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What are main goals of charm physics at LHCb? ol
e CP violation in charm sector
* |ndirect searches of New Physics in loops
* Further QCD development with heavy baryons and
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CPV in charm sector & New Physics in loops

d s b * CKM matrix provides clear prediction of very
small CPV in charm sector (

D A > W AX3(p — in)
A6 A2(2 4 2 = u
—3=[1+84%(p* +1°)] .
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Wolf I _ }_"[] — 4A2(1 — 4p — 4in)] , )
|
ANY(1 = p — i) —AN2 + 3 A(1 — 2p — 2in) 1— A2 -
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 New Physics in loop-diagrams driven
+O(\")

processes, which are very suppressed in the
SM (

Q|
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* Need a lot of cc for discoveries
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Better understanding of QCD

e QCD is a natural part of the SM

Weak force driven EM / strong e Chiral perturbation theory valid between
decays expected 0.1 and 1 GeV
* Perturbative QCD calculations >> 1 GeV

e Although charm hadrons are in between
of these two regimes, due to high ¢ mass
double and triple charm systems, as well
as exotica are kind of natural bridges for
QCD development

* Need intensive charm source to produce
such bound systems
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Machines for charm studies (Luminosity / N_z)

e*e” colliders

hadron machines

At threshold

Higher energies

CLEO-c (0.8 fb™1 / 5*10°) / BESIII ( 3fb™1 / 2*107 )
In future Super-tau-charm Factories
* at(3770) resonance
* Quantum coherence, which allows to measure
strong phase
* Almost no background

* No boost — no lifetime measurements
* Small sample size

Belle (1 ab™t / 13*108) / BaBar ( 550 fb™1 / 8*108 )
In future Belle2 (50 ab™)

e Neutrals / neutrino studies
* C(Clean environment
* Lifetime studies possible

In future PANDA

* Selective to hadron production thresholds
* Production cross sections measurements
* Polarization studies possible

* no lifetime measurements / not large sample

CDF (10fb™t/23*10%°) / LHCb (5 fb™1/ 8*10% )
In future LHCb Upgraded (= 50 fb™* = 300 fb™?)
* Huge rates
e Excellent lifetime resolution due to the boost

* Large backgrounds
 Difficult to work with neutral
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Charm and beauty production into forward region

Gluon fusion is main production mechanism for
pairs of heavy (c & b) quark-antiquark pairs

Produced charmed hadrons go together in
forward direction (LHCb acceptance 2<n<5)

Lorentz boost provides signature for c- & b-
hadrons selection

Tagging for prompt-c and c-from-b
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LHCb: Find \

Excellent vertexing allows efficient heavy ,

quark hadrons selection / gives access t6
decay time distribution / prompt- ’
secondary separation for charm

,"‘v' .'/’

/7
/ /
/ /

Protons collision point

!
/

o(IP) =~ 20pum
op/p=04—0.6"7%

Magnet

\Measure

Excellent PID allows to suppress
nackground dramatically and

|
explore many decay modes

Ep[D(If) ~ 95 %
MisID (K —»m) ~ 5 %

ECAL HCAL

SPD/PS

Etrack = 96 %%

Excellent tracking

Muon system — nice tagging &
great potential to search for rare

o -decays with di-muons

EF’ID(.IU) ~ 97 %
MisID (m— ) ~ 3%

/" JINST 3, (2008) SO8005;
Int. J. Mod. Phys. A 30,

01.03.2019
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Luminosity and trigger

* LHCb operated in constant instantaneous luminosity mode

(1.1 visible interactions per bunch crossing)

e Two stage trigger, which is efficient for hadrons and muons

* Turbo stream for Run-2 — candidates reconstructed at the trigger level
saved directly for offline analysis + (online alignment and calibration):

huge accepted rates (more data, as event sizes are smaller)

widely used for charm analyses (see example on next slide)

Integrated Recorded Luminosity (1/tb)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 2.19/fb
2017 (6.5+2.51 TeV): 1.71 fb + 0.10 /b
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /b
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): .11/
2010 (3.5 TeV): 0.04 /fb

i i i
2012 2013 2014 2015 2016 2017 2018
Year
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it 2. Mod. pys A 30, 1530022 (2015 T ArXiv:1812.10790
LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

~ > I>

rLO Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

SR

e & & & 8 8 0 0 0 0 00NN E e e e

. Software High Level Trigger

L]

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online

detector calibration and alignment

[ Full offline-like event selection, mixture]

of inclusive and exclusive triggers

> Ir 17

12.5 kHz (0.6 GB/s) to storage
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Spectroscopy of hadrons with open charm



Weak force driven

D I S Cove ry Of _CC decays expected )

