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Quark flavour mixing
a.k.a. CKM phenomenology
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« CKM theory is highly predictive

+O0(\Y)

- huge range of phenomena over a massive energy scale predicted by only 4

independent parameters (+ G + m, + QCD)

e CKM matrix is hierarchical

— distinctive flavour sector of Standard Model not necessatrily replicated in
extended theories — strong constraints on NP models

e CKM mechanism introduces CP violation

- only source of CP violation in the Standard Model (m, = 6, = 0)
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Two routes to heaven

for quark flavour physics

Rare decays
(strong theoretical arguments)

CP violation
(extra sources must exist)

But

 How high is the NP scale?

 Why have FCNC effects not
been seen?

But

* No guarantee of the scale

* No guarantee of effects in
the quark sector

» Realistic prospects for
CPV measurement in vs
due to large 6,
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Loop diagrams for discovery

Contributions from virtual particles in loops allow to probe far beyond
the energy frontier

History shows this approach to be a powerful discovery tool

Interplay with high-p; experiments:

— NP discovered: probe the couplings
- NP not discovered: explore high energy parameter space

NP contributions to tree-level processes also possible in some models

SM NP
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Focus on areas with Content of this talk

recent experimental
progress
LFV, EDMs
Charm (9- 2)“ CKM from
Top Trees
10 n-
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The Unitarity Triangle

http://ckmfitter.in2p3.fr
see also http://www.utfit.org

 The CKM matrix must be unitary
VgKM V ckm Vexm VZKM =1

* Provides numerous tests of constraints
between independent observables, such as
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Consistency of measurements tests the

Standard Model and provides
model-independent constraints on New Physics
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CP violation
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Importance of y from B - DK

* y plays a unique role in flavour physics

the only CP violating parameter that can be measured
through tree decays ©
) more-or-less
* A benchmark Standard Model reference point
e doubly important after New Physics is observed

%
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D

Variants use different B or D decays B
HM EEFHI require a final state common to both D° and D°
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D - 't t° — a quasi-CP eigenstate
PRL 99 (2007) 251801
 Seminal Dalitz plot analysis from BaBar

57 ©]
(\%2 |
- Gives the parameter x, = 0.850 (without uncertainty) % ,
L
- Relation to fractional CP-even content: x, = 2F, — 1 A
&

2 3
5. (GeV%ch

e Exploit CLEOc W(3770) — DD data for direct measurement of

CP content: F, =0.9/73 £ 0.017 PLB 740 (2015) 1 &
. 4 arxiv:1504.05878
. 60 |
CP-even tags O o 1 CP-odd tags
- —tu - ~120 1
/ %HI] %H]t]
Unexpected!
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Events / ( 10 MeV/c?)

New decay modes for y

arxiv:1504.05442 arxiv:1505.07044
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Yy Status

« Most precise channel is DK

(awaiting LHCb update with full
Run | sample)

 New LHCD results with
competitive sensitivity

 LHCb only combination,
latest results (but including
measurements not shown in plot
to right), givesy = (73+9_,,)°
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A Averages

FPCP 2015
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I  Average 0.03 +'0 08
O  HFAG
T o LLHCH [030+0.20+ 0'0'2"'
§ ; arXiv:1504.05442
< ' Average 0.30 i.0.20
| : HFAG : ;
[

1.2 A -0.8 -06 -04 -0.2

0 02 04 06 08 1




V. NV _[from A —ppviA - A pv

arXiv:1504.01568
* Long standing discrepancy between exclusive and
Inclusive determinations of both V , and V

Vip| = (42.4 £0.9) x 1072 (inclusive)  |Vip| = (4.41 £0.15 T J12) x 107%  (inclusive),
Vip| = (39.5 £ 0.8) x 1072 (exclusive)  |Vip| = (3.23 £0.31) x 107 (exclusive).

