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The CKM matrix

= The CKM matrix is unitary, and reduces to three rotation
angles and one phase.

= The Wolfenstein parameterisation is commonly used to
expand in orders of A, the sine of the Cabibbo angle: A ~0.22

= The imaginary term (phase) gives rise to CP violation in the

([l W

(Ve Vus Vo | T 1— \%/2 A lA)\?’(p—in)l
Vea Ve Va | = A 1—X2/2 AN? + 0\
Vi Ve Vil [[AN(Q-p—in)] -—an 1

= 0.97446 +0.00010  0.22452 4 0.00044  0.00365 + 0.00012
Veren = | 0.22438 +£0.00044  0.9735970 00011 0.04214 4 0.00076

0.00896 1000053 0.04133 4 0.00074  0.999105 + 0.000032

http://pdg.lbl.gov/2018/reviews/rpp2018-rev-ckm-

matrix.pdf
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The Unitarity Triangle |

B 6 unitarity conditions of the CKM matrix

B Gives 6 triangles in the complex plane

®m 2 of these triangles do not have a side which is much
shorter than the other two:
(V¥ VitV Vet V¥ Vi) = 0 (V* Vit VE Vi tVF V) =0

ds . uc .
_‘j’_ﬂyg__.—-\v V¥ VudVed THE .
VoV e Veva——" unitarit
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triangle
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sb . ct .
VisVib ViesVis
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| Beauty and Charm triangles |

B Beauty system

B Triangle N [ B, Triangle - 2\

Vud V'ub ~A3 Vid V'tb ~A3 Vis V'th ~A2
Vus V'ub ~\4 s

Ves Vch ~A2
o

Ved Vch ~A3 / L J
B system : angles a, B, y ~1 B, system : angle B.,~\?

B Charm system

b Tr Lang le Vud Ved ~A V'ub Vcb ~AS

0
Mc
V'us Ves~A

Charm system : angle [3.~A*

Diagrams from Jolanta Brodzicka
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| Unitarity Triangle measurements

e / = Amazing progress in the last 25
- / years; the SM remains intact, but
still a whole lot etilLta laara
= oo | 15 e Ihttp://clkmflttelr.|n2p3.fr
E excuded area has CL > 095 % 3
0.5; T a%
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‘ Measurement of the angle 3 \
¢

0 "
B \D) ;8 = Eﬂ'g _ Vchib ]
¢M\ / J / s Ks ViaVi

BO —p

m Interference between B° decay to J/yK?°, directly and via B°
BY oscillation gives rise to a CP violating phase

(I) = (I)Mixing -2 (I)Decay = ZB
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LHCb measurement of sin(2f3) ‘

sin(2p) from B° - J/yK°, and B° - y(2S)KC,

Ao (t)

JHEP 11 (2017) 170

[( f} ffg

)~ S sin(Amt) — C'cos(Amt)

where S =sin(2p) assuming C,, .« (= penguin

T(B°(t)— e KO) — T(B°(t) —
[(BO(t) = [cd] K9) + T(BO(t) — [cc] K?)
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Competitive with Babar & Belle.
HFLAV world average from all
modes :
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‘ The angle y (a key measurement ‘

= Loop processes are very os
sensitive to the presence of 03
New Physics o4

03

g
3
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amahas CL> 095 1

excluded

= Constraints on the triangle
apex largely come from loop

i
TTTITTTT]]TTIII1TTITTTTIIIII]ITT

—T T

| L

Amy

R
Amy& Am,

-
o
9

decay measurements N

| ol

" PRR— Pa— "
0.4 0.6 0.8

- IILIllllllllllllllllllllllllllll

= Large uncertainty on v, the
only angle accessible at tree
level : forms a SM
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= vy measurement theoretically
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Tree

JHEP 01 (2014) 051, PRD 92(3):033002
(2015)

* assuming no significant New Physics in tree decays
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LY : indirect vs direct determinations

=
Vud Vub

%
Vcd Vcb

y = arg|-

Combination of all
direct measurements
from tree decays

ly = (72.1:54) |

Reaching degree level
precision from direct
measurements is crucial

Corfu Summer Institute
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‘ Several methods to measure y \

" From B* (and Téo) decays : the “time-
integrated”, -

direCt C Gronau & London, PLB 253 (1991) 319 DO Ki

483,
= GLW

Gronau & Wyler PLB 265 (1991) 172
Atwood, Dunietz & Soni PRL 78 (1997) 3257,

Atwood, Dunietz & Soni PRD 63 (2001)

= ADS | 036005

Giri, Gronau, Soffer & Zupan, PRD 68 (2003)
054018

" GGSZ

m | Dunietz & Sachs Phys. Rev. D37(1988) 3186, 'D) N I |
R. Aleksan, |. Dunietz & B. Kayser, Z. Phys. C54 ana yS S

(1992) 653
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The time-integrated mode: B> D°K"

) = arg Vudvgjb} (and charge conjugate mode

VeaVes B*>DKY)

= Interference possible if D° and D° decay to same final state
= Two possible decay paths to Kz~ final state via D° and D°

( favoured ) . Vm< Z: K- suppressedj Vmo< : K+
a" C

&
Vea -

_ c - d
B~ _ Do -
U U 7] 7] &
rg= 0.1 rp= 0.06
_u U
Do _ K+
¢ - s
Vs ™
B_b cs s . ( ; 3 ) CS u
. o K avoure Vo < a7

= Branching fraction for favoured B decay only ~10-
» Measurements require high statistics



| GLW: B>D")(n 1 or KK) h (h=K, 7)

Method where D° and D°decay to CP eigenstates
3.0 fb:! Run 1 + 2.0 fb-! Run 2

Candidates / ( 10 MeV/c?)

5000 5200 5400 5600 5000 500 5400 5600
m(Dh*) [MeV/c2]

I. i o BT - (D0 - D2%)pt Part. reco. mis-

A7 = 40015 £0.025 (stat) £0.007 (syst)] rm oo B
A % - (0 - Doy B* . DK*

|i§f<’ = 40126 +0.014 (stat) +0.002 (syst) = o B o

Phys Lett B 760 (2016) 117 ) G h i i D0 o> KK

& Phys Lett B 777 (2018) 16 | At the level of arnew 14




[ADS : BODY(Kn)h (h=K,x) |

Method where D° and DTdecay Into flavour-specific final states

Cabibbo favoured : 3.0 fb* Runl+2.0 fot Run 2| phys Lett B 777 (2018)

q 16

= 6000 e T & e EE P LR T

a 3.80 n LHCb LHCD

= ] 4F .

= 4000} 1L )
g B —}[K_TT_]DK i B+—?’[K+1T_]DK+ |
V]

£ 2000 | i
% ] —
g

@] — - |

5400 5600 5000 52 5400 5600
m(Dh*) [MeV/c2]

—0.019  £0.005 (stat) = 0.002 (syst)l

Cabibbo suppressed : 3.0 fb-1 Run1 | Phys Lett B 760 (2016) 117

100 LHCbh

50

Events / ( 10 MeV/c?)

5100 5200 5300 5400 5500 5100 5200 5300 3400 5500
m(DIF) [MeV/c?]

