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The LHCb detector
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CERN LHC: pp machine with Vs=7TeV (due to the 2008 accident)

Pseudo-rapidity coverage = 1.9-4.9

Originally designed for b physics, but now is pursuing a wide charm physics program
(out of 4 physics WGs, one is Charm)
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A typical event!
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Challenges and goodies of charm
physics in LHCb (1)

at 7TeV o(ccbar) = 6mb, o(bbar) = 0.3mb,
o(pp inelastic)=60mb

— huge o(ccbar); background from secondary charm from b
already low from the start of the selection

— and very favorable ratio to inelastic o (only a factor of 10!)

- high purity selections with few and soft IP, displaced vertex and
p; cuts

—>very large yields (the highest on the market)
however due to lower D meson daughter p; and IP wrt B
mesons, trigger thresholds have to be kept low

- tough requirements for trigger, tracking, online and offline

reconstruction, both for bandwidth and timing, and last but not
least storage!



Challenges and goodies of charm
physics in LHCb (2)

yields (and competition with other experiments) decrease with
# of tracks in the final state due to tracking efficiency ( a
factor/track) and to trigger efficiency (the meson p; is
divided among the n---tracks)

— the competition with the B factories for channels with >4 tracks
is tough

we mostly concentrate on channels with charged tracks in the final
state (due to the large number of ° in the event and to the modest
resolution EM Calorimeter)

the large data yields are also a problem for MC = very tough to get
equivalent MC statistics of full simulation (to test for e.g. detector
effects in CPV asymmetries)

* toy studies need to be extensively used

Charm physics at hadron colliders has been successfully pioneered
by the Tevatron experiments!



The trigger and charm physics

[LHC rate ~ 10 MHz] [cc fraction ~ 10%]

hardware L0 E; trigger ~ 850kHzJ [cc fraction ~ 50%]

After the hardware trigger have ~ 500 kHz of cc events
No possibility of an inclusive charm trigger!

Use exclusive triggers tuned for the needs of specific
analyses to deliver high signal efficiency and purity

[High Pr,IP track ~ 50 kHz (50% eff.)

software '

.
Exclusive D->hh/3h/4h ~ 1 kHz (50-90% eff.) out TOF 3kHz
tota

Already at trigger level selections very similar to offline (S/B about 1)!!!
Then we write down to disk at 200Hz rate (stripping)
at present instantaneous luminosity we collect:
5 * 103 tagged D** - (DO - K*K) it*
3 * 10° untagged D° > Kt er pb! (now we have >1fb-1) !!
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The LHCb running conditions

2010 was a “learning phase” year with fast varying running conditions and
luminosity at the end of it we collected 37pb-! and we were running at a pile-up of up
to 2.5 collisions/event in average (with the design being 0.4) but we coped well with it!

Instantaneous Luminosity Updated: 12:01:44
ATLAS Han
CMS n
z 1500 2011
o
L
~ 1000+
I3
=
T 500
LHCb 3 | — -
(design) === == cm e e e e e -
0 T T T T T
02:00 04:00 06:00 08:00 10:00 12:00
— ATIAS —— AUCE — CMS — LHCb

In 2011 we’ve been running with more steady conditions of =1.5collisions/event
with L=3.521032cms! (1.5x the design value) with luminosity leveling collecting up
to more than 1fb* by now (while GPE collected about 5pb1)
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Prompt open charm cross section

LHCb \s 7 TeV
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Total production cross-section o(pp = ccX) in 4m:

» combined average of DO, D+, D*+, Ds+
e charm from b subtracted out

DO cross section

Preliminary: 2010 data
2nbt

no pile-up data
minimum bias trigger

* using average of transition probabilities measured at Y(4S) and at Z°

= LHCb: o(pp = ccX) in 4mt = (6100 £ 934) pb
e 20 times higher than o(bb)!

