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Two roads to discovery
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Direct searches
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Reach limited by amount of fuel
ESA/Rosetta/ NAVCAM
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Look for subtle deviations
in known processes

D. Kipping et al.
arXiv:1407.4807

Time from transit minimum [hours]

David A. Aguilar (CfA)



Flavour physics:
Fast-tracking discoveries

o K’-K' mixing and smallness of K’ — THT)

= GIM mechanism predicts charm quark in 1970
e Kaon CP violation
= KM mechanism predicts bottom and top quarks in 1973
® Charm & bottom quarks discovered: |974+1977
e B’-B’ oscillations discovered in 1987
= Requires m, > 50 GeV to deactivate GIM cancellation

® Jop quark discovered: | 995



Flavour physics:
Fast-tracking discoveries
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o K-K" mixing
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® BO-EO oscillations discovered in 1987

= Requires m, > 50 GeV to deactivate GIM cancellation

® TJop quark discovered: 1995
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““Flavourful experiments
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— General purpose flavour experiment
FIXed target rare kaon decay experiments
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Outline

® A closer look at KM mechanism
= Selected highlights

® The needles in the haystack
= Rare decays

® A brief visit to the particle zoo
= Other physics areas

® Future directions

= Upgrade programmes



CKM matrix

® Unitary matrix combining flavour and mass eigenstates

d’ Via Ve Vb d . . ‘
S/ — Vcd Vcs Vcb S T%&i
b’ Via Vis Vi b , 4

°
Down Strange Bottom

® Unitarity relations lead to triangles in complex plane

VudVay ViaViy
ub 414 =0 i
VoV VoV B4 triangle




CKM matrix

® Unitary matrix combining flavour and mass eigenstates

d’ Via Ve Vb d . . ‘
S/ — Vcd Vcs Vcb S T%&i
b’ Via Vis Vi b , 4

°
Down Strange Bottom

® Unitarity relations lead to triangles in complex plane

VudVay ViaViy
ub 414 =0 i
VoV VoV B4 triangle

V’U,S r(;kb WS t>ll<)
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CKM and beyond

Summer 2001
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e 2010-2020
= Enter LHCDb

® | ooking for these
little ripples caused
by particles beyond
the standard model

CKM today
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Measuring sin(2p)

® Based on golden channel BO—>J/L|)KS
® Primary objective of B-factories
® Measure time-dependent CP asymmetry of
= BO—>J/L|)KO, K—11 1T and charge conjugate
® Amplitude proportional to sin(2Peak)

= A(t) = S sin(Am-t) - C cos(Am-t)
k>sin(2[3) k>CP violation in decay, expected ~0

< ViaVip ) ( VisVe ) ( VesVea | _ ( ViaVip ) ( VieaVeb ) _ ( ViaVip ) ( VieaVeb )
Qvgavtb VesVi ) \ViVea A~ \ViVn) \VeaViy )~ \VeaViy ) \ViiVas
BY-B° mixing KO-K° mixing =2I3

v
BY—]/WK?O decay I
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New LHCDb results

® Full run-1 data BaBar | | 0.687 + 0.028 + 0.012

PRD 79, 072009 (2009)

) 42'( Candldates Belle I | J }I 0.667 + 0.023 + 0.012

. LHCb ¥ . ©10.731 + 0.035 + 0.020
® Improved flavour tagging Run' B a

Average
2 —t—
=) ED — 3% Naive |

0.686 + 0.018

o 0.4 R ] Sb—n:Es
—~ 9 11 = ' ! !
15 0.3 LHCb = BaBar 1, .~ 0.024 +0.020 + 0.016
= 02F E PRD 79, 072009 (2009) T ¢ o
= 01bE NG Belle ~0.006 + 0.016 + 0.012
2 S e A e e | | b } |
< 0E + A / - PRL 108, 171802 (2012) | |
2 o1k N | — A E LHCb | . 1 ~0.038 + 0.032 + 0.005
> 0.9 - = Run | | :
o0 —0.3 = 3 Naive | |
n 04 ] ' : : ' : :

: 5 10 15 -0.09 -0.06 —0.03 0 0.03 0.06 0.09

t(ps)  arXiv:1503.07089, accepted by JHEP Coses
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® Complementary measurement to sin(2)
= Angle vs opposite side
= |nconsistency would signal new physics
® Access through (semi-)leptonic decays
= b—ulv transitions
® |nclusive vs exclusive measurements
= B’ =171 U

+
= B —TU
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® Proportional to |V

® Slight discrepancy

between sin(2p) and

BR(B—TV)
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® Proportional to |V

® Slight discrepancy

between sin(2p) and

BR(B—TV)
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Belle, B"— T v, arXiv:1409.5269



MANCHESTER

1824

® Proportional to |V

® Slight discrepancy

between sin(2p) and

BR(B—TV)
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® Proportional to |V

® Slight discrepancy

between sin(2p) and

BR(B—TV)
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— PDG 2014

b—ultv Inclusive*

BO— 111" UL Exclusive *

Room for improvement

0.0025 0.003 0.0035 0.004 0.0045 0.005

V|

*from Kowalewski, Mannel in PDG 2014:
Inclusive: average of BLNP, GGOU, DGE determination

