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Why Flavour Physics??
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Motivation 1: New Physics in loop diagrams?

* Precision measurements
* Find deviations from the Standard Model
* Sensitive to heavy particles in loop diagrams

“Box” diagram: AB=2 “Penguin” diagram: AB=1
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Flavour physics for discoveries

KO —pupu pointed to the charm quark: B mixing pointed to heavy top quark:

GIM, Phys.Rev.D2,1285,1970 ARGUS Coll, Phys.Lett.B192:245,1987
Weak Interactions with Lepton-Hadron Symmetry* DESY §7-079
S. L. Graswow, J. Inorouros, axp L. Marant 3
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits 02139 p‘pr‘l II 198?

(Received 5 March 1970)

We propose a model of weak interactions in which the currents are constructed out of four basic quark 1 7l
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory, DBSERVATION OF B - B MIxING
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry :
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed. TF'W ARGUS Conﬂ-boﬁlttﬂﬂ

In summeary, the combined evidence of the investigation of 5% meson pairs, lepton pairs

splitting, beginning at order G(GA2), as well as con-

tributions to such unobserved decay modes as Kp— aud B mesolepon,events on the Y(45) lescs to the conclsion that 5% mising s
wt+u—, K+— gt+4+I+1, etc., involving neutral lepton been observed and is substantial
e Parameters Comments
We wish to propose a simple model in which the
divergences are properly ordered. Our el 1s foun ==
in a quark model, but one involvind four, not three, ) . , .
fundamental fermions; the weak interact = r > 009 90%CL This experiment
x > 0.44 This experiment
ne:..v quantum nu.n;b.er @ fot @ Bifg =1, < 160 MeV B meson (= pion) decay constant
q q my, < 5GeV/c? b-quark mass
- n < 1410717 : B meson lifetime
[Vigl « 0.018 Kobayashi-Maskawa matrix element
QCD correction factor [17)
t quark mass
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Motivation 2: at the heart of the SM

E,S’ﬂ-f — ﬁkinetic + ﬁH 1GQgs + ﬁl"-uka:wa-

W DF )0 (D " OV (D)) — 2ot — NoT9)? | | Vijtbr: ¢ Ug;

Charged current: Yukawa couplings:

flavour diagonal mix between generations
9 1 .,y — a’ I . I
Vﬁ“’i’ W dl; Y50 0 s ;Y “QL? & Up;
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Motivation 2: at the heart of the SM

E,S’ﬂ-f — ﬁkinetic + ﬁH 1GQgs + ﬁl"-uka:wa-

Charged current:
flavour diagonal

g
‘)

‘v ruy sdi
“?LUE iT)

Yukawa couplings:
mix between generations

YiQL o dy

Diagonalize Yukawa matrix:

Off diagonal in CC Mass terms
H.f = H.j
= Vewud,
R L

;Y “QL? b u

o

I
Rj

— |
(EL'J: (*'J'Jr;j)dmg de + Ur; (jfj‘;)diag UR;

Vern = (VEVE )i
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Motivation 2: at the heart of the SM

E,S’ﬂ-f — ﬁkinetic + ﬁH 1GQgs + ﬁl"-uka:wa-

W DF )0 (D " OV (D)) — 2ot — NoT9)? | | Vijtbr: ¢ Ug;

U ‘YL ,."Lf"[ I —H
TSME:'L ( LL LL )f-j "}"HII’ f diL

V

" & . D Ay ‘:‘}:\‘(:»”;‘ — i
P , € 4
Verawr = (VEVL )5 w e

» Flavour physics closely connected to Higgsta i
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Motivation 3: CKM magnitude mysterious

()
CKM matrix:
* Coupling strength of charged current d
 Completely different hierarchy !
-Fe- -Uel Ueo Uea- -L"'l- I Ef}- -Vu..:: Vs Vub- I d}-
Vpl = '{"'I‘ul l{.-"‘ug 'ﬁg I/ VS Sf} — Vcd I’i:s Vﬂb 5} .
| Vr Ur1 Uz Ura| V3 i H}_ Ve Vis V| | '5}_
flavour mass flavour mass
0.85 0.53 0 0.97428 0.2253  0.00347
Uvynsp =~ | =037 060 0.71 Vernr = | 0.2252 097345 0.0410
—0.37 0.60 —=0.71 0.00862 0.0403  0.999152
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Motivation 3: CKM magnitude mysterious

CKM matrix:
* Coupling strength of charged current

 Completely different hierarchy !

¥

Ve Uy Ug Uegs 1 Ef} Via Vus Vi d }
Vpl = '{-"Tpl '{-"TpE T,L.LE g VS Sf} — Vcd I’i:s Vﬂb 5}
| Ut i "1 - T".I'Er_ | V3 i }_ i Via  Vis Véb_ i '5} )
flivour mass flavour mass
\% V3 b

PhD thesis R. de Adelhart Toorop
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http://www.nikhef.nl/pub/services/newbiblio/theses.php

CKM matrix: phases

CKM matrix:
* Coupling strength of charged current

 Complex matrix: phases!

d

¥

1Vl | Vaas
Verwm ,Wolfenstein — - ‘ I;d‘ H;S
‘ Tl;d ‘ § L - | 1;5

p :-a' 3

‘ Vb ‘f —iy
Vol
‘ 1; b ‘

U ‘YL ,."Lf"[ I —H
TSME:'L ( LL LL )f-j "}"HII’ f diL

V

Vern = (VEVE )i
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LHC

LHC 2011 RUN (3.5 TeV/beam)