Corfu Summer Institute AAD%(I{) = —0.403 4+0.056 40.011 | 15




Model-independent GGSZ analysis

B Dalitz analysis : CP observables measured in
B+ — DK* decayswith D — K n*n-and D —

Kek——————
3,

mX(Kor") [GeVZ/c"]

Corfu Summer Institute 3 September 2019

LHCb-PAPER-2018-
017

05 1 15 2 25
m? [GeV?/ ¢4

® Divide up Dalitz space
Into 2N symmetric bins,
chosen to optimise
sensitivity to vy
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Model-independent GGSZ analysis

|UJ.I

B Dalitz analysis : CP observables measured |n
B+ — DK* decayswith D — K n*n-and D —

2

m2(K om*) [GeV/c*]

Corfu Summer Institute

3 September 2019

LHCb-PAPER-2018-
017

05 1 15 2 25
m? [GeV?/ ¢4

® Divide up Dalitz space
Into 2N symmetric bins,
chosen to optimise
sensitivity to y
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‘Combination from different modes

® The most recent combination includes the following

B decay D decay Method Ref. Dataset’ Status since last LHCb_CON F_2018_
combination [3]
Bt — DK+ D — hth™ GLW [14] Run 1 & 2 Minor update 002
B* — DK+ D — hth- ADS [15] Run 1 As before LHCDb average :
Bt — DK+ D—htrmw GLW/ADS [15] Run 1 As before
Bt — DK* D — hthn° GLW/ADS  [16] Runl As before _ 7 4 0—|— 5.0yo
B+ — DK+ D — K'hth=  GGSZ [17] Run1 As before /-}/ — +~_§H 8
B+ — DK+ D— K°h*th~  GGSZ [18] Run 2 MRSt recent
Bt — DK™+ D— K!K*n~  GLS [19] Run 1 As before
Bt — D*K+ D — hth- GLW [14] Run 1 & 2 Minor update )
Bt — DK** D — hth~ GLW/ADS [20] Run 1 & 2 Updated results Domlnates H FLAV average
B* — DK** D — htr-ntr~ GLW/ADS  [20] Runl&2 Most recent |,.}/ (73 5—|—4-2 )Gl
Bt — DK*ntn— D — hth™ GLW/ADS [21] Run1 As before -~ —5.1
BY — DK’ D— Kt ADS [22] Run 1 As before
BY'— DK*n~ D — hth- GLW-Dalitz  [23] Run1 As before Reminder of indirect
BY — DK’ D — Kirrr— GGSZ [24] Run 1 As before Constralnt
B! — DFK* Df—hth—n" TD [25] Run1 Updated results ' . .
B°— DF¥r* D+ K+r—n+ TD [26] Run 1 Mostrecent ’Y = (65 .8"' 1.0
T Run 1 corresponds to an integrated luminosity of 3fb~! taken at centre-of-mass energies of 7 and — I 7

8 TeV. Run 2 corresponds to an integrated luminosity of 2fb~! taken at a centre-of-mass energy of

e BaBar:7 =(69"))" | PRD 87 (2013)
N52N15

Corfu Summer Institute 3¢S

y=(@3";)" |arXiv:1301.20

nN

Belle:



LHCb combination from different modes

LHCb average ‘7 (74.0022)°

- L |
';T‘ r LHCI::
= 08} s
I B B! decays
{]'.ﬁ:': B’ decays
L B B* decays
(.4 6831 B Combination
02
[ 93.59
"u : S0 100} 150
¥y I°]
LHCb-CONF-2018-
] 002 ... i
= Comparison pewweern B, and B* initial states ~ 2 sigma

= More B, channels to be added ( B, — D .OK®, B_ — D¢ |

Corfu Summer Institute 3 September 2019 N Harnew 19



B, weak mixing phase ¢_.inB. — J/y ¢

BS(-) ¢D . T/ b 1‘(1 u
¢M\>¢ /g 0<
5O — —tp 2

= “Golden mode” for this study is B, —» J/y ¢ (— KK)

= Analogue of 2[3 (phase of B® mixing) but in the B, system

Interference between B° decay to J/y¢ directly and via B - B° oscillation
gives rise to a CP violating phase in the SM

(1)8 = (I)Mixing —2 (I)Decay == ZBS

= (g IS expected to be very small in the SM and precisely
prediCted: (I)SM = -0.036 + 0.002 (see eg

CC}}%'I 3 ssstmarlnl;l_{IIRSStéi}t&%(e) 1) 0330gss)eptem ber 2019 N. Harnew 20



Status of ¢_ before Spring 2019 |

World average =
dominated by LHCb e
Results consistent

with SM-based 08
global fits to data,
but still room for NP

DO 8 fb!

CMS 19.7 fb!

Combined

HFLAV

CDF 9.6 fb

1

019
68% CL contours
(Alog £ = 1.15)

¢ = —0.020 + 0.031 rad

Oy =—0.036 + 0.002

LHCb : 3 for PLB 736 (2014)
186

lf'f\A

' AU

Corfu Summer Institute 3 September 2019

N. Harnew
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NEW . Add Run-Il LHCb measurements with 2015 (0.3 fb-1)
and 2016 (1.6 fb') datasets
= B, > J/y KK~

706

Eur. Phys. J. C 79 (2019)

8000 =
7000 =
6000 &
5000 &
4000 £
3000 &
2000 -
1000 -

Weighted cands. / (0.6 MeV/g2

h

\

1000
[arXiv:1906.08356]

1020 1040

m(K*K") [MeV/c?]

:

Weighted cands. / (2.5 MeV/c?)

T I T T T T I T
LHCb E
—— Total E

— — Signal 3

---- Background

=

=]

o 3
II|III|III|III|III|III|III|III|III|I

L e L —

5200
[arXiv:1906.08356]

5300

5400 5500
m(JApK*K") [MeV/c?]

= B> Jynn

Phys. Lett. B 797 (2019)

S | 134789 :
%J L =#= Data and fit — ‘;'0(1500) :
3l £am0)
o 107 — fazmy 3
= C — fass)
% - raC W NR 7
o 10°F RV I E
>-I ; + l- i ’,f - "l-_. 4 Ay + ;
10 I!:I il I ............... / ...... I A NP Il \.,;."-.‘ l.I .
et OGN
!!- _~ o
L / i

1 / T O P S S TR 1 A BT L 1 | 1 | L

0.5 1 15 2
[PLB 797(2019) 134789] m,, [GeV]
9000 1 T =
£~ 8000 f —+— RS data and fit _f
% ?UOCIE __Bg—b.i’.-’w:ur .
= 1000¢ E
< oo
2 5000 =
L E -
Z 4000 £ =
= o =
5 3000 ]
& 2000 =
@) E o g -
lmn Eon ﬂﬂ !r.g“ "lr“ qt.-ﬂioo -
5300

[PLB 797(2019) 134789]

m(J/yxx) [MeV]



B. — J/y ¢ analysis

¢ IS a vector meson (spin 1) Eur. Phys. J. C 79 (2019)
706

Vector-vector final state: mixture of CP-odd and CP-even
components

Need to perform B.— J/¥ ¢ angular analysis
‘ y

S U,

Good tagging performance of B=& B, is important

Category  €ug(%)  D?  €agD*(%)
OS only 114 0.078 0.88 +£0.04
SSK only 42.6 0.032 1.38 £0.30
OS & SSK 23.8 0.104 2.47+0.15
Total 77.8  0.061 4.73+0.34 new 23




B. > J/vy ¢: fit projections ‘

Eur. Phys. J. C 79 (2019)

-~ — vy 3500 ~————————] (06
o, 10 E < C ]
o ; S 3000 LHCb 5
=) 3 _ ““. F .
Z 10 —g 2500 - -
& : . ]
j= 2 S 2000 - ~ -
g 10 3 o C 7 N ]
s : 2 1500 7 N
g S NG
Eﬂ g moofnnh_ o
L 1 C el e - 3
= 500 00 TTTreeeeeeeees =
10_1 0 :-AIF"I'."I'-..II— T--ll-.-;-l-ll- -I.'.i”-.rl-ll-.-:bl-I--.Tl-.ll-.-lr'"\""li-.:
5 10 15 -1 -0.5 0 0.5 1
Decay time [ps] cosd,
vy 4500 o 3500
=
. a1
o 4000 = 3000
. 3500 F vy
Z EN / S 2500
£ 3000 \ / S
o 2500 \\ // ~ 2000
b E w
£ 2000F AN 7/ g 1500
5 1500 F N s S
B - _ — 1000
= 1000 PR X N 2
= =
500 .-+ ... o 500
Ein mim qm e mn g gy é =
-1 -0.5 0 0.5 1
cos &,
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Results and new LHCh combination

= ¢ fitted value correlated with AI', = width diff. of the B,

mass eigenstates — plot as contours in (¢ vs AI'y)
plane

AT = 0.0816 + 0.0048 ps*

=\71 1 ) —_

Ll = rad
|
£ 014 DO 8 fb~!
g 68% CL contours
0.12 (A log £ = 1.15)
CMS 19.7 fb!
E
0.08
0.06 ATLAS 19.2 fb!
04 02 w00 02 01_4 '
[HFLAV] ¢ [rad]



HFLAV combination

Al =0.0764 = 0.0024 ps*
CP-violating phase: ¢, = - 0.055 + 0.021 yad

"T: HFLAV
E 68% CL contours
0.12 (Alog £ = 1.15)
CMS 19.7 fb!
AFTER 0.10
CDF 9.6 fb™!