Double charm cross section in the pipeline
10/23/11 W.M.Bonivento - Beijing 2011




Charm meson spectroscopy

Predictions of the D and D, mass eigenstates
were performed in 1985 using QCD potential
models.

The masses of D, and D”,, states were
successfully predicted before their discoveries.

In 2003 observation of two unexpected new
states: D" 4(2317) and D_,(2460).

Recently BaBar and Belle observed new D, and D
states: D(2550), D*(2600), D(2750), D*(2760),
D., (2710), D.,"(2860), D.,(3040). Many of them

need to be confirmed.



D*+TC_
D — D
DO

Decay modes

D,,—|D*K°
DOK*

D*K°

Exclusive decays

Inclusive production
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Selected meson final states
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D*K °
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Preliminary: 2011 data
320pbt Thank to the excellent performances of LHC and LHCb

detector, D, and D, spectroscopy feasible with the same
sensitivity of the B-factories

Mass (MeV/c?) Width (MeV)

D,,"(2700) 27104212 149 +7+3

Phys.Rev.D 80, 092003(2009)

D,,"(2860) 2862£245 48+3+6
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D,(2420) /D,’(2460)" feed-down D,(2420)° /D,"(2460)° feed-down
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CP Violation

3 types of CP violation:
— In mixing: rate of D°->D%ar and D°bar->D° differ indirect
— In decay: amplitudes for a process and its conjugate differ|
— In interference: between mixing and decay diagrams

In the SM, indirect CP violation in charm is expected to be very
small and universal between CP eigenstates

— Exactly how small is a matter of debate... but for sure well below
present limit of several 1073

Direct CP violation can be larger in SM, very dependent on final
state (therefore we must search wherever we can)

— in singly-Cabibbo-suppressed modes O (few 1073) possible
Both can be enhanced by NP, in principle up to O(%)
In LHCb we have now the statistics to make 0(0.1%) measurements!

direct



Experimental issues of time integrated
CPV in LHCb

* Experimentally, we have to cope with fake asymmetries:
— production asymmetries (pp collider)

— detection asymmetries (different K+/K- interaction lengths, soft pion
efficiency asymmetry)

— backgrounds

 Moreover the dipole magnet makes the detector left-right asymmetric for
+ charge and — charge particles

— alocalized detector inefficiency translates into a fake CPV asymmetry
1) we developed robust observables:
* Miranda technique for SCS decay D*2> K*KTt

* difference of two CPV asymmetries in SCS decays into CP
eigenstates D°>KK and D°->nmt

2) swap the magnetic field from time to time

* signal purity is a must = excellent detector performance



D->KKrt: the method

 Model-independent search for CPV in Dalitz plot distribution

 Compare binned, normalized Dalitz plots for D* and D-
— Production asymmetry cancels completely after normalization.
— Efficiency asymmetries that are flat across Dalitz plot also cancel.

i _ _N(D")—aN(D™) o — Niot (D)
P /Ni(D*)+a2Ni(D~) Niot (D)
 Method based on “Miranda” (*)approach -- asymmetry significance

— In absence of asymmetry, values distributed as Gaussian(u=0, o=1)
— Figure of merit for statistical test: sum of squares of S\, is a x2

(*) Phys. Rev. D80 (2009) 096006
See also BaBar: Phys.Rev. D78:051102 (2008); our dataset contains 10x more events
and is of comparable size of Belle analysis of D> ¢m:(arXiv:0807.4545)



D%KKT{ mass and Dalitz plot
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Sensitivity to NP

* With this binning and 2010 statistics, run a set of toys with various
CP asymmetries and see how often we get a 3-sigma signal.