Fi T
—a— ATLAS 5.626 fb™!
‘T_: 6ll—a— cMs 6.136 b |
= LHC and experiments show S | D
exce”ent performance lg S HRELIMINARY 1
- LHCb collected 1 fb! in 2011 £ 4l |
. . =
= Aimfor 2.2 fb'! in 2012 (nowo0.7fbt) g | |
= 10! bb-pairs produced! g
= 2 i
o 1 ]
(]

M Ar _" Jun Jul  Aug Sep Oct
Month in 2011

D ja00 k. - Fill 2010 (2011/08/08) . |= =  Optimal use of LHC beam:
%moo = ' ' >  “Lumi levelling” at 4 x 1032
S 1400 — Design was 2 x 1032 with half the #bunches
3 1200 =
g »  Max. luminosity for entire fill
g 800 With maximum detector occupancy
S 600 —
200 £ B e Disclaimer:
O 2n o0ih o4n o7 10h 13n 16h  19h Most results ShOWﬂ, from LHCb
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Heavy
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spectroscopy Q
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Heavy Flavour Spectroscopy

[ Phys. Rev. Lett. 108, 252002 (2012) |

ATLAS Preliminary
Ap—JlypA°

(5=TTeV
g, =311=08MsV

L=48f" »

M, =21B4=57
.\-'*-; = 5070 160
BNy =1.00

— Fitted mods
==== Signal
Background

+

oo oSS

¢SPE'SOCT AIXIe QOH

LHCDb:
m(z,)=5796.5+1.2+1.2MeV
m(Q,)=6050.3+4.5+2.2MeV
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M(A,%(5912)=5911.95+0.7MeV
M(A,%(5920)=5919.76+0.7MeV
CMS:
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g B Stnreance 550 | 8 L N(Z;)-108=14
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9 R T [ + ] =b =
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Sas0l- 3
L] ]
=

2 ]
w200 -

My, =330
o = 0026+ 0.004_  Gevic’ ¥
my, = 6,272 £ 0,003, GeWic® ]

CMS PAS BPH-11-003

: 35I!lil

(L]

$oF

ZT0Zd3HDI “BwIN™

Geic

M(A4,) €00 &80 058 %2 64 66
Wer Jiyr® mass (GeVic)
23 July 2012 SLAC Summer Institute 2012 - Niels Tuning 18/67

6.8


http://indico.cern.ch/contributionDisplay.py?contribId=634&sessionId=73&confId=181298
arxiv.org/abs/1205.3452
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How to measure a phase??

[( B2 f)=|A,+Agieo)2

[( B2 f) = |A+AgiCo+)2

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes
2) Phase difference between amplitudes

— one CP conserving phase (‘strong’ phase)
— one CP violating phase (‘weak’ phase)

:ud | 1’{1:,5 | | L’L-b | € e
Ver M Wolfenstein = | —|Ved| i V.| | V|
‘Hd| (:,.—a.ﬁ _ ;S (3-1,4'35 H;b‘
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Y [ VaaVi

Y= arg | ———

Lf’-'i Lfcb

1) B-— DK (Time integrated) Vil |Vl m
2) B2 — DK* (Time dependent) (I,fj-“jzg N s b )

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes
2) Phase difference between amplitudes

— one CP conserving phase (‘strong’ phase)
— one CP violating phase (‘weak’ phase)
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v = arg [—

B- — DK

@
b% Vub

= Relative phase: v

Gronau, London, Wyler, PL B265 (1991) 172.

GLW:
CP eigenstate: D°— K*K-(zx) (65 ~7)

- -\ _T(B+ 4 Poreg
A B r (B — fDK ) r (B — fDK ) S@q’
CP+ — F(B_ _ fDK_) _|_ F(B_l_ N fDK+) Acpy = < Ai:ﬂ’wq;?r ~
r (B_ — fDK_) +T (B+ — fDK+)
I (B- — DOK')

- KK T .. AT
Rg;:v+ = Rh’,-"?r? Hﬁ’,-"n' = Rh’..-'w

Rcpy =

€0¢ (2T702) ¢T.9 1d UT -0} O°'T'qOHT
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http://www.sciencedirect.com/science/article/pii/037026939190034N
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://arxiv.org/abs/arXiv:1203.3662
http://arxiv.org/abs/arXiv:1203.3662

% 80 —
E - LHCh 1
60— _
.r\' —_
- 4{] - Zainalh X o T —]
2 _ B >[K KK |
9 =
| = ]

20E

m(DhY) (MeV/c?)
d
\lo\)(e —
o7 g DOK* ~
GLW: .\
CP eigenstate: D%— K*K-(zx) B r ei(5B —7) prK

2:rgsindpgsin~y

(acrr = ().145 4+ 0.032 =+ 0.010 50 :

Acp+ =

€0¢ (2T702) ¢T.9 1d UT -0} O°'T'qOHT

Rore= 1007 £0.038 £0.012 R
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http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://arxiv.org/abs/arXiv:1203.3662
http://arxiv.org/abs/arXiv:1203.3662

Atwood, Dunietz, Soni, PRL 78 (1997) 3257

ADS:
B or D Cabibbo favoured: D°— K*#

v = arg [—

B- —>(]_)b K-

= Relative phase: v

o)
Aypg = AB” = oK) ~T (BT — fpKT) Pressey 00
I'(B-— fpK~)+T (B+ — fDK‘l') “Difference in suppression”
R F(B —>fDK_)+F(B+—>fDK+
— ccA : D)
ADS T (B_ . _fDK_) 4T (B"‘ _ fDK+) verage suppression

€0¢ (2T702) ¢T.9 1d UT -0} O°'T'qOHT

23 July 2012 SLAC Summer Institute 2012 - Niels Tuning

24/67

‘-04 0°T'GOH"

1¢0-¢T02-ANOD-4OHT Ue


http://xxx.lanl.gov/abs/hep-ph/9612433
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://arxiv.org/abs/arXiv:1203.3662
http://arxiv.org/abs/arXiv:1203.3662

Suppressed mode for the B-
is relatively more suppressed
than for the B*...