0.08

0.061

04 02 00 02 04
[HFLAV] ¢ [rad]



CP violation in charm

B Direct CP violation Measure

aS}ngmejtryg:;) ED

°°—<2 # 5”%&2

B Most promising channels are Cabibbo-
suppressed (CS) decays where CPV may arise
from the interference between the tree and the
o mme ~l*udes

u
u d,s, b S
_ S

S

B SM prediction is very small O(10*) — O(107)
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‘ The AA_.. measurement

B Tag D° and D9 via “prompt” and “semileptonic”
decays: T
W Prompt: coming from primary vertex, i.e. D™ - DO
soft
W Semileptonic: coming from B-decays, i.e. B* - D° u*X
a TIA _ N(D—f)—N(D=f))ibbo-suppressed

— N(Dj)f)er(D_}f_) T) q!)%ré@t?oq £§mmetry

from Tt*_,, or p*
Production asymmetry

Includes physics and detector effectsm D or B decays
A = ACP + AD t AP

B To eliminate these contributions and cancel the
SYSHISPNBHES N EASHEver 2019 N. Harnew 28
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| AA_, measurement : fits and yields |

44 x 10° events

Prompt
14 x 10° events

«“o-___ R L —
B Measurement 2 ok TR B
> . 1 > 1800F
. 5 3 t Data 1 2 : { Data

performed with = sl B e 3 10 .

S 4000F 7 comb bke] = 1200F 77 Comb. bke.

aImOSt fU” RUI’]-Z 7 3000F e bbkg-; P 1333— e bbkg—;

3 2000F 15 F E

data- set (5.9/fb) = 1E o _z

S N 1 O 200f i _

. %00- " 0 -"n- %005 -.-'-'— qmwmmm

Get the raw ’ nla(DOm) [MeV/c2] m(D°7%) [MeV/c2)
asymmetries from Semi-leptonic

fitS to the m(DO T f) 9O x 10% events 3 X 10 events

soft 4 —— ~ 16—

% 600F % F LHCb

O — E = 140k -

or m(D ) ;" 500; Z" 120;— ;E““’_mx

ictrihiitinne = 400p = 100F W'k

[PhyS ReV Lett 122 é 30_0._ Cornb,bkg. é 80:— Curnb,bkg.z

' ' ' ’ 3 3 e0F —:

211803 2 S .s

S 100; S 20PN :

0 K . Z K

1850

Corfu Summer Institute
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m(D°) [MeV/c?|

1900 0]800
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Observation of CPV in charm decays

B Run-2 results alone :

AATEeed — 118 9 4 3.2 (stat.) & 0.9 (syst.)] x 107
AA’?;;a'ggECl — [—9 4+ 8 (stat.) £ 5 (syst.)] x 107*

B Add in the Run-1 result gives :

AAcp = (154 +£2.9) x 10~*

B A5.3c measurement of CPV in the charm
system !

® This opens a completely new window for the
Corfu§u%qynsgttt§ P ViQL@tﬂn@onw N. Harnew 30



LHCb new
spectroscopy
measurements
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Corfu Workshop as of last year ...

B Reported an unexpected narrow resonance in the mass
spectrum of (J/Y p) In A, — (J/Y p) K- decays
® First observed in 2015— LHC Run 1 data : 3 fb!

B Consistent with pentaquarks: allowed by QCD, but not
observed in 50 years of searching.

Diagram from Liming Zhang

Corfu Summer Institute 3 September 2019 N. Harnew 32



‘ Pentaquarks - 2015 reminder

o0]
o
o

PRL 115 (2015) 072001

~l
o
o

Events/(15 MeV)
3

-
o]

o o] T AT W TP ST ST Sy O

P *(4380): M = 4380+8+29 MeV , [ =205+£18+86 MeV
P *(4450): M = 4449.8+1.7+2.5 MeV , I = 39+5+19 MeV

Corfu Summer Institute 3 September 2019 N. Harnew
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New Run I and Il analysis

B 9.5x more data than used in Run-|

PRL 122 (2019) 222001

B |mprovements in the data selection (2x),
Integrated luminosity (3x) and cross section (13

TeV vs 7-8 TeV)

LHCb

S 26
< 3
E 18000 =
= 16000 oS24
/7]
£ 14000 LHCb
2 12000 Run 1+ Run 2 " . 246k A, signal events
% g fb‘1 L] 22
& 10000 . _
8000 i
6000 s 6.4% background 20 __
4000 L i
2000 old Run 1 sample ______ 18 —_
- 5500 5550 5600 5650 5700 5750 i
mJ/wpK [MEV] |
A, = (I pK) 16
Corfu St & Mstitute

2.5335445555665

[GeV2]

34

102

1

Candidates/(0.105x0.045 GeV*)



Candidates/(2 MeV)

candidates/(2 MeV)

‘ Fits to data

PRL 122 (2019) 222001

B Confirms the peaking structure at ~4450

MeV

1000~ LHCb
: —— all data
| —— total fit
800 — polynomial
600} Ui
400
P_(a440)" P_(4457)

P(4312)" '|

200

4900 4250 4300 4350 4400 4450 4500 4550 4600

my,, MeV]
LHCb

300 —— my,>1.9 GelV data

— total fit

—— polynomial + broad P.*
250 —— polynomial
200
150
100

| F= = =
4900 4250 4300 4350 4400 4450 4500 4550

Jlyp

4600

Weighted candidates/(2 MeV)

S“ [

) L LHCb
= 1000_ all data

‘_N._‘_: | total fit

g | —— polynomial + broad P
b | —— polynomial
_.‘.5 800

= L

c

@

O

600

400}

200}~ R

N
[T

1200

1000

800

600

400

200

- Pas1y [\

00 4250 4300 4350 4400 4450 "4500 4550 4600
my.o [MeV]

LHCb

—— cosd,, -weighted dala
= total fit

—— polynomial

(2vs 1)
P.(4440)"

8.20

P.(4312)"

|AJ/k A sl

\ P.(4457)

i R =l R TR i A

3

00 4250 4300 4350 4400 4450 4500 4550 4600
my., [Me

Weighted candidates/(2 MeV)

S
> LHCb
E 300F —— m, >1.9 GeV data
= — wotalfit Yield:
i —— polynomial -
3 +153 aaat
s 657128
]
< 200
150§
- (2vs 1)
100 7.30 .  P.(4440)" f
F P.(4312) \ A
50 ' +
B \P_(2457)"
- oLy 1, A ’I A " "
4300 4250 4300 4350 4400 4450 4500 4550 4600
My MeV]

LHCb

—=— cosfl , -weighled data
— fotal fit
polynomial + broad P_*
—— palynomial

2]
[=]
[=]

@
(=]
o

400{#1p
P.312) P (4440)' ﬂP144ul

broad P__—

200

4200 4250 4300 350 400 4450 500 4550 4600
My, [MeV]



‘ Fits to data ‘ PRL 122 (2019) 222001

B The previously observed P_*(4450) is now
superseded by the P_*(4440) and P_* (4457)

B New state P_*(4312)

B The broad P_*(4380) state Is neither excluded
nor confirmed by current analysis
B Updated amplitude analysis required to

identifvy the states

State M [ MeV | [' [MeV |
P.(4312)" | 4311.9+0.7788 | 9.8+ 2.7+ 37
P.(4440)* | 4440.3 + 13741 | 20.6 £4.91 57
P.(4457)*" | 4457.3 £ 0.6+ | 6.4 +2.0% 37
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Nature of pentaquarks ?

