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Evidence for CP Violation in time
integrated DY -2hh Decays In
LHCb

A Introduction: CKM Picture & CP Violation
d LHCDb experiment

[ Recent CP Violation Measurements in Charm
d Summary




Introduction
* SM great success, butit

THE STANDARD MODEL “cannot’ be the final word

Fermions

Y e The case for New Physics i1s
e clear

— Particle Physics

* Hierarchy Problem and
Unification with gravity

* GR and Quantum theory
* Origin of EWSB
* Why 3 generations?
e * Masses & coupling constants
electron — Cosmology
« Dark Matter

— | electron
neutrino neutrino neutrino

* Dark Energy
» Cosmological constant problem
* Baryon Asymmetry of the Universe




U All CPV phenomena attributable to a

U Another consequence:

d M,, : off-shell (virtual) contributions
U ; (real) contributions

O Diagonalize 2 my, m,, 7, 1|

Formalism

0 0
LA A 0 0
AV (p+in)/2 —-AL*(1/2—p—in) O

with nz£0.

via 2" order weak interactions.

For example, in the B sector:
B.)=|B)-

m, —m,
r

B)=|8)+[8)

Mixing parameters: X =

If CP conserved: ‘ﬂ‘ =1 Am=2|M,,| ATr=2|C,
p




CP Violation

(lg/p| # 1): Mass eigenstates cannot be CP
cigenstates
o la/pl = (1-e)/(1+e¢)  Experimental result: g, =2.228x103.

N _T(B— X{'v)-T(B— Xtv) 1-|q/p[
" T(B—>X{v)-T(B— X/v) l+|q/pl

Also:




CP Violation

(lg/p| # 1): Mass eigenstates cannot be CP
cigenstates
o la/pl = (1-e)/(1+e¢)  Experimental result: g, =2.228x103.
, _L(B—>Xv)-T(B—>Xlv) _1-]g/p[’
" T(B— X!v)-T(B— X/v) l+|q/pl

Also:

(|A/A| # 1): =2 amplitudes with different

weak and strong phases.
— Re(e'/e) ~10 B>Kn ..
— v from B- >D%K-
—  Aagp in D2 KK, it from LHCDb (coming up shortly!)




CP Violation

(lg/p| # 1): Mass eigenstates cannot be CP
cigenstates
o la/pl = (1-e)/(1+e¢)  Experimental result: g, =2.228x103.
, _L(B—>Xv)-T(B—>Xlv) _1-]g/p[’
" T(B— X!v)-T(B— X/v) l+|q/pl

Also:

(|A/A| # 1): Two amplitudes with different

weak and strong phases.
— Re(e'/e) ~10 B>Kn ..
— Aagp in D2 KK, it from LHCDb (coming up shortly!)
— v from B- >D%K-

Much attention in last 10-15 years
Clean extractions of weak phases when only 1 decay amplitude

[ sin(2P3), sin(2p,) ...]




Mixing and CPV: B°

Al x
> x=Amy /Ty ~0O(1) > AI'/Am, ~ O(mg?/m?) ~ 103
(Large Am = large mixing rate) - AI/T" small

CP Violation:

[ Large CPV in BY mixing: Arg(Vy) ~ n/(1-p) W v oy ()

1 Large direct CPV in selected decays. (%) '\'—1/
» B> nr, Kn, etc N ()
» B- 3DK-, D > KK, nn, Kn Vastud Xy Ve

W




Mixing and CPV:

—AV - AL (1/2—p—in)

Amg, o m?) ', T~ m>A4 Al'g o mp?
> Am ~ 20T 2>AlJ/Amg ~ O(mg2/m?) ~ 103

(Very large mixing rate) - AI' /T, not small (~0.1)

CP Violation:

» Small B, mixing: Arg(V,) ~ nA?

» Large CPV in selected decays.
» B.2>DK




Mixing and CPV: D°

J Mixing parameters hard to compute
Amp ~ (m-m,?)/my,? . Large (theoretically) due to long distance
GIM suppression.. effects. .
(Very slow mixing )  Theory: X,y in range 102 — 103
[ CPV small, at the level 1073

1 Here, aim 1s to uncover CPV at

uc v ({») X a level “significantly larger” than 10-3.
ud Voed
\,.'“b\,.":) """___—_—F_- *
5 V s V r'.ﬁ
(A°) (A)




LHCDb: Search for New Physics in Beauty & Charm

-
# Main aim of LHCD 1is to study a multitude of b- and c-hadron

decays to search for inconsistencies in the CKM description of weak
Interactions.
® Loop diagrams, rare decays, sensitive to NP

