ZPW201 5

The flavour of new physic

LHCDb results on CP violation

Vincenzo Vagnoni
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on behalf of the LHCb Collaboration
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Consistency of global CKM fits
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* The quark flavour sector is well described by the CKM
mechanism

— large sources of flavour symmetry breaking are excluded at
the TeV scale

— the flavour structure of NP should be very peculiar



Consistency of global CKM fits

* Tremendous
success of the
CKM paradigm!
— All of the

measurements
agree in a highly
profound way

 We are leaving in a strange era

— on the one hand we have been achieving great success

— on the other hand, some depression sneaking around as
everything looks consistent with what we already knew



Nevertheless...

 The good reasons why we believed that the SM was
incomplete are still there

— hierarchy problem

— unification of gauge couplings
— dark matter

— matter-antimatter asymmetry

* By studying CP-violating and flavour-changing processes
we can accomplish two fundamental tasks

— ldentify new symmetries (and their breaking) beyond the SM
— Probe mass scales not accessible directly

 Measurable deviations from the SM, although not large as
naively hoped, are still possible

— need to go to high precision measurements to probe
theoretically clean observables



Measurements of UT angles

* |Interpretation in terms of CKM matrix elements does not
depend on strong theory inputs

— Oy, (Y) negligible from tree-level decays
* Brod and Zupan, JHEP 01 (2014) 051
— 0,,(B) small and controllable with data-driven
methods
* Ciuchini et al., PRL 95 (2005) 221804
* Faller et al.,, PRD 79 (2009) 014030

— Oy (B) small and controllable with data-driven O

0.5

methods I

* Faller et al., PRD 79 (2009) 014005 0.5/

— Oyla) = 1° [
* Gronau et al., PRD 60 (1999) 034021 i

* Botellaetal.,, PRD 73 (2006) 071501
e Zupan, Nucl. Phys. Proc. Suppl. 170 (2007) 33

 Measurements can be affected by NP at different levels

— v from tree-level is (to a large extent) unaffected
— B (P,) can be affected in B, (B,) mixing
— o can be affected both in mixing and decay (loops in penguin diagrams)



Measurements of UT sides and ¢,

Hadronic L.Lellouch FLAG 2013
parameter | ICHEP 2002 [1310.8555]
[hep-ph/0211359]

 Here theory matters a lot
— Improvements in lattice QCD are

particularly important Froo)  Firstlatice o 4o
— Can we go below 1% for the relevant X [0.9%)
hadronic quantities in the next decade? By [17%] [1.3%]
* Small effects that are typically neglected o, [13%] [2%]
have to be considered, e.g. isospin breaking
and electromagnetic effects are at the 1% AT [6%] [1.8%)]
level n
T, = _ B, [9%] [5%]
11— Amy
l — B./Bg [3%] [10%]
0-5}// Fos(1) [3%] [1.8%]
MV—]/ B [20%] [10%]

* Progresses not coming for free
 The LQCD sector needs to be
£ sustained with appropriate

: funding 6

ol —



Outline

LHCb detector and luminosity prospects

CP violation in the interference between B-meson
mixing and decay

— from b—=>ccs transitions
— from b—=>sss transitions

Semileptonic asymmetries of B® and B, mesons

Determination of y
— from tree-level decays
— from charmless two-body decays

Mixing and CP violation in charm decays
LHCb Upgrade



| .,”.. ) . . - ¥ ; T e -
% Yoo (I\WWRELAN
IR WAL AN

S |
O
o)
c,
QD
ge
L
O
- -
—
()
i«
=

\ \\m.ml / .\,‘ »
—— /s PR
A
pldede B\ \ a |
A_, 7 W.\.‘.v - : e, ﬁW'. .
-z L,.M" 2 . 1S lr ]
=S sl ,
{ p®