Exclusive: BCL parametrisation of q2 range and FNAL/MILC results
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confirmed two
weeks ago by
updated BaBar
measurement



New opportunities

T T T

Ay —=pp u,

® | HCb has access to A, baryons ¢

region used
in analysis

® Can use these to measure )
the ratio of =

- AbﬂPuU to /\b_}/\CIJU %% 5 _10 R 15 20

2 2
= Measures |Vy| / [V /
. : I 2

= Use theory input to measure relative acceptance in q
— W. Detmold, C. Lehner, S. Meinel, arXiv:1503.01421

— 18000 ———— 11—
. R I Combinatorial E
® Large data samples allow tight cuts S soof. I Misidentiid LHCb 3
. . . é’ WD puv preliminary 3
to obtain high purity = 1200F mmaT :
— Nuv o7
7 ] —7.
= Using 2012 data - Tt
corresponding to 2 fbo El
O 3000

. O ) 2 M "
- 3000 4000 5000
arX|v: 1504.01568, , Corrected pu~ mass [MeV/c?]
submitted to Nature Physics 16
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Results

—ul'v *
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BY—T1-I*UL *
. ® PDG 2014

Exclusive ° arXiv:1501.05373 (RBC/UKQCD)

(B —>TT 1\/ ) —@——  arXiv:1503.07839 (FNAL/MILC)

/\b — P u U LHCb ® arXiv:1503.01421 (RBC/UKQCD)

(A—puv)

arXiv:1504.01568,
submitted to
Nature Ph)’SiCS RN TN T T NN TR TN NN SO (N TN TR SN TR NN TN SN NN TN NN S TN N

0.0025 0.003 0.0035 0.004 0.0045 0.005
IV, |

*from PDG 2014:
Inclusive: V| (BLNP)
Exclusive: BCL parametrisation of g2 range and FNAL/MILC results
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= " [l x, HFAG) Bernlochner, Karb
X 7T~ B = (HFAG)
—. [ W <~#FAG) p-value ~9% — see also
=7 6 [0 combined Bernlochner, Ligeti, Turczyk,
T PRD90 (2014) 094003
Crivellin, PRD8I (2010) 031301
4
3
contoms hold 68/ CL
—20.4 —0 2 0] 0.2 04 Fraction of
ER 2 right-handed
e _— current
Log = _7§V (@y, PLb + €R wy, Prb) (79" PLl) + h.c.
® Right-handed currents affect _ Decay  [Vis| x 10°  ep dependence
. . . B—wlv 3.23+0.30 1+ e€r
different [Vub| extractionsin =~ ° " T 0 SiTe
different ways B—ri, 4324042 1 —er
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- B X, HFAG) Bernlochner, Karb
7+ I © (HFAG)

- B (A 5 ovalue ~0.03%

— see also

T= [ B A, (LHCb)
> 6 combined Bernlochner, Ligeti, Turczyk,
5 PRD90 (2014) 094003
Crivellin, PRD81 (2010) 03130
4
3
cont0u1s hold 68/ CL I
—2().4 —0 2 0 0.2 04 Fraction of
ER j; right-handed
current
4G -
Log = _75 L (@, PLb + €R @y, Prb) (774" PLl) + h.c.
® Right-handed currents affect _ Decay  [Vis| x 10°  ep dependence
: : : B—mly  3.23+0.30 1+ep
different [Vub| extractionsin =~ ° " T 0 SiTe
different ways B— i,  4.3240.42 1 —en




E2= More fun with semileptonics

® | epton universality test with favoured B-
meson decays

R(D*) = B(B® — D*tr7,)/B(B° — D*u,)

® Sensitive to physics beyond the SM

= Particularly to
charged Higgs

® B-factory
measurements
point at deviation

from SM




B2 More fun with semileptonics

® | epton universality test with favoured B-
meson decays

R(D*) = B(B° - D**r7v,)/B(B® - D**u~v,)

® Sensitive to physics beyond the SM

= Particularly to

° Belle 2009
C harged H |ggs 657x10° BB ®
(Hadronic Tag)
Belle 2010
. B-faCtO r)’ 657x10° BB s
(Inclusive Tag)
measurements
BaBar 2012 (Full)
. o ° 471x10° BB ——+
point at deviation
0.111110.12'1'10.1311110.1411110.1511110.1611
fl"O m S M Slandarg Model, R(D")
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New LHCb measurement

® Using T— MLV, decays

FpC. 5

= Reconstruct D U~ in both cases

® Systematic uncertainty dominated by reducible

effects
= Sample size to e .
extract fit templates EITUIPEI S

657x10° BB } *
(Inclusive Tag) !

= Background estimate

BaBar 2012 (Full)

. . . 471x10° BB e
from mis-identified Aokl
MUons (HCbRunt | 0.336 + 0.027(stat) + 0.030(syst)
3.0 | ———
ool | LHCb-PAPER-2015-025
o1 02 03 04 o5 o8

Standard Model »
(Fajfer et al 2012) R(D)

20



Measuring Y v.i)
VeV

cb

® Essentially measuring the phase ofV,

® | east well measured CKM angle NIRRT
0.6 E_‘:é , S _g
® Measure CP violation in " a3
By ?DyhX decays ek - 2
® Same idea as sin(2P) or Y ~ G
= But no tagging needed P
® Many different methods CP violation in B=D(K )T
= Combinations of B % _f | e 0 Hob
2 Preliminary | 5.30 Preliminary |
and D CIGC&)’S 2 40 ) - First observation .
< | B —[nK +n0]Dn' B*—[n*K _.TEO]DJ'IZ+
. - 5 20 B .
= Time-integrated & b AL Y +
00 54005600 5800 5200 5400 5600 5800

an C| tim e-depen dent arXiv:1504.05442, submitted to PRD m(Dh*) [MeV/c?]

