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Indirect Search For New Physics

most New Physics models predict the existence of new heavy particles
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* these can enter in internal loops and - - -
have sizeable effect on observables
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* CP violating phases, rare FCNC decays

B° and B°_ systems are an ideal hunting ground

* rich phenomenology, precise SM predictions -

LHCD

* confront predictions with
precision measurements

indirect searches for New Physics are sensitive to h
higher mass scales than direct searches for new particles

the pattern of deviations can hint at the structure of the New Physics

suppression of FCNC — prediction of charm quark
CP violation in K°K° system — prediction of 3™ quark doublet
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* CP violating phases, rare FCNC decays

B° and B°_ systems are an ideal hunting ground

* rich phenomenology, precise SM predictions
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* confront predictions with
precision measurements

indirect searches for New Physics are sensitive to h
higher mass scales than direct searches for new particles

the pattern of deviations can hint at the structure of the New Physics
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CP violation in K°K° system — prediction of 3™ quark doublet
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* impact parameter resolution
* identify secondary vertices
* proper time resolution
+ resolve fast B°-B°_ oscillations

* momentum & invariant mass resolution
* against combinatorial backgrounds

* large numbers of b hadrons (B, B+, B°, A,)

*  reconstructed,
“ “physics” B |

* K/n separation
* against peaking backgrounds
* flavour tagging

* selective and efficient trigger,
also for hadronic final states

o(bb)~ 290 ub @ 7 TeV
[PLB 694 (2010) 209]
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http://arxiv.org/abs/arXiv:1009.2731
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LHCb Apparatus

VErtex LOcator RICH detectors
o, ~ 20 ym e(K—K) ~ 95 %
for high-p_ tracks for 5 % n—K mis-id

Muon system
e(u—p) ~ 97 %
for 1-3 % p—n mis-id

. L
intferaction
point

Acceptance
2<n<b

Tracking system
Ap/p = 0.4 % @ 5 GeV/c to
0.6 % @ 100 GeV/c

Calorimeters
ECAL: 0./E ~ 1 % ® 10 %/ JE (GeV)

27.08.2013

[JINST 3 (2008) S08005]
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http://cdsweb.cern.ch/ejournals.py?publication=J.+Instrum.&volume=3&year=2008&page=S08005

VErtex LOcator
o, ~ 20 ym

for high-p_ trac

)

Important contributions

INR, Novosibirsk, IHEP

KGR LHCb Appargllus

RICH W Muon system
e(K A—p) ~ 97 %

for 5 -3 % p—n mis-id
s N

from Russian groups:
PNPI, ITEP, MSU,

“Calorimeters
ECAL: 0./E ~ 1 % ® 10 %/ JE (GeV)
[JINST 3 (2008) S08005]
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http://cdsweb.cern.ch/ejournals.py?publication=J.+Instrum.&volume=3&year=2008&page=S08005

Data Taking

LHCb Integrated Luminosity pp collisions 2010-2012

2.2

2011: 1.0 fb'! at 7 TeV
2012: 2 fb'! at 8 TeV

1.8

1.6

1.4

Integrated Luminosity (1/fb}

1.2

93 % data taking efficiency
99 % working detector channels

99 % of data good for analysis

4 N

unless mentioned explicitly,
all presented analyses are

based on the 2011 data set

=
[y
01/04

\_ = 1/3 of collected luminosity

27.08.2013

Delivered in 2012 {4 TeV): 2.209 ffb
Recorded in 2012 (4 TeV): 2.082 /fb
Recorded in 2011 (3.5 TeV): 1.107 /fb
Recorded in 2010 (3.5 TeV): 0.038 /fb

..................................................................
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LHCb Efficiency breakdown pp collisions 2010-2012

[ FULLY ON: 93.05 (%)
[ HV: 0.54 (%)

| | VELO Safety: 0.85 (%)
I DAQ: 2.85 (%)
I DeadTime: 2.88 (%)
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Overview

* Short introduction and motivation

* CP violation
e CP phase ¢, from B®. — J/y ¢
» flavour-specific asymmetry in B° decays
* CKM phase y from B: — DK* tree decays
* CP violation in charmless B decays
* Rare decays
* BR and CP violation in Bt — Kz p-
* angular distributions in B — Ky
* photon polarization in B:— Kty

* Conclusion and outlook: LHCb upgrade
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Overview

* Short introduction and motivation

* CP violation
e CP phase ¢, from B®. — J/y ¢
» flavour-specific asymmetry in B° decays
* CKM phase y from B: — DK* tree decays

* CP violation in charmless B decays

* Rare decays . N\
sorry, nho time to discuss

* BR and CP violation in Bt — Kty interesting LHCb results
on CPV and rare decays
i the charm sector Y,

* angular distributions in B® — KOu

* photon polarization in B:— Kty

* Conclusion and outlook: LHCb upgrade
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Overview

* Short introduction and motivation

* CP violation
e CP phase ¢, from B®. — J/y ¢
» flavour-specific asymmetry in B° decays
* CKM phase y from B: — DK* tree decays

* CP violation in charmless B decays

* Rare decays
Y 4 see Alexander's talk A

* BR and CP violation in B — K=y pr right after mine for
B°. — 'y and other

o . . . . 0 *O 4 o+ 4 3-
angular distributions in B® — K p p _ leptonic rare decays