—rT
£y

<

=

RSAS BN
. = : -

—

23 \\/ﬁw_\ ”., 7




-
O
o
@
Q
o
D
5
L
@
L
—
()
i e
—

hower/SPI

res

HCAIMEGALYand|P

7

L

over

in ordertojc
ge

tumran

ia}ors
momen

srad

\
bgs ,

straw-tu

1

ons

L |

ing st \ti
ips:and

-str

l T_rack

.
icon'micro

]
@
OV




LHCb luminosity prospects

N
o

O ety =2 - During Run 1
2 o ——— 1.22/1.11 [fb™"], in 2011 . .
€ [ | 004/004" in2010 / ¢ 7 and 8 TeV collisions
8 s ff/ * luminosity levelled at
g Al 4-1032cm2s1
= L o /:
! 2 e ° i i
: %/ #/f software trigger runnmg'at
of Vb 1 MHz after hardware trigger and
B S
B s o record 3-5 kHz
OI_ ) el 4—:@‘ [T | L1 oy I dhoa—slonss{— o} [ [

Apr May May Jun Ju  Aug Sep Oct Nov

Note that beauty
production cross

Run 1 Run 2 Run 3 Run 4 section is roughly
(2010-12) | (2015-18) (2020-22) (2025-28) doubled passing

from 7 TeV to 14
3 fb! 8 fb! 23 fbl 46 b1 100 fb!

TeV pp collisions
LHCb upgrade
* running at 2:1033cm2s!
* replace R/O, RICH photodetectors and tracking detectors
* full software trigger, running at 40 MHz and record 20 kHz

LHC era HL-LHC era

10



Measurement of sin(2f)

CP violation due to interference
between mixing and decay

J
. W ) /¥
B u,c,t u,c,t ‘ B BY
_T(B(t) > JiKY) — D(BY(t) > Jj KY)
Ajpro(t) =

L(BO(t) — JW KQ) + T(BY(t) — J/ K3)
= SJ/l/) Kg Sill(Amdt) — CJ/@/’Kg COS(Amdt).

Sy = 0.73 £ 0.07 (stat) £ 0.04 (syst)
Crpro = 0.03+0.09 (stat) £ 0.01 (syst)

World average: sin(2p3)=0.682 £ 0.019
Largely dominated by BaBar and Belle

LHCb result with 3 fb™! coming
soon (competitive precision is
expected)

Signal Asymmetry
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CP violation induced by B, mixing

B Dagec * Golden mode B.=2J/y¢ also
proceeds (mostly) via a b—=>cCs
Dmix g0 —Ggec  tree diagram
| S/
b
Bg u,c,t u,c,t Bg BS O
b 1% S ’

* B.2¢¢ is b=>sss penguin-dominated
— NP can show up in the mixing and/or in the decay

 P>VV decays

— Full angular analysis is needed to disentangle CP-even and CP-odd
amplitude components

12



LHCb measurements of ¢,

o B.DI/PKK (3 fbl)

14000 |—

¢.=70*68 £ 8 mrad

N§ ; LHCb '."“‘ 96k B, J/YK*K _;

— arXiv 1411.3104 éiiﬁiii ' E
(l)s =-58 +49 + 6 mrad é 80002— ; ) ;
T S R & S I G
— Phys. Lett. B736 (2014) 186 — R, SR, NN

e B eD D - (3 fb'l) :5300 5350 5400
S S S m(J/y K'K') [MeV/c?]
— Phys. Rev. Lett. 113 (2014) 211801
$.=20%170 + 20 mrad

SM ¢, =-37.5 + 1.5 mrad (UTfit)
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AT, [ps_l]

Combination of ¢§ measurements

020 T

0.15/
0.10}

0.05|

0.00}

1
DO 8 fb HFAG

68% CL contours |
(Alog L =1.15) |

\
N\
\ FNR AN 7N |
”"‘1 “ip \ \ / L_; f ‘;] M .n.‘*:.‘
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Combmatlon of (|) measurements

0.06}

o.14l

CDF 9.6 fb™" [

HFAG

DO 8fb

201" 68% CL contours

Fall 2014

(Alog £ =1.15)

ATLAS 4.9 1"

—04 _ -02 00 02 04

@< [rad

World average: ¢, =-15 + 35 mrad, AI', = 0.081 + 0.007 ps™

* Present uncertainty is dominated by LHCb
— LHCb-only average: ¢, =-10 + 39 mrad

* Not yet signs of discrepancy with SM expectation
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CP violation in B.2>¢¢

* Decay forbidden at tree level
in the SM
— proceeds predominantly via
a gluonic b—>sss penguin
— Provides an excellent probe
of new heavy particles
entering the penguin
gquantum loops
e Latest LHCb result with
full Run 1 data set