21



B A multitude of methods

0.-) *
® Methods for B —Dh (h=T11,K,K ) decays
= Observables are time-integrated ratios of rates and rate asymmetries

® ADS

= Measure favoured B decay with doubly Cabibbo-suppressed D decay
and vice versa

o GLW

= Measure favoured/suppressed B decays with D decaying into CP
eigenstate

o GGSZ

= Measure favoured/suppressed B decays with D decaying into multi-
body final state including Dalitz analysis

® |n addition using B.— DK decays

= Need to perform time-dependent measurement of rates and
asymmetries

22



Improving Y precision

® Combining LHCb measurements of B(s)—>DK() decays

® Precision better than 10° N

. . S, ! LHCDb -

® Not yet including ~ 08F Preliminary

all run-1 data i o ]

5 0.6~ 72.9_9?:9 .

® BaBar average : _ | :

. P es3 L e E

= (70%18) : :

® Belle average : L OSSR
X 07750 60 70 8 9 100 110

= (73£14) LHCb-CONF-2014-004 v [°]

® All based on tree decays

= SM measurements

= Access to beyond SM particles through loops in Yy
measurements using B—hh(h) decays

*CKMFitter Summer 2014 23
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Mixing and CP violation
in Bs mesons

VusVip Vis Vi

Ves Vi H Ves V3, =0  Bs triangle

~0.04

1
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S 4000F —— Data -
© ATLAS
MANCHESTER ® oy - ---- Fitted Signal /s =7TeV :
1824 = 3500 [ erevere Fitted Background | Ldt=4.9fb" E
I S \E’BOOO;—TotaIFit E
i)
C C
L%J 2500

2000F
1500k

.
.
.
.
:
1000 4
.
s
S

500 * 5.317 GeV < M;I-BIS) <5.417 GeV E
. . e (I B
® Equivalent to sin(2p) for B, system o, lrad)
® Tiny SM prediction: S 4000-——psa  amas
» I =-==-=- Fitted Signal \g=7-|-e\/_1 1
"qc')' 3500; ------- Fitted E.Background Ldt=4.91b E
- BS~ I .OO Lﬁ 30Ooé—Total Fit é
— CKMFitter 2014, Lenz, Nierste 201 | 2500 - -
2000F
® Golden channel: 500
.. o
= B~)Yod—p uKK ;
: 5.317 GeV < M(B_) < 5.417 GeV E
® Requires time-dependent angular analysis 01 0806-04-02°0 02040608 1
cos(0,)
® Can aISO use - SR AL AR RN AN RS AR RN
S 4000f —— Data ATLAS E
+ - + - + - > asoob Fitted Signal /s =7 TeV ]
T [ veraens Fitted Background | Ldt=4.9fb" =
= B — /YK K,B.—~)/pTr 11,B.—D, D, & e i
® Measurement closely linked to width difference 2500
2000F
= B. mass eigenstates predicted to have non-zero Al 1500{-.
1000
500 * 5.317 GeV <M(B,) < 5.417 GeV g
I AN A

lllllllllllllllllllllllllll l
0170.8-:0.6-0.4-02 0 0.20.40.6038

!
25 PRD90 (2014) 052007 cos(y.)



MANCHESER Latest results

.. COF 135 b + DO 2.8fb"

95% CL —

99.7% CL —

AT [ps™]

p_value = 0.031
2.20 from SM

-0.6_3 ' 1 1 o 1 2 3

26
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| atest results

50* Birthday Deluxe Edition

i 7 7 .
/

o CDF 135 fo' +DQ 2.8

68% CL —
95% CL —

99.7% CL —

p-value = 0.031
2.20 from SM

ittle Higgs

26
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Latest results

(=]
—_

Foue A ; Exp. Mode Dataset Pees AT, (ps71) Ref.

£ - LHCb : CDF Jfb ¢ 9.6fb~" [-0.60, 0.12], 68% CL  0.068 + 0.026 + 0.009 [2]

S . DO Jmé 8.0fb! —0.5510% 0.163+0.063 3

@ C B —— ] ] ATLAS Jhpo 49! +0.12+0.25+0.05 0.053 + 0.021 £ 0.010 4]
2 — 4 = CMS Jhp 20fb~! —0.03+0.11+0.03 0.096 + 0.014 £ 0.007 [5]7

|£ ] LHCb  JppK*K~ 3.0fb™" —0.05840.049+0.006 0.0805+ 0.0091 £ 0.0033 [6]

B C ] LHCb  Jhpmta~  3.0fb~" 40.070 £ 0.068 +0.008 — [7]
0051 B LHCb  JAphth~  3.0fb~' —0.010 £ 0.039(tot) [6]