* We implemented the CLEO-c Dalitz model to generate the toys
* We implemented both uniform binning and “adaptive”

mZ... (GeV?/c?)
N
o
1

0.5 1 1.5 2
mZ-_. (GeVZ/c®)
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Sensitivity to NP

3 LHCb 3 LHCb 1 4°in ¢ phase
= 25 = 25
3 s p=10°100]]
13 T O
2 2 0
no CPV 1) (s
=59 N -1
p=5% , £ NB: on the total
'l ' A A 1 A A hedemd «d T T Lkttt A A _1
0.5 1 15 2 0.5 1 1.5 2
the effect would be
CPV Adaptive I Adaptive 11 0
p3s)  (5) b))  (S) 0.1%!!
no CPV 0 0.840 1% 0.84c0
6° in ¢(1020) phase 9% 700  98% 520
5° in ¢(1020) phase 97% 5.50 79% 3.8¢
4° in $(1020) phase 6% 380  41% 270
3° in ¢(1020) phase 38% 2.80 12% 1.90
2° in ¢(1020) phase 5% 1.6o 2% 1.20
6.3% in x(800) magnitude 16% 1.9¢ 24% 2.20

11% in x(800) magnitude 83% 4.20 95% 5.60

 With no CPV, method does not produce a signal (good!)
* |f we do see a signal, it will mean big CPV and thus new physics.
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D*—=2> Kt control mode
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Uniform  73.8 17.7 72.6 54.6 1.7
Adaptive  81.7 57.4 65.8 300 11.8 p-Values

NB: in D* - K™ t* m* there is a mechanism for a fake asymmetry that doesn’t
apply to the signal mode (kaon efficiency)
Here the statistics is 10x larger than in the signal mode.
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Ds—=> KKt control mode

CF mode = expect no CPV | | 1y 35pbt
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Results for D=2 KKrt
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Results for D=2 KKrt

Binning  Fitted mean Fitted width x°/ndf p-value (%)
Adaptive I 0.01+0.23 1.13£0.16 32.0/24 12.7
Adaptive II —0.024 £+ 0.010 1.078 = 0.074 123.4/105 10.6

Uniform I —0.043 £ 0.073 0.929 £ 0.051 191.3/198 82.1
Uniform II —0.039 + 0.045 1.011 £ 0.034 519.5/529 60.5
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Preview on 2011 statistics

Preliminary: 2011 data
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AACP-ACP(D‘)% KK)-Ap(DO> 1)

N(D° — f) — (D - f) For a two-body decay
Araw(f) =
N (DY —>f)+N(D — f) of a spin-0 particle to a
) ) N(D*t — DO(f)nt) — N(D*~ — l_)o(f)w—) self-conjugate final
RAW = —0, - state, no D% detector
x4 0 + * — — ’
N = DXf)mt) + N(D*= = D (f)m™) efficiency asymmetry,
Apaw(f) = [Acr(f)]+ AD<f) +{4p(DY) A(KK*) = A(mm) = 0
Araw (f)" = |Acp(f)+Ap(f @D WSDS{AP D*+)j
physics CP asymmetry \

Production asymmetry

Detection asymmetry of soft pion

Look at difference in CP asymmetry between KK and mrt: very robust against
systematics

Apaw(K~KT)* — Apaw (n™77)" = Acp(K"K")— Agp(n~7T)

Acp(KK) and A, (rtr) receive contributions from both indirect CPV (universal) and
direct CPV (final state dependent) = taking the difference we are sensitive

(almost) only to the direct CPV contribution
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Fits to the data

Second order effects can however sneak in at second order through correlations
between e.g. production and detection asymmetries, which might be p;
dependent = to make the cancellation more effective the analysis is performed in
bins of p; and a weighted average is taken

Divide data up according to magnet polarity, trigger conditions.
Fit (Am + constant). Here are two example fits:

LHCb
‘3 1800 Prellmlnary

| ® ran —1 =
2.006 2.008 2.01 2.012 .016 2.018 0 2.006 2.008 2.01 2.012 2.014 16 2.018
m(KKs)- m(KK)+m( (GeV) m(sese)- m(-m)+m(D (GeV)

