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Why Flavour Physics?

| Why Flavour Physics?

AGH
1. To constrain Standard Model All three generations of -1/3e
2. To find a reason for only three generations. quarks (d,s,b) are mixed
3. Tosearch for CP violation in both quark and neutrino sector d u
mass e | O(1)
wealk eigenstates S L C “T00)
eigenstates 8 AT A .
b O - - = 2
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d, VUd IZU,S VUb d < 'l':":, “: "'\:"l . T 3
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Why Flavour Physics?

| Two roads to New Physics |

1. Direct searches for production of new objects (higher and higher energies, luminosities —
ATLAS, CMS)

E=MC~
2. Indirect searches (a low energy ,window” for discoveries) — LHCb
a) test the SM with very precision measurements, especially processes which are very ;_ _;,_
well predicted and calculated.
b) if disagreements are found — this is a sign of the existence of new objects via indirect /
method
c) very successful in the past (charm and top quarks predictions)
. . . . O vt“ N ei'._:-S
3. Of a special interest are: 5 T S S
a) CP violation in B and D decays (CPV in SM is too small to explain the BU "J‘.W W"‘ —0
observed domination of matter over the antimatter) S | X Bs
b) Very rare decays of B and D mesons y ei[_{s\‘._l./
ts=C"
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G811 Three ways of CPV — selected results

Three ways of CPV lll

1. Direct —in decay amplitudes; when two amplitudes with different phases interfere:

B* - hth™h*

2. Indirect — in mixing; if B¢ — f decay then but BO — f only possible after mixing

T+ _F

3. Indirect —in interference between direct decays B® — f and decays after mixing,

B° — Bg,s — f, both final states f, f are possible (although one is usually
suppressed)

B - J/¢¥X Bs —» DKV

direct
mixing

BO
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EES 11

LHCb Spectrometer

Selected results from LHCb lll

The detector dedicated for studying flavour
physics at LHC.

Especially CP violation and rare decays of beauty
and charm mesons.

Physics program:
CP Violation,
Rare B decays,
B decays to charmonium and open charm,
Charmless B decays,
Semileptonic B decays,
Charm physics .
B hadron and quarkonia O==> =09
QCD, electroweak, exotica ... 4

0,5 = (75.3 + 14.1) ub
o.c = (1419 + 133) ub

Excellent performance:
\/s=7TeV
3fb! accumulated in RUN |
Excellent Vertex Resolution
Precise tracking: 6p/p~0.4 — 0.6%
Particle identification 2-100 GeV/c
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&6% 111 Direct CP violation oGy e @]!

BT - K K'K™ Huge direct CP violation in decay amplitudes seen in B//B* decays B~ - KKK~

x10°
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http://inspirehep.net/record/1311994?ln=pl

EES 11

LHCDb results — CP violation

CP Violation, mixing
Selected results from LHCb lll

B® - J /K

Acp(t) =
B° 0
= J/YK;g
B° Both BY

Candidates / (1 MeV /¢?)

0

Asymmetry:

I'{B - f} —I'{B - f}

I'{B - f}+T{B - f}

and BOcan decay to this final state -
Interference between B? and BY amplitudes,

3500
3000
2500
2000 E
1500 £
1000 E

5 () Ertmenearion™

E .. =T

P Wt
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For B & BO systems:

m (MeV /c?)

Acp(t)~S sin(Amt)
. 0
£ 03 S=sin2B) pycp | A
E 0.2F - 3
S 01¢ “1\ I
= S T — L E
T —0.1F ”Kv‘\:,/ E
— —02F E
& —03F E
R | -
5 10 15
t (ps)
$=0.731+0.035(stat) + 0.020(syst)

The values are consistent with the current world averages and with the Standard Model expectations.
The most precise time-dependent CP violation measurement at hadron colliders.

arXiv:1503.07089 (3.0 fb-12015)
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http://arxiv.org/abs/1503.07089

BES8 111 LHCb results: weak phase ¢

Weak phase lll
Selected results from LHCb

Bg N ]/II)KK(¢) Orbital angular momentum of the final state is mixture of CP-even and CP-odd components:

L=0,12
Ag, Ay, A4), Ay need to disentagle CP even and CP odd amplitudes via time-dependent angular analysis
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Phys.Rev.Lett. 114 041801 (2015) (3.0 fb?)
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.041801

(468 11 Weak phase ¢¢ (combined results) SdectedressfomUCs o oo @!