- ] LHCb D!D; 3.0/b™" +0.02+0.17 4 0.02 — 8]

R L e All combined —0.015 £ 0.035 +0.081 £ 0.007
-0.1  -0.05 0 0.05 0.1 0.15 0.2
® LHCb combination of Jfp K*K~ [6] and Jiwa ¥z~ [7].
Decay time (modulo 21t/Am,) [ps] P Preliminary.
A - DO 8 fb™’
05 COF 1:35 0 '+DQ 2.8f0" 0.14} HFAG

Fall 2014

”:; CL I
9 % CL
o - 0.12 68% CL contours -
|m (Alog L =1.15) ]
& 0.10f CDF 9.6 fb™" '
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, V) 1
~ ATLAS 4.9 o™ |

p-value = 0.031
2.2 from SM

Combined

0.06|

3 2 A 0 1 2 3 —— 04 02 00 _ 02 07
¢J/V? = 237/ [rad] ¢ 55 [rad]

® Theory prediction of Al confirmed

® Still room for anomalous weak phase

® Need very large data sample to achieve sufficient precision

26
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Charm

ViaV VbV :
C { 1 I C — O
Vv VoV D triangle

~ | | ~0.002 _ /

Hardly a triangle




Charm: hardly a triangle

® Only up-type quark to form D

weakly decaying hadrons : —>
: . L 1000 TeV
= Unique physics access Probing highest scales
. . — Isidori, Nir, Perez, ARNPS 60 (2010) 355
® Mixing

= Huge cancellations

= Theoretically difficult
® CP violation

= Predictions even smaller
® Need highest precision

® Huge LHCDb dataset

= Blessing and a curse

28



Mixing discovery

\,

/
MIX R

\,/

t x/2_|_y/2 t
%R R /I~ . 2
Ngrs(t) d DY i 4 (7')

® First single-experiment measurement
>50 significance

® Rotation of mixing parameters by
strong phase difference: x,y = x,y’

29

Using roughly
8.4% |06 RS
and
3.6x10*WS

T candidates

||||||||||||||||||||

6.5F — Mixing fit
6F -~ No-mixing fit

PRL 110 (2013) 101802



On strong phases

® Measurements of strong phases are only possible with
quantum-entangled charm states

= (3770)—DD
® Only running experiment
= BESII| at BEPC collider in Beijing

® Essential input to exploit large LHCb charm samples
fully

= Need best possible sensitivity to measure tiny effects
in charm

30



Mixing-related CP violation

Measurement based on D—KTT decays
Measurements based on D — KK, TT1T,KsTTTT decays

< - ] HFAG WA May 2014 w/o WS Kpi
{ L= HFAG WA May 2014, WS Kpi only
] HFAG WA May 2014

CP violating weak phase

Arg(a/p) [deg.]

® A range of measurements
contributing

= Combine and conquer

® Now dominated by LHCb

0.6 0.8 1 1.2 14 1.6
® Consistent with CP lg/p!

symmetry

Asymmetry in mixing rate
31
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CP violation in decay

o m e ol [ o o cpy
® World’s best precision on 0:010 | ez | oo saBar |
charm CP violation
3 ¢ 0.005
= Achieved sub-10 e
precision 5 0000
® | HCb dominating the picture ~0.005
® Agreement with CP violation ool |
hypothesis at |.8% Ievel | | Contours contan 68%, 95%, 99 CL
—0.010 —0.005 0.000 0.005 0.010

ind

( Acp
M

ixing-related CP violation

32
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Needles in
the-haystack

Precision
needle stack
physics

Rare decays

whoabang.tumblr.com



MANCH%SZEER + _
B~ MM

b pe pe
W0
B) ¢ <
-
S ' W
® Very rare decays
= Precise SM predictions and high sensitivity to BSM physics
: : BBY - ptp™) = (287970 x107°
® Joint analysis by CMS and LHCb (By = utu”) = ;‘}g) S
; . BB — utp™) = (3.971%) x 10
® First observation of B.— U U _ CMSand LHCb (LHC run 1) | ]
+ . 2 F b E
® First evidence for Bj— 4 U 2 sof e
. . % 40 E - - go_n:;nl;tor.ial bkg. _E
® No disagreement with SM S [ pomieptone b ;
230 —]
® Now measure B4/B; ratio, 2ol + ‘ E
lifetime, ... S 1o ] f
- - N 5
= Need much more data o w200 400 w0 vy

34 To be published in Nature tomorrow
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By K'p p s 0
\ T

® Flavour-changing neutral current decay
= Particular sensitivity to electromagnetic penguins
® Angular analysis can unravel contributions from different physics processes

= Forward-backward asymmetry of muons,

*

= | ongitudinal polarisation fraction of K ,

= Further angular observables,

= Derived observables with reduced
form-factor dependence,

preliminary

100

Full run-1 data:
~2400 candidates

50

Events / 5.3 MeV/c?