Possible models describing the observed pentaquark
states .
® Tightly bounded states
B Re-scattering models

i =
ELh xtb**
2 Fpredictedr: it~ 3y
= 1200 saicted /™ 2 % el
> [ —data i 1 {t LHCb
2 - —total fit i y*+po *+ y*0
% 1000 P | | A
% - — background 3 | R
s [ P2 i 3’73
g 800__ i n E;.mH :
-9 ],[" |'”: ; 4
= ih N ’ | T/
3 600 L : "
= T W L)
400“ ' : : ; 5
1 o, [[|PA4440)" £ P (4457
i P (4312)" | :
200 : (
i | M~ —t] _..Ag!-- n_‘_LLJ_]_
4900 4250 4300 4350 4400 4450 4500 4550 <

M yp Me

Molecular-state model
favoured : bound mesons and
baryons are expected to form
narrow resonances just below
mass thresholds

More work needed 37



New:X, and I,* spectroscopy |

B Study the A, n* spectrum

where A,— A/ mand

AJ—pPKmn

® Find (234,270 + 900) A,

PR - [ R o T o PR Y 4 p Y
Si30000 ' e T T T T T
2 - LHCb

25000 [ .
& : .
20000 -
% E 1 | 0 +
= 15000 | | Ay = A
g n M A - Ak
& 10000 | -
C . Part. Reco.
5000 by by T Combinatorial
0 B e S e

5500

5600 5700 5800

;]
ol

5900

m(A;) [MeV]

@n— mass (@

PRL122 (2019) ‘
N12N0N1

35— A
| PRV
""" Background _

200
U' L L | L L L L :|
0 50 100 150 200
O [MeV]
/—'\2200 [ T T T T T T T T T T T T T T T T T
> 2000 £
o F LHCb
E 1800 & - (b) At
<1600
— C
o 1400 -
= 1200
3 S B .
2= 1000
g 800F X - At
O 00E E
2 ot s At -
s0F PNV
200

""" Backgromd %

L |
100 15{]

I 200
0 [MeV]

Y and X’ resonanceg

0 50




A, excitationsin (A, t'n) |

arxiv:1907.13598

B Study excitations by
adding "t~ to the A,
B A, reconstructed In
A,— AS 7, and also
add in A,— Jhy p K-
B Structure seen

around 6.15
GeV/c?

Corfu Summer Institute

3000

.L |
=
:.1|_

: Ab C N ++++++ -'f
2000 — N o s —
B A +++1+‘1¢+++ === signal 7
: N _r-g-i-f- --mTT ----- background |
1000 fg =" - total _
z | i
5 B A .
15? : : . } } : : $ }
<
Lk Ay p K- .
+-
Nt AT
R s s -++++++++++ 1
200— bt ‘k++_+~~--"‘ T+ + —
*+++ + 7+

3 September 2019

6.15

Qb I ma@ [GeV]
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A, excitationsin (A, t'n) |

arxiv:1907.13598

B Study excitations by we %, region -
adding "t~ to the A, §H+++++++++ﬁ+_+_ OISR

B A, reconstructed in l\ o
A= Agn,andalso e T SN
add in Ay— Jhy PK- | “F St S

B Structure seen B .Z? .reg'.” ]
around  6.15 A
GeV/c? P

B |nvestigate T NR 2
substructure of the | Fegion B
decays where Q Rk ma@
weerty T:(n,r&lestiil)te A p+3feptember 2019 N. Harnew
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| Observation of two new A, excitations

3 o A;,(ﬁllblz)(:—;f\lﬂT[I'T; L ey arXiv:1907.13598
g : A,(6152)°
. A,(6146)° A,(6152)
‘ v .' Tt
. |' _E;ﬁ-
R A,(5912)° Ay(5920)° T
] A —— or
| x bﬂ- — Tt T
+ - 0 T
o | A |
LT ] b 5620 MeV udb
}
My 6146 = 6146.17 +0.33 £ 0.22 +0.16 MV,
My G520 = 615251 +0.26 £ 0.22 +0.16 MeV
T's (140 = 29 +1.3 +0.3 MeV,
B Very rich spectroscopy Tpes20 = 21 £08 £0.3 MeV,

In the A, &%, ) systems |
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Observation of new state in DD spectrum

B Use full Runl+Run2 dataset

JHEP 07 (2019) 035

- hew narrow state observed in the invariant

mass spectra of DODO and Dﬂz:

1200

Candidates/ (0.5 MeV/c?)

Candidates/ (0.5 MeV/¢?)

=
=
S

800
600
400
200

600F
S00E
400E
300E
200E
100E

o T
w/
=

1( 1(3872)

Wwwwwﬁ‘ﬂmwwuwwﬁﬁ

WA

o

7/

"
|||||||

M!,*M l %’W'W!WMHM i

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

Mass [G(\

f T
- Vo | Y5
) —h2P)  W3(1D)
3.8~ pD x [Nm 73,2([“;)]“_—
A — O - 770 |
3.6/ n.(28) . E
; —
3.4 ; (1P B
3.2 E
JAp
3 n.(18) b
2.8 ,
> P D
MX(3842}_ 3842.71 +0.16 + 0.12 MeV/c?
r)({3842) =2.79+0.51 +0.35 MeV

42




The upgraded
LHCb detector and
outlook
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LHCbh Upgrade planning

WE
ARE
HFRF . _
< 9 fb-1 » 4————— Goal: 50 fb! ~————o-Pp g~ Goal: 300 fb-1 ——p
Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2010 2011 2012 (2013 2014 2015 2016 2017 2018/2019 2020{{2021 2022 2023|2024 2025|2026 2027 2028 2029} 2030 §2031 2032 2033 |2034|2035 2036 2037
Upgrade I Upgrade Ib Upgrade 11
¢ B ¢
Install Upgrade Consolidatio Upgrade
| n I

<

Luminosity 4x103%2 cmr

ZS-l

~1.1 visible
interactions/crossing
~9 fb! collected

Corfu Summer Institute

> <

>

Luminosity 2x10% cm-

28-1
~5.5 visible

interactions/crossing
Up to 50 fb* collected

3 September 2019

N. Harnew

=

Luminosity 2x103%* cmr
28-1

~55 visible
interactions/crossing
300 fbt collected

44



| LHCb Upgradel

New electronics
for muon and
calorimeter
systems

New scintillating fibre
tracker (SciFi)

New silicon upstream Side View gcap, HCAL
tracker (UT)

SciFi
! \
NN o
Vo N N N
e m e w I“I. = l‘\.l R
" *, AT
\ S i
N \ \ y
N W \ \ N
! N N \ \
\,
M,
b
o

Tracker
New RICH1 and ‘ /| ;
New PIXEL /| photodetectors T I\ .T'
/P New RICH2 Mﬂ# L. Q

vertex detector T '--' photodetectors
(VELO) Plus new trigger

Corfu Summer Institute 3 September 2019 N. Harnew



L’Y prospects:Runl1 &ll - Upgrade ‘
|’}/ = (74. ()Jr )c‘l

Prediminary

* Run 1 target of 8° }
surpassed : (analyses Y o
now essentially :D :
complete) &