# Many other areas of exploration as well
#t Hidden valley, precision mass & lifetimes, new B decays,
t2uup, X, Y, Z, Electroweak W=, ZY, etc




L HCb Detector

//4Tm
[)”)Ole SPD/PS

Magnet
. T RICH?2 ECAL

i II

Sm

RICH counters
n/K/p Identification Tracking

Key strengths of LHCb

¢ ~5x10!! bb/year. * Excellent momentum resolution
+ ~5x10!2 cc/year * Ability to swap dipole polarity
* Highly flexible/large BW trigger * Precision vertexing

(~2 kHz bb, 1 kHz cc) * Excellent PID




2011 Data Taking

LHCb Integrated Luminosity at 3.5 TeV in 2011
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Vertex and Tracking Performance
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Vertex and Tracking Performance

IIP,( Resolution Vs 1/p_|
.
100
Vs=7TeV
90——~— 2010 Data

80— «— Simulation

Belle

LHCb VELO Internal
2010 Data:c=13.0 + 24.1n'pT um CDF

Simulation: 6 =121 + 20.21’pT um

CDF
Delphi

18 1!51'_5[cher

OPAL
Aleph

for 25 tracks:
o,%16um PDG average 536597 + 087

o, % 16 pm LHCD Preliminary (35 pb!)

o, ¥ 76 ym New average 5366.47 L 0.37 ’

e, . ‘LHCbﬁVELO Preliminary L | i
w : 5360 5365 3370 3375 33
B! mass [MeV/c?]

PP PRI EPEPIPE PE
30 35 40

s ~2X more precise B, mass than WA
Same for A,




RICH Performance - K/z Separation
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Charm Physics

4 Probing CPV in charm:
 Time-dependent WS decays
 Time-dependent DY2>K nir

d Lifetimes in CP eigenstates

J CP asymmetries (CS decays)




CPV In Charm - Lifetimes

# In D%decays : X,y ~0.01-0.001 (Let’s take f,= K'K"), then:

2 - .
Io o ) =|Ak] e (1-R,(ycosg—xsing)I't) 0= el phase
: b /p and A
FF—MK ()= |AKK |2 o Tt (1 B Rr:(yCOS¢+ xsin ¢)Ft) etween g/p and Ay

#* Each can be re-expressed as an exponential with modified widths (t’s)
Lo =T (1+R, (ycosp—xsing)I't)

~ =T'(1+|q/ p|(ycosg+xsing)I't)
# Lifetimes in CP Eigenstates

Underlying params

1 X 1 IfR, =1, ¢=0=Yy, =Y
~ —| R, +—|cosg——| R, — sin ¢
R 2 R

D Yep # Y = indirect CPV
m

m

If A; # 0= indirect CPV
l( R —R’! )cos é— ﬁ( R +R- )sin & (ignores small direct
m m m m
2 2 CPV contribution)




D** 22#D0 DO 2 K+K- Kzt

arXiv:1112.4698 submitted to JHEP; 2010 data (29 pb™!)

* Charge of the w_ tags
« D*" detection also helps the background suppression

LI |

LHCDb
DO—SK-rt

LHCb
DV—K*K-

Ny, = 39,000

Entries / 0.10 MeV/c?

N,;, = 286,000

Entries / 0.10

29 pbt

o X i Tpm—
Am (MeV/ Am (MeV/
m (MeVie) AmM=M(Dx£)-m(D?) “™ MV




Charm mixing and CPV via effective lifetimes

20007 Lucn
\w DY'—K+K
e Wt w

Decay time (ps)

WGE\\ 295" e
102I

—>K+

Entries / 0.05 ps
Entries / 0.05 ps

Decay time (ps)

Experiment Yep (109) Ar(10°%)

LHCb 5.6+6.3+4.1 -5.9+5.9+2.1 I PRD78,01105(2008)

BaBar’2 11.2+2.2+1.8 2.6+3.6+0.8 - PRD30,071103(2009)
> PRL 98,211803(2007)

Belle? 13.1+£3.2+2.5 0.1+3.0£1.5
HFAG yp, Average 11.07+2.17 1.23 +2.48

HFAG fitfory: (6.3 +2.0)x1073

First measurements at a hadron collider.
Not yet competitive with e*e-. With 2011 data [1.1 fb"'] o, (y.,) ~ 1x10~. Will soon have
most sensitive measurements.

