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LHCDb forward spectrometer -

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

m bb cross-section = 154.3 £ |.5+ 14.3 ub at Vs = 13 TeV
in the LHCb acceptance 2< 1 <5 | PRL 118,052002 (2017)

— O(100,000) bb pairs produced/second at LHC Run 1&2
luminosities (c€ x20 larger)
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Integrated Recorded Luminosity (1/b)

ILHCb data taking

Design luminosity = 2 x 1032 cm=2s! (50 times less than
ATLAS/CMS). Typical running luminosity ~4 x 1032 cm=2s"!

2.3 - 2018 (6.5 TeV): 2.19 /ib
2017 (6.5+2.51 TeV): 1.71 /tb + 0.10 /fb
2.1 . 2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /b
1.8 & 2012(407Tev) 208/
. 2011 (3.5 TeV): 1.11 /b
1.6 ] 2010 (3.5 TeV): 0.04 /b
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CP-violation and
mixing in beauty
and charm
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(v, v 1, ) ( :
- - = ud s b 1-2*/2 A A)@(p-in) \
‘ Unitarity triangles ‘ L o I I A YO
vy A(1-p-in) -2 I
m Beauty system o
B Triangle N [ B, Triangle - 2\
Vud Vub ~7\3. Vid V't ~A3 Vis Vb ~AZ
Vus V'ub ~A4 s
9 Ves Vieh ~A2 )
Ved Ve ~A3
\ o /
B system : angles a, [3, v ~1 B, system : angle B,~A?
m Charm system
D TT‘LQHQLE‘. V'ud Ved ~A V'ub Vb ~AS
B
V'us Ves~A

Charm system : angle f_~\*
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Unitarity Triangle measurements

: 4 / ®m Amazing progress in the last 27 years;
1.0 - g " ; .

the SM remains intact, but a whole lot

still to learn

05

http://ckmfitter.in2p3.fr

0.0 -

&
sol. w/cos2B<0
(excl. atCL > 0.95) —

i AN
1.5 2.0

NOW (dominated by LHCb)



The angle y (a key measurement) ‘

Loop processes are very sensitive to y £ arg -%]
the presence of New Physics S Cdcf
Constraints on the triangle apex os it ' Amfm"“m o xisicle
largely come from loop decay & — sin 2§ s
measurements - E V Loop ™™ _5
Large uncertainty on v, the only angle “E / only E
accessible at tree level : forms a SM :1 3 E
benchmark (assuming no significant O:OE e 5
New Physics in tree decays) omoom om0
v prediction in SM theoretically very g1 T T T
Clean JHEP 01 (2014) 051, PRD 92(3):033002 (2015) 08 ;_;; Y ES"""Q% _;
Determination from CKM fit excluding” E: B E
all direct measurements ofy = 0‘: : @)y, Tree only E
— + = * : =
y = (65.5111) N T :
Reaching degree level precision on 7y is ®%s 37— e : e
crucial http://ckmfitter.in2p3.fr P
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The time-integrated mode: B> D%K-

(and charge conjugate mode B*=>DK*)

)
Vuqub . _
provides most precise measurement of y

Vcd Vcb

y = arg

= Interference possible if D° and DO decay to same final state
= Two possible decay paths to final state via D° and DY

Vs 7] Vi 1
( favoured ) ?f.-'< K= (suppressedj ,,g.< _ Kt
b chg) S V(’T’f ;
& & c -
B~ 0 .
7 D 7 T
re= 0.1 rp=0.06

(suppressed) Vi f_’DOI; e
C

______ — 5
_______ R
Vc:< es

§

B_Z_J ' ﬁ K- ( favoured ) VM‘<§ T

= Branching fraction for favoured B decay only ~10-*

» Measurements require high statistics



Candidates/ (10 MeV/c?) N

Candidates/ (10 MeV/c?)