* Use of b baryon decays provides complementary
alternative to B mesons

At LHCDb, exploit displaced vertex to reconstruct
corrected mass

-
r'—,,
P

I |
; . .
Meorr = \/PJ_ + Mp“ + Pl G el 3't

] pJ_
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V. IV _[from A —puviA - A pv

arxXiv:1504.01568

« Can then reconstruct g2 = m(pv)2 T
- Select events with g2 > 15 GeV?2 |
- Highest rate, best resolution & most reliable 2 |
theory (lattice) predictions S
arxiv:1503.01421
» Use isolation MVA to suppress | 2Gy
background
« Fit M_,, to obtain signal yields
18000 —————T——————7——— 4000 ——————————
S | ooob. M icenttio LHCb 3 | LHCb
o - W DpuV . [ - ALY
= 000E A " ; = 3000~ Aty
% f - ﬁﬁ; " LT A ] % B Combinatorial
%‘ 90(}0 v 'y %‘ 2000F
£ eooof g F
= X 2 1000
S 3000 St
Tlm GerShon 39000 4000 5000 4%;}0 4500 5000 5500 13
Y P PO WP dgoRys Corrected p mass [MeV/c?] Corrected pK 7*~ mass [MeV/c2
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IV IV _[from A —ppviA - A pv

arxiv:1504.01568

L DL L R B B R BN RN B T e e
< PDG 2014 +
Inclusive —e—— PDG x L CKM fitter + i
2014 A,—puv (LHCb)
— sl B
——— PDG 2014 >
Eéccluswe , . , aﬁgg(::l%}légggf
( —)JT.IV) —— arXiv:1503.07839 4
(FNAL/MILC)
LHCb arXiv:1503.01421 3
(Af=>puv) (RBC/UKQCD)
M P B R B P L ,
0.003 0.0035 0.004 0.0045 0.005 36 38 40 4?2 44 ;
IV, | IVl x 10

B(Ap— P Vp) =15 Gevey et

— (1.00 & 0.04(stat) & 0.08(syst)) x 102
B(Ap— Acp) @27 Gevey et ( (stat) (syst))

) o : * Rules out models with RH currents
Vol 0.083 4 0.004(expt) 4 0.004(lattice) | Compatible with UT fit (B.y)
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sin(2p)

Decay-time dependent CP asymmetry in BO—>J/L|JKS arXiv:1503.07089

— golden mode to measure sin(2[3)

Previously measured by BaBar & Belle ... now LHCb becomes competitive

o 3500 ' ' LIHCb b
@ = 3000 F
Sln(ZB) - Sln(2(|)1) Moriond 2015 zﬁ 2500 E
PRELIMINARY = g
BaBar ; ; : 0.69 £ 0.03 + 0.01 = 2000 ¢
PRD 79 (2009) 1072009 ; | % 1500 E
BaBar x E . 0.69+0.52+0.04+0.07 = :
PRD 80 %05112001 a — < 1000 ¢
BaBar J/y (hadronic) K ! | 1,56 +0.42 +0.21 = 500F
PRD 69 (2004) 052001 : g i)% NI - E
Belle i i 0.67 £ 0.02 + 0.01
PRL 108 (2012) 171802 ! o240 5260 5280 53(()31 5;’20)
ALEPH : u " 0.84 98 +0.16 eV/c"
PLB 492,259 (2000) " I 04
OPAL Z : 3.20 282 +0.50, > CE N
EPJ C5, 379 (1998) : | * £ 03F LHCH =
CDF N N 0.79 0% g 02F 3
PRD 61, 07200;5 (2000) i i 0.1 3 3
LHCDb ; 0.73+0.04 +0.02 @ T H P 3
arXiv:1503.07089 —~ OF ]
Belle5S - 0.57 + 0.58 + 0.06 < —0.1F % 3
PRL 108 (2012) 171801 * = E
: — —02 — -]
Average 0.69 +£0.02 = g ]
HFAG . : ; . . o —03F 3
2 -1 0 1 2 3 B TR
t(ps)
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sin(23) without penguins