* photon polarization in B:— Kty

* Conclusion and outlook: LHCb upgrade
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e CP violation

Overview

* Short introduction and motivation

e CP phase ¢, from B®. — J/y ¢

» flavour-specific asymmetry in B° decays

* CKM phase y from B: — DK* tree decays

* CP violation in charmless B decays

* Rare decays

* BR and CP violation in Bt — Kty p- production & spectroscopy
* angular distributions in B — Ky

* photon polarization in B:— Kty

~

rich programme also in

- some examples in Ivan's
N and Alexander's talks Y

* Conclusion and outlook: LHCb upgrade

27.08.2013
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el Sources of CP Violation

/ CPV_in mixing \

("indirect CP violation™)

* interference of absorp-
tive and dispersive part
of mixing amplitude

* different mixing rate

B->B vs BB

 small in Standard Moy

/ CPV in decay \

("direct CP violation™)

* interference of decay
diagrams with different
weak and strong phases

* different decay rates
B>f vs B—f

Qeware of strong phaﬁ

/CPV in_inter Fer'ence\

of mixing and decay

3

B Ty ¢

N 7

by BT 9,

* interference between
direct decay and decay
after mixing

* different decay rates

27.08.2013
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CP violating phase ¢_

CP violation from interference /\—(ILD
between mixing and decay RO ;
s CP
o.= ¢, — 20 _
M D q}h Bg/(brb

predicted to be very small in Standard Model
¢, =0.0364+0.0016 rad [CKMfitter]

sensitive o New Physics contributions in B° -B°_ mixing

measure time-dependent asymmetry for decays to CP eigenstate f,

~ r(B2(+=0)> f_,) — I'(B)(t=0)~ f_,) B ,
A(t) = F(B°(1=0) 5 f_) + T(B%1=0)~f.) nfsm(Ams'r)

use opposite-side and same-side [~ =]
tagging algorithms to infer initial B> D x' v
flavour of B meson at production [arxiv:1304.4741]
resolve fast B° -B°_ oscillations N GD
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http://ckmfitter.in2p3.fr/www/results/plots_ichep12/num/ckmEval_results.html#etiquette2
http://arxiv.org/abs/1304.4741
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* final state is mix of CP even and odd

—
(=]
T

] ) ] CP even%
* 3 polarisation amplitudes, plus

contribution from S-wave K*K-

Candidates / (0.274 ps)
s =
T

—
T

10

* time-dependent angular analysis to

disentangle these and determine ¢_ 5 o

600 F

* also determine lifetime difference

Candidates / 0.067
Candidates / 0.067

200 F

AI'_ between the two CP eigenstates

¢, = 0.07 + 0.09(stat) + 0.01(syst) rad 18E

= 0.16F

AT_ = 0.100 + 0.016(stat) + 0.003(syst) ps™| < 014
o1k
- from combined analysis with B, - J/y n* m-: 006
0.04 & E
[ ¢. = 0.01+0.07(stat) + 0.01(syst) rad ] i S ¢.0§4.d*
,[rad]

* excellent agreement with Standard Model [PRD 87 (2013) 112010]
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http://arxiv.org/abs/1304.2600

flavour-specific asymmetry 5
. T(B%t)>f) - T(B%+) ) m vl

A = g0 0 Z N
r'(B)(t)>f) + T'(B)(t) > f) . b
_ e N7
* non-zero if CP violated in B° -B° mixing
_ _ B! NP ? B
Prob (B2~ BY) # Prob (B~ B’)
— S—,

predicted to be very small in Standard Model

= (1.9+0.3)x107° [A.Lenz, arXiv:1205.1444]

sensitive to possible New Physics contributions in B° -B°_ mixing

LHCb analyis uses f =D_p"X to measure time-integrated asymmetry

production asymmetry a, < few %, washed out by rapid B°s-§°s oscillations

o = NN (ah]

S

o —
P2

| e cos(Am_t)e(t)dt
fe " cosh(AT _1/2) e(+)dt

=2x107* for LHCb acceptances(t)

™" N(Du+N(Dw) 2
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http://arxiv.org/abs/1205.1444

Q.
K+ (d)) 10 m" 3
' +-
Bs./v/"(' _w 2
------ = - 3 0’ E 10° 31
D ~>TT 2 0f : g
T 1800 1850 1900 1950 2000 T 1800 1850 1900 1950 2000
g g €
* detection asymmetries: measured from : .} S S
data using various control channels QY WA HEF WA v
10° 'Y 3 ()]
° ° v ) 2. : ; " ’ ) U
* separately analyse two magnet polarities ™ ™ "r o v T Mk mey E

,70.02
[a; — (~0.06 + 0.50 (stat) + 0.36 (syst)) % ]
[arxiv:1308.1048] ’
* most precise measurement to date 0.00!
* main systematic: residual track reconstruction asymmetry L Eg
* excellent agreement with Standard Model '0-04:‘ RS 5
* no confirmation of DO same-sign dilepton anomaly 004 002 :(-102
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http://arxiv.org/abs/1308.1048