 Two SU3 triplets are predicted as parts of two SU4
baryons 20-plets

* Many predictions:
* M(Z_"*)in [3.5-3.7] GeV
« M(Q.)=M(=,)+0.1GeV

* Few MeV isospin splitting between =_*" and =_*
* Lattice QCD: M(=_***) = 3.6 GeV, M(Q_) = 3.7 GeV

* HQET: core from heavy diquark

* Lifetimes prediction T(:‘++) € [ 200 — 700] fs

T(Ece" (ceu)) » T(Ece(ccd)) Doubly heawy baryen

to a heavy Qg meson
Ref. to theory papers in backup
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PHYS. REV. LETT. 119, 112001

Discovery of =_* e ———
cc =++ <::(£ R L ' '
. . Fec di+ S 180F [HCh 13 TeV E
o Signalyield of 313 + 33 events <:g} Zie0f £
c - - s KT ooE Dol E
o Local significance grater than 12c WT\\CEW . E

o Confirmed with Run-l data (113 £ 21 ev. / >70 sign.)

m(Z5+) = 3621.40 + 0.72(stat) + 0.27(syst) + 0.14(A) MeV

ob—— . . b e Uy ]

e 3500
m(EXH) —m(AY) = 1134.94 + 0.72(stat) + 0.27(syst) MeV o e (&) MeV/e]
o Sub-MeV precision for observation z "F LHCb8TeV :
E 60 4 Data 0 E
. . . . 5 — Total E
o Obtained values are consistent with many theoretical 2 08 Signal | yl ]l
£ 40F ---Background o
calculations (including LQCD) £ 0 it + it
20§ =
o Weakly decay (as has ~0,25ps lifetime, see. next slides) 10 E
3500 300 300

m, () [MeV/e?]
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PHYS. REV. LETT. 121
162002 (2018)

u

c}E’Jr
C

s

u

d

frt

“Re-Discovery” of =

* Another channel with assumed high branching fraction WbC

e UseRunlldatal.7 fb?

o)
o)
—
oo 8
Yy VvV v

N ] I ] 1 1 1 I 1 1 1 1 I || || || || I ] 1 1 1 I || ]
* Yield: 90 + 20 candidates, corresponds 5.90 significance Y 100 LHCb N
~_ i -4 Data ]
* Mass measurement is in agreement with previously E N — Total i
Ow+lel 1 L. —
measured value A Signal -
~— ) Background -
\ —
3 60} -
Ef > AYK ntat _§ i | ' i
o - \ i
EL o s S 40 -
S L SR SR
LHCb ——o——  Combined , + + _

. | . . . | . . . | . . . | . 20 - _' H +

3618 3620 3622 3624 i HE +
M(ZL7) [MeV/c?] - o -
i L I L L 1 1 I 1 o | M | | L‘o'l [ I“QI. l L L L 1 I 1 1 |

B(EL" — Eint) x B(E: — pK =)

— 0.035£0.009(stat) £ 0.003(syst). 3500 3550 3600 3650 3700

BEL — AJK mint) x BAl - pK =*) m(ES ") [MeV/c?

01.03.2019 A.Dzyuba @ PhiPsi-2019 12



Lifetime measurement for =_**

- CC

1
(b)
* Significant yields for non-zero lifetime 2 4 Data

— Total fit

* Lifetime was measured wrt. /% decay < S00F - signal

---- Background

* Semi-unbinned method used: only

lifetime acceptances are defined as

.~
Tl

histogram pdf’s 05500 5600

L .
5700
mA ) [MeV/c2]

7 (EL1) =0.256 Y5155 (stat) + 0.014 (syst) ps.

g .

Source Uncertainty (ps)
Signal and background mass models 0.005
Correlation of mass and decay-time 0.004
Binning 0.001
Th |S resu |t favo rs sma I I er Data-simulation differences 0.004
. . . Resonant structure of decays 0.011
lifetime values in the range of Hardware trigger threshold 0.002
Simulated 7" lifetime 0.002
theoretical pred ictions AV lifetime uncertainty 0.001
Sum in quadrature 0.014

Ref. to theory papers in backup
01.03.2019 A.Dzyuba @ PhiPsi-2019

Acceptance (arbitrary scale)

1072

PHYS. REV. LETT. 121, 052002

L B ™ T -
0.6 LHHCB simulation _
0.4 + B
Yy 4+ f H» ;

03F 4 "1, & + |1 ]
0o +.x.+ ?'Z#Z +_+_ i s 3
“H- - $ 41 ]
0.1F o 1
-&- ]
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Measurement of _lifetime

Lifetime hierarchy charmed
baryons was considered (see

backup Refs.) to be:

Muons from semileptonic decays of €2, baryons and decay

Tot = Tht = T5o = Too.

vertex of 02, baryon provide opportunity for lifetime

measurement

To reduce uncertainty the lifetime ratio Tao

were measured

ron =
T

B - Dty v, X D= K n'n"

Fit result of 258 + 23 fs is incompatible with 69 £ 12 fs

lifetime reported in PDG!