Expected statistical errors on A with 5 tb™! (upgraded LHCb 50 fb-!) ~4x10-4 (1x10%)




Evidence of Direct CPV in D° decays
&

BEE - W & the reference frame
NEWS science

Home US & Canada Latin America UK Afric
OUR STRINGY UNIVERSE FROM A CONSERVATIVE VIEWPOINT (*)

Particle Physics Blog
@" ¢ ==z Save up to 30% off weekly car rentals A
P £27g 5%y when you add where2°GPS.

LHCD has evidence of new physics! | HG reveals hints o L
\ 1o L particle decays e~ N
By Jason Palmer LHCb reports a new source of CP-violation A

Science and technology reporter, BBC News Well, just another 3-sigma hint that may go away Pilsen, Czech
3 Republic

Monday, 14 November 2011

ations About Science with Theoretical Physicist Matt Strassle

wﬁ i i % Mat Charles of Oxford gave a talk at HCP 2011 in Paris in which he - View my complett
reported a surprising result by LHCb at CERN based on 0.58/fb of their profile
LHALC LUIMINnosity su-uct-,

ICLES  MOVIE CLIPS  NEW? START HERE X(

1 s

TECHNICAL ZONE

Science Calendar

Home About

BSM CPV in LHCb at HCP11

— Expanding the Dimensions Articles - - -
\ID LHC-beauty, or LHCb, is an enormous detector designed to examine CP

violation

Beyond standard model CP violation has been 1 rted by Mat Charle
for the LHCb collaboration at the Hadron Colllder Physms conference

'“D’leUVE’R"‘“’““‘“‘

A Quantum Diaries Survwor et sy e e Lot oo

o rapidly)
‘ sciznce A Notable Discrepancy at the LHCb Experiment

sin

Cosmic Variance

CP Violation In Charm Decays: 3.5 Sigma From LHCb!

Tommaso Dorigo 18 comments | & Print | B E-mail | Track Comments
@ Share/Save BB c @ ... »tweet| +7 | HLke nics »

New Physics at LHC? An Anomaly in CP Violation
Today I wish to briefly discuss a recent by sean

A Quantum Diaries S Here in the Era of 3-Sigma Results, e tend to get excited about hints of new physics that

eventually end up going away. That’s okay — excitement is cheap, and eventually one of these
results s going to stick and end up changing physies in a dramatic way. Remember that “3 sigma” is
the minimum standard requxred l'cr ph\ smsts to ta}se anewresult atall senousl\ ;f\ ou want to

important measurement produced by the
LHCb collaboration, a measurement of CP MORE ARTICLES

ot S mAe L n_tl_



Direct CPV in D°2K*K", ztz:
-
# Singly CS D decays receive extra penguin amplitudes that generally

have a different weak phase.
#! To get direct CPV, need a different strong phase as well.

T, = leading tree
T, = exchange
P = penguin

By CKM factors, r; ~ 6x10*
Since: af =2r, singsind, expect direct CPV ~ 107
( will depend on P/T, but "natural" level would be P/T ~ 0.1 )

Y. Grossman, A. Kagan, e The SM cannot account for asymmetries that are significantly larger than Q(10%)
Y. Nir arXiv:0609178v1 Thus, CP wviolation from new physics must be playing a role if an asymmetry is ob-

served with present experimental sensitivities |O(0.01)].
L




CPV in time integrated D° 2K*K:, ztz:

. -
Recall, time dependent decay rates

ra=|ale™ (

(1+‘/1f‘z)cosh(yl"t)+(1—‘/1f‘Z)COS(XFt) _ o [as A eosh(yrty + (-2 cos(art)
+(2Re A, )sinh(yI't)—(2Im A, )sin(XI't) +(2Re 4;")sinh(yI't) - (2Im A;" ) sin(xI't)

In the limit X, y, r; <<l

In mixing
_|_
Interference between
direct and mixed decay)

:AF

Raw CP asymmetry is sensitive to
both direct & indirect CPV




What do we measure ?

For any D"-tagged decay D° — f:

. _ N(D*t* = DYf)yzt) - N(D*~ = D (f)m~
Apaw ()" = — , - —0, -
N(D*+ = DO(f)rt) + N(D*= — D (f)

Apaw ()" = (Acp(f)+HAD(f)

physics CP asymmetry
-~ Production asymmetry

Detection asymmetry of soft pion

For a two-body decay of a spin-0 particle to a self-conjugate final
state, no DO detector efficiency asymmetry, i.e.