CKM Angle v fr'om Tree Decays

consistency of CKM fits establish
Standard Model as dominant source
of CP violation in quark sector =

need more precise measurements

- IIIiiiIIIlIIF'I1IIII|IIII|IIII|IIII

to test for possible subdominant
contributions from New Physics

]

angle v still the least well constrained CKM parameter

_ +8.0\o :
v =arg VudV:b y =(68.0 e 5) [CKMfitter]

VeaVer =(70.8 +7.8)° [UTfit]
theoretically "clean” determination from DOK——r  orp el
tree-level B* —» D K* — f, K* decays to // \\
final states f, accessible to D° and DO (flpK~
no loops — largely unaffected by \\ //
possible effects from New Physics xrpe®em) T DOKT
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http://ckmfitter.in2p3.fr/www/results/plots_moriond12/ckm_res_moriond12.html#etiquette9
http://www.utfit.org/UTfit/GammaFromTrees

. . e e W » [PLB 253 (1991) 483]
CP elgenS'I'aTeS K*K J,JUT ( GLW [PLB 265 (1991) 172])

* quasi flavour-specific states K:n* K:n*n*n* ("ADS" [éansgs(éégiz)ogéggél)

* observables: ratios and asymmetries of B* and B- decay rates

)

LHCh

e /fir's‘r observation of The\
suppressed ADS modes
B* - [niki]bhi
[PLB 713 (2012) 351]
B" - [n"K'wn"n | h°

\ [PLB 723 (2013) 44] /

.« 3- i 0 pom- KO K*K- (™ » [PRD 68 (2003) 054018]
3-body final states K°x'n-, K°K'K~ ("66SZ" [ .op 70 (2008) 072003])

JRSENE of W s 0l |”K"

Events /{10 Mev/e?

ml Dy [MeVic]

* compare interference patterns in Dalitz plots from B* and B- decays
[PLB 718 (2012)43] — 1 fb-* | 3 fb! — [LHCb-CONF-2013-006]
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http://dx.doi.org/10.1016/0370-2693(91)91756-L
http://dx.doi.org/10.1016/0370-2693(91)90034-N
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0008090
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ex/0406067
http://arxiv.org/abs/1203.3662
http://arxiv.org/abs/1303.4646
http://arxiv.org/abs/1209.5869
http://cds.cern.ch/record/1537822

CKM Angle v from Tree Decays

* preliminary Y measurement from combination of GLW/ADS and 3 fb-! 665Z

* using input from CLEO-c to constrain strong phases in D decays

|

1-CL

LB e
r LHCb 1
08+ Preliminary  _|
0.6 -

0.4

021

L PV NN S N N TR NN
00 20 40 60 80 100 120 140 160 180

Y [°]

[D]

S 67 « 12° [LHCb-CONF-2013-006]
= - PRELIMINARY

published y measurement using GLW/ADS and 1 fb-! 66SZ result

e includes also Bt —» f_m*

(less sensitivity due to smaller interference)

- takes D°-D° mixing into account (small but not negligible in B*— f 1)

1;"‘I"'\“‘H' AL L B L B

1-CL

10" =

1072 E

107

0 20 40 60 80 100 120 140 160 180
Y [°]

[ Y= 72.691 °] [arXiv:1305.2050]

* most precise Y measurements to date
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http://arxiv.org/abs/arXiv:1305.2050
http://cds.cern.ch/record/1537822

CPV in 2-Body Charmless B decays

* direct CP violation from interference 5
Kt ot
of b — u tree diagrams - 4
and b — s(d) penguin diagrams [~ " S
d - d e
* measures Y in Standard Model but o 3 >; ]
g e o . ds . ™
sensitive to possible New Physics spectator ; - ’
contribution in penguin loops quark doss
ds spectator
* exploit U-spin symmetry :i - quark
between B° and B°, decays to v ;

3 - / - H b d,s

B° K~ ot K+
extract strong decay phases 5 - 5 { } )
B}

[Fleischer, EPJC 52 (2007) 267]

* two approaches:
* time-dependent CP asymmetry in B® -n*n- and B°. — K'K-

« time-integrated CP asymmetry in B° —» K'n~ and B° — K-
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http://arxiv.org/abs/0705.1121

B > w* &t B°, — K* K-

=)
w
r
L
@)
(o)

Raw asymmetry
o o
- N
T II|IIII|IIII|IIII|II
+ ’

e .

0
040
0:3 0.2
04 PRELIMINARY 035 PRELIMINARY
-05|1|1|1|1|1|1|||1|||||1| .:""I'"'I""l""I""I""l""l
- > 4 6 3 10 12 0 005 01 015 02 025 03 035
Decay time [ps] (t-t;) modulo (2x/Am,) [ps]

C,.=—0.38 + 0.15 (stat) = 0.02 (syst) C, =0.14 £ 0.11 (stat) + 0.03 (syst)
S,.=—-0.71 +0.13 (stat) + 0.02 (syst) S =0.30 = 0.12 (stat) = 0.04 (syst)

(C..,5.) % (0,0)at 5.66 C..S,) * (0,0) at 2.70

b1%,%4 KK?