Y (ADS)

BR~ 2 x 107/

B or D Cabibbo favoured: D°— K*rx

~ & = 0.007340.002340.0004 | . ,
= Rf = 0.023240.0034 £ 0.0007
> 15 LHCb
>
R i Bk K= - - T B™—[rK] K
At O Nl
vEEEESSEG 5400 3600 55500 TUSA00 5600
m(Dh*) (MeV/c?)
d
e Cap;
§aN© + /bbo
v7° DK —_“lop,
ADS: r e

B
b\, O+ W F:
First observation of suppressed mode >u Sup D*K \O ed. 22
g “esseq Cabio®® ® o
Aaps = _0.52 1 O. 15 1 0.02 b = 2irprsin(dp + dp) siny/RAPS §§
a5 = 0.0152 4+ 0.0020 =+ 0.0004) =rg? 41+ Lirgrp ool + dp)eos S
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http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://cdsweb.cern.ch/record/1456295?ln=en
http://arxiv.org/abs/arXiv:1203.3662
http://arxiv.org/abs/arXiv:1203.3662

Y (Time dependent)

il

. @y

5 b
B0. -D_ K-
Bg S S
L = Relative phase: vy
K- * First step: BR!
"% 1000 LHCb R o 180f LHC E
-t A ] 2 160} =
= 8001 , - = 140F e
[::'/ : """" Bg% DSTE+ E 120:_ _:
= 600F I B'— Dt < ook " E
= B 1B D, nt g g ' : % T N g
5 400f B 5, Dip' 2 a e
F B B’ Dt a8 Bl - D pt)
I Combinatorial I Combinatorial =
L wrerrrrrn e e —— ST PO ] e L e L% e e
5200 5400 5600 5800 5200 5400 5600 5800
m(D;mt+) [MeV/c?] m(D;K*) [MeV/c*]
. _ \ ” L : — R 0
B(BY— DInt) = (2.95+0.05+0.17703%) x 10~ | (best known BY decay!)

B(BY— DFK*) = (1.90+0.1240.13% 1

L —d
x 10 LHCb,0.37fb 1,

JHEP06(2012)115
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http://arxiv.org/abs/arXiv:1204.1237

Intermezzo: how many B are produced? f/f.

= To determine any B BR, need to know how many are produced
= Relative to B? or B+ decay

= eg.. ~
BR(BY — ptp~) = BR(B, — - f\X L

fr-?j JLLL 4\:
Measured f /f, at LHCb:
= Hadronic:
=  Compare yields of 82, —»D;*n-and B’ —-D*K fu o en No,x
=  Theoretically we can estimate ratio of BR! fo = 12.88 % T_Bd [N N en,k Np, T] |

Fleischer, Serra, NT, PRD 82, 034038 (2010)
Fleischer, Serra, NT, PRD 83, 014017 (2011)

=  Semi-leptonic
=  Compare yields of 8%, —D*Xuv and 5% —DXuv

fa o “ccrrr(Eg — D}”) TB- + TRgo

fu + fd N '”corr(B — DO“) + ”corr(B — -'D_'—ﬂ') 2T§9

» Measure:

. . —~-+0.021
f S / f d — 0 )( —0.020| Luco.prL 107,(2011) 211801

LHCb_PRD 85 (2012) 032008
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http://arxiv.org/abs/arXiv:1004.3982
http://arxiv.org/abs/arXiv:1012.2784
http://dx.doi.org/10.1103/PhysRevD.85.032008
http://arxiv.org/abs/arXiv:1106.4435
http://dx.doi.org/10.1103/PhysRevD.85.032008
http://arxiv.org/abs/1111.2357

Super - Co
. E
-

Radiative
decays

-
/
A

23 July 2012 SLAC Summer Institute 2012 - Niels Tuning 28/67



B, —J/wg
= Relative phase: o,

.Lenz (SM prediction), arXiv:1205.1444
1) BO— Jep e
S
"9 T ow-20p e_i(DD
= ¢ SM=-2 =-0.036 + 0.002 rad A
Neglecting penguin contributions) B - _ J/
glecting peng S @i 0
. — D
» New physics can affect ¢, N BSO V
5. 5.
bg— Xoommmte oy s
TR GHem "
ik 9 83
§ Sn | by E LHCb, 1.0fb%, g,  LHCh-CONF-2012-002
Sp———— - X bg LHCb, 1.0fb2, Iy mx, arXiv:1204.5675
(353)rR LHCb, 1.0fb%,7, 10 arXiv:1207.0878