01.03.2019

Signal yield / 0.04 ps

Candidates / (2 MeV/c?)

—+-Data

— Full fit

— QY pK K
Comb.

2680

0 5700 2720
pK K m* mass [MeV/c?]

—
(6]
o

—
o
o

n
o -

Q.- vX
+ Data

= Fit
--1=69 fs

PHYS. REV. LETT. 121
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(2018) 092003

04 Tos
QY decay time [ps]
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PHYS. REV. LETT. 121

Measurement of QQ_lifetime (2018) 092003
C
T - PDG Average ;E —e— LHCb, Qéﬁggﬂjvf(
¢ = 1.258 4+ 0.023 + 0.010 Qe pK K 7
Tt
T”E =268+24+10+2 [‘57 FOCUS [2003]
WAB89 [1995] —e—
_ . . E687 [1995]
o Previous experiments were done using TN
. 0 200 400
much smaller sample obtained on nucleus Q0 lifetime [fs]
targets
Z; (PDG) —e——o
o Very intriguing / Theorists are kindly A% (PDG) =
welcome to explain: £2(PDG)
Q0 (PDG) —o— =l —— Q0 (LHCb, 2018)
Tzl = T - Tal - T=0. . . .
0 200 400
lifetime [fs]
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Observation of doubly Cabibbo-suppressed NEW
decay Qf _:C"" ARXIV:1901.06222

| 5 G— i D
o Decay of systems into the same state from 1 ¢
strong interaction point of view, but different
from the flavor one

LHCb, Run-I, 2012, 2 fb™1 M, < 1070 MeV/c?

6()() -_-_ T T T | T T T | T T T | T T T _;

o Help to study the influence of “spectator”-
qguarks (in particular, Pauli interference effects).
Important for understanding of the lifetime
hierarchy

500F

&
S

o Only one DCS decay (A" — pK*r”) for was
observed so far:
o Belle Phys. Rev. Lett.117 (2016) 011801 . .

o LHCb  JHEP 03 (2018) 043 = S B B8 8
M,k-k+ [GeV/c* |
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Observation ofdoubly Cabibbo- suppressedl ~ NEW

ratio of BF's

total

,_
=

decay of = S o
B
= 10 E
Measurement of the po o Noxxls 1 o = _
Po B(op— K+K~) & Nogr 2., %

v - - - - L - | i - - - - -
| 1.02 1.04 1.06
AIK— K+ [ G(‘V/(!2 ]
T I T T T I T T

sPlot technique is validated and used to obtain the M,

lineshape for =_* candidates

—~ 30000 —

> z

* Statistical significance more than 150 E »0% LHCb E

—i 20000} ]
e Evidence of non-¢ contribution (at the level 3.5 o) EP:
= C
. . . . . o o . - C
* Main systematics — trigger and particle identification g toonaf
Cf)‘ﬂ 50{}0:

0 l | | L

2.42J | I2.44 - 2.46 2.43I-w- J 25 |
Myk-+ [ GeV/e? |
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Doubly Cabibbo-suppressed decays
Gy S

Unprecedent statistics collected for D

mesons (this work LHCb,2012, 2 fb™1) o

Push-down uncertainties for the branching
fraction measurements

Face with the lack of Monte-Carlo (main
systematic uncertainty)

a ' LHCb

r 80
_ ! 70
E_ 60
E_ 50
E_ 40
E_ 30
3 i 2
E— ‘ 10

0 1 2 3

K™ [GeV/c]

of mesons

K

3
1

=
+

3
up+
w N
wiegia w oo
=
+

QS oo wo=
3
+

Channel Yields [x103]
DY K KtK* 134.30 = 0.47
Dt — o ot KT 794.9+1.4
Df 5n KtK* 67.24+0.5
DtY— K-K*tnt 2313945

Dt — K—atat () 204290+ 14
Dt — K—gtqat () 158727413
Df—- K- Ktxt 23044 4+ 5

Further studies of the DCS decays (see next
slide)

ARXIV:1310.03133

B(D+ - K-K+K+)
B(D*— K—n+nt)
B(Dt—n atK™T)
B(Dt— K—ntnt) B
B(Dy—»nm"KTK™)

B(Df - K- K+nt)