¢ is very sensitive to New Physics, but no NP effects have been seen, yet...

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv

0.20F -
‘ DO 8 fb HFAG
0.15
- 68% CL contours
- ~ (Alog £ = 1.15) SM: SM _ _0, 036300014
& 0.10 CMS 20 fb™ ] o
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—
< |
0.05}
CDF 9.6 1o ATLAS 4.9fb " Great progress but still plenty of possibilities for NP
0.00¢, , , . . | i
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mixing

% I Mixing of neutral mesons Selected esults rom LHCD |

AGH
0 " L 4 cos(Amgt)
B; - D;m B? < BY oscillation in flavour specific mode D;m™* (&) =D (AFSt)
cosh ——
'E a) -, - * data = -
> mmr— D, —on — il 2 i e Tagged mixed
- = g}:—} :%_E — n # 4, o Tagged unmixed
Z 2000k misid bkg = 400  Eha — Fit mixed
5 2000+ [LHCDb e 7 i LY
= - Il comb bkg. < 2 MR e Fit unmixed
3 2
5 i
5350 5400 5450 5500 5550 = 200
{IJ.: n*) invariant mass [MeV/¢?) ~ B
b— L g .
Bs w w B. 0
s 2 S 0 | 2 3 4
S : ‘ —— ~av 11 -
~ The oscillation frequency: decay time [ps]

Am, = 17.768 + 0.023(stat) + 0.006(sys) pb~1!

Most precise measurement to date
New J.Phys. 15(2013)053021

agrees with world av. 17.69 + 0.08 ps
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http://iopscience.iop.org/1367-2630/15/5/053021/

B8 11 CKMy angle e o i e )

AGH

VuaVub
1. 7Y angleis the only one that can be determined from tree only processes, Yy = arg| — #
. _ cd¥ ch .

2. Theoretically clean: §y/y < 0(1077) trees - direct
. . 0.7 v | o —— T ]
3. So far has the worst precision: 5 ? :
06 o e TR
. o o o -
a) direct measurements: BaBar:y = (69 + 17) , Belle: y = (68 + 15) as -8 3

b) indirect measurements (dominated by loops): (66.9739  MER

03 —

0.2 S —%

some tension between direct and indirect methods- o1 | A I ﬁ 3
need better precision from trees measurements e~ e~ R e T

no trees - indirect
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% ”I CKM V angle Selected results from LHCb e lll

color allowed

Bt% - DOK**0 Time integrated measurement

Cabbibo allowed i

— W K-
1. Sensitive to ¥ when D? and DO decay to the same final state.

. r\f\..ll ! .
b 5
2. Interference of the two amplitudes dependent on relative magnitudes of B- 4'—\
i i
amplitudes - one of them is usually suppressed. —’N o

3. Different experimental techniques (GLW, ADS, GGSZ).

Cabbibo suppressed

B° - D°K** (D° - K—m™) B* - D°K* (D° - K2K*K"™)
=T
% - — T T ' T ' T ' . — ot
% 3[}[}:— LHCh LHCb Sg:‘*—\.'__x_‘ z
= R — BFLDR™ u QU
= 50| — 70K 400 N
: C [ combinatoral ] _ D_F.:i R, - T
22001 B 500" ] ; e
% E B Bo'R. — Dt I
® 150 B DR
g r : . 200 vememes Combinatorial
E100f = - +15
S : ==== Part. reco. y — (62_14
50 E i _
5000 5200 5400 5600 5800 T world most precise single y measurement
T 5200 54DOK+5600 5800
Phys.Rev. D90 (2014) 112002 m(DK™) [MeV "":JJEP 10 (2014} 097
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http://arxiv.org/abs/1407.8136
http://arxiv.org/abs/1408.2748