:_E%',“.‘-._ﬁ LJJ.lﬂ.‘ﬂuTHI il iy u,lhl,b,.'u,nlﬁﬁa‘ Elmﬁuqt[ e el [rﬁ.llrr | |L|."I u.‘

2.008 2.01 2.012 2.014 2.016 2,018 B 2.01 2.012 2.014 2.016 2.018

bRhhoanw

Total signal yield: Preliminary: 2010 data
116k tagged D° - K* K- 38pb!
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Systematics and preliminary result

Effect Uncertainty
Modeling of lineshapes 0.06%
D" mass window 0.20%
Multiple candidates 0.13%
Binning in {p,, 1] 0.01%
Total systematic uncertainty 0.25%
Statistical uncertainty (for comparison) 0.70 %

Preliminary: 2010 data
38pb-1

Acp(KK) — Acp(nm) = (—0.275 £ 0.701 + 0.25)%

Note: already competitive with the B-factories!

Statistical error for BABAR 0.62%, Belle 0.60%

But for CDF: 0.33%

Expect systematic error to scale well with integrated lumi.
Estimates very conservative, with large statistical component.
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DO production asymmetry

LHC is a pp machine and asymmetry may exist in D and B production.
Knowledge of such an asymmetry important for CPV measurements and for QCD models.

ABSW(Krm) | = |Acp(KT) CAp(DY)
RAW ' , (A TN
4 (]\ 77)* = r’l(-p(]\ ) 4[)(7\) -+ AP(D)
41",‘,“(1\ K)*| = | Acp(KK) HAp(7s) + Ap(D¥)
A& (nm)* ) = \Ace(rm) ) HAp(m) + Ap(D"))

3 ext. inputs 3 unknowns:

Physics CP asymmetries. Detection asymmetry of D°.

Detection asymmetry of soft pion.

The only external inputs are A.p(KK) and Ap(mtm). D? and D* production asymmetries.

e Ap(Kmt) assumed negligible.
e Solving the system of equations for the

unknowns allows to determine the production Preliminary: 2010 data
asymmetry A,(D?). 38pbt

A,(D%) =(-1.08 £+ 0.32 £0.12) %
No evidence of pT dependence so far
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Other channels under study

* Beyond updating with 2011 statistics
(>30x 2010) the above mentioned analysis of
2010 data, we have data on tape and we are
analyzing :
— Direct CPV in D*—>Ksh
— T-odd correlations in D°—> KKnrt

— Direct CPV in Dalitz plot in other
SinglyCabibboSuppressed D,Ds decays



The charm RD measurements in LHCb

e LHCb is well suited for measurements with
muons in the final state, a bit less with e-
(bremsstrahlung, modest resolution ECAL)

* High efficiency triggering on muons in LHCb
* Two main channels are being investigated:
— D> up FCNC, best limit Belle 1.7*107 @ 90% C.L.

* SM predicts, even including a long range term <1013



The charm RD measurements in LHCb

— D(s)+=2mtpp with SS muons = forbidden in SM,
sensitive to Majorana neutrinos

~

¢ " B present limits on the order of
: 106 for D+ modes and 10~
p for Ds modes

— D(s)+—=2mup with OS muons =2 FCNC, sensitive to RPV
SUSY 2 need to study pp invariant mass distribution
to exclude regions of long range contributions

e Analyses with 2011 data in preparation



Status of y/¢d, measurements
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y is the least well known angle ~20°

B23 Dalitz

B3 ADS

XX GLW

[ ] Combined

UTfit

postLP11
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Tree level y/§, measurements

CKM suppressed

color and CKM suppressed

(a) S K-’ (b) vub
B b Ves - ° s K,
D .- .
. . u v Kn'n

CKM angle y can be accessed through the interference of these b->c and b->u diagrams,
where the D and D%ar decay to a common final state:
ADS (Flavor specific): Ki, Knuurt, KsKrt, K*ron®

