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Reading material and referen

Lecture material based on several textbooks and online lectures/notes.
Credits for material and figures include:
Literature

Perkins, Donald H. (2000), Introduction to High Energy Physics.

Griffiths, David J. (2nd edition), Introduction to Elementary Particles.

Stone, Sheldon (2nd edition), B decays.

Online Resources

Belle/BaBar Collaborations, The Phyiscs of the B-Factories.
http://arxiv.org/abs/1406.6311

Bona, Marcella (University of London), CP Violation Lecture Notes,
http://pprc.qmul.ac.uk/ bona/ulpg/cpv/

Richman, Jeremy D. (UCSB), Heavy Quark Phyiscs and CP Violation.
http://physics.ucsd.edu/students/courses/winter2010/physics222 /references/driver_houches12.pdf

Thomson, Mark (Cambridge University), Particle Physics Lecture Handouts,
http://www.hep.phy.cam.ac.uk/ thomson/partIIIparticles/welcome.html

Grossman, Yuval (Cornell University), Just a Taste. Lectures on Flavor Physics,
http://www.lepp.cornell.edu/ pt267/files/notes/FlavorNotes.pdf

Kooijman, P. & Tuning, N., CP Violation,
https://www.nikhef.nl/ h71/Lectures/2015/ppll-cpviolation-29012015.pdf

Neutral M



http://arxiv.org/abs/1406.6311
http://pprc.qmul.ac.uk/~bona/ulpg/cpv/
http://physics.ucsd.edu/students/courses/winter2010/physics222/references/driver_houches12.pdf
http://www.hep.phy.cam.ac.uk/~thomson/partIIIparticles/welcome.html
http://www.lepp.cornell.edu/~pt267/files/notes/FlavorNotes.pdf
https://www.nikhef.nl/~h71/Lectures/2015/ppII-cpviolation-29012015.pdf

Rewvisit neutral meson mizxing

This time we’ll also look at By mixing (hadron colliders only)

And we’ll study D° mixing, with a focus on the analysis
which first found evidence for DY mixing (Belle).
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ixing review (and some extra material)

Mixing is a |[AF| = 2 process

Process in which particle changes to its anti-particle and vice versa

Possible only in flavored neutral particle—anti-particle systems

Meson M | Flavors ‘ Particle discovered ‘ Mixing discovered ‘ Implication
K° sd 1950 (Caltech) 1956 (Columbia) me
BY bd 1983 (CESR) 1987 (Desy) my
BY bs 1992 (LEP) 2006 (Fermilab) ?7?
DY ci 1976 (SLAC) 2007 (KEK, SLAC) ?7?

In the Standard Model (SM) the expected D° — D mixing rate is small
< D% — DY mixing could be sensitive to contributions of New Physics
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Short distance contributions

Matrix element o u'n el
3 1 1 d,5b

— propagators include masses of intermediate quarks . :

— couplings in vertices are given by CKM matrix

(D°| M| D) ~ ZU dys,b Vi Vei Ve Viggmimy - N

q=2/3¢ ¢
Vud Vus Vub
Vexkm = | Vea Ves Ve
=—1/3¢
Via Vis Vi :
10 3 10* 10°
Mass in MeV/c?
0 _ 70 0 _ 7o 0 _ J/o 0 _ /O
K" — K DY — D Bd—B i} B, — B 5
Vs Vaa|ma | 0.0006 VeaVaalma 0.001 Vb Vad|ma | 1075 [Viup Vus|ma, | 10~
|Ves Veg|me 0.3 |Ves Vus|ms 0.02 |Vep Veglme 0.01 |Vep Ves|me 0.05
|Vis Viglme 0.06 | Veb Vb Imp 0.0007 | Vib Via|me 1.4 |Vip Vis|me 7
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ing with generalized parameters

In Lecture 2 we developed the time-dependent formalism of
meson mixing in the neutral Kaon system.

In Lecture 4 we studied B° mixing when we looked at
time-dependent CPV in B® — J/wK? decays.