= Ap(T
Then: A]g_.«ur([\—_]\v—i_)* A(?])(I\'_IXHL) + Ap(ms) + -41)(D*+)

Apaw (m™77)" = Acp(n7n7)+ Ap(ms) + Ap(D*T)
= Apaw (K "K7)" — Agaw (n~7")* Acp(KTK™) — Agp(n—n™)

Apaw (W™ K7)" — Agpaw (7™ = Acp(K~K™)—Acp(n—n™)

Difference in asymmetry much more robust against systematic uncertainties
Expect direct CP asymmetry to be opposite sign for KK and nw
(V4 and V ( have phase diff of )




Aacp previous measurements

D
 Different measurements are sensitive to different
combinations of direct and indirect asymmetries

= ‘L 0 02 HFAG-cham \\\j\\\:\\\\i‘:\‘ o
Ky HCP 2011 AR AAcp BaBar
<10.015 ANRRRIXL AAp Belle

0.01 - NS = A LHCb Prelim
. NI SJA, BaBar HFAG averages:

Aagpdir=(-0.42+0.27)%

0.005

R = SRSl 1 6 away from zero
-0.01f RN Feif it
-0.015

acp9=(~0.03+0.23)%

Recent CDF measurement

-0.06




Data Sample
 Based on 60% of 2011 data

K'K*
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Fiducial Cuts

Certain regions of the detector are only accessible to D" or ’_

depending on polarity of the field... Up to 100% asymmetry!

tion efficiency

LHCb simplified bending plane view
Only tracking systems shown
Arbitrary scale used

X (x ‘>. B field
N K/n
z —
D
D

slow m

LHCb simplified bending plane view
Only tracking systems shown
Arbitrary scale used

x @ B field
| K/
z

=

K*/m*

Same behaviour observed

D**2D°t* not reconstructed also f"trh“b“ksi vhich

D*-3D0x- N ted eross e beam-pipe,
n reconstructe (i.e. small |PY/PZ| of
slow m)

D't*2D%* not reconstructed

b,/p.}>0.02

Raw asymmetry of D'"*2D°(KK)n*and cc in

the (P,,P) plane of slow pion We veto these

Regions to avoid

. B field down
P (1) D +/D B field up

o ST !:: P o I possible small

Tt Mo i, SN second order effects.
P 02 0.

e o W 75% of events

I SOVITRTTIONI. SUVOUTUURUUONITE P’ SRRV VRSTORT X retained after

P(n.) P(x,) fiducial selection




Additional fiducial subtleties

32838
|

Soft pion p (MeV/c)
3 3

n" curves into the beampipe
region in the downstream
tracking chambers!

Require |p,/p,[>0.02

Soft pions go
directly into the
beam pipe
(low P, and Py)
These events are
lost
No charge dependents




Determination of AA-, In LHCDb

)
Fit dm=M(D’*)-m(D")-M(1t*) to count
number of candidates for each D flavor.

 To suppress possible 2™ order detector asymmetries
between KK and nrt divide the data into bins of:

— pr(D*).,n(D*), p(slow )
— magnet polarity (up/down)

— runs before/after technical stop

Example fit D*->DP(KK)t in
one kinematic bin

All together 432 fits to om distributions;
216 independent measurements of AA

— good consistency among bins: y2/NDF=211/215
(CL=56%)

LHCb
Preliminary
580 pb*

— average

o B8 &8 8 8 8 ¥ 85 8




Systematic Uncertainties

Evaluated as change in AAp between full 216-bin kinematic binning and
“global” analysis with just one giant bin.

Evaluated as change in AA ., between baseline and not using any fitting
at all (just sideband subtraction in 6m for KK and nr modes)

Evaluated with toy studies injecting peaking background with a level and
asymmetry set according to DY mass sidebands (removing signal tails).

Evaluated as mean change in AA ., when removing multiple candidates,
keeping only one per event chosen at random.

Evaluated as change in AA, when cuts are significantly loosened.




AAqp : additional cross checks

Final result
(dashed line)

T | — Trr 1T & rrrr

Technical
stop

Run block




AA~p Results

Moo = Ao (KK )= A (7777) = (0.82£021+0.11)%  [ERSRERTISCE

ir ir, o+ - W in average decay time
T(K'K)—ads (7 77)+(0.098 £0.002£0.001)als for KK and rex final states

Our result 1s consistent with the previous
measurements (~1.1c) but more precise
55 0.02 N HFAG averages