GLW (CP Eigenstates): KK, itr, KKnmnt
GGSZ Dalitz: Ksmurr, KskKK

~
/,
/’

B

(O )

+ DK=Tpe ™

f(D)K

Measurement can be extended to final state K*0 with BO decays 1}, € 1——) K_—__.«-l’

In practice compare B+ and B- rates, i.e. measure direct CPV

In LHCb we also measure y with the time dependent

Acp(B,>DK)

10/23/11
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for multi-body decays ry
and &, vary over the

Dalitz space
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Input from charm physics to
the y measurements

Quantum correlated decays give access to the
strong phase difference

— strong phase 6, for ADS—>2body

* From both quantum correlated measurements and
single tag yields
— also related to mixing parameters

— mean strong phase §," and coherence factor R for
ADS in D> 3-4 body

e Knum® turns out to be of high coherence = useful for
ADS

* K3m of low coherence = useful to measure r,



Input from charm physics to
the y measurements

— strong phase difference across the Dalitz plot in Dalitz
analysis (GGSZ) D>K:hh

 Amplitude model has good statistical sensitivity but give rise

to a systematic of o(y)=3-9° which would be limiting for
LHCb

* With model independent (binned) approach + input from
quantum correlated measurement at W(3770) 2>

o(y)=1.7-3.9° for Kt and 3.2 - 3.9° for K.°KK (dominated
by W(3770) statistics so it can improve with BES3)

Amplitude fit, model error 7°

6175 Binned fit, CLEO-c error 2°

1 2 3 4 5 6 7 8 9 10
Integrated luminosity [fb™]



Impact on LHCb measurement of y

Expected y precision using ADS/GLW modes (excluding Kntmt®) at LHCb 2fb-1

- 13 M
Co2 ¢ end of 2012
1" . \
TIR : $ A $ maybe 3fb1?
q . . . ‘
8 ‘ ! '
7 LHCb Kn/hh ADS/GLW
6 A +CLEO-c 4. constraint
5 + LHCb K3z ADS
4 + CLEO-c K3r constraint tree decays Only
190 180 170 160 150 140 -14315 0 time integrated

An extension of the combined sensitivity study included Dalitz

method with K¢t Trend suggests that sensitivity is dominated by B
statistics with current charm constraints
The inclusion of the time-dependent analysis brings o to about 5°

Current strong phase precision for these modes satisfactory until

SuperBFactories/LHCb upgrade (however this statement does not include the
potential benefit of a binned analysis with K3mr)

The field is actually evolving and new channels are being considered




LHCb today

Dep KAy, HES

PRELIMINARY
BaBar : | 0.25 + 0.06 + 0.02
PRD 82 (2010):072004 "™ |
Belle : 0.29 + 0.06 + 0.02
|| P2o11 preliminary A -
CDF L 03940172004
PRD 81, 031105(R) (2010) !
LHCb : 0.07 +0.18 £ 0.07
LHCb-CONF-2571%31 —
Average 0.27 £ 0.04
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D KnKR,, 9 D KnKA,  Fd

PRELIMINARY PRELIMINARY
BaBar' X N | 0.0110+0.0060 + 0.0020 BaBar ) P .0.86+047 00
PRD 82i(2010)'072006 i PRD 82 (5010) 0720 ) §
Belle ' 0.0163 :38341 125297 Belle P 02070% 0%
: - - : 1 " : .39 .02 -0
PRL 106 (2011) 231803 " | PRL 106 (2011) 231803 ' '
COF : Q0221 +0.0086 £ 0.0026 CDF | 3 | -082+044+000
PLHC2011 preliminary PLHC2011"prefminary . :
LHCb! 0.0166 + 0.0039 + 0.0024 LHCb | 030
_ . . . -0.39 4+ 0.17 £ 0.02
EPS 2011 preliminary S o EPS 2011 preliminary =
Average 0.0160 + 0.0027 A 5
, verage ; 0464013
HFAG | 0 ) HFAG :
-0 0.01 0.02 0.03 0.04 48 16 14 12 1 08 06 04 02 0 02 04 06 08
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Conclusion(1)