LHCb, 1.0fbt, amb, PRL. 108 (2012) 241801
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https://cdsweb.cern.ch/record/1423592?ln=bg
https://cdsweb.cern.ch/record/1423592?ln=bg
https://cdsweb.cern.ch/record/1423592?ln=bg
https://cdsweb.cern.ch/record/1423592?ln=bg
https://cdsweb.cern.ch/record/1423592?ln=bg
https://cdsweb.cern.ch/record/1423592?ln=bg
https://cdsweb.cern.ch/record/1423592?ln=bg
http://arxiv.org/abs/1204.5675
http://arxiv.org/abs/1207.0878
http://arxiv.org/abs/1202.4717
http://arxiv.org/abs/1205.1444

|—
T
O
=4

S

0
BY—J/ype
> B T I T T T T T T T | T T T T J_ g . :
22500 503 ps LHCb Preliminary | 1 10 f‘i% |
o - N= 21’200 . % - L_I-I?b Preliminary f A i
—2000— ] B Ws=T7 TeV .
@ - o~7MeV 1 &
> - L~1.0fbt 1 daef oy ~45fTs
> 1500 i
w - 1
N i 10
1000 -
B ] 1
500~ — ,
n - 107
"F‘_LI‘T"] 1 1 1 F_'I'_..‘l_""l'i |||_f'f| iy oy I T 'R R PR R R
5300 5350 5400 5450 13 -1 05 0 0.3 1 1.3
B. mass [MeV] decay time (ps)
1600 — : —
E LHCb Preliminary 1 3
1400} = B
e Angular analysis 1200f- El-
= Pseudo-scalar — 2 vectors 1000 [>-. 3%
= CP~ (-1)* goofCP + — 1
_ 1 19
600 . o=
4DD:—CP - B El=
- |_>/’/f S H“-x__\‘ 1 5
- 200 -wave ~_ 1§
= Tagging: eD? = 2.29+0.27% Y Tl
LHCb, EPJ C (2012) 72:2022 2 0.5 0 0.5 PR
cos v
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https://cdsweb.cern.ch/record/1423592?ln=bg
https://cdsweb.cern.ch/record/1423592?ln=bg
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http://arxiv.org/abs/1202.4979
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http://arxiv.org/abs/1205.1444

ATLAS: ¢,

Avg: 5.6 overlapping pp!

}1200:‘-"'I""I'"'I'"'I""I'"'I""I""I""I"'J:
£ [ ATLAS Preliminary ——Data ]
i -1 R -y E
e Luminosity: 4.9 fb : oot e AP
° Pt“‘>4 GeV @ goof- t>0.3ps
400f .
ps = 0.22 £ 041 (stat.)x 0.10 (syst.) rad 200, .
AT, = 0.053 £ 0.021 (stat.) + 0.008 (syst.) ps~ " TR TR T e
B, Mass [GeV]
‘_'_. _l T T T | LI T | T T T T T T T | UL T | L |_ ,'T;' 0.4: l T 1 1 L] l L} T T ) I 1 1 1 T I T L] T T I Ll T T |l I 1 T T T l
‘vnp 0.14— & constrained to 2.95+0.39rad —68% C.L. — = Standard Model
E B &Jf‘s constrained to = 0 == 90% C.L. ] &w 035:—' t " e [:I DO gfb"! i
- -=:95% C.L. 1 E ot 9 -~ X fuid
{P:TOJQ__ ATLAS Preliminary 4% Standard Model | < 0-3:_ 1I L ] coF  10fb , A L
- '.E=?'Tt-:-‘\)*_1 ' s AT, = T4,008(9,) | 0 25:_ / ~\ [ ] LHCb 03fb" El
0.1;_[Ld‘=4-9'b = E ,' o ] LHCb 1fb™" (unpubl
- ] 0.2E« S . 68% CL
0.08- S ES Y -
i R 0.15& === 95% CL
- "\ : 2
0.06- " 0.15
L ' _ E . "
0 04__ '.' ‘.‘ . 005:_ =
- ; t OF
0'02__ :, I a -0.05 - ——ATLAS 49 fo' 68% C.L. 5100“5!?&“1@ to 2.95 * 0.39 rad
C T R N "UME == ATLAS4.9fb", 90%C.L. | AL constrainedtp >0
0 I | | - L1 I-I- T-I-I--I.r-l Ll I | _0 1:| [ TN T T A N B | [ N (| | P S I B T |~|A| § I S B |
-15 1 -05 O 0. 1 1.5 1.5 -1 -0.5 0 0.8 1 1.5
Ji o
S.Palestini at ICHEP 2012 N e [rad] 0N

23 July 2012

SLAC Summer Institute 2012 - Niels Tuning

33/67


https://indico.cern.ch/contributionDisplay.py?contribId=193&confId=181298

Ps

» BO.—J/ynn: CP eigenstate
= Pure CP-odd, only long living B,
= No angular analysis needed
» Data sample smaller compared to J/y¢

2000

1600

Events / 5 MeV
0
(=]
o

800

400

-

L
5400 5500

m(Jryntn’) (MeV)

= Hadronic effects might shift ¢, differently % o LHCb
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ombinea Tit: £ s00
» Decrease statistical unc from 0.101 to 0.083: i :22 \L
by = —0.002 £+ 0.083 £ 0.027 rad ”’z _____________
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2) Effective lifetime: > O § . LHCb | 22
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B%.— KK

B°.— J/Yf,

LHCDb, 1.0fb %, amb, PRL. 108 (2012) 241801
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— .. via off—shell states,
M IXI ng Phase weak box—diagram @
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= @u>"=10.0035 rad
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Charm

=  Measure difference of CP asymmetry
=  CPviolation from mixing largely cancels

<
!