[LHCb-PAPER 2013-040]
PRELIMINARY
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http://cds.cern.ch/record/1569284

B - K=

[ACP = —0.080+0.007 (stat )= 0.003(syst) ]

* most precise measurement to date
B° - K =

[ A, = 0.27 £ 0.04 (stat) + 0.01 (syst) ]

- first observation of CPV in B°

decays, significance 6.5 ¢

K% invariant mass [GeV/c?] Kt invariant mass [GeV/c?]
* also: test of U-spin symmetry [PRL 110 (2013) 221601]
A, (B°>K'n") BF (B> K xn*) =,
A = + > : = Q0 [Lipkin, PLB 621 (2005) 126]

A, (B)»> K n') BF (B°»>K'n™) =,

* using LHCb measurements of BFs and world averages for lifetimes «t:

{ A = —0.02 + 0.05 (stat) = 0.04 (syst) ]
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http://arxiv.org/abs/1304.6173
http://arxiv.org/abs/hep-ph/0503022
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Flavour Changing Neutral Currents

* b — s(d) transitions can only proceed through loops in Standard Model

* ideal hunting ground for possible contributions from New Physics

* Operator Product Expansion: describe decay by an effective Hamiltonian

46, o2

ES

Heff = _W . vtbvfs . 163132 . Z <Cioi + C:o:) + h.C.

* New Physics can add new operators O’ or change Wilson coefficients C()

/ B, —uw \/ b—osn u \/ b—sy \

branching fraction angular distributions photon polarization
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Flavour Changing Neutral Currents

* b — s(d) transitions can only proceed through loops in Standard Model

* ideal hunting ground for possible contributions from New Physics

* Operator Product Expansion: describe decay by an effective Hamiltonian

H

eff -

46, o2

\/E tb " ts 1631:2

ES

.2.,(€.0.+€.0,) + h.c.

* New Physics can add new operators O’ or change Wilson coefficients C()

Alexander's
presentation
in 5 minutes

/ b—-su n \

angular distributions

o 2
ut “
Y, Z
wo ==~
RN b
4 \ W T W
/ \ : :
; b 5
b u, ¢t s u,c,t

/ b—sy \

photon polarization

& 0,, O,. O, /
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decay fully described by q?> = m?*(u* n-) and angle 6, between p* and K*

1 d’r 3 2 1

T dcosd dq = (1 —) (1 - cos®@,) + E[FH]+ [AFB] - cos 6,
serve as excellent
calibration samples

results in good agreement with Standard Model predictions

measure dI'/dq?, A_, and F, as a function of q?

exclude regions around J/y and y(2s) resonances

Theory mEEBinned theory Theory mEEEBinned theory
-o-LHCb -8—LHCb -8-LHCb
o T T T [ T T T T [ T T T T T T T E F L e e e LU L R B B B B B B R R 7 u_I L e e LU L B R B B B B R S
2 [ 1 < o2F 3 5 -
3 LHCDb - LHCDb ; oak LHCD : -
= 06 - - - -
< -
[4) - . - ] | . i
% i | 0.1 =] | i
™ J B .
5 3 R _ _ _
= - o i - 0.2k -]
4 ] [ I —— ] - —.—
D " L ] i [ k
m 0.1 L - |
o C . —e—
C ] F ol —e— -
0.2 - o+ —
............................................
0 5 10 15 20 0 5 10 15 20
q? [GeV?/c] q? [GeV?/c] q? [GeV?/c!]

[Bobeth et al., JHEP 01 (2012) 107]
[JHEP 02 (2013) 103] [Bobeth et al., JHEP 07 (2011) 067]
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http://arxiv.org/abs/1209.4284
http://arxiv.org/abs/1111.2558
http://arxiv.org/abs/1105.0376

0 15 20
q* [GeV¥c4]

150

100}

LN
]

Candidates / (25 MeV/¢?)

of

T T I

* data

total .
.............. nonresonant
....... interference
------- resonances -
background

1
3800

1 1
4000

1 1 1 L 1 1
4200 4400 4600

2
m,..- [MeV/c?]

Measurement of the CP asymmetry

[ A, =0.000+0.033(stat)+0.005(syst)+0.07(J/yp K*) ]

* in agreement with SM prediction
* factor four improvement of current WA
[arxiv:1308:1340]

Observation of a u* U~ resonance

[ mass = 419177 MeV/c® : width = 65", MeV/c® ]

* compatible with known y(4160)
* 20 % of K:p*p- signal at low recoil

[arxiv:1307:7595]

* could effect angular distributions
around g®>~ 16 GeV?

27.08.2013
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http://arxiv.org/abs/1308.1340
http://arxiv.org/abs/1307.7595

Measurement of the CP asymmetry

[ A = 0.000+0.033(stat)=0.005(syst)+0.07 (J/y K) ]

* in agreement with SM prediction

i factor four improvement of current WA

Width [MeV/c?]

60

4180 4200 4220 4240 4260

I T R TR e [arxiv:1308:1340]

g* [GeV¥/c*]

LHCb best fit  =--

LHCb

Mass [MeV/c?]

Y(4160) e Y (4260) 30 ~

25

20 0
Qo

Observation of a u* U~ resonance

best

[ mass = 41917 MeV/c® ; width = 653 MeV/c* J

158« compatible with known y(4160)

10 * 20 % of K:p* u- signal at low recaoil

5

[arxiv:1307:7595]

* could effect angular distributions
around g®~ 16 GeV?