For completeness, lets touch on the remaining 2 systems: B
mixing, and D° mixing.
To do so, lets introduce some dimensionless mixing

parameters ' which will help us easily quantify the differences
in the 4 systems.

LA very nice derivation of this can be found on page 154 of

Teilchenphysik II Neutral Meson Mixing


http://www.lepp.cornell.edu/~pt267/files/notes/FlavorNotes.pdf

ixing Phenomenology I - Time evolution

Time evolution of M°® — M° system
— solve time-dependent Schrodinger Eq.

o (IMO) _ |M°) B .
Zat(Mo> =Huy 7o) Hw—M—zg

Eigenstates of H,, are mass eigenstates M and My
— = flavor eigenstates M and M°

|Mi o) =p|M®) £¢[M°) | p*+¢*=1

— with eigenvalues \j o = my o —il'; /2

Time evolution of M°® — M? system

M) = 3 g4 (OIM°) + L9 (OIT")) iy
N0 = 12 M) + g () | 920 = (T

Dimensionless mixing parameters

. mi—m2 R et ) m— i+l C—
T = = and y = —ox I'=-—"35 m= "

Neutral Meson Mixing
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ing Phenomenology II - Mixing probability

probability to observe an initial M° as M° or M? after time t

(MO(t)|MO)|?> = Le=(=vITt [1 4 e=2T% 4 2=t cos(2T't)]

(MO (t)|M°)|? = %e_(l_y)“ [1 4 et _ QB_Urt(tos(.’rft)}

Large sample of DY mesons needed to observe D° — D mixing and excelent
decay time resolution to resolve oscillations in case of B mesons
M| o | y | R
K° [ 0.946 | 0.997 | 0.994
T o ()t P B | 0.776 | <0.01 | 0.23
_ mix _ x4y 0
Ry = =% Tq = sty BY | 261 | 015 | 0.997
D° | 001 | 001 | 10°*

1 out of 10* D° mesons oscillates before it decays
24/2/2021 8/27

time integrated mixing rate

Neutral Meson Mixing
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B° mixing — Argus 1987

ARGUS experiment @ DORIS

A Russian-German-United States-Swedish collaboration @ DOppel RIng Speicher
OBSERVATION OF B° - B® MIXING

by
Phys.Lett.B192:245,1987 ARGUS Collaboration
Observe B® mixing: [
. . Parameters
First evidence of heavy top!
Miop > 50 GeV
o r > 0.09 90%CL
(needed to break GIM x> 0.44
mechanism) By = f, < 160 McV

my, < 5GeV/c?
7 < 1.4-1071%
Vil < 0.018
necn < 0.86

m, > 50GeV /c?
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BY mixing

Belle, PRD71, 072003
(2005)

Theoretically: o

03 F

Npo_,po (t) - N 0_,0 (t) . _ 02 4
Npoogo (0) + N;_;() Ol cos(AmAL) oA; X . %/Aﬁ/ T
-0.1 +

Experimentally: " N4

(OF-SF)/(OF+SF;

-0.3

-0.4

-0.5 0

You can really see this because: B” mixing has same time scale as
decay

7 =1.53 ps

Am =0.51 ps—!
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B Mixing: 2006

Health & Medicine Mind & Brain Plants & Animals

Science News

Earth & Climate Space & Time Matter &

from universities, journals, and other research organizations

Scientists Precisely Measure Subtle Dance Between Matter And

Antimatter

ScienceDaily (Apr. 12, 2006) — Scientists of the
CDF collaboration at the Department of Energy's
Fermi National Accelerator Laboratory announced
the precision measurement of extremely rapid
transitions between matter and antimatter. As
amazing as it may seem, it has been known for 50
years that very special species of subatomic
particles can make spontaneous transitions between
matter and antimatter. In this exciting new result,
CDF physicists measured the rate of the matter-
antimatter transitions for the Bs (pronounced "B sub
s") meson, which consists of the heavy bottom
quark bound by the strong nuclear interaction to a
strange anti-quark, a staggering rate that challenges
the imagination - 3 trillion times per second.