— Phys. Rev. D90 (2014) 052011
¢?”=-170 + 150 + 30 mrad

* No sign of discrepancy yet, but
overall precision comparable
to golden b—>ccs modes

-A log-likelihood

1) L ¢
S
I I I | I I |

| 1 1
2 0

) 0, [rad]
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The DO anomaly

Dimuon asymmetry measured by DO at about 30 from

the SM - AX ~1 contours | B°
cfr- 0.00-—4 (M I
Very difficult to repeat the K \ N .
same measurement at s 001 L o B |
* 3 ", PHFAG Spring'14
the LHC 5 N
— However it is possible to 'O'OZEJBABAR“}?M i
a LHCb D'*uX (201?1'). H——i
measure a (B°) and a(B,) i 3aBAR s L
—0.03; BABAR # (old) ——&—
LHCb has measured a (B°) Belle #£——] 1
—0.02 —-0.01 0.00 0.01
with 3 fb? [arXiv: 1409 8586] ad  arxiv:1411.1842

and a (B,) with 1 fb! [Phys. Lett. B728 (2014) 607]

The measurements agree with the SM, but do not
exclude the dimuon result yet .



Tree-level determination of y

* visthe least known angle of the UT

— sensitivity comes from the interference between b—=>u and b—>c tree-
level transitions

* Two main paths
— Time-independent, Bt DK*, B*-> Dnt* and B> DK™ decays
e BT = Dh*, D — hh, GLW/ADS Phys. Lett. B712 (2012) 203

e BT - Dh™, D — Knnm, ADS Phys. Lett. B723 (2013) 44

e Bt — DK*, D — K%hh, GGSZ JHEP 10 (2014) 097
e Bt - DK*, D — K)K=, GLS Phys. Lett. B733 (2014) 36

e B’ DK**, D — hh, GLW/ADS Phys. Rev. D90 (2014) 112002

— Time-dependent, B, D_K JHEP 11 (2014) 060

* Possible interplay with charmless B decays

— Also sensitive to vy, but including penguin diagrams > NP could show
up, but much more difficult to control theoretically

 Combining several independent decay modes is the key to achieve
the ultimate precision

18
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Improvements in y from tree-level decays

180
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2005 2006 2007

2008 2009 2010 2011 2012 2013 2014
year

over the last decade

A good factor 3in 10
years, but not yet
matching the precision
of the indirect
determination from
CKM fits (~3°)
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Experimental status for vy 8 £ Teswc | o Babar -
osl \- Combined 5 :
Measured by BaBar, Belle and LHCb Jv= (697 )5
using ADS/GLW and GGSZ methods .. /& "
— LHCb is now starting to dominate the
world average g '
* still some analyses to be updated to 3 fb? :6_
04
AT Measurements from o2/
05:_ o tree-level decays are 0020 40 60 80 100 120 140 160 180
: assumed to be ¥ (degree)
i l . . T ¥ ma e
i | almost insensitive <

degeneracy
-0.5~0f vy broken
[ by A,

to NP effects

11—

Standard candle for the SM, crucial to g | N _
distinguish between genuine SM and BSMin  ° 50 60 70 8 9 100 Tlo

[°]
UT fits LHCb-CONE-2014-004 zo




Direct CP asymmetries in B )~>Krn decays

Phys. Rev. Lett. 110 (2013) 221601

T |
(a)
BO>K*mr
3000
41420 + 300
<= 2000
< 1000
‘c_ :_':':'_—; —————— %._._:.__' - . o .
\\.« ;.. I = R s e o b Ly
[}
5 o JLdt=1fb1 o
% 300;_ ;— Bsoé K-ﬂ:+
 — C o
s F 3 1065 + 55
200 o
1005 i
é'_"'""" Sl - < :
0551 52 53 54 55 56 57 51 52 53 54 55 56 57 58
K*t" invariant mass [GeV/cz] K =t invariant mass [GeV/02]

Acp (B® — Km) = —0.080 £ 0.007(stat) =+ 0.003(syst)

Most precise measurement of this quantity to date, 10.56 from zero
Acp (B — Km) = 0.27 & 0.04(stat) + 0.01(syst)