1-

{J'.E_'—
[ 95.5%

* Run Il data well into | |
analysis ) % 50 100 150
target <4°(~9 fb)

Y[l

B B* decays
I Combination

= LHCb Upgrade :
target 0.9°(~50 fb-1)

EPJC (2013) 73:2373
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... and beyond 2026 : Upgrade I

5D ECAL
Spatial res., |

Timing,
f side
stations

|H E: ! DS
' o Tungsten

ECAL

Meutron

SciFi TORCH
&Silicon . :
Tracker

Phase-I1 Upgrade

Timing/PID |

COrtu summer imscitute S dEPlemper £4v.iy N. narnew
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0.7

0.6

Evolution of the Unitarity Triangle

LHCb 2018

LHCB-PUB-2018-009

LHCb Upgrade

| 2025 (23 oY)

excluded area has CL > 0.95

Eis :
— =] —
— N —
L —
-9 -1
=k —
05 —= —
|2 =
- 2
04 —3
- 2 LHCDb :
03 —
3 2019
0.2 [Z
Run 2
0.1 — E
0.0 1 L L 1 L N 1 1 P .:—:‘
0.4 0.2 0.0 0.8 10 E
04 —
= -
0.3 F
0.2
0.7 —— - T i e — R —
- 8 y =
os L. S
3 §.=-QQ_Q§L[]. 2B B & Ams LHCb 300ifb -
— |m i -
05 = . / —
- = B
— |8 i
04 % —
- (2 -
| o —
03 |- =
0.2 H —
0.1 —
0.0 E— A o =
04 0.2 0.0 0.8 1.0

LHCb 23
4 & Amg

0.2 0.0 0.2 0.4 0.6 0.3

LHCb Upgrade Il
2035 (300 fb)

N. Harnew 48
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Summary and Outlook

® The LHCDb experiment has performed spectacularly well :
— ~9 fb! of recorded data up to Vs =13 TeV

B So far all Unitarity Triangle measurements are consistent
with the Standard Model
- New Physics Is becoming constrained

® | HCb is a fantastic platform for spectroscopy
measurements: many measurements were never
foreseen in LHCD’s original physics portfolio.

® Still much room for New Physics, but higher precision
required

- preparing for LHCb Upgrades beyond 2020 and the
decade

afterwards!
Corfu Summer Institute 3 September 2019 N. Harnew 49



Spare Slides

Corfu Summer Institute 3 September 2019 N. Harnew
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LHCb forward spectrometer

B Forward-peaked production — LHCb is a forward
spectrometer (operating in LHC collider mode)

B bh cross-section =72.0+0.3+6.8 ubat Vs =7 TeV
in the LHCb acceptance 2<n <5 PRL 118, 052002

AtVs =13 TeV: 154.3 + 1.5 + 14.3 pf (2017)
-~ ~ 100,000 bb pairs produced/second (104 x B factories) ~$”h (PYTHIA]

and B
y / / M5 N\
- LA ; M4 - L T
/all species of B hadron o LA
Smi—/ / SPD/PS ==\ N\
I Magnet ECAL L i \
L/ : T3 RICH2 N A
/ = \\ 10 —300 mrad

/
) | -I = - _
| / =~ = 2 "B gl J |
g ] \ .
| 4 3 - 1
IIIII - - e =, K L 3
-v {.‘-_____- = '_-. I|I \ \ b

- B, 20 = e \ \ ]

= - e - : \ .

|

JINST 3:S08005 (2008),
Int. J. Mod. Phys. A 30,
1530022 (2015)
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Integrated Recorded Luminosity (1/fb)

[LHCb data taking

Design luminosity = 2 x 10% cm=2st (50 times less than
ATLAS/CMS). Typical running luminosity ~4 x 1032 cm?2s?

2.3 - 2018 (6.5 TeV): 2,19 /b
E 2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb
2.1 . 2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /b
1.8 &« 2012 (4.0 Tev): 2.08 /b
§ - 2011 (3.5 TeV): 1.11 /b
1.6 ] 2010 (3.5 TeV): 0.04 /b

2018 20

.
Sep

Corfu Summer Institute

Nov

Month of year

3 September 2019

| [ FULLY ON: 88.78 (%)

[ ] HV:0.67 (%)

12 [ | VELO Safety: 1.01 (%)

7 [ DAQ: 225 (%)

Integrated Recorded Luminosity (1/fb)

Bl DcadTime: 7.63 (%)

N W R O N WO

FEEEPEErr e e ey e e e e e e e e e e e e
N [T MALALAALILLY

L= I

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 219 /b

2017 (6.5+42.51 TeV): 1.71 /b + 0.10 /fb

2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /fb

B RTT - TTTTTPITTITTTPTISTOIs:

010 2011 2012 2013 2014

2015

2016

2017

4L

2018
Year



‘ LHCb Run 2 trigger

LHCb 2015 Trigger Diagram

®  After LHCb’s hardware trigger,
events are buffered.

~> ~> ~> ® | HCb’s automated real-time
LO Hardware Trigger : 1 MHz alignment and calibration runs :
readout, high Er/Pr signatures w Full detector alignment and
450 kHz 400 kHz L) Ldaks calibration in minutes.

B  Full event reconstruction in
software trigger

40 MHz bunch crossing rate

. Software High Level Trigger

. : ’ W Exclusive decay modes and
Partial event reconstruction, select . .
[ displaced tracks/vertices and dimuons ] calibration modes fully
: reconstructed,

Buffer events to disk, perform online
detector calibration and alignment

W Results stored and used as
basis for analysis.

[Full offline-like event selection, mixturej B See LHCb-PROC-2015-011

of inclusive and exclusive triggers

I 1 7

12.5 kHz (0.6 GB/s) to storage YY¥ It N. Harnew 53




B, mixing for side oppositetoy |

(1-222)(p,M) .
ViV, @

I/cb cd
(0.0) (1,0)
Fermi : “Inami-Lim function”
constant perturbative QCD for box diagram

- GF 2 * mz/ 2
: 6 12 ALYR IS So(m_i) ) mad' fad' Bad '
A A A %

W-boson g s  decay "bag parameter”

mass constant
= Mixing loop dominated by the top WJV .
= Length of side from ratio of B, and B, : B ot :
Vo 2

mixing frequencies extracted with input
from lattice QCD (systematics cancel) Ay

Corfu Summer Institute 3 September 2019 Amg




B, mixing at LHCb

N(B° - B°) —N(B°- BO)
N(B°- B°) +N(B°- B?)

LHCDb

[
4
[

! BO_, D_,IL_I_U!,,X { 2 e Tagged mixed
: _: g = e Tagged unmixed
)= — ; 400 —— Fit mixed
I ] g I —— Fit unmixed
@
- -+ :g |
N =+ ge)
-0.5F (e) 1 § 2/
T S S S . S A S = A ——— H
5 10 7 [ps] A I LA AN
Amg = (505.0 2.1 +1.0)ns~? L 1 e deca3time[ sf
J. Phys. 15 (2013) y P
‘ Eur. Phys. J. C76 (2016) 053021 23 £ 0.006 st

n1n

Via/Vis| = 0.210 £ 0.001 =+ 0.008.