% |
gl
7.< L
il

=  Direct CP violation expected to be small 60000~ LHCb

Araw (f) = Acp(f) + Ap(f) + Ap(7) + Ap(D*T) 40000

20000

N(D*+ — D°(f)r+) — N(D*~ — DO(f)7T)
N(D*+ — DY(f)z+) + N(D* — DO(f)r)

A raw {f)

0 M w— ittty el i b s et st 1
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LHCDb, 0.6 fb1, PRL 108, 111602 (2012)
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http://arxiv.org/abs/1112.0938

Charm

=  Measure difference of CP asymmetry

=  CPviolation from mixing largely cancels
= Direct CP violation expected to be small

rfiw(f) flCP( ) f/lD(f) + *AD(T‘F;—) Bl *4P(D*+)

Cancel production and detector asymmetries
o Compare D% —K*K-and D® —»z*n

»  Same production and detector asymmetry

»  Charge symmetric final state: A,(f)=0

AAC‘P — 441‘aw(KP_KF+) - Araw(_ﬂ_ﬂ-—i_)

AAcp = [-0.82 4+ 0.21(stat.) £ 0.11(syst.)] %

» First evidence for CP violation in charm

3.5¢
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CP violation in B, decays

First observation of direct CP violation in B, decays

> N(BSC->Km)#zN( B >Km)!
» Interference of tree and penguin diagrams

400, —~ 400
3505 LHCb (= % 3508 LHCb =
3005 (c) 8 300 (d) E=
250F 8 250
200F S 200
150 N(B,? —-K*7) £ 150 N(B,? —=Kz*)
100 fgtis . 2 100 |
505 B A ===z =%
¥ Y S O 5d he 58
K't invariant mass {GeWcz} K=' invariant mass {GeWcz}
Acp(B? = K7) = 0.27 4 0.08 (stat) + 0.02 (syst). 330

Measurement of time dependent CP:
= Interference of mixing and decay

preliminary

A4 — 0,11 +0.21 £+ 0.03
AMX — ()56 4 0.17 4 0.03
A —0.0240.18 £ 0.04
APX = (.17 £+ 0.18 = 0.05
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Historical?

1) P(KO=> KO #P( KO->KO)

Discovery
Nobel Prize

J. Cronin, V. Fitch

2) P(BY( By—f) £ P( B (- By)— f)

Prediction
Observation
Nobel Prize

M. Kobayashi, T. Maskawa

1964
2001:
2011:
2012:

CP violation in K%-mesons (sd)
CP violation in B%-mesons (bd)
CP violation in D%-mesons (cu)
CP violation in B,>-mesons (bs)

Phys.Rev.Lett. 13 (1964) 138-140

Prog.Theor.Phys. 49 (1973) 652-657
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FCNC b LY

= Flavour Changing Neutral Current

= Also known as “rare decays”
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FCNC b Pl

* Flavour Changing Neutral Current A N
= Qccur in SM only through loop diagrams
= New Physics can appear at same order as SM

B°— K *uu BY—uu
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FCNC: B°—=K*uu

7
o

i K*
* Ain SM due to V-A coupling

 Hadronic uncertainties cancel in
forward-backward asymmetry A,

* Sensitive to many NP models
— Example:

=

=

W.Altmannshofer et al
JHEP 0901:019,2009

1 2 3 44 5 (&)
qz ( GeWV =)
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FCNC: B°—K*uu

”+

0,

i K*
* Other experiments show A.;>0 at low g2

B8 Theory BN Binned theory

o 1 —-—=| HCbh =—CDF -I-BELLE —'—BaBar

™ L L )
q': b §%)
- <
05 E ﬁ.‘ :
1
05 LHCb 31;
i Preliminary {2
| I R B R )
0 5 10 15 20

Q2 [GEVEI' c4] Acg(K* up) LHCb-CONF-2012-008
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FCNC: B°—=K*uu

* Other experiments show A.;>0 at low g2

H
‘9I
i K*
H
I
" -—8—_HCb preliminary
<

I'/IIIIIIII

,ﬂ
& " T T Sign of C4C, o reversed AT
i B . et T :_::'.__'?:'_]:07_-_-_j_—_—_:_'-"-'::::d 7 b ¥ . S
5 -0.5p Signs of C; & CoC, reversed — O -
= . [
g I I standard Model -—-—- i : )
S - NP models - NB: Size of C, constrained by
(2] .
-1 1 . — ———— BR(B°—K*y) but not the sign.
0 ) 10 15 20
C|2 [GEVZ/ C4] Acg(K* pp) LHCb-CONF-2012-008
23 July 2012 SLAC Summer Institute 2012 - Niels Tuning 50/67



https://cdsweb.cern.ch/record/1427691/
https://cdsweb.cern.ch/record/1427691/
https://cdsweb.cern.ch/record/1427691/
https://cdsweb.cern.ch/record/1427691/
https://cdsweb.cern.ch/record/1427691/
https://cdsweb.cern.ch/record/1427691/
https://cdsweb.cern.ch/record/1427691/
http://indico.cern.ch/contributionDisplay.py?contribId=12&confId=181298

FCNC: B°—=K*uu

7
o

) K*
e Hadronic uncertainties cancel in forward-

backward asymmetry A,
* First measurement of zero-crossing point

Cf Lo
' Prelminary

I L | I L | L | .l | | | L |
_ — - Unbinned
subtract F and B distributions

0 = (4.9713) GeV?

LHCDb
Preliminary
_4‘. PR IR ] "IN I TR TR TR T B
! ! i 10 15 20
¢ (6eVe) Acs(K* ) LHCh-CONF-2012-008
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FCNC: B°—=K*uu

7
o

i K*
* More statistics needed to distinguish NP models!