% I C KM v 3 ng I e Selected results from LHCb ’ /lllc v

Bg — D?Ki Time dependent B0

1. Interference between mixing and direct decay, large effect _
because decays are not colour suppressed,

2. Sensitive to (y + ¢,), strong phase &,
3. Need to measure 4 time dependent decay rates o < b
s BO Ve D B,
A LHCbh —+— data s > s N
S 10° — g‘}t D.K* S
.:,: SN N S — B‘:’ —)D%n“ FB_?—>f (t)
8 L% N e B! — D (! p") —Ist
3 cimimee (B, AY) > X 2 2\ne S AFSt _ AFSt _
§ ok SNl Combinatorial = |Af| (1 + |/1f| ) > (coshT + D¢ sth + Cr cos Amst — S sin Amgt
L e N D x cos(8 — (y — 285)) S; o sin(8 — (v — 2Bs))
2 \\
2E b
MRS TR T First measurement with this 98y’
2 4 6 8 10 12 14 : - —
B Bt technique, 1fb2 Y (1 1 5_43 JHEP 11 (2014) 060
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http://arxiv.org/abs/1407.6127

% | | | Ve ry rare d e ay Selected results from LHCb ~ Rare decays lll

CMS & LHCb — first observation of the decay B — uu 07 .
_ +0. —
Statistical significance above 60 BR(Bs — up) = (2' 8—0.6) X 10

The best measurement of branching fraction to date

30 evidence for B - uu

BR(B - pp) = (3.971%) x 10710

CMS and LHCb (LHC run 1)

2§ LHCb experiment ' L L
ﬁqp Run: 101412 Event: 8681643 60 ——— Data
Date: 8 Sep 2011 Time: 16:04:18 Signaliand Badkaround
0 =
50 Bs » u'u
—— ' | B — wiu-

— = — Combinatorial background

EN
o

----- Semi-leptonic background

— = Peaking background

no
(o]

]IIIIIIII|[III|IIII|IIII|II

Weighted candidates per 40 MeV/c?
w
(o)

—_
o

My~ (MeV/c?)

Nature 13 May 2015 doi:10.1038/nature14474
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http://www.nature.com/nature/journal/vaop/ncurrent/full/nature14474.html

% | I | Ve ry rare d e ay Selected results from LHCb ~ Rare decays lll

CMS and LHCb (LHC run I)
! ,' ] I | B 1 T I LI ' L] I L T

2
o
©

o
[o3]

© _lIIllllllllnllllll]lllli”llIIIHIIIIIP—HI

* Both results are statistically compatible with
Standard Model predictions

o
%

o
)

o
o

o 2 a4 6 8 * Stringent constraints on theories beyond SM
BB - u'u) (109

o
~

SM

B(B° — utu) (1079)

o©
w

Q
o

SM

=
-2AInL

o—Illl[IlllIIIHIllllllllllllllllllllllll]Illl_
(1]
—
o

o

0 0.2 0.4 0.6 0.8
BB2 - utu) (1079) B(B°— ) (1079

BR(Bs — pp) = (2.823%) x 107°
BR(Bg - pu)SM = (3.66 + 0.23) x 107°
BR(B - pp) = (3.971%) x 10710

BR(B - uu)SM = (1.06 + 0.09) x 1010
Nature 13 May 2015 doi:10.1038/nature14474
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http://www.nature.com/nature/journal/vaop/ncurrent/full/nature14474.html

% 1l Why SO rare”? Selected results from LHCh  Rare decays lll

c BY + utu- d BY — ptu- g g0

s s TuTu
b wt b p
b, W+
B9 B A
-
g I L 2
Forbidden! Only higher order transitions