- m(K*7m i) [MeV/c?]
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PRL 111 (2013) 191801

Bs— K*'U*U results

® Some slight surprise in Ps’
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PRL 111 (2013) 191801 q* [GeV*/c’]

Bs— K*'U*U results

A

w l T T T T

i

LHCD

preliminary

SM from DHMV i

05

0

LHCb-CONF-2015-002

® Some slight surprise in Ps’

® Now measured at higher precision

_1- 1 1 1 1

15

q* [GeV?/c4]

SM prediction from Descotes-Genon, Hofer, Matias, Virto, JHEP 1412 (2014) 125
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Theory perspectlve

[ ] 0 . — — — — —

2] | |

1 ( \ < > 0.5+$ (‘EP:;;E?:*O.@

Lo | " ] B 3

O Lo VO V] “n 0.0+ 1

E’ 0: ] / R~ j + i

_1} 1 —05! __+_ S

: ’ . c 5 o 5 5 | I

-2t 1 Z still possible within indirect 10l - _-
32 0 1 2 and direct constraints 0 5 10 15

Re(Cs") > (GeV?)

® “All [New Physics model] consistency tests™ we
have done so far are nicely fulfilled with 3 fb™'
showing robustness of data.” (Matias @ Moriond EW)

e “q” dependence indicates that (unexpectedly) huge
charm effect mimicking Cy' < 0 at intermediate q°
could solve the tensions as well.” (straub @ Moriond EW)

* Relevant Observables included: B — K*u*pu~ (P12, P56, Fu in all 5 large-recoil + low-recoil),
Bt — K*utp~ and B® — K°u*u—, Be_,x., Bg_x.u+pu—+ BBs—sp+u—r AI(B = K*v), Sk=y \‘

37 Many more LHCDb results adding to the picture!



Theory perspective

-o-LHCb —m-BaBar —a—Belle

M 2 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
R | Phys.Rev.Lett. | 13 (2014) 151601

LHCb

[
n
I 1
L

b

0.5F
I Lepton universality violated!?
()- T P B R N
0 5 10 15 20

g% [GeV?/c4]

* Relevant Observables included: B — K*utu~ (Pyo, P56, Fu in all 5 large-recoil + low-recoil),
Bt — K*ptp™ and B® — K%t ™, Be_yx.y, Besx.utpu—» Bissptpu—» Al(B = K*7), Sk+ry \‘

37 Many more LHCDb results adding to the picture!
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Precise SM predictions d W
= BR(K =T UD)=(7.8+0.8+0.3)x 10
Sensitive to contributions from beyond SM
Dedicated experiment running at CERN

= NA62

Experimental challenge

= Final state with only one
out of three particles detectable

Aim
= Collect 100 events at SM BR

38

K*—=T11700

Previous experiments

— _llllII'III'I'Ill'lIlllllllll]llll[l][l]lIIIIIIIIIIIII-
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o A ]

() [ This analysis i
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IR IR S 'm ]
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' v | n

20 - E .

X [ : ]

15 i .
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50 60 70 80 90 100 110 120 130 140 150
Energy (MeV)

BR(K*—=Tr*00)=(1.7£1.1)x 101
PRD 77 (2008) 052003, PRD 79 (2009) 092004



First NA62 data

® Close to online snapshot

= No kaon tracker, no photon rejection, no alighment, preliminary
reconstruction, ...

® Distributions match expectations for this level of reconstruction
= Promising for final performance

® Physics runs starting 2015

Jifos T— o
© — -
5 - L RMS 0.0321
| Fo-18F 1200/~
0.16— -
- Simulation without 1000 ~| hour of data
0.14— . - : .
= detector resolution - (low intensity)
OA12:— 800—
01— i
- — 600—
0.08— c -
L o B . e
0.06 B 4000 Very preliminary!
- £ Region I r
0.04— -
- - ot 200
0.02F~ 27 V¥ (101 - L
- TTT——— K'or'n'm L jﬂVLLHK
0 | R R N R PRI | T NN T ST T T M e o e el BT L1 [ L1 el o Ny
004 -0.02 0 002 004 006 008 01 012 X -0.05 0 0.05 0.1 0.15
mZ,., [GeV?/c’) m2, [GeVZ/c?]
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A brief visit to the particle zoo

Other physics areas
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| HERA PDF
Exotica - measurements

X(3872) Central exclusive

Limsl) Tetraquarks?

shower counters

P Associated ¥

e DS Elect k ohysi W/Z production
Spectroscopy ectroweak physics

Ridge analysis violation

Forbidden decays -
Heavy ion collisions M T decays

p-Pb collisions

41 — link to all >260 LHCDb papers



https://cds.cern.ch/collection/LHCb%20Papers?ln=en

MANCHESTER
Some examples
P nprovne. N X7,

HERA PDF production
measurements

Exotica -
X(3872)

7(4430)
w100~
> | LHCb ¢
U PRL 112 (2014) 222002 4
N. gt
-

WI/Z production

Heavy ion collisions roduction in

p-Pb collisions

41 — link to all >260 LHCDb papers
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New states

® Excited B, meson state found

The Particle Zoo welcomes its two newest inhabitants!

= B.(2S),ATLAS, PRL 113 (2014) 212004 %
® [wo excited beauty baryons found alic Pig A

b, _b , LHCb, PRL 114 (2015) 062004
® And others also from Belle, BESIIl, CMS, ...