(6.541 +0.025 + 0.042) x 10~*,
(5.231 % 0.009 + 0.023) x 1072,

(2.372 4 0.024 + 0.025) x 1073,

01.03.2019 A.Dzyuba @ PhiPsi-2019
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Dalitz plot analysis for the D* — K*K°K* NEW

ARXIV:1902.05334

o The amplitude analysis of this decay is performed with o 100 3
the isobar model and a phenomenological model ;% Zg: LHCb  :
based on an effective chiral Lagrangian. £ 7of 3

> -

< 3

K+ K+ () K* (d) K* z : =

(a) (b) / 7 4of E

D+ k- D' pr==(7-b Dt b - 3
- as-- - .. - 3

) K PR N T

K" K+ K K+ 1077 1.1 1.2 13 1.4

m(K*K") [GeV]

— 101
o Both found dominance of the S-wave contribution into & 160f E
K*K- system, with a small ¢-contribution. 2 1‘2‘8‘ LHCD :
S 100 ' E
o K*K~ scattering amplitudes for the considered 2 28:’\-- / E
combinations of spin (0,1) and isospin (0,1) of the two- wE 3
body system are obtained from the Dalitz plot fit with 0 E

. . ) () S [ S S S

the phenomenological decay amplitude. 1 L1 1.2 1.3 1.4

m(K*K") [GeV]
01.03.2019 A.Dzyuba @ PhiPsi-2019 13



Mixing and CPV searches in charm sector



Amplitude analysis for DY — K*K rtrr

O

Singly Cabibbo-suppressed decays are most promising channel,
as for them CPV may arise from the interference btw. tree and
penguin amplitudes. Potentially up to 1% CPV effects!

Test of the rich resonance structure of many-body decays. The
variation of the strong phases over the decay phase space may
provide regions with enhanced sensitivity to CP violation.

Challenge to build amplitude model,
which will describe multy-dimancial
distribution = the feature of this
analysis is the self-consistent approach
to select (one-by-one) most important
contributions

Pull
[==" F¥ ]
11

)
-
g8 .

o 8
'I! 1 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_I TT III I:
§ " - — -

15000
10000

':\IS

Candidates / (12.4 MeV/?

1400
m(EEK7) [MeV/ic]
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LHCb, Run-I, 3 fb™?

SL tagging
S 3F 3
-V E
3k =
- 1 ' ' T |
“t, 16000 F- b data =
= = m— total fit =
14000 :_ == signal moedel _:
12000 ;— s=me hackground model _;
10000 ; | | signal region =
g 8000 £ ¥ sidebands =
- - 1 .
'.g 6000 o =
& 4000 N\,‘ —
] o 3
2000 &= . e " —
( TN .. . = [ DL T L -
1820 1840 1860 1880 1900 1920
m(K"K ) [MeV/c2]
33 E
=T N -
-3 F =
BRI
-
— 5000
E =T
-.:.- -1C'|:|'|:|: -I-I
2 0k
= s
2 000 F
= E
~ 1000
0 =
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ARXIV:1811.08304

Amplitude analysis for DY — K*K 7T 7T o, run, 3¢ st ageing

Amplitude Ay

- [#] Aarg(cy) [%] Ar. [%]

o More than 25 decay amplitudes are

. . . . D? — ({10200 p — w) %1 —g 0 (fixed) 0 (fxed) —18+ 1.5+02
identified. Model fairly well describes data  ° —+ &, (1000 & 14411402 1.3+15+03 —45+ 2.1+03
P K n|pof Kt oo 19+£11+£03 —12+13403 20+ 1.8£07
2 10 /9191 y P — K, (1270)* K —04+1.0£02 —11+14402 -26+ 1.7£02
X /ndf 9242/8121 = 1.14 [P — [K*(892)°K*(892)" g —1.3+1.3+03 —17+15+02 —43+ 22205
D° - K*(1680)°[K 7t]—y  224+13+03 14+15+02 26+ 22404
: T [P — [K*(892)°K*(892)",—; —04+£1.7+£02 37+20+02 -26+ 32203
o Search for CPV in the individual resonant 0P = K,(1270) K+ 26+17+04 —01+21+03 33+ 3505
- - P — [K*K Jp—olntm oo  35+£25+15 -55+26+16 51+ 5.1+3.1
contributions DP — K, (1400)" K* 02420407 25+35+10 —1.3+ 6.0+10
DP — [K*(1680)°K*(892)%,_p 4.0+27+08 —54+28+08 624 52+15
0P — [K*(1680)°K*(892)" -y —0.4+£21+03 04421403 -254+ 39£04