LHCDb
Preliminary

90T L080 d3HC 9.E0°SOTT:AIXIE "[e 18 Yiaqod "0 :INS

10 15 20
Q2 [GeV2/C4] Agg(K* ) LHCb-CONF-2012-008
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FCNC: B°—K*uu and friends

o , . el
. . s uf BY—rtuu LHCb =5
1) First observation of B*—a*uu = Preliminary 4
S ElS
— Prediction: BR(B*—z*uu) =1.96+0.21 x 108 = 38
Song,Lu,Lu Com.Th.Phys. 50 (2008) 696 ..g K=
— Rarest B decay ever observed! 2 ER
B(B+— wtutp) = (2.4 + 0.6 (stat) £ 0.2 (syst))x10-8| 5.2g 3
] 500 T{:)OO
My, (MeV/c?)
< 25 &
. = - =
2) Observation of B,>—guu 2 1 Boopuu S Binary [T
— Prediction: BR(BSO_)%%U) — 1.61)(10-6 Geng,LuiJPG29:11032003§ 15; g
B(BY = ¢pp) = (0.78 & 0.10(stat) £ 0.06(syst) & 0.28(B)) x 10-6| %
MR
3) lsospin asymmetry: B vs B* difference? _ 77 T wecktio mewiey
= C P—— . ]
| B(BO—> K(*)Olﬁﬂ_—) _ ,-T_iB(BJF_) K(*Hlfrﬂ—) osh B—=Kuu LHCDb El
o B(BY— K0+ ,—) + %B(BJF—) K®+p+pu—) 05— _____ I - B %
L 1 -1 - |
— No isospin asymmetry in K* channels 5L -I— * Bl
- SM prediction: -1% g 18
-1 oo
— Isospin asymmetry in K'channels 446 T 1S
« Deficit in N(B*—K %) -1'}0_' ) q s
- No precise SM prediction for A, ; expect close to zero... ¢* [GeV7/c]
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FCNC: B°—K*uu and friends

1) First observation of B*—a"uu
— Prediction: BR(B+_)7[+’U’U) = 1'sgongl_img'czor}ﬂ?%haggo-ioos)6ge
— Rarest B decay ever observed!

B(Bt — 7tutp~) = (2.4 £ 0.6 (stat) & 0.2 (syst))x10~ 8| 5.2¢

20
18f B+—>7Z'+lulu LHCb
16§ Preliminary

Events / (20 MeV / ¢? )

900-2102-INOD-GOHT ("x)yg

~1
(=]
[=
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< 25 &
. _ = | =2
2) Observation of B,>—guu 2 [ BLopu s
— Prediction: BR(BSO_)%%U) — 1_61)(10-6 Geng,Lui JPG29:1103,2003 % 15; g
B(BY — éup) = (0.78 £ 0.10(stat) £ 0.06(syst) + 0.28(8)) x 10-6| 2
il Nt
3) Isospin asymmetry: B9 vs B* difference? _ | <o = CDF o BELLE=BaBar
= C ]
/ B(B"— K& =) — :—iB(BJF—) K®*pt ) Sk B
e B(BY— K0+ ,—) + B(BT— K®+ptp—) - %
— No isospin asymmetry in K* channels o >
« SM prediction: -1% K 5
— Isospin asymmetry in K'channels 440 § S
« Deficit in N(B*—K uu) _1'50_' ST T s T ';5
» No precise SM prediction for A;; expect close to zero... q* [GeV7/cH]

23 July 2012 SLAC Summer Institute 2012 - Niels Tuning 54/67


https://cdsweb.cern.ch/record/1426561/
https://cdsweb.cern.ch/record/1426561/
https://cdsweb.cern.ch/record/1426561/
https://cdsweb.cern.ch/record/1426561/
https://cdsweb.cern.ch/record/1426561/
https://cdsweb.cern.ch/record/1426561/
https://cdsweb.cern.ch/record/1426561/
https://cdsweb.cern.ch/record/1424351?ln=en
https://cdsweb.cern.ch/record/1424351?ln=en
https://cdsweb.cern.ch/record/1424351?ln=en
https://cdsweb.cern.ch/record/1424351?ln=en
https://cdsweb.cern.ch/record/1424351?ln=en
https://cdsweb.cern.ch/record/1424351?ln=en
https://cdsweb.cern.ch/record/1424351?ln=en
http://arxiv.org/abs/1205.3422
http://arxiv.org/abs/hep-ph/0303246
http://dx.doi.org/10.1088/0253-6102/50/3/35
http://dx.doi.org/10.1088/0253-6102/50/3/35

Super = o
-

Radiative
decays

EOSC

23 July 2012 SLAC Summer Institute 2012 - Niels Tuning 55/67



FCNC: radiative decays

1) Measurement of BR(B%,—¢y)

B(B?—= ¢v) = (3.3£0.3) x 107°

Ali et al, EPJ C55 (2008) 577
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2) Direct CP asymmetry of B>—K"y
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Super
Rare

: & Radiative
o decays

Direct
CPV in B,
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Super Rare: searches

Search for non-resonant decay:
* BR(B— p 1t 1t )noneres < 1.3 X 10°®

Rare charm (@ 90% CL):
« CMS: BR(D°—u*u) < 5.4 x107
« LHCb: BR(D°—u*u) < 0.11 x 1077

Rare? Forbidden!
« BR(t*—utuw ut) < 7.8 x 108

Main focus: BLl— u*ur

LHCb 4mu LHCb-CONF-2012-010

LHCb D LHCb-CONF-2012-005
LHCb tau LHCb-CONF-2012-015
CMSD CMS PAS BPH-11-017

Babar D arXiv:1206.5419
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http://cdsweb.cern.ch/record/1427774?ln=en
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http://cdsweb.cern.ch/record/1426268?ln=en
http://cdsweb.cern.ch/record/1426268?ln=en
http://cdsweb.cern.ch/record/1426268?ln=en
http://cdsweb.cern.ch/record/1434456?ln=en
http://cdsweb.cern.ch/record/1434456?ln=en
http://cdsweb.cern.ch/record/1434456?ln=en
http://cdsweb.cern.ch/record/1434456?ln=en
http://cdsweb.cern.ch/record/1434456?ln=en
http://cdsweb.cern.ch/record/1434456?ln=en
http://cdsweb.cern.ch/record/1434456?ln=en
http://arxiv.org/abs/1206.5419

