.0310) T oo
- 0.48F . b I%N
= =L OL%‘*-F—Q— M— /. [LHCb-PAPER-2022-020 (2022)]
0.46f -3 } * x
0.45E ~0.0310 ; , _0.0234
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https://cds.cern.ch/record/2824846

Results:

Xcp = (+ 4.29+1.48+0.26) x 1073 "
Yop = (+12.61 +3.12 + 0.83) x 1073 0.02
Ax = (— 0.774+0.93+0.28) x 1073 0.01
= (+ 3.01 £1.924+0.26) x 1073 .
Compatible with t-tagged analysis.
Combining the results: <
x = (+0.40 + 0.05) x 1072(80) 05

= (+0.55+0.13) x 1072

0
|C7/P| =1.01219959
0.037
¢ = —0.061100%7 s

[LHCb-PAPER-2022-020 (2022)]

Mixing parameters in DO—>I<O i decays

|:| LHCb Prompt D’ —)Kon‘ * bin-flip LHCb
| [ ] LHCbSL D’ — KJz*x* bin-flip

[ LHCb D’ > K‘;;r+zr+ bin-flip 5.4 fb
contours hold 68%, 95% CL
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https://cds.cern.ch/record/2824846
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Measurement of y .,




Measurement of y _, -y ,"

e Due to mixing, effective decay widths ' of Cabibbo suppressed decays is not equal to T.

e From the decays rates, we define the observable [JHEP 2022, 162 (2022)]:

B(D°—h*h )+T(D k' h7)

- — -1
N(D'—K nt)+T(D° =K' n)

hh Kr
Yep " Yop ™

e y.,"=y,,=yinabsence of CPV.

e New measure of y, KT with rt-tagged decays [Phys. Rev. D 105, 092013 (2022)].

~VYep

e Measure of 0 rip— L
N(D°—=h"h™t) - e(y’&’};—yg}’:)t/TDo e(h"h™,t)

N(D* =K~ 7+,t) e(K mt,t)

RM\(t) =

- KK K K K
Combine yop™ —yep " and Voo™ = Vep " IN Vep~ Yep -
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https://doi.org/10.1007/JHEP03(2022)162
https://doi.org/10.1103/PhysRevD.105.092013

Kt [Phys. Rev. D 105, 092013 (2022)]

Measurement of ch

=0.345F ] =
- LHCb <
6fb! ] R

Yep-

0.345p

0.34 0.34F

0.335F 0.335}

033F ND°—7tr) 033F N(D°—=KTK™)

- N(DOSK—=t) . F N(DP—=K— =)
TR S (A S G S G S S TR R VR N (S S S S S S
0325 2 4 6 8 05225 2 4 6 8
1T 1T

yEE — yKr = (6.57 £0.53+0.16) x 1073

Kr -3
— yop — y5T = (6.96+ 0.26 £ 0.13) x 10
yK§ _ yKz — (7.08 4 0.30 £ 0.14) x 10—3} Jom =601 =1

° y ) =-4X 10"
e Previous world average: yop — y5% = (7.19 £1.13) x 10~ 3

e 4 times more precise.
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https://doi.org/10.1103/PhysRevD.105.092013

Kt [Phys. Rev. D 105, 092013 (2022)]

Measurement of y .,

e New constrain to world average

~Yerp

& 0.9 LN E791 1999 i | f | 7.32 = 28.90 = 10.30
S i World average (June 2021) | rocus 2000 ) H—°"—H 320 = 1390 £ 7.40
>~ 0817« | world average (June 2021) + LHCbRun2 y | crLeo2002| H . H [F=TT11012.00 +25.00 + 14.00
i ] Belle 2009 e { 145 + 6.10 = 5.20
0.7+ N LHCb 2011 et 5 - | 550 + 6.30 = 4.10
B g BaBar 2012 | t—— 7.20 + 1.80 = 1.24
0.6 —  BEsm2015| B—— et F—— || -19.65+13.00 = 7.00
- . Belle 2016 Jsl H 11.10 + 2.20 = 0.92
05+ — LHCb 2019 M 566 =133 +0.94
L i Belle 2020 el el M, Bk bt 10.30 + 9.10 = 643
04 y = (6.46 + 0.24)x1073 _| (iuco2021 i l Vep = Y52 1107] 6.96 +0.26 = 0.13
O 6_ contlours hlold 681%, 951% CLl : . : . I . ] World average ' 697 +025 +0.13

0.1 0.2 0.3 04 0.5 0.6 0.7 S— .

X [% ] =50 0 50 100
y_. - ¥y [107]
CP CP
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Rare decays




0 Fh—y 1t -
D" — h"h™u™u™ rare decays
e FCNC ¢ — ul*l” transitions sensitive to BSM contribution
e More suppressed than b — sl*l” due to GIM mechanism.
e 4-body decays have measurable BFs.

e Measured in 2017 using 2012 data (2 fb™?) [Phys. Rev. Lett. 119, 181805 (2017)].