[l . ] _-‘ wrean1i] .-I‘._ - - - o - - oy o= g
o All of them consistent with the no-CPV D L Qe K o 21220406 ~18:£22403 24+ 37411
P = [4(1020)(p — w)]_2  0.8+£19+03 —12+20+05 —0.1+ 3305
hypothesis [P — [K*(892)°K*(802)"_2 —0.6+£25+04 06+£26+04 -30+ 5007
DO —5 $(1020)[x+ 7 ;g 38+31+07 —05+39+07 58+ 6.1+08
D? — [K=(1680)°K*(892)";—, 1.6+28+05 0.7+3.0+04 1.3+ 53406
o , 0P = [$(1020)p(1450)"] .,  46+4.14+06 _93+33406 75+ 85+1.1
o The most dev|at|ng one has 2.8 SIgMma D" — ag(980)° f2(1270)° 1.6+3.6+£07 —-73+33+08 15+ 72+13
. e D° = a;(1260) "7 —44+56+37 93+6.1+13 —10.6+11.7+7.0
significance (toy MC suggests that such D® — a;(1260) 7 ~34+70+19 -58+56+43 —87+137+29
. : o DP — [6(1020)(p — w)%)1.—y 21+52+08 —12.2+55+06 24+11.0+1.4
deviations appear in 35% cases as a [P — [K*(1680)°K*(892)°);— 52+71+19 -56+81+13 85+143+35

consequence of statistical fluctuations).

01.03.2019

P = [KYK L—olp — w)®
D" — [#(1020) f2(1270)%) .
D" — [K*(892)°K3(1430)°)—,

11.7+6.0+1.9
2767 1.7
39+52+1.0

48+62+1.1
0.9+6.0+£1.7
68+64+14

21.3+1251+28
3.6+13.3x+3.0
6.1+108%+1.8

A.Dzyuba @ PhiPsi-2019
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Search for direct CPV in decays of D*and D.* NEW

o Singly Cabibbo-suppressed decays are most promising

2 2
channel, as for them CPV may arise from the interference [D""G l # lﬁ"‘(f[

between tree and penguin amplitudes

o Measurement of the CP asymmetry for D.* — K", D* — K.°K* and D* — ¢nt*
o Easy-to-reconstruct high statistical channels, Run-Il data used (2015-2017)
o Production and detection asymmetry should be taken into account to determine A,

o Cabibbo-favored decays are used as a control sample (A, can be neglected)

forA,,and A
prod det Acp(Df — Kont) = (1.3 4 1.9 (stat) £ 0.5 (syst) ) x 1073

o No evidence of CPV is found | Acr(Dt — KIKT) = ( — 0.09 4 0.65 (stat) 4- 0.48 (Syst)) x 1073
(Result is PRELIMINARY) | Acp(D+ — ¢nt) = (0.05 +0.42 (stat) + 0.29 (syst)) % 103

01.03.2019 A.Dzyuba @ PhiPsi-2019 LHCb-PAPER-2019-002 (in preparation) >



PHYS. REV. LETT. 122

Measurement of the y ., parameter oo
Lep |
o Because of the mixing the effective decay width of decays into Yer = = -1
CP-even final states (in this work K*K~ and rt*717) differs from the B
average width (can be eval. from K 1" decay). [D12) =p|D") £4q|D%), & =arg(¢A/pA)

Cepy = Ar+ T, = (mg —mg)/T y= (I —Ty)/2T

o The guantit is equal to the mixing parameter y in case of
G Y Ver G &P y LHCb, Run-I, 3 fb™* SL tagging

CP conservation. Corrected ratios
2ycp = (lg/pl + Ip/a]) ycos & — (la/p| — |p/q]) zsin & _ 020 LHCb -
< s + -
: : < 0194 -
o Correction on LHCb decay time acceptance & %%_‘l ]
Decay Ar [ps™] yep [%) 0.181= : ' : : : : : —
D’ — K+K~ 0.0153+0.0036 +0.0027 0.63+0.15+0.11 = i * ?‘ata i
D" — 77~ 0.0093 £ 0.0067 = 0.0038 0.38 & 0.28 £ 0.15 0.070 —Fit ]
: t et Tl
: . . X, -]-1'+ b .t. . _
—>  yop = (057 £0.13 (stat) £ 0.09 (syst)% & + +
o Consistent with and as precise as the current world TE R VS R TN R
average value. Consistent with the known value of y. D" decay time [ps]
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Rare decays of charmed hadrons



D" > ute Dy = 7t Ii"':n—b T aV(=1) D’ - K"
D’ - pe” Dy > KT . P V) pL@pe y
DE:,-»h*p“e' D' 5 K 71l D' K'K'V(=1)