Super Rare: SO—>/,¢+IL[

Highly suppressed in the SM
— Higher order
— Helicity suppressed

SM: BR(BL—u™w) = 3.2 x 107

— remember rarest to date: BR(B*—ztuu) = 2.4 x 108

A.Buras, arXiv:1106.0998
o

BR strongly enhanced in many models

i.e. MSSM at large tanB: oc tan®f/m,*

»  Example: 10x higher BR for tan3=50(20),
m,,,=800(200) GeV
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http://lanl.arxiv.org/abs/1106.0998

Intermezzo: Subtlety regarding BR's

e Subtlety...:

— We measure the time-integrated branching ratio

— But the theoretical prediction holds at t=0

» Not equal if AI' #0 !

» Different by 8.8%* depending on CP eigenvalue:
(ys = ATy/2r, = 0.088+0.014)

LHCb-CONF-2012-002

1 -2

BR (B, — f)

theo —

] BR (Bs = f)oe,

Example: what is BR(K°—xtr) ?7?
Quite different for t=0 (~100%)
Compared to time-integrated (~50%)

BI9—prtyr is CP-even

Should compare to SM
value of 3.5 x 10° !

Independent of p-helicity

g
(Bs — f /BR.(Bs — f XX
Bs— f BR(BS — f:]exp Aﬁr(SI‘hI] BR (B fjt.hec:- /BR(Bs Ijexp é X
From Eq. (9) From Eq. (11} GBS &
J/1 fo(980) (1.291030) x 107* [18] 0.9984 + 0.0021 [14] 0.912 +0.014 0.890 + 0.082 [6] |[5 gé_'?_
J/wKs (3.5+08) x 107 [7] 0.84 £0.17 [15] 0.924 £ 0.018 N/A 38 3
- _+ ¢ a4 -3 . y ¢ ! > z
Dix (3.01 £0.34) x 107° [9] 0 (exact) 0.992 £ 0.003 N/A z E
K+K- (3.5£0.7) x 107° [18] —0.972 £0.012 [13] 1.085 £ 0.014 1.042 £0.033 [19] |8
DfDs (1.04%538) % 1072 [18] —0.995 £ 0.013 [16] 1.088 £0.014 N/A g,
BRI:BS — f:]exp BR [BS — f::ltheo ,E
pwtp~ 3.5 % 107 +1 3.2x 107"
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http://arxiv.org/abs/arXiv:1204.1735
http://arxiv.org/abs/arXiv:1204.1737
https://cdsweb.cern.ch/record/1423592?ln=bg
https://cdsweb.cern.ch/record/1423592?ln=bg
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Search for B>—u*u

10 % J/
19 o N LHCD preliminary 2011
10 = Vs =7 TeV
10° L ~ 150 pbt

Y (1S, 2S, 3S)

cand. (not corrected for efficiency)
-k
o

0
ol SO i
10-2 Lo L I I I
: 10°
1 54 10 M) [GeV/e?)
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Search for B>—u*u

10 J/
19 9 % Y LHCb preliminary 2011
10 = Vs =7 TeV
10°= | oo W(2S) L ~ 150 pb!
107 E

Y (1S, 2S, 3S)

cand. (not corrected for efficiency)
-k
o

10" BO S—) l[,[ l[,[’) (Expect about 10 signal events ...)

10-2 Lo 1 1 Hl ‘Hl| |
1 5.4 10 10°

m(u*u’) [GeV/c?]

2
II|II|||| Illllﬂl‘ II|I|T||‘ Illlllll‘ II|II|||‘ II|Iﬂ||| IIIII|||| [T
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Search for B—u*u : LHCD

T B
LHCDb

= “Enriched” half of the sample, BDT>0.5 >
_ 26l BDT>0.5 _
= QObserve 11 events (mg+60 MeV), expect: - B p*u
= ~10.4 background % 7
= ~5.35M at ///,;/ y
s | //’//7
- @ g
» Few events, so strong limit: 2
=  Comparison with SM: compatible at 1o
= Comparison with bkgd only: p-value (1-CL,)=18% o=

. | . . M . | L
5350 5400

m,,(MeV/c?)
3 [ B L B B LN O
o — — Expected Bkg+SM (1 oy
Ob d = .o L
SeTve - Mode Limit at 95 % CL
- BY =yt~ Exp. bkg+SM 7.2 x 107°
B Exp. bkeg 3.4 x 107
- Observed 4.5 % 107°
;:-.;--n.gi » Close to the SM value!
B(B, - u* 1) [107] LHCb 1o PRL 108 (2012) 231801
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http://arxiv.org/abs/1203.4493