N ¥
'.'\. | /

® Slowly completing the quark model "

T e o o e o -
[0] - (0] C .
= 18 ATLAS Q. =288x5MeV S 45f ATLAS Q, =288=5MeV J
o - ] o C ¢ ]
< 1Gz_fl_dt=4.9fb‘1 OB (=184 MeV _: < 30_det 192fb Opre = 182 4 MeV
a‘é’ 14:_ Vs=7TeV NBCIIJ'[=22_6 _: g NBCnn=35113
Lq>|j 12 :_ ® Data _: L% 25 : o
E Wrong-charg 7 o
-I O — combinations _: 20 :
8F E 15
6 . E
- 10F
4 = S )
2F i f 5 -
0****100 *°200° 300 400 500 600 700 OP¥¥00 200 300 400 500 600 700 S ,th
m(B,mx)-m(B,)-2m(x) [MeV] m(B,mx)-m(B,)-2m(m) [MeV] Lison Bernet Lol

42



MANCHESTER
1824

rsity of Manchester

LHC 8 TeV Kinematics
108m ooy 1 rrim
- I ATLAS/CMS
1o’ E LHCb
[ ] CDF/DO
[/ = HERA
N F [ Fixed Target
| | -
> 10° -
8 104 3
| S— 3
10
N
O 10°E
10t :
10°E :
107 :
102 Mwwmo
10 10 10 10 10 10 10
from S. Farry X

Q? (z) = eV 2 s

43

Proton structure

® Unique kinematic
range

= High-energy
collisions

= Forward acceptance

® Probing very low
Bjorken-x at much
higher momentum

transfer compared to
HERA



MANCHEgER Central
exclusive production

® Can measure central exclusive production

= Signal tracks plus otherwise ot
- LHCb
empty detector i
- (b) L .:::::::::::e_j
= Mediated through - 10°} o
pompon exchange = | | TGy
% LO
: [ 102? NLO ]
® New Y production results B.G.bCGC — -
. Gauss LC bCGC - ]
allow to judge on convergence H1 2000 —— -
. . i LHCb run 1 —— |
of theory prediction 10" ZEUS 1998/2009 —— |
= Probe gluon PDF at low x W (GeV)

= |nstalled forward shower counters

44 1505.08139, submitted to JHEP



Top production

® Combined measurement of single-top and tt production in forward
region

® Based on U + b-jet reconstruction

® bandc let taggmg arXiv:1504.07670, accepted by JINST

= 2 BDTs, secondary vertex detection, corrected mass

® W+b,c production (asymmetry) measurement arXiv:1505.0405, submitted to PRD
® 5.40 observation of top production arXiv:1506.00903, submitted to PRL
g 2 2
§ LHCb e Data D
: :
<
S
5
=
O
" Wh+top
0.4 Bwsr LHCD =
O | | | // | 1 | //
20 45 70 95 o 20 45 70 95 o
p(u+b) [GeV] p.(W+b) [GeV]
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Future directions

Upgrading flavour experiments



A flavourful decade

|OP :20|5
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

LHC run-I

LHC run-2 LHC run-3 LHC run-4
LHCb LHCb upgrade

| ATLAS &
ATLAS & CMS ‘ CMS
upgrades

Belle |l

BESIII

NA62

® Plus lots of activity on charged lepton flavour

= MEG, mu3e, mu2e, COMET, g-2, ...
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IOP 2015

NA62

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

NA62

e NA62

= Pilot run for detector commissioning in 2014

= Detector
completion in 2015

= Runs scheduled
until LS2

calo imeter

aI met
Detectors for Secondary Beam | eter (forward)
Kaon ID (KTAG, Cerenkov) (large angles) \
Kaon Tracking
i | —ror1: LY L
target vacuum I TTT1 '
;— e mmeee B e / ‘:{—j*
Momgntum KTAG E:;?er 111 | l
calimaton —J—Ll A 1 i || Rich |jt
— ' EMm
Fixed target experiment with initial kaon '\S"jfct‘fér‘;ete; calonmeters

tracking and hermetic coverage

48
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IOP 2015

|2OJ-‘}

2025 2024 2025

2011 2012 2013 > 2016 7)]7I7)JB 2019 2020 2021 2022 2026

LHC run-I LHC run-2 LHC run-3 LHC run-4
LHCDb LHCb upgrade

e R&D ongomg and on schedule

® |nstallation planned for LHC long shutdown 2
® Major construction project

= Vertex Locator and RICH built in UK
® Full software trigger

= Massively improved trigger efficiencies

= Offline quality reconstruction in trigger

® Maintain/improve current level of detector performance

49



Conclusion

:....A‘ .‘;' ‘V .

e |LHC(b) now taken over Ie di g.._ e in hysics
,...~ o RS ‘ .