27.08.2013
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http://arxiv.org/abs/1308.1340
http://arxiv.org/abs/1307.7595

"&' Angular Observables in B® — K p* -

* four final state particles — three angles, eight angular observables

1 d3T+10) 9 [3 1
. — (1 — F)sin?0x + Fi, cos® O + =(1 — F1)sin? 6 20
['dcos@ydcosOd¢ 327 4( I IR g+ s O 4( L)sin’ g 0820
— Fy, cos? 0k cos 20, + S; sin? O sin? 6, cos 20
+ 54 sin 20k sin 20, cos ¢ + S5 sin 20k sin 6, cos ¢

+ Sgsin? O cos Oy + S; sin 20k sin 8, sin ¢

+ Sy sin 20k sin 26, sin ¢ + Sg sin? @k sin? G, sin 2¢ ]

- F_(¢*) and S, (¢*) are functions of

the underlying Wilson coefficients

» clever combinations of F _and S, less sensitive

X \ R
\ \
\ \

e.g. substitute ¢ - ¢ +n for ¢ <0 = terms for S,, S,, S,, S, cancel

to uncertainties from hadronic form factors

* “folding technique”: exploit symmetries of sin

and cos functions to extract subsets of the observables
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"&' Angular Observables in B® — K p* -

* results in good agreement with Standard Model predictions

-e-LHCb

Theory M Binned

Theory M Binned

—e—LHCb —-LHCb
o 1S5S W L L e e S B
3 LHCb LHCb
[15] - L
o 1 0.8 -
< ] L ]
) ]
4 1 - 5 -
o : 06F -
o I 1 [ ]
e b o e
=] Re ) ol = L -
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http://arxiv.org/abs/1304.6325
http://arxiv.org/abs/1105.0376

20

"&' Angular Observables in B® — K p* -

* different angular foldings — extract remaining four observables
« observe 3.7 ¢ discrepancy in one bin of the observable P’

* probability for such a deviation in one out of 24 analysed bins is 0.5 %

e

— —— | -
| I

SM Predictions

q2 [GeV¥cY

. 15 20
q2 [GeV¥/cY]

ﬂr_f

SM Predictions

—+— Data

+ 4

[arxiv:1308:1707]
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[Descotes-Genon et al, JHEP 05 (2013) 137]
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http://arxiv.org/abs/1308.1707
http://arxiv.org/abs/arXiv:1303.5794

"&' Angular Observables in B® — K p* -

* Descotes-Genon et al. interpret discrepancy as possible sign for New

Physics contribution in Wilson coefficient C, [arxiv:1307.5683]
o . . ° ° - -l R
gives slight improvement also in other observables (e.g. P, = -3A.*)
ST - 1.0
| osi=t= | ==
s 0 & 0] = _— & oo
osf T | ——
I N
_af -1.0} -
—OI.15 —OI.IO —OI.OS ;)00 O.IOS O.IIO O.I15 0 2 4 6 8 0 2 4 5 8
o q? (GeV?) q° (GeV?)
* Altmannshofer et al. combine LHCb results

with other experiments [arxiv:1308.1501]

* best fit indicates New Physics contribution
in Wilson coefficients C, and C,' or C, '

Re(Cy)

* looking forward to interesting discussions with
theory community and to results from 2012 data

27.08.2013 Lomonosov 2013 - CPV & Rare Decays @ LHCb (33/40) O. Steinkamp


http://arxiv.org/abs/arXiv:1307.5683
http://arxiv.org/abs/arXiv:1308.1501

[ ]
o)
=
(o)
-+
>
®
=3
-+

<
©
®
o
—h
o
(o)
ki
3
®
Q.
o
-+
®
(o
m
Q
Z
O
Q.
o®
()
o
<
7]
w0
®
=
a,
=
<
®
-+
o
Z
®
3
o
o
<
g.
()
7))

* in Standard Model, expect emitted photon
to be close to 100 % left-handed polarized

* significant right-handed component possible
in popular New Physics models

Candidates / ( 50 MeV/c® )

* photon polarization can . ,
P2 B

in principle be extracted
from angular distributions |, & ¢

1

—
n=

=

1

inB=—K _ y—-Km my

v
* first measurement of up/down asymmetry

"Wu's experiment with photons”
* using 2012 data set (2 fb-!)

* 4.6 ¢ evidence for non-zero polarization

)

Candidates / ( 50 MeV)

B s
) 4500 5000 5500 6000 6500 ) 4500 5000 5500 6000 6500

* CP asymmetry consistent with zero [LHCb-CONF-2013-009] PRELIMINARY
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RAGR Outlook: LHCb Upgrade

* LHC and LHCb are a spectacular success

* so is the Standard Model ... still 2010 | 0.037 fb-' @ 7 TeV
* current precision of measurements in S St 17 @7 TeV
-1
flavour sector still leaves room for sub- 2012 2 fb' @ 8 TeV
dominant contributions from New Physics zg:j LHC Ls1
* almost all LHCb results are completely 2015
dominated by statistical uncertainties 2016 5 fb! @ 13 TeV
* leading systematic uncertainties will 2017
also decrease with increasing statistics 2018 LHC LSz,
- ~ 2019 LHCb upgrade
WANT MORE STATISTICS 2020
=> 2021 5 fb-! per year
THE LHCb UPGRADE ! y 2022