+ +
D’ = K11 D' vy D 2mIED

LFV,- BNV FCNC vMD Rad.ive
0

10" 10" 10" 10 10" 10" 10° 10* 107 10° 10° 10*

0 + + +
D{t) SHTT D' D't D —)Eﬂﬁ"V(—rp I D™ -5 g(— 1)
DY s X0 uter D" - ee D' sp - D'oK Viol) D' 5K a'V(>l)
e *
0 _# - DKkt Do D' 5 K'V(=1I)
D= XTI D' I'I

[PRD 66 (2002) 014009]

e Pushing down the limits on branching frations

CP- and T-asymmetries

Lepton Flavor Violation (LFV) will be examined

Lepton Universality (LU) in charm sector

Angular and amplitude analyses
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LHCb impact for rare charm decays

Intermediate vector resonances in
the dimuon spectrum can hide short
distance (SM) contribution

S.de Boe

0.001

10-3

10-7

dB(D*=atu*u~)/dq?* |GeV2]

r, G.Hiller PRD 93, 074001(2016)

v

Short Distance
Long Distance

LHCb UL
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DY — mfrutu” and DY — KK utur

(difficult to predict leakage of events from resonance tails into search region) ]
1 EE D"k kw1

3_ Low-r:r:m',u } | " 1 | LIHCI:- _
L6 ] —‘
Goal: Probe New Physics in c—>u transitions, appears at short E 4f ]
. . = AL 1
distances and very suppressed in SM (< 107?) o g u
Long range contribution from p, w, ¢ due to decays into u* ™ pair 2 DU
f‘-ﬁj 1 —Fit
=
=
g
U

1+ =K K

/,LJr q } B 1 - Comb. backg.
Short range ~o0 W Long range i h 15
C — > Uu C u i
0 AN + o + + Non-blinded %
po{ A bat po{ T ba -

Q)

( u q mass bins st
\u}h \Z}P°< Z+

Event “leakage” into Low-m bins, as expected
Observed branching fractions are consistent with SM expectations (done with 2 fb!)

28

C'.anllidates per 5 MeW/c
(g}
=

I—ngh-m{p *,u —— Dhla
i 10F T — Fit ]
B(D" — wtn ptp) = (9.64£0.48 £ 0.51 £0.97) x 1077, s |
B(D° — KYK ptp~) = (1.54 4 0.27 £ 0.09 + 0.16) x 107", % I Woeree |
i I omb. backe.
rarest charm decays ever observed 0=8s50 1900 1850 1900

i g
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D° — r*rpfu” and DY — K*K ptps 1) os1e01

Observation was done with 2 fb! / Start to learn properties (asymmetries) with 5 fb! % 300F LHCbI | 3
N —*— Data 1]
- o ¥ , i
» Az — forward-backward asymmetry of u*u _ S 250 (@) — Fit e
' v - D'smirutu
. ot | |
> A,,—triple product asymmetry - 22900 WMo
. * . 8 150F /7 fle T Comb. backg. ]
» A.p— CP asymmetry (using prompt (D*) tagging) 50
5 100} .
| ]
Quite promising probe for searches of New Physics O 50 -
i
. e $i2¢ = 2(7ipk - g ) (Tikh X Tip) - € y 1850 1900
Percent accuracy achieved with existing dataset m(T* ) [MeV/e?]
(ptp—) Effici ighted vield Sional tri NQ 60, L A I
m p‘. P‘- cliency-weighted vields 1gnal asyminetries - i
[ MeV/e?] Signal Misid. back. Comb. back. Apg [%)] Agy %] Acp [%] ; - LHCb —— Data ]
D ° s ata—putp~ L SoF (b) i ]
_ . ' § . - . E B — Fit i
< 525 90+ 17 233+£25 108 £+ 22 24 20 £2 —28+ 20 £2 17+ 20 £2 - - E
525565 - - - - - - vo40k DK Kt
565-T80 326 =23 253+ 24 145421 81+ 7.1 £0.7 T4+ 7.1 207 1294+ 7.1 £0.7 E‘j i o e ]
780950 141414 159415 89+ 14 T+ 10 +1 ~14+ 10 =1 17+ 10 +1 o i .D—’K K=z |
950-1020 24416 63413 43+9 3.1+ 6.5 +£0.6 124 6.4 £0.5 7.5+ 6.5 £0.7 » 30¢ | — Comb. backe, ]
10201100 258 + 14 3349 4449 0.9+ 56 £0.7 1.4+ 55 +£06 9.9+ 55 £0.7 E; C AR ]
> 1100 - - - — — — - B ]
Full range 1083 £ 41 827+ 42 579+ 39 3.3 £3.7 £0.6 —0.6 £3.7T £0.6 4.9 £3.8 £0.7 —5 20: —:
D= KtK-ptp % C i
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m(K*K-u*u) [MeVi/c?
we are at the beginning of the long way ( w1 ]
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Candidates / (7 MeV/c?) Candidates / (7 MeV/c?)