Events/60 MeW

Events/60 MeV

Ewvents/60 MeV

Search for B.—u*u: ATLAS, CMS, LHCb

ATLAS ATLAS CMS LHCb
S T—— (bar+tr+endc) | (bar+endc) | (BDT>0.5)
25;}. =240 o BcNC (D) ~0.5 Lumi 2.4 fbl 5 fbl 1.0 fbl
P min(GeV) 4 GeV 4 GeV 1.5 GeV
Mass window ~ 1130 MeV 175 MeV 160 MeV
N, 3 6 11
N S| ~ 1 (estimated from histos, NT) 3.93 10.4
exp
35gp i T T 1
o Nex(bkgd) 1.99 5.3
@ g — R | P - PLB713 (2012) 387 JHEP 04033 (2012)  PRL 108, 231801 (2012)
: ; ; Publication arXiv:1204.0735 arXiv:1203.3976 arXiv:1203.4493
157 i :
I CMS LHCb
; : c J5=7TeV _CMS. 51" Vs=7TeV —
> 0 L B > T L N ©
o o I Barrel o Endcap > L
! § 4- — B signal window] g 4 — BL signal window] E 6
35 _ ‘ ‘ . P v B’ signal window] oI -t B’ signal window o~
_ alrds . <25 - % 3l _ E 3L _ g
= 5=7 eV i = L _— L
25:'_Jmt:2.4m" 1g3§w-mcuox] s E r E I £4
: o [ o [ 5
i - - 2r ] 2r >
1.5_; : : i ] L - 2
N T 1 %
05 : ' H_‘ L I H 1 i H - | H H
= WATI - D I PRI O R I RN A PR PR I PR P PRI | R 0 —l— o
400 o R T e e S 5 52 54 56 58 5 52 54 56 58 5350 5400
My V] My, [GeV] m,, [GeV] m,.(MeV/c?)
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Search for B,>—u*u

LHCb/CMS/ATLAS LHCb-CONF-2012-017

. . 95% C.L. Bound
« Combination of LHCb, ATLAS and CMS sm- oHnes
» BR(BsQ_)ﬂJ'l"’) <4.2x10° @ 95% CL PLB 693 (2010) 539, arxiv.1006.3469
. —1
« Slight (20) ‘excess’ wrt bkd: p-value (1-CL,) = 5% UMW
. Compatible with SM within 10 R o7
CMS
h,-Iode L]Iﬂ]t ATLAS ChIS LHCb LHCb Combined JHEP 1204 (2012) 033, arXiv:1203.3976.
2010 | 2011 LHCb
Bkg Only 93 (3.6] 65 3.4 923 | PRL 108 (2012) 231801, arXiv:1203.4493
B'— i~ (10-°) _ BlotSM 8.4 79 6.1 . ATLAS+OMS+LHCD
Obs 22 |7.7(72)| 56 | 4.5 4.2
o 1 N L RN LA o 1
5’ - ] 5' ]
sl ATLAS*CMS+LHCb J = ATLAS+CMS+LHCb -
0.6:— —: 0.6:— —:
0.4:— —: 0.4:— —:
0.2:— —: 0.2:— —:
0o~ T 5 6 7 % 5 T
B(B: Sutp)x10° B(B: Sutp)x 10°
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Search for B,>—u*u

LHCb/CMS/ATLAS LHCb-CONF-2012-017

SM

95% C.L. Bounds
DO

PLB 693 (2010) 539, arxXiv.1006.3469
CDF 10 fb~!

La Thuile 2012, Miyake

ATLAS

« Combination of LHCb, ATLAS and CMS
» BR(BL —u'w) < 4.2x10° @ 95% CL

» Slight (20) ‘excess’ wrt bkd: p-value (1-CL,) = 5%

« Compatible with SM within 1o

Mode Limit ATLAS | CMS Lzlgﬁ]b Lzlgf lb Combined
Bkg Only | 23 (36) | 65 | 34 23

B’ — ptp~ (107%) _ Bkot+SM 8.4 7.2 6.1
Obs 2 |77(12)| 56 | 4.5 4.2

arxiv:1204.0735

CMS

JHEP 1204 (2012) 033, arXiv:1203.3976.

LHCb
PRL 108 (2012) 231801, arXiv:1203.4493

ATLAS+CMS+LHCb
LHCb-CONF-2012-017

ClLs

ATLAS+CMS+LHCDb

B(Bg Suptp)x10°

[=2]
<b..,,|_|||

B(B:—>p+p')x 10
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Conclusions

 CP violation:
— LHCb made first step towards measuring y
— Best measurement of @,
— Mixing asymmetry a consistent with DO and SM
— First measurement of CP violation in charm
— First measurement of CP violation in B.°

* FCNC:
— Agg in BO»K*0up consistent with SM
— Isospin asymmetry in B—>Kupu
— Super rare decay B.’—pp around the corner

» All results statistically limited!
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Thant you!
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Backup: OPE

Flavour changing neutral currents
Probe V-A structure of SM
In HQET expressed in terms of Wilson coeficients

b W S

v/ Z°
Gr H
Heff — —Ebvtt Z Cﬂ' (p.'.._ M h-ea--v:tf)oi (i“')
V2 i
h 0 0
B°—K*(@)y BO— K *u BY—uu
ﬂ7Y 0771 09v; Z 10A? &lOA’
S 0 1&P 0 ,0p
In principle both left- &.: Scalar current (Higgs) Highly suppressed
and righthanded, &, and &’ &2: Pseudo-scalar in SM
| ( _ ( (
vz __ effectively:
A * b ——+t S b = S
_ F Ogyv—104

p
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e.g. W.AItmannshofer et al., JHEP 0901:019,2009



Backup: Isospin asymmetry

Theory M@ Binned theory —e-Data
e L L

,r:.-] q T T i ) 1 I_:
g - B’ > K%utu LHCb 7
i3 :
23 =
=T .
> F ‘ .
= 1 —]
j"él C ]
0F —
_l:l 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 :

0 5 10 15 20 25

¢ [GeV?/c]
* |sospin asymmetry: B? vs B* difference?

— No isospin asymmetry in K* channels

« SM prediction: -1% i “
=0.5
— Deficit in N(B®—K Quu)

* No precise SM prediction, expected close to zero...
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