[¥¢ all results except three presented just now used 2011 data set of 1.0 fb-!]
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LHCb Upgrade

* goal: reach measurement precision that matches theory uncertainties

[CERN-LHCC-2012-007]

Type Observable Current LHCDb Upgrade Theory
precision 2018 (50 fb~")  uncertainty
BY mixing 208, (B — J ¢) 0.10 [9] 0.025 0.008 ~ 0.003
2B, (B® — Jhb fo(980)) 0.17 [10] 0.045 0.014 ~ 0.01
Aw(B) 6.4x 1073 [18]  06x107% 0.2x 1073 0.03 x 10~
Gluonic 26T (BY — 6¢) N 0.17 0.03 0.02
penguin 26T (B0 — K*0K*0) - 0.13 0.02 < 0.02
28°N(BY — oK) 0.17 [15] 0.30 0.05 0.02
Right-handed 26 (BY — o) - 0.09 0.02 < 0.01
currents (B — ¢y)/Tho - 5% 1% 0.2%
Electroweak  S3(B° — K*'utp ;1 < ¢® < 6 GeV¥/?) 0.08 [14] 0.025 0.008 0.02
penguin 5o Apg(B° — K 0u™p™) 25 % [14] 6 % 2% 7%
Al(Kptp;1 < ¢* < 6GeV?/ ) 0.25 [15] 0.08 0.025 ~ 0.02
B(B" - 7 putu")/B(BY — K pu* ™) 25 % [16] 8 % 2.5% ~ 10%
Higgs B(B? — u*p™) 1.5 x 1077 [2] 0.5x 1077 0.15x 1077 0.3 x 107°
penguin B(B® — p*p~)/B(B? — ptu”) — ~ 100 % ~ 35% ~ 5%
Unitarity v (B — D®K®) ~ 10-12° [19, 20] 4° 0.9° negligible
triangle v (B? - D,K) — 11° 2.0° negligible
angles B (B — J/¢Y K)) 0.8° [15] 0.6° 0.2° negligible
Charm Ar 23x 102 [15]  040x 102 0.07 x 10 -
CP violation AAcp 21x107%[5]  0.65x107* 0.12x 1073
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http://cds.cern.ch/record/1443882

LHCb Upgrade

* two lines of attack

* increase trigger efficiencies for hadronic final states

* read out the full detector at the LHC bunch-crossing frequency

* operate the detector at up to x 5 higher luminosity

* new main tracker to cope with increase in particle densities

* details are described in
* Letter of Intent [CERN-LHCC-2011-001]
* Framework TDR [CERN-LHCC-2012-007]
* endorsed by the LHCC

27.08.2013

-

.

expected increase in yearly rate (compared to 2011):

x 10 for channels involving final-state muons
x 20 for channels to fully hadronic final states

J

Letter of Intent

Lomonosov 2013 - CPV & Rare Decays @ LHCb (38/40)
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http://cds.cern.ch/record/1333091
http://cds.cern.ch/record/1443882

LHCb Upgrade

@
/
®
/

' TR,
L \\1"\\ b S =
vl \1'& h I = ‘;\ '\\\\

/ ‘ Y nfl:‘ i A\\\\”‘; : he '\ ) \.\\\

10m - ; 20m z
2013: technology choices, preparation of sub-system TDRs
2014 funding, procurements

2015-2019: construction and installation
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* CP violating phasesi and rarerFCINGCidecaysiproyvide, a sensitive probe
for New! Physics — upiiorhighersmassiscalessitianidireci; searches

* LHC and LHCb are a spectacular succesi
* number of submitted papers approaching 150 - already 59 in 2013

™

A 4 Ky

|l d—o

* results are in excellent agreement withi'S: -andar'd Model predictions

1k e
* severe constraints on New Physics Lyjee dels=

o SR 1T

,H‘T‘“

* .. except for an intriguing deviatiolss {1 @ w ,sr* distribution of B - K°p* p-

* looking forward to| &5thulating dlsws iONE REh theorist& and fo results
from analysis of |

‘.11 Idatazre "R ;'?“'355
; n“!—.‘] : W| 1o ; > : - :: 3

X2
* LHCb upgrade is on its way for 2018/ 19
* factor 20 compur'ed to 2011 in rate for hadronic final states

} n\:
L

i" v |k

1 b
_— e,

$1'ay tuned ... exciting times are ahead.
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Flavour Tagging

b
/S}Bg Same side
b S

g} K+ kaon tagger
— " T/

¢

(7

Same side
PV . 0
proton > Signal B < proton

Opposite side Opposite B T~ . Vertgx charge taggelt

: %, frominclusive vertexing
“ ; K~

_____________________ N Opposite side

. o . X kaon tagger

* opposite-side flavour tagging: lepton taggers

from b-quark (,u’, 6*)

imply B° flavour at production

from decay properties of the associated b hadron produced
* neural net algorithm using charge of lepton, kaon, inclusive vertex
* calibrated on flavour-specific decays such as B: — J/y K*

 effective tagging power:

£ 1oy X (1_2@09)2 — (2.35+0.06(stat)) % [LHCb-CONF-2012-026]

t preliminary
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Angular Analysis in B, — J/y ¢