® No smoking gun S|gnal f r physies be

dlementary
theoretical side

“u |
= Several hints dema FFIO
measurements as wf@

e Good chance that strong S|gn ' with run-
= |ncluding from NA62

e Need LHCb upgrade to probe to Standard Model |

has

® Next decade will be flavourful

= Belle Il, BESIIl, COMET, g-2, LHCb run-2, LHCb upgrade,
MEG, mu2e, mu3e, NA62



Conclusion

-20 -10 0 10 20
Time from transit minimum [hours]

b i
e |HC(b) now taken over leading role in flavour physics

-

® No smoking gun signal for physies be e SM

= Several hints demand more pl‘gCIIS NG complementary
measurements as well as advancesi®n‘the theoretical side

® (Good chance that strong signals wﬂf‘*emerge with run-2 |
= [ncluding from NA62 2 J
® Need LHCb upgrade to probe to Standard Model level sion

® Next decade will be flavourful

= Belle Il, BESIIl, COMET, g-2, LHCb run-2, LHCb upgrade,
MEG, mu2e, mu3e, NA62
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® Proportional to |V

® Slight discrepancy

between sin(2p) and

BR(B—TV)

53

1

BR(B — 1v)

0.20

0.15

0.10

0.05

0.00

050 055 060 065 070 075 080 085 090

“CKM fit contour
without B*—=T*v and -
sin(2) measurements

-
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® Proportional to |V

® Slight discrepancy

between sin(2p) and

BR(B—TV)

53

1

3 -value
0.20 ><1(1)1 T I T TTT I 1T I T TT ] IIIIIIII I L I I T Yp 1.0
. Io.g
- — 0.8
0.15 — —
- 0.7
T
e - 0.6
T 0.10 — — 0.5
m i _
. 0.4
m > CKM fit contour
L without B*—=T*v and - 0.3
0.05 — sin(2) measurements
- - 0.2
B %. er 0.1
Summer 14
0_00 L1l l Ll 11 l L1 J L1 J L1 l L 11 l L 11 l L1 0-0
050 055 060 065 070 075 080 085 090
sin 23

Belle, B"— T v, arXiv:1409.5269
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® Proportional to |V

® Slight discrepancy

between sin(2p) and

BR(B—TV)

53

1

-3
0.20><1OIITI1IITII[ITIIIYT] IIIIIIII IITTTIITY
New
B LHCb N
—
2 sin(2P)
1 0.10 — ~ ]
m _
m > CKM fit contour
without B*—=T*v and -
0.05 — sin(2) measurements
I | ilEEef
- Summer 14 _
0-00 Illllllllll1llllllJlllJllllJlllllllll

050 055 060 065 070 075 080 085 090

sin 23

Belle, B"— T v, arXiv:1409.5269

LHCDb,

sin(2), arXiv:1503.07089
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® Proportional to |V

® Slight discrepancy

between sin(2p) and

BR(B—TV)

53

1
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- — 0.8
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e 0.6
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0.4
m > CKM fit contour
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e 0.1
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Belle, B"— T v, arXiv:1409.5269

LHCDb, sin(2p), arXiv:1503.07089



CP violation
in mixing S

flavour-specific

$l+

o

+

C

Look for B—1 decays q

= Forbidden directly, requires B—B oscillation
— + -
Measure asymmetry of B—| and B—| rates

= CP violation in mixing
SM expectation far below current sensitivity
Can measure this separately for B; and B mesons
= Separate access to A (By) & Aq(Bs)
4

Alternatively look for same-sign lepton pairs and compare | | with ||

= Measures combination of Ay(B4) & A (Bs)

54
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® DO dimuon measurement differs from
SM by about 30

= Difficult to motivate by hon-SM
physics

® Direct measurements of A (By) & A (Bs)
show agreement with SM

® Possible differences in SM contribution
to observables!?

® |LHCDb has best single measurement of
AsI(Bd)

= Full run-1 update of A (B,) in
progress

55
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| atest results
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B Testing lepton universalit

2 - +,+ -
Gmax AU|B">K "y p 2
[ 4 dg

2
Ry — —lm 4 1 < g2 < 6GeV?/c*
K — 2 -
4 max dF[B+—>K+€+ ]d 2
2 dqg?
9 min q
Ry = 0.74510-%9(stat) 4 0.036(syst).
25:'|"'|"'|"'|"'_'_1_;-'_.: 25:'|"'|"'|".'|"'.|' 103
- LHCb (a) P FLHCD (b) L
20 = 0
A & A 10 T st 102
N% ; e E N%
"B 5 A 10
| 10
o ESEREN O o s o o B Ci 1
4800 5000 5200 5400 5600 4800 5000 5200 5400 5600
m(K* i) [MeV/c?] m(K*e*e”) [MeV/c?]
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4 sin(2P) systematics

Origin

0] IS g O

Background Tagging Asymmetry
Tagging calibration

Al

Amy

Fraction of wrong PV component
z-scale

Upper decay time acceptance
_ow decay time acceptance
Decay time resolution calibration
Decay time resolution offset
Correlation between mass and decay time
Production asymmetry

0.0179 (2.5%) 0.0015 (4.5 %)
0.0062 (0.9%) 0.0024 (7 2 %)
0.0047 (0.6 %)

— 0.0034 (10.3 %)
0.0021 (0.3%) 0.0011 (3.3 %)
0.0012(0.2%) 0.0023 (7.0 %)

— 0.0012 (3 6 %)

Sum

0.020 (2.7%)  0.005 (15.2 %)
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= | Vb| with new lattice results