First observation of CP violation in B, decays, with significance of 6.50



CP violation in B.>K*K and B> m*w

S F _ 1 S 18001
%2500 :—IL dt=11b LHCDb > 1600F- LHCb
S jj:jj::ijé BY—K'K- S 1400F i
20001 7) B*~K'n < 12000 718K
» C ——— [7/] n - B =
2 - !.___J B —3-body L0000 000 1 0 e
% 1500 L r ..... ' Comb. bkg % . I‘.-::.JI B —3-body
T b T 8001 { __1Comb. bkg
S 1000 S
5003—
O 53 54 55 56 57 58 S : 54 55 56 57 5.8
Invariant K*K- mass (GeV/cz) Invariant 7wt mass (GeV/cz)
A) = Fgc()s)_)f( ) — FBo _>f( ) _ —C'y cos(Amygsyt) + Sy sin(Amgs)t)
Fg?s)ef( )+ FB?S)—’f( ) cosh( Fd(")t) A" sinh (AF‘““’ )
a 0 3: 2. U.b:
g ™ LHCb §04- | Heb
£ 0.2 € 0.3
[72] r 5 =
© - @ 0.2¢
2 % 2015
o - © "
o T oF
01— 0 0.1F
= - -0.21 + -
021 359 K+K 0.3E Boéﬂi U
0.3F -o.4;—
0 005 01 045 02 025 03 035 B R B T/ R ©
(t-t,) modulo (2/Am,) [ps] Decay time (ps)
Ckr = 0.14 £ 0.11 (stat) £ 0.03 (syst) Crr = —0.38 £ 0.15 (stat) £ 0.02 (syst)
Skx = 0.30 £ 0.12 (stat) + 0.04 (syst) Sar = —0.71 £ 0.13 (stat) £ 0.02 (syst)
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Yy and ¢, from charmless two-body decays

* Determination of y and ¢, using B> x*n, B2 P,
B*>m*n® and B,2> KK
— approaches described in Phys. Lett. B459 (1999) 306 and
JHEP 10 (2012) 029

— based on use of isospin and U-spin symmetries

— impact of non-factorisable U-spin breaking effects taken
Into account

e Results published in Phys. Lett. B741 (2015) 1

0
v = (635"’%?) Up to 50% non-factorizable
e U-spin breaking effects included

¢s = —0.1270 1 rad

to be updated to 3 fb!

23



Charmless three-body decays

Large asymmetries observed
in B*2> Kt and B*2> ...

x10°

051 52 53 54 55
m(K ) [GeV/e?]

Candidates / (0.01 GeV/¢?)

o VS o (WY
S S 8 8

Candidates /(0.01 GeV/e?)
=

N

51 52 53 54 55
m(n ) [GeV/e?]

‘B

5.1

mm Model
= B KA m

=B amun

-

52 53 54 55
m(K'n) [GeV/c?]

52 53 54 55
m(mmn) [GeV/e?]

...mirrored when compared
with B2 KKK and Bf2>KKx

3

24 - o
222 B - ;
> 2 : fl =B KKK

- C + 3
3 1.8 < B 'L =+ Combinatoral
z 16 | | =B-dbody 3
< 14 : ~ * .
S 12 : § | mBmKK
Z : | {=Bkmn
£ 08 E ‘
= 06 -
= 04
f_—: 0.(2J . ; X I 3
o 51 52 53 54 55 51 52 53 54 55

m(K' K'K) [GeV/c?]

m(K'’K'K) [GeV/c?]

oS

L e S LY S R V)

[V I e T R e B R o B R
o O O O O O O O O

Candidates /(0.01 GeV/c?)

51 52 53 54 55 51 52 53 54 55
m(mK'K) [GeV/c?] m(t*K'K') [GeV/c?]

 Huge CP violation seen at low szt and KK mass values, not associated to resonances

* Long-distance mr ¢<>KK rescattering?