* time-dependent angular fit
using transversity angles
Q = (0=0,, 0=0,, ¥=6,)

* full fit function:

d'T(B) = Jfi ¢)
dt A€

8 Z hk(t) fk(Q)

hi(t) = Npe © [ak cosh (%AI‘St) + by, sinh (%AFSt) + ¢ cos(Amygt) + dy, sin(Amst)]

Ji(0p: 0k, On) N a by Ck dg

k

1 2cos? O sin? A, [Ao(0)]? 1 D c -8

2 | sin? 6 (1 —sin? 6, cos? ¢p,) [A)(0)]2 1 D c -5

3 | sin? 0k (1 —sin? 8, sin? ¢,) |AL (0)]? 1 -D c S

4 sin2 9}( sin2 9# sin2¢h |AH(0)AL(O)‘ C'sin((n - (5“) SCOS((sl — 5“) Sil’l((sL — 5”) DCOS(&l —JH)
5 % 2sin 20 sin 20, cos ¢p, | A0 (0) A (0)] cos(d) — do) D cos(d) — do) Ccos(§) — do) | —Scos(d) — do)
6 —% 2sin 205 sin 26, sin¢p, | |Ao(0)A 1L (0)| | Csin(d1 — do) Scos(éd — o) sin(d | — do) Dcos(61 — do)
7 2sin? 6, |As(0)]? 1 -D C S

8 % 6 sin O k¢ sin 20, cos ¢y, [As(0)A)(0)] | Ccos(d) — ds) Ssin(d) — ds) cos(d) — ds) Dsin(d) — ds)
9 —% 6sin Oy sin 26, sin ¢y, | |As(0)A; (0)| | sin(é, —dg) | —Dsin(d; —dg) | Csin(d, —dg) | Ssin(d;, —5g)
10 % 3cos O sin? 0, |As(0)Ap(0)| | Ccos(dp —dg) Ssin(dg — dg) cos(dp — dg) D sin(dg — dg)

* physics parameters:
S ~(-sing,J: D ~(-cos¢J: Am ;AT |A | |A]: |A]: 8, : 8 8

0

* two-fold ambiguity in solution: fit function invariant under transformation
(¢s, AT, 0,0, ) € (J'IJ—(I)S, —ATL_, 2315—6” , —0, )
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SR Sign of AL’

* two-fold ambiguity of fit function

(¢s' AFS,6|| ’B_L) > (W_(ps,_AFs,Zﬂ:_B” ’_6_L)
("solution I") ("solution II")

« resolve this by looking at the strong phase difference 6_= 6 -6, between
K*K- P-wave and S-wave amplitudes as a function of m(K*K-) around the ¢$(1020)

* method explained in [PRL 108 (2012) 241801]

* P-wave: going through ¢(1020) resonance = ' L
— expect rapid positive phase shift i 4p LHCD g —F— 7

o 3:_ -

 S-wave: non-resonant + tail from f,(980) o 25_ —T—T E
— expect no significant variation of phase 1_ :h;+‘]- _
 determine §_ in six K'K- mass bins of_ E
GE Tt

solution corresponding to AI'_ > O 0 10 1o

+17 2

(blue points) matches expectation m(K'K) [MeV/cT]

27.08.2013

[PRD 87 (2013) 112010]
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http://link.aps.org/doi/10.1103/PhysRevD.87.112010

* study time-integrated CP asymmetry in bins of the Dalitz plot

:\b 405— §600§— T ] 0.5
> 350 2 500F o 1§04
3 S mLH 8 w0
= 30F $ 300f L [ b
B F = 200¢ - 102
v 25 E 100E [ \gwgwo™™
”é“ - M I )
20 = ‘ M 0w [Ge\}gl 4] 0
15 0.1
g -0.2
3 03
SE 04
0:1 1 1 I 1 11 I 1 11 I 11 1 I 1 I 11 1 I 1 1 1 I 1 1 _0:5
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Illl
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Illl lllll
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m12(+K7 low [Gevz/cﬂ

40F
35
30F
25F
20F
15
10-

[GeVZ/c*]

K*r*

2

35
m2. - [GeV?/c]

B+ — K*K* K-

* large local asymmetry,
not aligned with a resonance

* integrated over Dalitz plot:

[ACP = —0.043+0.009 (stat)=0.003(syst )+ 0.07 (I /v |<+)]

* large local asymmetry at p° resonance

* integrated over Dalitz plot:

[ACP = 0032i0008($1'01')i0004 (SYSt)iO-O7<J/'lp K+)]