No direct Flavour

Changing Neutral Currents
New, heavy particles can enter in competing processes and

significantly change:

B — pu even more suppressed due the transitions from « the branching fraction BR of the decay

lll to | generation
* and the angular distribution of the final state particles
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% 1l EXOt|C mesons Selected results from LHCb lll

Exotic states AGH

Exotic hadrons — have structures more complex than |gg) or |qqq)

1. In quantum theory one can express a meson as a linear superposition of allowed basis states
a) This basis spanning [gGqq), |9G9), 199),----
b) Respective amplitudes in this linear expansion are govern by the QCD interactions

2. Depending on the dominating component we can classify mesons as quarkonia, hybrids, glueballs, dibarions, tetra-
guarks

Diquark — antidiquarks (tetraquarks)
» quark pairs tightly bound in diquarks l
» diquarks interact by strong QCD force ‘

* rich spectrum of mass states (not necessary close to
the mass threshold) possible

* large number of decay channels with open and hidden
charm
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% 1l Exotic mesons Selected results from LHCh lll

Exotic states AGH

XYZ meson are seen to decay to final states with heavy quark and antiquark (c or b) but hardly fit to gq spectrum

Charmonium Bottonium
LHCb V{A43E0) =5 i08 |-
[W@zs0) | =i3'F | X (PP}
4o | XeoA3*Pg)
[ ®i2180) [ wiz°D1) | 106 |=
o
§ 4-D | 1'1:[::1'5:] E1] - g-lﬂqi
= Fa N
8 See] 3
Mo -+hdiioe .m. Pl
R 38 L [3ci2?Pa)]
2 > TRREEN %3 102 -
Z2Mo
W (@51
< (2'S0)
36 | — 100
4
Ne(11P) ::l
LEILE (1950 | Xe=(12Ps) |
34 | Xeol1%Pa) 98 |-
32 L established ot statas ag L
pracl-l::ta-l:l_ undlscovarad _
aztabllshad bbb states
P : Eh — :
[ml“]l' u statesz
3.0 |- [maea] |_cnargea xvz mezens | %4 " [e'en e
G—FI- 1— ‘I+— U++ 1-I+ E-I-I- D—FI- ‘1— ‘l+\— D++ 1++ E-I-I-

Olsen, arXiv:1403.1254 [hep-ex]
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http://arxiv.org/abs/1403.1254

% 1l Exot | c mesons Selected results from LHCb lll

Exotic states AGH

Determination of quantum numbers:
* Angular analysis in helicity basic

* No assumptions about orbital momentum L

Bt - X(3872)K*| X(3872) - J/¥Yn*m~

The narrow X(3872) was discovered by the Belle experiment,
confirmed by several other 6 experiments. o

Unlikely to be conventional charmonium N & I’W
Interpretation as an exotic state: tetraquark ccuu, molecule 5 +
D°D*? = (cw)(cu), hybrid ccg cosd, 20y,
= 160 $ ._'I H H LHCb
: Do %100;*_ T
g 140 sp o+ i = data
é 120 “t cosb, 1 —1
T 100 | t i ..+,
w 150 1 3
S e Vo )
60 E
40 ] cosd, 1 M)x,p ]
20k '.' -1 _0'_5 6 O'IS cost _I (: E:.o [rad]
O ! o o * o o '|" o o N o o .
740 760 780 800 820 Data unambiguously prefers: | JP¢ = 1+
A M =M(r'mdAy) - M(Jy) [MeV]
LHCh 3fb 1011438 Consistent with all models.... Phys.Rev.Lett 110 (2013) 222001
’ 38 events NEW! LHCb-PAPER-2015-015
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.222001