Candidates / (7 MeV/c?)

a) nonresonant

L]

H

H

H

H

H

H

s

e .
w H
H

H

-

b)  ¢@region

(985, 1055] MeV/c2

1 I TR T R A

Search for A "—pu‘u

Expected signals from &, w > u*u-

Run-I 3 fb1 / BDT / Tight PID requirements

PHYS. REV. D 97, 091101 (2018)

In the SM non-resonant contribution ~10°

B(A— pptp™) < 7.7(9.6) x 107°

at 90% (95%) CL.

10 - ©) ® region LHCb
8F (759, 805] MeV/c?
6F
4
2
0 SRR
2200 2300 2400
m(putu) [MeV/c?
01.03.2019
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Candidates / (10 MeV/c?)
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N
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800
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cL,

900 1000 1100
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0.6
0.4f

0.2f

LHCb
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. 1o

t20
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Future prospects / Upgrades



UPGRADE

Timeline FOR Sl
— o B

Runll LS?2 Run Il LS 3¥ RunlV LS4 RunsV+

TR
Upgrade I is under I S S S S O

construction for 2020 2022 2024 2026 2028 2030 2032
installation from 2019

Now
Expression of Intent T T T

for the second phase Phase | Upgrade Phase Ib Upgrade Phase Il Upgrade
Triggerless readout at 40 MHz Possible stepping stone
9.2 fb! collected 50 b~ 300 b~
Belle 2 At this stage LHCb can be the only high statistics
50 ab heavy flavor machine
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Example of modification important for charm
(magnet stations)

Opportur r physics, /’
and beyol HC era
Express nterest / / Side View Tungstcn \\\
M4 MS \

\ ‘,”f:_:

e - - S
il LHCD dipole-magnet =
“ \‘ - » -

1

/

/
.. / Magnet &
arXIV'1808'088/6?/ Magnet Stations  g¢if; TORCH I\‘Sehl:;g?ng M2
4/ /

&Silicon , RICHZ _,

\ — .
\ \ Magnet Station

\¢
\ \ o low-momentum tracker
\I -

-/ [RICHI A
..... K UT/

\\ =

4500

UT hit
4000 3 uT & MS
[ UT & SciFi

3500

3000

ﬁ?; “, v o
Vertex ) i oY
Locator

2500

2000

--------------- \ 1500

1000

500

10* 10°
Momentum g, [MeV/c]

_1 3

Phase-I1 Upgrade .
Very important for prompt

tagging for charm CPV studies
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Incredible precision can be achieved with 300 fb™

Mixing parameters Indirect CPV parameters in charm
>0 02— S T ' T ' T ' T ' |
HFAG World Average Jan 2017 i i HFAG World Average Jan 2017 |
0.011 I 1FAG WA Jan 2017 + LHCb 300/fb N 0.4~ [l HFAG WA Jan 2017 + LHCb 300/fb -
0.008 - - 021 N
] ® | i 1 .
0.006 |- A of- ~ . arXiv:1808.08865
0.004 |- - 0.2}
R P B B B —0al1 : | . | . | . L
0'0020 0.002 0.004 0.006 0.008 0.01 0.4 0.8 0.9 1 1.1 1.2
X a/p|
 We expect that systematical uncertainty will scale down together with statistical one.
e All chances to find CPV in charm sector
Topics and observables Experimental reach Remarks
Charm
CP-violation studies with D' — h+h—, e.q. 4 x 109 DY = KK~ Access CP violation at SM values.
D° — KOntn~ and D° — K¥n&ntn™ Uncertainty on Ap ~ 107>
. an I ncertainty on Ap p.I‘\ B
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Summary & Conclusions

* Excellent LHCb performance during Run-I and Il.

* A lot of important results in charm sector exploiting huge charm rate:
* Spectroscopy — discovery of =_** /intriguing Q_ lifetime measurement
e Systematic studies for DCS decays of charm hadrons
* Mixing & CPV — LHCb is dominating here

* Rare decays — push down limits for di-muon decays / asymmetries studies

Many more in the stream of LHCb charm results: http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary Charm.html

=50 /300 fb™

* Upgrades I/l approaching L

int

* Expect to have a lot of new and important results for Charm Physics


http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_Charm.html

Future prospects / Upgrades



Direct and indirect CPV in charm projections

x10°

Phys. Rev. Lett. 116, 191601 (2016)
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Candidates / ( 0.05 MeV/c?)