Possible to measure sin(2) from b - cud transitions — no penguin possible
Yields lower compared to J/YK_ — combined BaBar+Belle analysis

() BABAR 7 = +1 B Tag |
b—cud sin(2p) = sin(2¢,) @ e
PRELIMINARY w 20 1
o " World Average ; T T obe+o02 =
—CCS  HFAG (Moriond 2015) JH, ! £
BaBarsBelle | T o 65616'164'666" @10
= arXiv:1505.04147 U :
o ' g N
S Average : L 066+0.12
o) : :
HFAG : : > oofF +
BaBar .5 ) 0.29 + 0,34 £ 0.03 + 0.05 GE’ 0.4
c PRL 99 (2007) 231802 : ' ; = 00p
: : : ; 8 _o4f
+§ Belle 5 < 0.78 +0.44,+ 0.22 5_2; +
N PRL 97 (2006) 081801 E ; o e TN NSNS S
D| Average 0.45 + 0.28 (c) Belle s = +1 L (d) Belle s = —1
HFAG ' 401 T
08 06 04 02 0 02 04 06 08 1 12 14 a0l I
20 ,, Jr
First observation of CP violation |
In b - cud transitions N AR
E 04} i
% 0.0 F +
] ®_paf i
Tim Gershon 5 osf + 4 6
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Rare (and some not so rare) decays
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+
BS — ” H Nature 522 (2015) 68

Killer app. for new physics discovery

Very rare in Standard Model due to b MSSM .

« absence of tree-level FCNC
* helicity suppression
e CKM suppression
... all features which are not necessarily
reproduced in extended models

HYA”

S ~tan’p d
BB - u'H)™=(3.66+0.23) x 10°  B(B_ p'u)"**M ~ tan°p/M*,_
% 104 ;X % ; 10 i u ’O %1
b = * x vV A n
% E ; - 10 = &
. 8 10 % Y )
Intensively searched ! — DI
E ¥,
for over 30 years! 5 F - Aedk
o E? % O am
§ ‘O’B% ¥ CLEO A Belle L zf
: E * ARGUS [J] BaBar SM- . i
- E 0 ;; e :: il Bl I M
Tim Gershon = E|lVWw O ATLAS 0 ¢ 18
é 1 \AA. I?D [ 2e CIMS+LHCb ISM: i }i+l~17 [ |

CPRV and rare decays 10"
T L} r T 985 1990 1995 2000 2005 2010 2015

_"""-_.-f_ - Year




Weighted candidates per 40 MeV/c?
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no w o %))
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CPRV and rare' decays .

V)]

CMS and LHCb (LHC run [}
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Nature 522 (2015) 68

Combination of CMS

and LHCb data results

In first observation of
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1 2 3 4 5 6 7 8

I B(BY— w'u) (1079)

Lle]

B - Uy~ and first
evidence for B° - p*y-

0 2 4 6 8
B(BS - u'u?) (1079)
SM
0 02 04 06 08

B(B%— ptu) (1079

Results consistent with
SM at 20 level
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B _ D™1v

« Powerful channel to test lepton universality

- ratios R(D®) = B(B - D™1v)/B(B - D™®puv) could deviate from SM
values, e.g. in models with charged Higgs

* Heightened interest in this area
PRL 109 (2012) 101802

- anomalous results from BaBar & PRD 88 (2013) 072012
— other hints of lepton universality violation, e.g. R, , H- T

Belle 2007 B
04+
BaBar 2008 [ H H—e—— ? B
Belle 2009 —_ e - E— g
Belle 2010 -l L X 03
BaBar 2012 H-e—H o
| TR T | T R N T S | L | IR I T S A RN SN A |

02 04 06
R(D)

""" Tim Gershon
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B D*tv at LHCDb

« Identify B - D*tv, D* — D, D - KT, T— PWV

— Similar kinematic reconstruction to A, - ppv

LHCb-PAPER-2015-025

« Assume pg, = (Pp. + P,), to calculate M, > = (Pg — Pp- — P,)?
- Require significant B, D, 1 flight distances & use isolation MVA
« Separate signal from background by fitting in M .2, g2 and E,

miss ?