B(D® - rm=ntputu=)~9.6x1077
B(D° - K- Ktutpu=)~15x10"7

e World’s first full angular analysis of a rare decays [Phys. Rev. Lett. 128, 221801 (2022)].

e SM null tests in regions dominated by resonances
(due to interference between short- and long-distance contributions)

19



https://doi.org/10.1103/PhysRevLett.119.181805
https://doi.org/10.1103/PhysRevLett.128.221801

e Measurement of the full set of CP-averaged
angular observables and CP asymmetries as
function of ¢ = #(utu).

e Updated measurement of CP asymmetry.

e Results consistent with SM null hypothesis.

& 06—
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D° — h*h~u*u™ rare decays

SM null tests
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[Phys. Rev. Lett. 128, 221801 (2022)]
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https://doi.org/10.1103/PhysRevLett.128.221801

D° — u*u™ rare decays
Very rare decay: FCNC + helicity suppression.

Lepto-quarks in tree-level.

SM branching fraction [Phys. Rev. D 93. 074001 (2016)]:

e Short Distance: B(D° — pu*p~) ~ 10718
e Long Distance: B(D® — p*p~) ~ 1071

e Current upper limit (1 fb™!) [Phys. Lett. B 725. 15-24 (2013)]:
B(D" — utp~) <6.2x 107 @90% CL

e New upper limit with Run 1 + Run 2 n-tagged data [LHCB-PAPER-2022-029 (2022)].

in preparation
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https://doi.org/10.1103/PhysRevD.93.074001
https://doi.org/10.1016/j.physletb.2013.06.037

D° — u*u™ rare decays

e Analysis strategy:

e BDT trained against combinatorial background.

e PID based classifier to suppress misID.

Candidates / ( 6.17 MeV/c?)

e D% Krand D% — it as normalisation channel.

e Simultaneous fit to m(D° and Am=m(D**) - m(D°).

e No significant signal observed:
B(D® = utpu~)<29x10°@90%CL

e |Improvement of more than a factor two.
e Most stringent limit of FCNC in the charm sector.

Candidates / ( 0.114 MeV/c?)
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[LHCB-PAPER-2022-029 (2022)]

In preparation
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Conclusion

e | HCb collected the largest dataset of charm hadron decays.
e Major contribution in charm sector:

e Many LHCb measurements are world’s best.
e Measurements are still limited by statistical uncertainties.

e With Run 3-4 data we expect to improve our results.
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Mixing parameters in D°—K°_ it decays

Fit the ratio of Dalitz bin b and time bin j with:

1 1
o+ 4t <'2>, Re(23p — AZ%) + 4 <t2>j |Zcp + Az|? + /T (t); Re [X5 (Zcp + AZ)]

R: ~
J 1 1
1+ i (t2); Re(28p — AZ?%) + oy (2);|zcp £ Az 4+ /T (t); Re [Xg(zcp + AZ)]

where “+” for D% and “~" for D°, r, the ratio of bins, <t>j average decay-time in bin j, and

+1 ) ) )
q . ¢ SLData  —Fit === Fit (x,,=0) ¢ SL Data —Fit
ZC’P :l: AZ = — (E) (y + ZCE) 0.125F LHCb Jo22 H\O’OIM LHCb
o onf 5.4 b " 11': + 541!
x ousgEel. ¢ | MUY 12 & J00 ]
011F 10s & % }H *
Al -
Therefore & o o i W“‘W WLF_}*;
0.58F x ]
rop = —Im(ch), Az = Im(AZ) ot o e
. 0.31§ “ & oF % _
Ycp = —RG(ZCP), Ay = RG(AZ) A 00; i = EL. ['}{'ﬁf%] f #}H H t ]
ook fyeen ane
. 0.48F . \:lg } i E
[~ 047F x OF b
0.46F t’<\ * % {
[LHCb-PAPER-2022-020 (2022)] st o R T
0T,

J-0.1086

0.0234

-0.0234
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https://cds.cern.ch/record/2824846

Kt [Phys. Rev. D 105, 092013 (2022)]

Measurement of y ., -

e Control channel:

Yep

cC(qy _ N —=rtat) yCCt/r o et T )

R (t) = N(D"-K'K t) oc eferint e(KTK t)

S~ [ LHCb ;
O

0.338 . ]

X : 6 fb 1 :

e ﬂﬂl 4 - _
0.334/m *" '|+ T T _

0.332 y&§5 = (—0.44 £ 0.53) x 103 v o

OIII21.14II1611l8
t/TDo
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