HCP 2011 AAcp BaBar . .
So.015 N D oE including LHCb:
0.01 e

T AA., CDF
LoJ A BaBar dir—(__ 0
ApeT Aapdi=(—0.6540.18)%

0.005

N 3.6G away from zero
-0.005 S e

ap"=(—0.02+0.23)%

20.015 E 55\%51?55‘}1 Probability no CPV:
- s ETEEE R L RN
0.08 120,015 -0.01 -0.005 0 0.005 0.01 0015 0.02 0.15%

(Ap) 2




Acp in B3DXuv

Large inclusive p sample
Charge of u tags the D flavor
Orthogonal to prompt D* analysis

Secondary from
B decays
N(B —=D°(f)u'v,)-N(B=D°(fuv,)

ARAW(f)' = N -

(B—=D°(f)u'v,)+N(B =D°(f)uv,) b

De decay vertex
Acaw(E) = A(f) + Ax(f) + Ag() + Ap(B) + Acy(B) ~

Physics CP asymmetry Production| asymmetry
Detection asymmetry of D° and of muon
B CP asymmetiry

Taking difference between D> KK
and D>, unwanted production
and detection asymmetries cancel.
Expect stat. error ~0.3% with 2011
data sample (1.1 fb!).




CPV In Charged D decays

# Searching for CPV 1n charged D decays ensures, if you see
it, it’s direct CPV (no mixing).

#* Contributing amplitudes must have both a weak and
strong phase difference.

# CS D" = h™h'h" good since:
# natural variation of strong phase across the Dalitz plot,
all but guarantees a strong phase difference.

#* Can look at asymmetry across the Dalitz plot
# Strength of LHCb for fully charged final states.




Search for CPV In DT =2K*K-z*

2010 data: 38 pb"! arXiv 1110.3970, 2010 data(3Sspba

Adaptive 11 NE K
LHCb

o 3F For each bin of Dalitz plot calculate standard
> F deviation from no CP:
S a5k .
c I . Ni(D*)-aNi(D")
« of “r " /N{(D*) + a?Ni(D")
E - .
151

m2(K %) (GeV¥c*

‘0.5..‘.1- A‘1.5“ 2
m2. . (GevZ/c?)

m2(K K*) (GeV?/c?)

mean=0 ? o=17? p high ?

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 IT —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 IT —0.039 + 0.045 1.011 + 0.034 519.5/529 60.5




Looking ahead for CPV In D™ K- K#z”

€90000 Preliminary: 201 | data, 220 pb™!

z’aoooo LliCb Preliminary 2010 data: 0.04 {fb-1
© \s =7 TeV Data Dt

<70000 )

S N,. = 2 042 620 Np,=2766 170

60000

O

>

7e000 LHCb (0.22 fb'!)

+
40000 D

30000 CLEO-c (0.8 fb)

J’_
20000 D

10000 BABAR (80 fb!)

D+
1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020 2040
K'K*z* Mass (MeV/c?)



summary

)
# [ots of excitement about charm physics lately, in great

part due to a large measured CP asymmetry in D> KK, 7.

# We eagerly anticipate analysis of the full 2011 data sample
(~40% more data), and a doubling of Lint in 2012. Expect
statistical error to shrink almost in half.

#* Many other charm measurements being pursued, but have

not had time to discuss them.
# D>DO%", D'>K i, K KK (Linear sensitivity to X and y)
# D, 2Kh'
# Mixing with DCS D> Knr
L3 N







CP Violation in Mixing & Decay

» Consider final states accessible to both P? and PO, Let’s
assume 1t’s a CP eigenstate, for ease

1 M‘Z 1 M‘Z — Direct decay
— Mixing + decay ( DCPV if | % | #1)

— Interference between mixing + decay

2Re A 2ImA

# In B? decays: AI'/T" small 2
L(t)y=|A| e™ ((1 +|af + ((1 —‘ﬂ‘z)cos(Amt) —(21m/1)sin(Amt))

_T(H)-T®) _ (1=|4]") cos(Amt) - (21m 4)sin(Amt) A =1 Sin(24)sin( Amt
e = T+ T(0) (A+[4]) mm—p sin(2g)sin(Amt)

# In B, decays: y=AI'/2I" (~ 0.1 not too small .... Keep all 4 terms

# In D%decays : x,y ~0.01 —0.001, can expand , e.g D'2>KK...
T, =A™ (1=]a/ p|(ycosg—xsing)I't)




Mixing and CPV: K°

Amy o m?)."" << T ~ O(A4) [, large
-> Slow mixing rate. 2> 1(Kg) << 1(K))

CP Violation: Kaon decays described almost by first two generations,
which are ~real =» Small CPV

O (Indirect) CPV in mixing g, ~ 103
M Direct CPV, ¢/~ 103 ¢

U Long distance effects make lead to
large uncertainties in CKM params