5
Mixing measurements

http://pdg.lbl.gov/2018/reviews/rpp2018-rev-ckm-
matrix.pdf

dominated by LHCb (L-QCD
systematics to be improved)

Corfu Summer Institute 3 September 2019

N. Harnew 55



‘ |V,,| measurement for side opposite to f3

(1-2212)(p,n)

cb cd

00 ~ (1,0)

= Closure test of UT mainly limited by |V |
= Side opposite to  proportional to |V .| / |V

= Vg and V_very well known. |V_| known to better than
3%

= |V, |? Is directly proportional to the decay rate B—X v
Corfu Sum erllﬁ_llglﬁ CaICLﬂaelpte bﬁrSZiOﬁia HQETN.Harnew 56



LHCb measurement of |V _ |

m|V,|/|V,l difficult at hadron
colliders due to presence of

neutrino

m | HCb measures A\, - py- v

(the B°- 11~ u* v channel is
extremely difficult)

18000

Candidates / (50 MeV/c?)
S
8 8

o D
o (o
o o
o o

B The measurement relies on

N\, - p form factors from

the lattice)

9000 f

——

) Combinatorial
Mis-identified

B D’puv
A"fy'?

N 000
| —— L )
- EALT

N'u™v ues
[ [T

30000 4000

LHCb

i 5000
Corrected p 4 mass [MeV/c?]

V.| = (3.27  0.15(exp) % 0.17(theory) = 0.06 (V. [)) x 102

Nature Physics 10 (2015) 1038

Corfu Summer Institute

3 September 2019

N. Harnew
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Tension between B-factory inclusive and exclusive |V |
measurements limit the precision on UT side. World
avera |v,,| = (449+0.15 T 912 +£0.17) x 107?  (inclusive)

Vil = (3.70 £0.10 £ 0.12) x 1073 (exclusive)

Vup| = (3.94£0.36) x 107> (average).

http://pdg.lbl.gov/2018/reviews/rpp2018-rev-ckm-
matrix.pdf

=
=y

K- Ao g 20
Py 5 feetl ard - 0455

ancluded aras fas CL = 095

=

s

= JflllillllllllI|IIII|IIII|IIII|IIII

ET T
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Measurement of o

B Constraints on a from B - 1t 11, p1T1 and pp (Babar
and Belle)

B o=(87.63%,,)° world average measurement

B Compared to the prediction from the global CKM fit
(not including the a -related measurements®

o = (9()_6 +3.9_1.1) http://ckmfitter.in2p3. a = arg|- thvib

i Vuqub

B As yet there has been no T T I
LHCDb 'standalone’ N QB | d <\

measurement of o i

® | HCb can provide useful
Input to B-factories
measurements to
constrain alpha.

0.2

= IIII|IIII|IIII‘\III|IIH|IIII|HII

o II|I|IIII|IlII‘\III|IIH|IIII|HII

FR
-
L ™

0.0 0.2 0.4 0.6

s
o
y
o
o
o
o

ol
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‘ CP violation in 3- body B+ decays

100 — 4 B*data + LHCb PAPER-2019 017
— B* model
v B data o ) LHCb-PAPER-2019-018
80— 0.4 Jf

o
(=]
|

40

entries/(0.0675 GeVZ/ch
asymmetry/(0.03 GeV/c?)
o
|

Y

20— — €08 Ope = 0

=0.6 | — cosB<0

-0.8 T | I | |
0.6 0.8 1.0 1.2 1.4
m2eyc (Gev?/c?) M, (GeV/c?)

®  Yields of B* - m+K+K- and B-- 1-K-K+ show a striking asymmetry in
the region of phase space dominated by re-scattering effects.

B  CP asymmetry between B+ - mt+1t+11- and B-- 1tTt-11+ decays in a
region of phase space including the p(770)° and f,(1270), divided

according to whether the cosine of the helicity angle is positive (blue)

or negative (red). The bands indicate the spreads of the isobar, K-

matrix and quasi- model iIndependent models

Corfu Summer Institute 3 September 2019 " N.Harnew 60



“GLW?”’ method Method where D and D°
decay to CP eigenstates

O
D K = Eigenstates are equally
|(5 -Y) accessible to D° and D°

[KK]DK = Only 2 hadronic

parameters rg, o, to be
\ j determined alongside y
(rg~0.1)
“Counting experlment :
observe the rate of B~ vs. B*

Weak phase changes sign for equiv B*diagratq,ecﬁ@M%ss of arrows indicate relative

SUR(By-N(B) _ 1 —1)si i
N(B )+ N(B*) Aer = Rep, (20 Dsine,)sinGy)
oL
NEB D[RRI, B IAD 2 K7) _ o 1402 420, 2F, ~1)cos(8,) cos(r)
N(B —[Kr],K)xT'(D — KK)

For CP+ eigenstates e.g KK, it 1T, F, =1
Corfu Summer Institute 3 September 2019 N. Harnew 61



“ADS’’ method

B

diagra

y
gDOK o

Weak phase changes sign for equivalent B*

NBH)-NB ) _

N(B)+N(B")
N(B® »[7°K"],K7)

ADS

N(B* >[K*'77],KY)

b 2151y, 8in(05 + 6, )sin(y) !
RADS

Decay into flavour-
specific final states
Larger interference
effects than for GLW as
both amplitudes of
similar sizes.

Iy, Og hadronic
parameters again to be
determined alongside y
(ry~ 0.1)

Additional two
parameters r.. o- .

=R, = rﬁ: +r§ + 211, cos(O0; +0,)cos(y)

Again, a counting experiment : observing the rate of B- vs. B*

d e@aylgummer Institute

3 September 2019

N. Harnew 62



“GGSZ’’ method ‘

— "DOK- ® 3-body final D
r.e (%) states e.g. D — K?
B- Bin i nn
A .
B B Dalitz plot
DOK- analysis : a
Weak phase changes sign for equiv B* counting

WEESZ observables (rate as furlRii B1E54I2 BBSition)

2

2 2
dlp+ (x) = Alx,5) + BAF. 1)

+2A1 A+, 1) |rg cos(dp £ ) cos(dp(+,)) + rasin(dg = ) sin(ﬁg{i;])]
XL Cj Y4 S;

c, and s, measured from Q-C D decays at CLEC 3r><iv:1010.281 .




New model-independent GGSZ analysis

| \ Uy |
‘ LHCb-PAPER-2018-

S — I — 180 .
0.1 LHCb ‘ 4 & LHCb
‘ 120-— -
601 i
Bt - == 56111151& 2016 data
—0.1F+ . | . . l L 1 1 Combined result |
—0.1 oL &, O e 120 [é]so
Y
10° [+19°
’}/ p— 800 tgo (1-180) 3
_ +0.011 /+0.022
LHCb GGSZ rp = 0.080 5o (Foi023)
10° 19°
Only 53 — ]-]-OO __Floo (—_Fzgo) .

The most precise determination of y from a single
ana‘w&er Institute 3 September 2019 N. Harnew 64



‘Evolution of y precision ‘

Nov 2016 JHEP 12 (16) 087

= |t is necessary to pursue different B decays to provide

crosschecks

|
100

100

50

|
100

= Current measurements still dominated by statistical

LSO G Rute

3 September 2019

N. Harnew
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‘Evolution of y precision ‘

Spring 2018 LHCb-CONF-2018-002

o

LHCb

0 s0 100

0 50 100 150

5 bl
= |t is necessary to pursue different B decays to provide

crosschecks

= Current measurements still dominated by statistical
l&n&%&mnuﬁﬁute 3 September 2019 N. Harnew
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‘Two methods for accessing D decay information

Two ways to deal with the varying r ,

aipdel dependent Model independent

= Use CLEO data
to measure
average values
of ry and 6, In

= 1, and §, determined fro

flavour tagged decays (e
Babar/Belle) via

amplitude model
PRD 82 (2010)

112006

= Systematic uncertainties
due to model hard to
guantify

= Direct phase information,
uncertainties on which can be
propagated

Corfu Summer Institute 3 September 2019 N. Harnew 67



| Time dependent analysis : B™>D*K-

u,c,t
E - E b - | " - g
| 1
=0 :I:I 1 N
0 f 1 |
B D B W % K
51 _
I L‘,,C,!’, | b
b > > c § - - - - 7
u \ C .
.‘/:‘b x .Vu.ﬂ; =~ )\3 K~ Vu.‘; X M:s SN\ Ds
5 5

m Interference between B decay to D.*K- directly and via B0 B?
oscillation gives a CP violating phase

(I) = (I)Decay _ (I)Mixing = ('Y B ZBS) BH R
. .. \ S. ReV.
Bsis (small) mixing phase, ¢, =-2p;=0.01 + 0.07 £0.01 (syst] (20y13) 112010

11" 5o t 1 Al t ATt
bl s AN s (1) = §|Af\2(1 + | Ap[F)e Tt [cosh( : ) o} A?rsinh ( 2‘ )

a ‘
+ Cfcos (Amgt) — Sysin (Amygt) ], JHEP 11 (2014)

AT = (1 2 ‘ | | 060, Phys. Rev.