New : vy from B* — D [K- TC+TC+TC] h+ decaﬂ
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Large benefits from binned analysis ﬁ/i \ @
' — o0

Measure observables in 4 bins of D 2

decay phase space | arXiv:1909.10196 L 1\ mhrtn
Use full Run | and Run 2 dataset

(0 1+7)
. . rpett _ 048+6()+()6+()7
Largest CP violation observed 7= (548785758 85)
K + 6.0 4+0.7+ 8.6)°
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+ 3.1+05+ 3.0 -3
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New : v from B* — D [h*h’*n°] h* decays

10 reconstruction is
challenging at LHCb
Measure observables in
3 D decay channels

— D — KT q0
— Do ata a0
— D K"K 7Y
and two B decays
B*—DK* & B*—Dm*

Gives total of || CP
violating observables

Use full Run | and
Run 2 dataset
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Acp ~ 38%

20

o+ rpe 0P arXiv:2112.10617
o0
| e K=n+r i
! [o]
KL N Mj dp = (122753)°,
—_ O+ _ a9+ 1.0 —2
(S by) DK e — (9-3_(‘]_9) X ]_U
45 LHCh LHCb
40 9fh~! 9!
B~ [ K*xpK BY - [r K-1)pK*
~ 35 + Data

H 5F - [ K*7"|pK?

B Combinataric

5o [T KEp KT ()

B — DX low-mass part. reco

200 4

1001

LHCDb

9fh!

Bt = [ K a'|pnt
4+ Data

R BT - [7"K*1"|paT
BT — [7TK*7"|pKT
B 57 - [hTh* " T
BN Combinatoric

B Part. reco. D
BN Mis-ID low-mass part. reco.
= B = DX low-mass part. reco
a0 1
5000 5225 5450 5675 5000 5995 5450 5675

m([x~ K*7%ph~) [MeV/c?

31 August 2022
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LHCb combination from different modes

JHEP 12 (2021) 141

m [he most recent
combination includes
many decay modes :

Corfu Summer Institute

B decay D decay Data set

B* — Dh~ D — h h™ Run 1&2

B~ — Dh~ D—-hnmnaw Run 1

B+ — Dh* D—h"hn° Run 1

B* — Dh* D — K°h*h Run 1&2

B~ — Dh~ D — KK*r' Run 1&2

B* — DK™ D—h'h Run 1&15/16
BT — DK™~ D — h™#~n~7n7  Run 1&15/16
B* = Dh*n"x D—-shnwnaan’ Run 1

B" — DK™ D—hh Run 1&15/16
B - DK*° D— h 7 nm 7~  Run 1&15/16
B° - DK*° D — K°h'h Run 1

B — D7 nt Dt - K ntn? Run 1

B’ - DFK* Df - h"h rnt Run 1

BY - DIK*r'rm Df - h"h =t Run 1&2
D decay Observable(s) Data set
D° — h*h AAqp Run 1&2
D’ — h*h™ Yop Run 1
DY — h*h™ AY Run 1&2
D" — K*n (Single Tag) R*,(2'*)%,y'* Run 1

(

D" — K*7~ (Double Tag)
D° - K*p¥ntn

D° - Kn'm

D’ = K0r*m~

H+, (:I.’—T:}Q'. y'+
(z* +y?)/4

T,y

TopsYop, Az, Ay

Run 1&15/16
Run 1

Run 1

Run 1&2

31 August 2022

N. Harnew
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LHCb combination from the different modes

— +3.8ye
LHCDb average |7 = (65.4 _4,2) JHEP 12 (2021) 141
— 1Ir ¥ ]
5 |
— 0.8 LHCb | LHCb dominates world average
- 6545 _
0.67 A2 . Reminder of indirect
: - constraint, mainly from loops
F | Y = (65.5_2:7)
- 955% ]
| ! | | I |
40 50 e 70 80 9%
y ™

BaBar : ¥ =(69",/)" | PRD 87 (2013) 052015

15\o .
Belle: ¥ =(737) |arXiv:1301.2033
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Breakdowns and evolution of y results