Summary
10°dB/dg*(B, — K&v) [GeV ™7
3 2.3 | | | I |
me01s  Vwlx10 | e=p
- 2 B .
§ :
=TV
! ‘ 1.5 inclusive [Vl B
=
1 i
- » B—1v ]
9 —h— B—x#v (Babar) 0.5 _
z mupme o B—nxfv (Belle) 0 A'
PALMLC '~ e  (yrcliminary) B - ety (Baber & Bele) -
& 12 -
o » B—1v
p 1 -
8
= . 08 -
= —— HFAG Inclusive
c 0.6
E ! . L L L
25 30 35 40 45 50 55 0.4
e most precise |V,;;| to date (2.4 from inclusive) 021
0
e lattice errors =~ experimental errors 0 4 8 12 16 20 24

g* [GeV?]

e multiple, varied calculations of form factors o need dB/dg? with commensurate exror

K’l. '} ] 1 \V r— )
UKV ZUL4, Vienna, Austria . Bouchard 1 G
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New states

. : : < —
® Fxcited Bc meson state found The Particle Zoo welcomes its two newest inhabitants!

= B_(25),ATLAS, PRL | 13 (2014) 212004 @ %
® Two excited beauty baryons found
= = ,=,,LHCb,PRL 114 (2015) 062004
® And others also from Belle, BESIII, CMS, ...

[ ]
ftalic Pig A,

® Slowly completing the quark model
® More exotic particles

= XYZ states

S —— > 40T e e
) - = ) E =
= 18F ATLAS Q, =288x5MeV - > g5 ATLAS Q, =288:5MeV J
o E o 7 o o E
A = + - A = + ju
N f Ldt=4.9 fo Opne = 18 4 MeV 3 ~ 30_ f Lot - 19.2 10" Opre = 182 4 MeV
a‘é’ 14:_ Vs=7TeV NBCIIJ'[=2216 _: g =8TeV Bcnn=35113
L%) 12:_ e Data = L?>j 25— ® Data
C Wrong-charge ] C Wrong-charge
10 :_ combinations _: 20 :_ combinations =
- - 150 =
10 \ =
55 3
0 B 0__'_..|....$1 ........ SRS NN SR SE|
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 i
m(B,mx)-m(B,)-2m(x) [MeV] m(B_nm)-m(B,)-2m(x) [MeV] Lison Bernet P
[+ C [+ C m
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Key sensitivities

Table 28: Expected sensitivities that can be achieved on key heavy flavour physics observables,
using the total integrated luminosity recorded until the end of each LHC run period. Note that
operation in Run 5 and beyond assumes integrating luminosity beyond the proposed total for
the LHCb upgrade of 50 fb~!. Uncertainties on ¢, are given in radians.

LHC era HL-LHC era
Run 1 Run 2 Run 3 Run 4 Run 5+
bs(BY — J/o) 0.05 0.025 0.013 0.009 0.006
ds(BY — 0¢) 0.15 0.10 0.029 0.018 0.012
ey 0% 0% 6% 0% 2%
g5 App(K*utp™) 10% 5% 2.8% 1.9% 1.3%
v 7° 4° 1.3° 0.9° 0.6°

Ap(D° - K*K—) 34x10% 22x10%* 0.7x10* 04x10* 03 x 10
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Table 27: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the expected sensitivity is
given for the integrated luminosity accumulated by the end of LHC Run 1, by 2018 (assuming 5fb™" recorded during Run
2) and for the LHCb Upgrade (50fb™"). An estimate of the theoretical uncertainty is also given — this and the potential

sources of systematic uncertainty are discussed in the text.

More key sensitivities

Type Observable LHC Run 1 LHCbH 2018 LHCb upgrade Theory
BY mixing ¢s(BY — Jfp ) (rad) 0.049 0.025 0.009 ~ 0.003
¢s(BY — Jfp £,(980)) (rad) 0.068 0.035 0.012 ~ .01
Ay(B?) (1073%) 2.8 1.4 0.5 0.03
Gluonic &M (BY — o) (rad) 0.15 0.10 0.018 0.02
penguin ¢ (BY — K*K*0) (rad) 0.19 0.13 0.023 < 0.02
23¢%(BY — ¢KQ) (rad) 0.30 0.20 0.036 0.02
Right-handed o (BY — ¢y) (rad) 0.20 0.13 0.025 < 0.01
currents N (BY — ¢) /7o 5% 3.2% 0.6% 0.2%
Electroweak  S3(BY — K*%utpu=;1 < ¢* <6 GeV?/c?) 0.04 0.020 0.007 0.02
penguin @ App(BY — K*utp—) 10% 5% 1.9% ~ 7%
AKptp=;1 < ¢ <6GeV?/ct) 0.09 0.05 0.017 ~ 0.02
B(BT - ntutp~)/B(BY — Ktputu™) 14% ™% 2.4% ~ 10%
Higgs B(B! — ptp~) (1077) 1.0 0.5 0.19 0.3
penguin B(B" — ptp)/B(BY = ptu) 220% 110% 40% ~ 5%
Unitarity v(B — DWKW™) 7° 4° 0.9° negligible
triangle v(BY - DFK#) 17° 11° 2.0° negligible
angles B(B” — J/v¢ K§) 1.7° 0.8° 0.31° negligible
Charm Ap(D° — KTK~) (107%) 3.4 2.2 0.4 -
CP violation AAcp (1073) 0.8 0.5 0.1 -

61