LHCb has a very rich charm physics program ranging from
mixing/CPV to rare decays and spectroscopy, mostly with
decays to charged particles in the final state

With 2011 data (1fb')we already have the world highest
statistics in many channels

We expect to collect 5fb! up to 2017 (phase 1) and 50fb!
(2019-20297) with the upgrade

For many years to come, at least until 2018, LHCb will be
(together with BES3) the leading experiment in the field:
statistical sensitivity to many observables such to rule out
NP contributions (e.g. some channels of direct CPV)

Still systematics such as production asymmetries in CPV and
lifetime acceptance have to be treated with care and more
new ideas on that need to be developed



Conclusion(2)

* |n general, we have not tried yet to DO> K
address channels with neutrals in 2010 data
the final state but things are
starting, though it is not guaranteed
it will be competitive.

* Channels with neutrinos remain _
peculiar to the e*e” machines FOVR NN

* For tree level measurement of y we | S
need very much inputs from e (V)
guantum correlated measurements
at threshold to achieve the best
precision
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BACKUP:
the equations for extracting
v from time-integrated
tree level processes
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Rate Equations for ADS/GLW

B~ — (K =% )pK") NE=(1 4
(B~ — (Ktx")pK™) NE=(+% + 1}
Bt — (Kt )pK*) NK=(1

(137[)) t '71'31[)(0:((53—50 —

7)),

t ...TBTDCOS(bB t 6 - 41)].

t (rgrp) + 2rgrpeos(dpg — (Sg" Fv)),

NBY — (K =" )pK™) N¥=(r} + rp + 2rerpcos(dp + 65~ + 7)),
(B~ — (h"h™)pK™) N (1 + 1% + 2rgeos(dg — 7)),
[(B* — (h*h™)pK™) NMA(1 4 1% + 2rpeos(dp + 7).
2[T(B — D K)+T(B — D K*) |
R... = =1+, +2r,c088
P ETTNB > DPK)+T(B > DKy B 2la008050087
GLW 2[T(B > D K)- r(B*—>Dg,,K)]
Acp, = - =42/,sind,siny
I[(B->DK)+I'(B > DK)
T(B > (K7 ),K) T(B >(Kx),K)|
ADS Rips = [ LB > (K7 )K) ~ (B > (K7 )K) J- I+ 2200, c08(8,+8,)cos y
2[T(B > (K7),K)-T(B > (K7),K)] . .
05 = TE > (K )k )T = (K7 )K) =200, 2200 sin(d,+ 8 ,)siny / Ryps
* Unknowns:
B: rgd,7 D:rp, 8, =2 Use rg from PDG, 8, from CLEO-c
* CP- hard for LHCb (maybe ¢K.?)
With only CP+, we have 4 equations and 3 unknowns
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How does this change if one has a multi-body final state?
[See M. Gronau, PLB 557, 198 (2003) for a nice paper]

’ wp D) ¢ [
Repsi(Xs) = 1471 £ 2krgcosdgcosy

Ao (X)) = ~+2kr. sind. sin-~ -
Acp+(X5) LZKTsSINOsSINY Similar change for ADS observables

mmm) sin’y < Repe(X)

Here, x is a “dilution” or “coherence factor”, 0 < k¥ <1, and 9§, is the average
strong phase over the Dalitz plot.

We acquire an additional parameter k though.
- In principle solvable (4 eq & 4 unknowns), but weakly constrained fit.

Another option:

- Split DKt Dalitz plot into N kinematic regions.
- #Unknowns 2 3N+1 (==7,10 for N=2, 3)
-  #Egn’s: 4N == 8,12 for N=2, 3)
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