- Shown below high g2 region only (best signal sensitivity)

935<q” < 12,60 (GeVY

935 <q” < 12.60 (GeV)

3000+ 3000

Combinatoric

20005 Misidentified

2000

Events S { 73 MeV )

1000~ 1000F

Events /{ 0.3 GeV-/c® )

- LT
PRI DOV T (e S

] ]

S0 1000

[0 1 5000

Pulls

Pulls

R(D*) = 0.336 + 0.027 + 0.030

Tim Gershon
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B . D™tv at Belle

Belle preliminary

 Reconstruct one B in Y(4S) - BB event

- Look for signal in the recoll
« several D & D* decay modes; T- pvv Or evw
- Use low M_._.2 region to separate D™1tv from D®lv

- For M_...2> 0.85 GeVz, use neural network to
separate D™1v from D**1v

« NN inputs include M_...2, g2, p,, Egc., N(TT°9)

miss

Tim_Gershon
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0.039
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B _ D™1v

Very preliminary &

Tension with SM seems to persist unofficial average
% 0.5 S B'aBa'r - - - 1 ] 1
- = Bell 2 i
0.451 —LHe Ay"=1.0 B
. mmsm
0 4:_ == Average R(D*) =0.390 £ 0.047
F //""’" ""“‘““*HEH\ R(D) = 0.322 + 0.021
.
0.35 ( “
N \
0.3,  ~_ ) -
: - -
0.25 T 99.7%C.L. -
- A ! ! ! | ! ! ! A | ! ! ! A | ! :
06 0.3 0.4 0.5 0.6
SM predictions from R(D)

PRD 85 (2012) 094025 | Careful averaging needed to account for

: statistical and systematic correlations
Tim Gershon 24
_ CPV _and rare decays

S Thanks to M. Rotondo




Full angular analysis of B® - K*°u*u-

LHCb-CONF-2015-002

e Bo_ K*oy+u- provides superb laboratory to search for new
physics in b - sl*- FCNC processes
- rates, angular distributions and asymmetries sensitive to NP

- experimentally clean signature

- many kinematic variables ... with clean theoretical predictions

* Full set of observables measured — only a subset shown

_1 Ir T T

S
i LHCb
0.8 reliminar ]
F ] P S
0.6:— | [ I SM from ABSZ b
0.4 _
_ ——
0.2F —
N R 15

Tim_Gershon
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[ - —]
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0 5 | 10 — 15 —
72 [GeV?/c*]
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Tension In P5'

LHCb-CONF-2015-002

- w ]_ T T T T I T T T T I T T T T I T T T

e Dimuon pair is predominantly spin-1 = | LHCb
~ either vector (V) or axial-vector (A) - ?H, prefiminary
* There are 6 non-negligible amplitudes o
- 3 for VV and 3 for VA _0.5:_ ++

- expressed as A-R, | (transversity basis) S | + | +. |

-1 1 1 1 I 1
0 5 10 15

72 [GeV¥/ c*]
« P.' related to difference between relative phase of longitudinal (0)
and perpendicularly (1) polarised amplitudes for VV and VA

— constructed so as to minimise form-factor uncertainties
\ L gL+ AR AR=
P — /2 Re (AUAJ_ Ag AJ_ )

(A5 L5 (1AF2 + 1487+ AL+ 457

SM from DHMYV ]

Sensitive to NP in V or A couplings (Wilson coefficients C ¥ & C_ )

Tim _Gershon 26
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B - @up

* Full angular analysis performed

* Not self-tagging —» complementarity to K*ou+u-
- only a subset of many observables shown

LHCb-PAPER-2015-023

dB(B? —ouu)/dg? [10°GeV2c?]