5

Candidates / ( 0.05 MeV/c?)
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D'— ]
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| s !
. IR
_‘%...u-_------ " ]JU i _l :
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—92L
Run-I dataset: AAecp = (—0.10 £ 0.08 (stat) & 0.03 (syst)) %, ‘ < 2
, =
| <

Type
CP violation

‘ Observable '

AAcp (1073) 0.8

LHC Run 1 LHCb 2018

0.5

PRL 118 (2017) 261803
Ar = (—0.29 £ 0.28) x 10—°

SRR B B
- LHCh D' — 7fm™

Ar- Islc:pe of Ilinear fit | T

1 I T 1

O Data
+ + — Fit
4 +

AL IEL ALY LA B AL BN
- LHChH D' — KYK~ <4 Data

ILHCb upgrade =| E $ ' | =
0.1 B - =
AR :

— Fit S

20
t/’TD

2 4 § 8

More improvement after Upgrade (we expect that systematics will improve with increasing L as data driven method are used ):
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Observable

 LHC Run 1 j LHCD 2018

LHCDb upgrade

Ar(D° = KTK-) (105

2.2 0.4
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Candidates per 0.1 MeV/¢2

PHYS. REV. D 97, 031101 (2018)

Mixing and CPV for DY

— RS appears, when no-mixing AND Cabibbo-favored

(CF) decay
. . g . o _ — WS either [mixing AND CF] or [no-mixing and
Right RS) D~/ Krt* W RS)D~/K*
|:g sign (RS) /K r?ng sign (RS) /K Doubly-Cabibbo suppresed decay]
?(1\0' L e Y 240?1\0' T 1 T T T ]
25 LHCb « Data N = 220F LHCb « Data g . .
@ i — Fit 1 2 200p ) — Fit - - Probe for all possible CPV scenarious
I Back d | — 180 ] Back d - . . . o . .
20| T S e e (direct, in mixing, interference of direct
i S 140} . .
15 1 %0 and mixing)
of | S 100f
u 1 5 sof
: | g 60} — As mixing parameters (x' and y') are small the WS/
ol E ‘218 RS ratio can be approximated as:
0 éOOS 2010 02015 2(;20 0 éObSI Jl I20‘IO‘ II 020|15 - ‘2(;20
M (D) [MeV/c?] M (D) [MeV/c?] ; Y2 4 (V)2 £\ 2
R(1)* = R + \/RpY"™ (—) + =) :(J ) (;) :
Using both Run | and Il data 5 fb™? Ry = A7/ AP Rp =1Ag/ AP Rl + Ry, = direct GPV

t# CPV in mixing
; ! = .
Yy FYy and interference
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y' [107]

PHYS. REV. D 97, 031101 (2018)

Mixing and CPV for DY

No CP violation

) ) ) ) ) Parameter Value
» Systematics with data driven methods includes: instrumental asymmetry / o 3454+ 0.028 £0.014
peaking background / D-from-b / background from ghost pions Y 5.28-1 0.45 £ 0.27

22 0.039 +0.023 4 0.014
* Fit efficiency corrected data to extract mixing parameters under 3 hypotheses = - =
] e 3 — N =
* Mixing parameters extracted with the precision order of magnitude better '2 5 - LHCb A
than in other experiments = - -
R 4__ —
7171 71T 7171 = ST . F :
7 LHCb (a) CPV allowed ] (b) No direct CPV } (c) No CPV _5 | LHC _ 6F & _:
6' “s:“ 1 ﬂ:"\ 1 “‘:““ h 0‘52_ CPV allowed _ c?o 5 N ) ]
. Uy NS : 1 — — ]
o 1 i AN, ] °F E - — CPV allowed -
b ) +99.7% CL“3N%, 05 1 & Y o No direct CPV -
4} --D° 68.3% CL 1 --p"683%CL }--o55%cCL hin S ; 4 -~ No CPV ]
| — D0 68.3% CL — D" 68.3% CL —68.3% CL B T E . , : . _
T T T e e D F© 1 ]
x"”?[107] lg/p| S 0.2F ]
v Opdptbpr bt S :
* Limits on parameters of indirect CPV ~ 1.00 < |q/p| < 1.35 @ 68.3% C.L. U0 2k R
0.82 < |q/pl < 145 @95.5% C.L. X ; | | | L

0 2 4 6 20

~
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Discovery of =

_CC O P
. . N . s K atrtAl (- pKk ) ~ a e
* Use Run Il data 1.7 fb™, exclusive high efficient trigger Chi ng
(Turbo) / result is confirmed with Run-1 data 2 fb2 ' CE}K_
- - - (A}) =~ 200 fs Wkg}“*
* Expected up 10% branching fraction for decay of interest Blilpr = 3
ar~45 15
* Cross check with different categories of selection:
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