”sd—;*f() _ %|Af\2 g (14 g [2)e Tt lcosh (Ag"’t) 1 ASTginh (Ag*t) (2013) 112010

— Cycos (Amst) + Sy sin (Amst) ] : 68



‘ B°>D.*K- continued ‘ JHEP 11 (2014)

060

® Only 1 fb? of data published so far. The full Run-1 3 fb-!
measurement is expected towards the end of this year.
) 2
qar _ —2rprcos(0 — (v = 205)) - yar _ ZZroxcos(0+ (v = 2B)) ¢ = 1=k T?‘K
f 1473, A 1+7% ’ L+ 7rh
2‘?‘]}9;{ %Hl( ( 265)) o —2?‘;)3;{ SiIl(5 + ("}/ — 2/8.5))
Sp= , SF= 2 ‘
1 + TD,.;K 1 + ir’D_-;j!"{'
. :
Measure tolded asymmetry distributions: y = ( 11 5+28_
D*_K- D- K- \o
C —r T 1 r 17 | ] i C —————— 43
0.6 LHCb F‘, 0.6 LHCb -
C 1 4O .
0.4__ -] 2 0.4_— ]
0.2F | + ~‘~ 0.2 :‘*’<Ij+<“ =
02F + E 02F | ++ E
0.4F + B -0.4F -
-0.6F - 0.6 ~
C PR S SR TR SR TR SN TR S SR SR S T AT TR TN T N SN S SR SO (NN SO ST SO S N ]
0 0.1 0.2 0.3 0 0.1 0.2 0.3

T modulo (2/Amy) [ps] T modulo (2/Am) [ps] '



“Visualizing” the effect of ¢.inB, > J/y ¢ |

= Amplitude of asymmetry o sin ¢,

= Frequency iIs the same as in B, mixing

Eur. Phys. J. C 79 (2019)
706




Measurement of CP violationinB_ - ¢ ¢ ‘

® Enhanced sensitivity to DRCO AP R0 1000
NP since decay Is
dominated by penguin
loop K

® SM prediction of CP

violating phase is small ,

< arXiv:0810.0249 -
Phys.Rev.D80:114026,2 :
009

10° £

Candidates / 9 (MeV/c?)

® Perform time-dependent
angular analysis, :
Runldata + 2 fb'l Run ‘”é

107 - :
2 5200 5300 5400 5500 5600

M(K'K'K'K') [MeV/¢?]
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B Matching between observed peaks and
predictions requires spin-parity information

(_EI 35 = -
;3.4 mj —E N F L e N B
D] 3 3 2,4(2P) €.,(2P) Q,,(2P) ) ] L 400+ 172 3/2 LHCb
o 0,2P) % = p= -
= D‘.J(m% 2\ A%/ 3 = - Uy 32"
. 02,(1D)2,,(1D) 2,,(1D) = -~ B
% ﬂfg(]D)ﬂ‘:}(lD)_é - 03119 % 300_ 512
................................ = FeXENT)K 2] i
‘2“ 3.1 & -------------------------------- PAIPL O Gosoy 3 B
nqg)""::'"':::"":::::::::::::::::::‘.:Oc‘(_‘ms“gn _5 -
Q028 _ _ _ 27 / ___________________ i D - | 4
3 2, o 2 2, % Eﬂr(SUUU) 5 200‘ | ‘ W Tt * ..'i J ._
2.9 ' Z E gl M e
)8 E 100[ " "
' : 1
27E s E A
26 ' 3 3000 3050 3100 3150
—_t
' S P P P P P D D D D D D Adapted from Fig. 2 of arXiv:[1703.04639] m(:'c K ) [MeV]
J o 1 0 1 1 2 2 1 1 2 2 3 3
gep 3 r r 3 3y 5 1+ 3 3 5 5 7 :
2 2 2 2 2 2 2 2 2 2 2 2 2 M. Karlmer,J,L,

Rosner, PR D95,
114012 (2017)
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Comparisons with SELEX

« SELEX (Fermilab E781) collides high energy hyperon beams (X7, p) with
nuclear targets, dedicated to study charm baryons

* Observed 2} .(ccd)inZ), > AJK " and £}, - pD" K~ decays

* Large mass difference: m(Z27) uey — M(E ) eiex = 103 + 2 MeV

N.\J 350 _— | | | | | | | | | | ‘ ‘ p—
> [ LHCb13TeV |cpz, +—DataRS |
0 - i

300 F —+ Data WS =
> - .
o [ . O N — + "f‘ Data SB a
= 250 y SELEX = i
SHNE " Joam ]
= 200 |- L '
O B :
;_8 150 :_ 18 _j_."-ir
S onk -
O 100 '

i

_IIII|IIII|IIII|-I-':l—F'I-

0 [ T T R "45 L [
3300 3400 3500 " ".d600 3700 3800
m(Z [MeV/c2

Corfu Sum




Previous pentaquark J® assighments

_0_

-0.3F

fummégs; E

'LHCb ¥

b b b e bl

I|II|II]II|I|I|]

Re A%

g berabvwra by brva by b dvrna b by ana denaa by NAEEERESNENE SRENE ANERAARENE NREES
-0.35 -0.3 -0.25 0.2 015 -0.1 -005 O 005 01 015 -01 -0.05 0 005 01 015 02 025 03 035

Re A

® Preferred J° assignments of opposite parity, with
P_*(4380) having 3/2- and the P_*(4450) having 5/2*

B Good evidence for the resonant character of
P_*(4450) Too large errors for P_*(4380) : hard to

make a definitive conclusion.

Corfu Summer Institute

3 September 2019

N. Harnew

PRL 115 (2015) 072001
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Pentaquarksin A, — (J/Y p)n- ‘

Search for additional Pentaquark candidates in other
production channels
A, = (/Y p) = (Cabbibo suppressed = 15 times
smaller statistics) PRL 115 (2015)
Contributions from: o I
N pr L
P.(4380) — Jhy p B 30F e
P (4450)" — Jiy p g 25 N Faseen
Z (4200) — Jhy - E’fg i R
Fit with 2 pentaquarks + rok S Jf .i J[ E
Z (4200) tetraquark : 5 SRt | E
favoured by 3o o et o\ Ll
compared to no exotic = 5[Gev-
. . Jwp -
cR@ERLLRRE 3 September 2019 N. Harnew
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Another possible pentaquark mode ‘

B Can look for udscc pentaquark in =, -(bds)—

J/l. 1. A l/7_

b - > c S T -

E}J/w | 4-Data LHCb
W~ , 40| — Total fit |

— S i ----:bs gnal A decay
:b d > > d A K J/wEGK inside |
¢ 11 | Comb. b]ig the ]
U - 20 vertex —

8 - > S JK detector

é'Ehﬂ ouht Bt W4 g
2V ‘ 3
4 L=

® Observation of =~ in Run |
data (~300 candidates)

LHCb

ates/(6 MeV/c?)