Dr. Raymond Orbach, Director of the

See Also: DOE Office of Science,
congratulated the CDF collabaration

Matter & Energy on "this important and fascinating

* Quantum Physics new result” from the experiment.

* Physics

"Expleration of the anti-world's
mysteries is a crucial step towards

» Nuclear Energy
= Energy Policy

COF Run Il Preliminary

n

Amplitude

2 |
0

2 3 4
Oscillation frequency (trillion Hertz)

The figure shows the COF measurement of the Bs
oscillation frequency at 2.8 trillion times per
second. The analysis is designed such that
possible oscillation frequencies have an amplitude
consistent with 1.0 while those not present in the
data will have an amplitude consistent with zero
Image courtesy CDF collaboration. (Image
courtesy of DOE/Fermi Nafional Accelerafor
Labaratory)

Ads by Google




ixing: 2006

CDF at Tevatron (USA)

opposite side | same side (vertexing) .
* Need:
opposite |~
side lepton | o - B flavour at decay
‘:\\: L’:E,T‘e"‘:f"’" /’ « Reconstruct decay mode
- / / - Flavour at production
/
b / Kf . _ . i
Bjet B hagron——¢-------- (;@\ . Same- or opposite-side flavour tag
/ B e _ X - Decay propertime
Collision Poln_i L, typicaly 1 mm R - ]
Creation of bb o N + vertexing
ct= L,(yp—E
T
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ing: 2006

Perform extraction of oscillation frequency by introducing an ad
hoc amplitude coefficient A, then perform frequency-domain

analysis
- Amplitude should reach unity in presence of signal, and be zero
elsewhere )
P(t) ~ (1 £ 2D cos Amgt)
0.8 o1.5F
- ° . .
0.7 X ) ) 2 frequency domain analysis
c time domain analysis =
] E
T 0.6 &1.0
EO.S — total
o — unmixed
© 0.4 — mixed 0.5
K]
©0.3
= /\
0.2 0.0 Ay, Y U’\
0.1
- Loy 1 [ |
%8a 05 1.0 1.5 2.0 0-5% 10 20 30
decay time, ps flavor oscillation frequency
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CDF and D0 both reported evidence for mixing in spring 2006
Am, = 17.33 +0.42 -0.21 (stat) +- 0.07 (syst) ps™

CDF:

Teilchenphysik II

T T T T
[ World average (prel.)

F + datatlo

S Ledso = sensitvity

[ data+1645c
[ [ data+ 1645 o{statonly)

A 95% CL limit 167 ps*

253 pst
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Reconstruction of D° mesons
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Reconstruction of D° mesons

Reconstruct tracks of long lived particles (e™, u™, ¥, Ki, K9 p, ~):
measure their momenta p; or energies E;
identify them (assign mass m;)
make combinations: K — 77, ¢ - K"K, D° = ¢K2

60000 .
- :)Q 12000~ ¢ signal
3 ]
& 50000 D" signal
2 g 10000-
S 40000 S
; ra 8000
30000 £
El ; 6000
& P ) Background
20000 Background 4000
\ Background 10000
100000 _
\ 2000 - 50005
N
0 L L P S— [ AT P T A
0.47 0.48 0.49 05 0.51 0.52 1 1.02 1.04 1.06 1.08 11 178 1.8 1.82 1.84 1.86 1.88 1.9 192 1.94 1.9€
Myir- [GeV] Mpcx [GeV/e? M-k [GeV/c?]