[arxiv:1306:1246]
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http://arxiv.org/abs/1306.1246

o P T T - 30¢ .
N% 205 Preliminary 04 E 25;— Preliminary 04 ° lar‘ge Iocal Gsymme?rles,
© 02 © ,E 02 . .
P CoEr 0 not aligned with resonances
10F ”éﬁ
F 0.2 101 -0.2
i: s _ [LHCb-CONF-2012-028]
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S 20F ] L k=) F 7
5k g Lol 5 40p E
O o I T S wr e Red g i and of
$hoo 5200 5400 5600 5800 $hoo 5200 5400 5600 5800 $h00 5200 5400 ), 5600 5800
m(K9KTK") [MeV/c?] m(K K * %) [MeV/c?] m(K i ta) [MeV/c?] Bo 0 + -
— T T o)
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> 60 LHCb E 60 LHCb ERER LHCb 3
= s0f Long K 4 = sof I Long K 41 = 7 Long K E
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Z 40 94 < aF Z E H. .
=0 s s : [arxiv:1307:7648]
8 30 4 & 30f E 4 E
< F < F < E
h=] E B = = =} E
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< F E < < 20F =
O 10 — O 10f O 3
B ] L. e, o H 10 =
AR ] S Sl L ¥ g P 3 " N o
5000 5200 5400 5600 5800 060 5200 5400 5600 5800 000 5200 5400 5600 5800

m(KKTK) [MeV/e?] m(K K * %) [MeV/c?] m(K$zxtn") [MeV/c?]

27.08.2013 Lomonosov 2013 - CPV & Rare Decays @ LHCb (46/40) O. Steinkamp



https://cds.cern.ch/record/1475779
http://arxiv.org/abs/1307.7648

Other 2-Body Charmless B decays

Hoy _ Bt — KOS Kt

(d

E [ A, =-0.21+0.14 (stat) + 0.01 (syst) ]

Ko,z mis-id]

Candidates / (0.02 GeV/c?)

best single measurement to date

B: — K°_ m*

[ A, = —0.022+0.025(stat)=0.010 syst) ]

Candidates / (0.02 GeV/c?)

‘ P . [arxiv:1308:1277]
‘Koiz' 1nvar1ant mass [GeV/cz] K07t+ 1nvar1ant mass [GeV/c2] (using fhe fu” 3 fb'l)

S o "¢ Dua = — . .
2 I B —»pp : first evidence (3.3 o)
= 'F - B _>pp ial backgrou d_;
& °F E
; ‘:‘E | M\L [BF (B°> pp)=(1.47"3"05)x10"° at 90% C.L.]
B O] ' \Xyam! ! [arxiv:1308:0961]

0 _SIbOI — ISQOOI/{I I53I00y 54\?{(151 V/I 2;
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P5' in 1-6 GeV?/c*

QU o8| LHCbI | | | | Sl;n Pre;Iictio;ls | —

-0.2— -
04 -
0.6 —
0.8 —
_1 L L l L L L l L L L l
2 4 6
q2 [GeV¥/c?]
1.0 : : : : - ——
04; CNP=-0.1,C;=-02 1
. I ChP=-15,Cy=15 |
0-51 ] 02k CF==2,Cp=-1 1
[ ]
E_F’ 0.0 | I <o 0.0
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B° — ¢ u*p- differential BF and angular observables [JHEP 07 (2013) 084]

* angular observables in good agreement with Standard Model prediction

LS : . 1 . :

* BF smaller than predicted, shape as I R e
° 2 ° ° ° . E. _E EL e I :
function of q? agrees with prediction 05E++ o ‘ i
OF 1 -0.5F 1

x10° - - ] - ]

T LT T . N N I S S ]

E 0.1+ LHCb . [ pr'edlcflon J : 0 e Ecs}evz/c‘t] : 0 e ECS}GVZ/C“]

= I ‘ — x0.5 - : : —— o I : : )

S | <~ fo LHCb { = ) LHCb ]

§ + ] 0.5}_1—__ 1 osf + ]

3 005k 7 - : | | —T o 5
o l '+‘—}— ' =77 "1 T

§ [ —+— -0.5;— T - -0.5j—_— -
. T T G

7 [GeV¥cH ¢* [GeVZc*] ¢* [GeV?/c]

Ab — A “’+ “’_ differ'ential BF _{_U‘E;-:z}.)um GeVet 1 .[2_00-4.30]IGEVZ,’C“ | 1 .[4‘30-8‘5:}]‘1]:?2{“- " Lch I

=)

—_
T

dB(AL ' W)/dq” [107(GeVe4) ]
(=]

w

[ [10.09-12.86] GeV¥* T [14.18-16.00] GeV¥c* T [16.00-20.30] GeV¥/c*

* agreement with SM prediction
but uncertainties still large

L

Candidates per 10 MeV/c?

10F
[arxiv:1306:2577] Tt 1 ooa 1 o\, 1IN I o
054 T TR T 0 3 10 15 20
M(AL'W) [GeVie?] q? [GeV¥cH]
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http://arxiv.org/abs/1305.2168
http://arxiv.org/abs/1306.2577

%¢3 Reminder: Current LHCb Trigger

40 MHz Hardware level (LO):
: firmware / custom electronic * maximum output rate 1 MHz €

 typical thresholds 2012:
E.(e/y) > 2.7 GeV
E.(h) > 3.6 GeV <:

p.(H) > 1.4 GeV

HLT : software / online farm

High p_ track with non zero
Impact parameter

Software level (HLT):
~ 30000 tasks in parallel on ~ 1500 nodes

Inclusive selections,
U, p+track, gy, topological,

charm and exclusive selections Combined efficienc; ! (LO"'HLT)

~ 90 % for di-muon channels

~ 30 % for multi-body hadronic final states
Offline : software / distributed (grid)

Offline processing:
~ 10!° events, 700 TB recorded per year
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