- A decay .
— 60 outside .
| M(Z, ) — M(A}) = 177.08 + 0.47 (stat) £ 0.16 (syst) McV/c | N r———
O 40: detector

B Amplitude analysis with Run

=
|| data to follow 2
Phys. Lett. B 772 (2017) | -2F
2065 5700 5800 5900
Corfu Summer Institute 3 rzury m(J/WAK") [MeV/c?]



Aol

‘ Search for the doubly charmed baryon =

B The quark model predicts three weakly decaying C
=2 JP=Y*stafes: = (¢cd), = (ccq), and O
(ccs)

B JP = 14" states decay weakly with a ¢ quark
decaying to lighter quarks

m JP =3/ states expectec‘ to e ;Kf mHotm o s

e Stror

1/2

Corfu S



b

Decay modeof =

B Search in decay mode : =" - A Kt'n*

Branching fraction can be significant (10%) (vuet
al., arXiv:1703.09086)

B Run 2 data sample: Vs=13 TeV, ~1.7 fb!
EL;“CJ“ > ATK ntn™

u > u

c > C
d;
=+ <: d,_, <ﬁ‘1
o
u Py T(A) =~ 200 fs

C g LLHR > 8’ o, ~45 fs
u

A 4 A

AT 55t o K-t AR (= pK )

=++
=cc
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b

Observationof = PRL 119 (2017) 112001

B =* IS mass-corrected for A_:
mcand(*—*c +) — m(A+K 7T+) m(A+) + mPDG(A+)

N ™ | -
% 180E | HCb 13 TeV E
7] ' ' : + 160 =
Signal yield: 313 £ 33 > ol E
events = - —Total :
120 e Signal ‘ =
" Width 6.6 +0.8 MeV, 5 100f -~ Backeround | e
consistent with 5 80F I '
- 5 =i ] H e =
resolution O 60F fuT, i :
40FTT 4 =
® [ ocal significance > 20 F 3
S T N T T D

220 0=3500 3600 3700

m, (Z) [MeV/c?]

m(ESF) = 3621.40 + 0.72(stat) + 0.27(syst) + 0.14(A}) MeV
m(EXT) — m(AY) = 1134.94 + 0.72(stat) + 0.27(syst) MeV
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P
=4

= ¢ lifetime measurement

Phys. Rev. Lett. 121,

® Analysis of 1.7 052002 (2018)
fb~tsample of Run 2
data, using A% — A_"K-
n*tt control mode to

measure the B .

lifetime with respect to AT 1 T
that of Aob ' “m(ATK- ) MeV/c2l
B ofF | LHCb —
. — +2’4I . § SO0f B :

7(Z5) = (25612 + 14)fs S b

;g 0L

2 20f

g 10}

0F

B Confirmsthat E_*Is a e

Decay time [ps]

CorfumMytdec ay mgt@arygn _ N. Harnew 30



The puzzle of the Q :*lifetime
® Viathe decay Q,* - Qu*v X then Q° - pKKT* [ QP Is (Css)]

B Measured relative to that of D* meson decays (reduce
systematics)

B Lifetime ~4 times greater than pfevigi®s experimentsxwhich
g _hewep-10 timeslegsstatistics £ +Data
g I + Data E i
s = Fit e
gmo; —1=69fs b%‘ms__
‘_g i Run I, 3fb*
_UQ;' =
) LT
ecay time [ps
L PDG Average —e— LHCb, ggj)g;%—’?;
o 02 04 06

€% decay time [ps]

T(QL) = 268+24+10+2 fs

arXiv:1807.02024 3 September 0 200

FOCUS [2003]  =e-
WAB9 [1995] —e—

E687 [1995] E -

200
2 lifetime [fs]




Observation of a new =, ‘fesonance

B Seen both in
decays

® JP not yet measured

I M(5}) — M(A)) = 607.3 & 2.0 (stat) & 0.3 (syst) MeV/c?,
I' = 18.1 £ 5.4 (stat) & 1.8 (syst) MeV/c?,

Eb**_ — .A.bo K_& E’b**_ — EbOT[_

arXiv:1805.09418

M(Z7*) = 6226.9 + 2.0 (stat) £ 0.3 (syst) & 0.2(A9) MeV/c?.

=

% 400 LHCD — Fulfit ]
3 0 ys=7,8TeV — 5 — Ap-ATK
= - Combinatorial
o
%‘ 200 TT%TTLTM++TT
g THIHE 1]
2
©
% L
¢ 100

| | Au | ] ] ] ] | | ] ] ]

500 600 700 800 900

Candidates / [10 MeV/¢?]

M(AgK") - M(A;) [MeV/c?] )1

400~

200

- LHCb — Full fit ]
- Vs=13TeV — & — ApAITK
Combinatorial
gt
(T

700 800 7900

600 i
M(AZK) - M(AD) [MeV/c?]



| Observation of Q_ excited states |

® Single charmed baryons predicted to form SU(3)

3 ® 3 =3 ® 6 baryon multiplets (Jaffe, Phys. Rep. 409
(2005) 1)

® All ground states have been observed, as have
eyl_r\ifad ctatoae A Y and =

L sl

i/\

S
0

I
I
I
I
I
11
I
I
I
I
L

: 02 =
—_

1 e 3+
. p : .
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Observation of five new narrow Q ° excited states

B Decay : Q. (css) — Z_ " (csu) K- ; E; (csu) —» pKn*

- d
S > d Kk wt <

m Decay well separated from prlmary vertex 1(=,) = 45

[x]
a4
4p)
S
*
| <
=
\ :rE’}, ;

I T T T T

LHCb

pqss 80000_ — %\ 400:_
E - = I + 5K
= 60000 = — Full fit
i g 300f =i inh
i < =" sidebands A
% 40000 _'g B =, sideband .
5 - =
20000
0_ el B RS R SRR E
2440 2460 2480 2500 O_ i
m(pK ") [MeV] 3000 3100 3209 3300
LHCb, PRL 118 (2017) September 2019 m(E.K ) [MeV]

109°NN1



Masses and widths LHCb, PRL 118 (2017)

182001

Resonance Mass ( MeV) ' (MeV)
2,(3000)° 30004 +02+0.177  45+0.6+0.3
2.(3050)°  3050.24+0.14+0.179%  0.84£0.240.1

< 1.2MeV,95% CL
2.(3066)°  3065.6 +0.1 03797  3.5+04+0.2
2,(3000)° 30902+ 034+0570F  87+1.0+0.8
2,(3119)° 31191 4+03+£0977  1.1£0.8+0.4

< 2.6 MeV,95% CL
2.(3188)° 3188+ 5 +£13 60 + 15+ 11

5 narrow states & evidence for 6th broader state at high
mass

Assignment of JP states in the quark model (see backup

slides) (M. Karliner, J.L. Rosner, PR D95,
114012 (2017) )

Suggestion the 2 narrowest states might be pentaguarks ?
(Michat Praszatowicz et al Phys.Rev. D96 (2017) 014009 )
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| LHCh Upgrade I trigger system

30 MHz collision rate ‘ .
_ ® Trigger-less readout and

HLT full software trigger
HLT1: full event reconstruction, W Process data at machine
inclusive and exclusive kinematic/ clock (40 MHz crossings

eometric selections ..
J and 30 MHz of visible

Buffer events to disk, online Interactions)
libration/ali t
sl el s wNo LO (hardware)
(" HLT2: offiine precision PID[and | bottleneck
track quality. Output full event -
information for inclusive triggers, ¥ No further Oﬂ:“ne
trigger candidates, and related processing
PVs for exclusive triggers

H EH H HE E B S S S S EEEE SN BNEBN
f

1 WRun Il was already a

critical test-bed for this
technology (turbo mode)
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