identify the flavor of D° meson at production: D** — D% or D*~ — D’n

s

S
3
g

g
2

Entries/bin

Q
8




Decay time distribution

T[J\/'Tr

Proper decay time

» Kgvertex .
i

— Mpo = = \.Ppo
t= Ppo (rdec TIP) Ppo

Distribution of proper decay time

Production vertex .F(t) — f E(tp[*t//ﬂ . R(t _ t/)dt/

e Wi Resaon 0T A
Foasf- g
S0z
Sof
Soosl
008 0.06[—
N
i
ool
b e
i e e R T R T

EXp(1) with Resolution (0.1 * tau)

o of decgy

H

ject

gro

o0z
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Mixing in semileptonic decays D° — K~ ¢+,
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ing in semileptonic decays D? — K®)~¢*y,

U. Bitenc et al. [Belle Collaboration], PRD77, 112003 (2008). [£ =492 fb~!]

Wrong sign (WS) charge combination accessible only via mixing

Flavor at production Flavor at decay
without mixing D*t = DOt D’ - K—¢tty, RS
with mixing D*t — DOt D°—-D° DO Kft¢ vy, WS
2000 [ 5 MC signal, electron sample
Neutrino reconstruction: 0000
both constraints
8000 -
P, = Poms — P — Prest 6000 -
9 9 MZ(KIv) constraint
MKeu:mDO & 4000 [
(P:)Q - O N 2000 - no constraints
Prest

q}.l 0.‘15 'O'.JZ 0.‘25 0.3 0.‘35
AM [GeV/c?]

Time integrated mixing rate:
> +y*  Nws
2  Nge

Ry ~
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(*)7€+VC

12000

10000

8000

6000

4000

2000

16<t,,<90

X2 = 45.7/40 dof

RS events

12000

10000

8000

6000

4000

2000

0

0 0.14 0.15 0.16_0.17 0.18

AM [GeV/c]

RS muon sample, SVD-2
16<t,, <90

X2 = 45.7/40 dof

We observed no WS charge
combinations.

Ry = (1.34+2.242.0) x 1071
Ry < 6.1 x1074@ 90% C.L.

0.14 0.15 0.16_0.17 0.18

AM [GeV/c]
900
WS dlectron sample, SVD-2
800} 1<t <90 #
tries’ 22520 o
700 entries. . J 1.
600 T T
500 |
400 '
300 f DATA
200 FIT, x? = 50.5/40 dof
an BKG

Neutral Meson Mixir

Moriand 2008

<000
011037 %

CLEO 2005 . - 0.160 £ 0.290+ 0.290 %
“oam
00047 50 %
Belle 2008 H 0.01310.02210.020 %




Mizing and CPV in D° —- KTK~—, ntn~ decays
&

first evidence of D° — D° mizing

Neutral Meson M



ing and CPV in D' — KTK~, 7"7~ decays

M. Staric et al. [Belle Collaboration], PRL9IS, 211803 (2007). [£ =540 th™"]

Measurement of lifetime difference between DY — K7+
(CP-mixed) and D° - KT K=, 77~ (CP-odd) decays

Conserved C'P symmetry

0 . 1w\
N dN(Ddt—>f(,,P) e (14ycp)Tt yop = ‘rz—jggz)D) _
dN (D= f -

= G e yop =y
CP Violation
— 7(D") # 7(DV)
— CP violating parameter

Ap = T(D°=fop)—1(D°=fop)

r T(D°— fep)+7(D°—fcp)
ycp:ycos¢—%AMwsin¢7 Ap = %A]y[yCOS¢—3?Sin(/)
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Mixing and CPV in D° — K*K~, ntn~ decays

Signal yield

DO K+K- DO K-nt D mta-
= L 0k DY — Sig. yield  Purity
: K7t 1.22M 99%
b E - KtK— 111k 98%
H 107} s rta— 49k 92%
l.‘82 l.‘84 1.‘86 1.‘88 1‘.9 l.‘82 l.‘84 l.‘86 l“ss l“9 1.‘82 1.‘84 1.‘86 ],‘SS ]‘,9
M[GeV/c?) M[GeV/c?| M[GeV/c?
. . L. . 8 0.06f(¢)
Fit to the proper decay time distribution >
=]
0.04-
Z
-
Precise knowledge of resolution function needed 0.02 f;
 prec_ggen . ‘ ‘
R(t) - ot % 100 G, 200 300
! c, (fs)
20
¢ Tiw = 408.7 £ 0.6 fs
oo [e /T R(t —t')dt' + B(t) = sk
o WA
I3 g anf-¢ *%’
N p 3
R(t —t") =32 fi 2op—q wiG(t — ', 0ur, to) a0sf
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ing and CPV in D' — KTK~, 7"7~ decays