.5 ———
S LHCb !
1.OF 3
05h T E
—— - = :

N )] E—— crerennmsnene]
g2 [GeV?/c?]

Tension in branching fraction, but angular observables consistent with SM

Tim Gershon
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Consistent picture in b - sI'lI” branching fractions
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The holy grail of kaon physics: K - 1tvv

Highest CKM suppression

SM branching ratios

(Brod, Gorbahn, Stamou; PRD83 (2011) 034030)

BRy <1011

/.811+0.75+0.29

of the s—d coupling: Mode
A~ (mtfmw)zlvt:vtdl ~ )5 K*—>n*vv(y)
K, —>nw

2.43+0.39+0.06

SM: box and penguin diagrams

5

T

u. c, t

W
VWAV

W

v S W d
o
1. c.t u.c.t
€, i, T
--..\
.EJ' I/ 1

Tim Gershon
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CKM parametric  Intrinsic
(mainly |V|)

Next generation experiments should
measure these decays for the 1% time

« K' > 1w (NA62, CERN)
e K% 1wy (KOTO, J-PARC)

28




el
‘ NAG62 Apparatus -
E'M'. Hadron
EM ?htlrn;ter calorimeter
Detectors for Secondary Beam o _ (borward)
J calorimeters
Kaon ID (KTAG, Cerenkov) (large angles)
Kaon Tracking
Im

'/target

KTAG  Beam
tradker

MMomentum
seledion &

collimation

: 1 RICH
i J : " EM.
Magnetic alorimeters
~100 m ~150 m  ‘Pedrometer (small angles)
_ - = > >
theoretical shapes P <35GeV/c
Ko=) - 14n-n—| + +0 | T '
_E‘ | Kt =a'm b D
N ) ata from 2014
> 1200 K\“‘“—w | R
. L commissioning run
g 1000
- S _ Physics data taking
) ) L . % o
& Region Il .E..: EEIEI_ Regu‘ml _:-h- 55'!} Starts 2015
) =-'F‘.'_’_'":"E’:f':_m‘v; LE: I é |
S | I T s = .. L. 0N L E— | Kt ntntn
00z 004 006 008 01 012 KT =uv
Mmyss [GeV?Z/ct] 200F \ /
- | | | L
I Tim Gershon 55_1 - 1[}'05'#1{' - 'ml}ad_ﬂy' '011'“' 015 29
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Data taking May 2013, ended
by radiation incident

Allows first results & detailed
background studies

Data taking restarted April
2015, expect large
Improvement with 2015 data

» Summary of
#BG 1nside the signal box
BG source #BG
Hadron interaction events | 0.18+0.15
Kaon decay events 0.11+0.04
Upstream events 0.06+0.06
Sum 0.36+ 0.16

* Sensitivity of the 1st physics run
= 1.29%x108

Tim Gershon
Experimental outlook

IR IS

(cf) SE.S. of KEK E391a: 1.11x10*
I» Observed 1 event in the box (consistent with BG expectation)

150

Observed

Expected _, .
P

1

.1
L= e =Sy

0)
¥ 0.02¢
0

.0

=
H@u%mah

TTTTITTTT]TITIT]TITTITTTTT IIIIEEIEHI

0.0013

(]

.24+

0.52

2000 3000 4000 5000 6000
Rec. z [mm]

=
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Summary

 Huge range of results in quark flavour physics
- Impossible to cover everything — sorry for omissions
e Several interesting “tensions” to keep an eye on
- Inclusive vs. exclusive |V )|
- Hints of lepton non-universality in R(D) & R(D*)
- Ratesinb - sl*-&P{
e Much to look forward to

- NA62 & KOTO
- More results from LHC Run | & Il (LHCb & ATLAS & CMYS)
- LHCDb upgrade & Belle Il

Tim Gershon
Experimental outlook
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