% 1l Exotic mesons Selected results from LHCh lll

Exotic stetes AGH
_ AD fit {m?2._, mé,_, cosOy,
BO - !IJIK-I_T,: Z(4‘4‘30)_ - 'P,Tl'_ { {{TC Y . "IJ. ¢} .
Full amplitude analysis with K "resonancesupto/ < 2
Discovered by Belle, Babar, but with discrepancies between them. Fit with Z(4430)~ No Z(4430)~
25 000 events in LHCb, smaller background than B factories! pd
o 1000f S
y i | %
5 1800 : ] 2w
= S smf <
— 1600 2 1 £ 10
2 1400 3 | 2
= S ] &1
= 1000 1% Z(4430)" . [GeV?)
\) 800 (*K) —— ——y T
600 e g N %l()(l)
400 _ Siptl . = 400 =
5 sideband R sideband < ] 5 ]
200 i 2 200f 1 g swf 3
0 : 8] LHCb | LHCb
5250 5300 F S o
m‘ll'K’rt' [Me\’] | 0.5 0 0.5 ] = ‘mu‘ =l 0 == lmA =3
cos Ov ¢ [degrees)
Phys.Rev.Lett. 112, 222002 (2014) The data are well described with a J¥ = 11 Z(4430)~ in the fit
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.222002

% 1l EXOt|C mesons Selected results from LHCb lll

Exotic stetes AGH

Z(4430)” > ¥’

I['\] I I I I I I I I I 1 I I I 1 1 I 1
- 4277 MeV .
: BW
. : 20'2 - LHCb i using |
1. Confirmation of Belle results: =t = 9
L LHCb -
L 4411 Nz A
Mz- =4475+ 7 MeV ] “-4345-Me V- —phase =
;- =172 + 13 MeV i ' ]
]PC — 1+t 02+ 4605 MeV4
2. Resonant behaviour? 0417 4477 MeV . ]
| 4541 rvﬁlev |
Model independent Argand diagram technique: 06—t 1L
-0.6 -04 -0.2 0 02 S
* Replace the BW amplitude by 6 independent complex numbers in Re A
6 bins of W't~ mass near Z(4430)™ mass.
* |If phase changes rapidly near maximum - resonance! behavior of the Z(4430)

Phys.Rev.Lett. 112, 222002 (2014)
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.222002

SV, Summary @]JJ

1. LHCb is the experiment to study CP Violation and rare decays:

2. After three years of data taking in data with B decays:

a) Direct CP Violation \ very precise measurements of:
b) CP Violation in mixing (mixing of neutral mesons, both B® and B2 * weak phase ¢
e . * CKMy angle
c) CP Violation in interference between direct decay and decay after
mixing

d) Rare decays J
3. In charm sector — mixing is observed, approaching CPV SM limits

4. Exotic states — confirmation of B factories result with more statistic.

What’s next? Run Il & Upgrade!
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e The LHC Run Il & Upgrade

L

1990 2000 2010‘\ 2020 2030

Event 41383468
Run 153460
Wed, 03 Jun 2015 11:52:09

EP ‘ p— Run Il started on
T 3" of June 2015!
LHC
HL-LHC | hvsics ) Lubniosity Run Il of the LHC scheduled to begin in
| o 2020:
| ) * Instantaneous luminosity: L;,s; = 2 X
LHeC | 1033 em~?s71 (increase of factor 5),
“-i£ LHCb plans to collect 50 fb! of integrated
HE-LHC | ‘ @ f:qf:rgy luminosity @ Vs=14 TeV,

* Average number of (visible) interaction
v=7.6 (u=5.2), 0,,,=70 mb, o, ocV's
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ey LHCb Upgrade

AGH
Upgraded detector:
Installation is foreseen between 2018-19
* New tracking system. SciFi
Full event re.adout at 40 MHz. Side View coar HCAL s
* Upgraded trigger (fully software). Magne \rici2 o M3
* Increase of the output rate to 20-100 KHz i racker
* New PID system. V A ' N\
E 4 \J
YZ Projection ) { = gl b folt /
S Vertex )/
racks fron LOC%%/Y i .
\: (\‘/;L‘ /

= |l II‘ \H\IHI‘,II‘ \‘HII’IIH‘“H

upgrade
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