First evidence for D® — D° mixing!

events/bin

0 1000 2000 3000 4000
t (fs)

-5 10
Pppg

lyop = (1.31 £0.32+£0.25)%| | Ar = (0.01 +0.30 +0.15)% |

No evidence for CPV.
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Time integrated CPV in

M. Staric et al. [Belle Collaboration], PLB670, 190 (2008). [£ =540 fb™ "]
Measure C'P-Violating asymmetry

_ BD°=f)-BD°—~f) et N
= Acp= B(DO = /)1 B(DOf)° f=KTK orn'm

—  Agp= a‘fc +af + a} (direct 4 indirect CPV contributions)

Measured asymmetry:

reco Ngl;of [j’(l)"‘Jr — DO7T+) 'B(DO — f) "Ef "C:W:T

Contributions to measured asymmetry:

< |Amess — AR+ AL, + Af 4 AT

A}'E: production asymmetry

ATS: asymmetry in 7r;f/7r§ reconstruction
(anti-symmetric function of cosf*)

efficiency (measured and corrected for using

tagged and untagged D° — K—nt decays -
AéP: CP asymmetry

f(prg,co80rg)) BaBar, PRL100, 061803 (2008)
tag — Kr K TS
Af: DO s f efficiency asymmetry A = Arp+ACp + AT + Al
(zero for KT K~ or ntn™) Avntag  —  App 4 AK + AK7r

Teilchenphysik II Neutral Meson M
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N(D®) — N(D°)

reco *
ACOI‘I‘<0059 ) N(DO) +N(D0)
_ Dt f
= App +Acp
o 0.04 — o 004 —
<(°ooa a)K'K <(°003 b) 'm
002 002
001 00tf | | ‘
N e
001 4’*4’* ! 001
-0.02 002
-0.03 -0.03

0.6 ’0.8
|cos© |

0 02 04 0.6 P 8
|cos6 |

0.6 wO.S
|cos6 |

AT (cos0 )+ AT (—cos0”)
ACP = D)
AL (cosf™ ) — ALSS (—coshH™)
App = Acorr corr

Belle

AEE =(—-0.43 4+ 0.30(stat) + 0.11(syst))%
& =( 0.43 4 0.52(stat) £ 0.12(syst)) %

BaBar

AEE =( 0.00 % 0.34(stat) + 0.13(syst)) %
&p =(—0.24 & 0.52(stat) + 0.22(syst) )%

BaBar, PRL100, 061803 (2008)

Consistent with no CPV!

SM expectations: Acp ~ O(107° —107%)
PRD51,3478(1995); RNCIB,26N7,11(2003)
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Impact — Constraints on NP models from mixing

E. Golowich et al., PRD76,095009

Constraints on new physics models from D° — D° complementary to
those obtained in B and K sector

— FCNC transitions with down-like quarks in charm sector (unique
feature)

21 NP models considered — 17 with useful constraints

Example: quark b’ from 4" generation
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Impact — Constraints on NP models from mixing

E. Golowich et al., PRD76,095009

Constraints on new physics models from D° — D° complementary to
those obtained in B and K sector

— FCNC transitions with down-like quarks in charm sector (unique
feature)

21 NP models considered — 17 with useful constraints
Example: quark b’ from 4" generation

e [Vaw V| < 0.002

EL | order of magnitude stronger constraint
excluded at 95% C.L. (CDF2010) . .
as from CKM unitarity

Providing complementary and

Nl T . .
improved constraints!
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