Phys. Rev. D90 (2014) 112004 24



Mixing in charm decays

x10°
(CI\ 8 | PRELTRELEE R T (W R T SR L TR
S | LHCb * Data - :
%2 7 re - * Measure time-dependent ratio of
o Backg d . .
5 e DO decays “wrong sign” to “right
= sign” R(t) = N(D°—K*7x™)
5 — N(D'=K-—=T)
= " Phys. Rev. Lett. 110 (2013) 101802
:25 Nomlxmg” - ?<.1Q'3.|,..,..1|...,..._
© hypothesis is 7E . Data :
005 200 2015 202 excluded atthe ©2F —Mixing fit ;
M(D'r) [GeV/e?]  9.16 level by 6 -~ No-mixing fi L

XIO:I T T T T T T T T T T T . - 5'5 :_ N E
60 : . Datzll LHCb W|th 1 fb 1 5;_ ﬁf _é
Fit : .

e Bl Background 45 4 E

2 30T [rdt=1fb? E
3:_1 ' N l ' N N l N 1 ' l ' N l/ /l N l—:

20 0o 2 4 6 20
tit

* Results then superseded with 3 fb in
Phys. Rev. Lett. 111 (2013) 251801

Candidates / (0.1 MeV/¢?)

2.005 2.01 2.015 2.02
M (D"?) [GeV/e?]
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Searches for CP violation in D° mixing

Phys. Rev. Lett. 112 (2014) 041801

* “Large” mixing encourages searches in
this very important sector
— A nonzero CPV signal would indicate NP

 Searches done with dedicated

observables, such as
(D’ - KK)-T'(D° - KK)
" T(D* > KK)+T(D° - KK)

— Current precision is 0.05% (LHCb driven)

¥

-~ R [10

R+

th
Not yet signs of discrepancies, but very promising on the experimental side

Belle 2012

LHCD 2013 KK

LHCb 2013 it

World average

H

-02 01 -0 01 02 03

AL (%)

-0.030 £ 0.200 £ 0.080 %

0.088 £ 0.255 £ 0.058 %

-0.035£0.062 £0.012 %

0.033 £0.106 £ 0.014 %

-0.014 £0.052 %

| * or by generalising the WS Krt
1 fitto DY and DY
— Phys. Rev. Lett. 111 (2013) 251801



Searches for direct CP violation in charm

AAq, = Ap(KK) - Agp(mtm)

— robust observable against detector systematics and production

asymmetries

Early LHCb result [Phys. Rev. Lett. 108 (2012) 111602]

with 0.6 fb triggered great interest

AAqp = [—0.82 = 0.21(stat) = 0.11(syst)]|%

Also owing to CDF and Belle, a
consistent picture was emerging
for direct CPV at the 0.5% level

But LHCb updates later indicated
that the effect was reduced

— 1 fb! D* update [CONF-2013-003]
— 3 fb'l B=>D%X [JHEP 07 (2014) 041]
Final LHCb D* results from full
Run 1 data set coming soon

I ' I 1 1 J I I 1 1
; I,B aBCaI i

CDF

——

Belle
b &

LHCb lpI‘EEIiln. (pion tagged)
10fb E
LHCDb (_I{luon tagged)
, 30fb
World dverage
o

] | ] ] ] ] ] ] ] ] ] | ]

-1 0 127
AAcp [%]



The LHCb Upgrade

 Main limitation that prevents exploiting higher luminosity with the
present detector is the Level-0 (hardware) trigger

— Level-0 output rate < 1 MHz (readout rate) requires raising thresholds

* To overcome this limitation, LHCb will be upgraded during the
2018-19 shutdown
— Full software trigger with all sub-detectors readout at 40 MHz

— Increase operational luminosity to 2:1033 cm?st
— Tracking detectors and RICH photodetectors also need to be upgraded

== [ = D -
UPGRADE

Tra E—Q R

Technical Design Report

. AII TDRs approved by CERN research board
e Construction going to start soon
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Conclusions

LHCb has performed spectacularly well in Run 1 confirming
so far the robustness of the Standard Model

— No striking smoking guns of NP
* Areas where we had discrepancies seem now heading back to the SM

— But many new results to come, and full impact of Run 1 data is
still to be seen

Big improvements will come in Run 2, and much more are
expected with the LHCb Upgrade

— The standard detector will take data till 2018 and the upgraded
detector will start taking data in 2020

Experimental prospects are excellent

— Key measurements are still far from being limited by systematic
uncertainties

CP violation at LHCb has large room for improvements!
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Where are we heading?

0.6
0.5
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