02f

LHCb

iGN NI Y o M v Tt ol O el

50 60 70 80 90

y [°]
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CP violation in B* — h*h*h™

CPV observed in four decay channels: LHCb-PAPER-2021-049/050
¢ B* —» K*r'm , B* — K*K*K~
Bi_)ni-ﬂ*-ﬂ_,Bi_)ﬂiK-i-K_ 53‘ x10° T T T T T
. . . ;4 B~ wmo T OBTR N
Large and interesting localised CP- S 4 N o
. S af s, r X '+ combinatorial |
asymmetries observed Sash w1 | R A -t
: ) i - N B = m KK N b B Kewr
The biggest difference is observed for 215 %/ .V | EerEr
| S | I|I-- ¥ lla_ E
the B*F>mmmm and BE—m KK i Y R e DDA
52 54 5.6 52 54 5.6
decays ( I 4 G) m(wK*K) [GeV/c?] m(n*K K*) [GeV/c?
However the CP asymmetry of Sl B-F me 1 Br
B*—K*m*1T decays compatible with © ool b som il e ]
S % 'I' Ky '}{' combinatoria
Zero g 300} *{ '}|' "# Se S 4 i{ B —-b4u—]b:)dy]-
g ‘ v & B — K*n'n
. %'3 [ 'P}n | _h_‘-\ 3 t ]
Hard to know what this all means. - Yy . e
. . . . 100f || Pt st e :
Possible information about the relation L | 7 e
[ |S—— W CE P S IR —— el PSR R W R |
52 54 5.6 52 54 5.6
between decay channels eg 7 71 <> KK ) [GeVIe] o) [GeVIee]

rescattering
Corfu Summer Institute 31 August 2022 N. Harnew 15



\E@ mixing at LHCb

N(B°— B®) — N(B— B?)

Previous Y
N(B°>— B°) + N(B°— B°
Workshop ( ) ( ) b - = ¢ D
- T & - AY
= 0.5: LHCb - — B 5 D;nt =— B? - BY - D;nt — Untagged

B D pty, X

Amg = (505.0 +£ 2.1 + 1.0) ns !
Eur. Phys. ). C76 (2016) 412

Mixing measurements
dominated by LHCb

Corfu Summer Institute

Nature Physics 18 (2022) | t [ps]

Am_ = 17.7683 + 0.0051 + 0.0032 ps~!
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CP violation in charm

m Direct CP violation
Measure asymmetry

_ N(D=/)=N(D=])
AWD = 1) = Fo=pevdoh

2 2
Dﬂ—< Eﬁ%

m Most promising channels are Cabibbo-suppressed (CS)
decays where CPV may arise from the interference
between the tree and the penguin amplitudes

= SM prediction is very small O(104) — O(10-%)

Corfu Summer Institute 31 August 2022 N. Harnew 17



Reminder of the “AA..” measurement

= Tag DY and D via “prompt” and “semileptonic” decays:
¢ Prompt: coming from primary vertex, i.e. D™ — DO 17+ “Soft
¢ Semileptonic: coming from B-decays, i.e. B*™ — DO utX

m The raw asymmetry (A) in Cabibbo-suppressed

DO - h- h+ decays (h B K Or_'l'l') _deﬁned s Phys. Rev. Lett. 122
AD = f) = X2 ND=)) (2019) 211803

N(D—)f)%—N(D—,»f) .
. . Detection asymmetry
includes physics and detector effects:  fromn_. or p*

— Production asymmetry
- + +
A ACP AD AP from D™ or B decays

m [o eliminate these contributions and cancel the
systematics measure :
AA = A(KK?) - AMTY) = Ap(KK?) - Agp(TTTTY)

Corfu Summer Institute 31 August 2022 N. Harnew 18



Observation of CPV in charm decays

Measurement performed
with combined Runl and
Run 2 data-set

Phys. Rev. Lett. 122 (2019) 211803

AAcp = [-15.4 + 2.9] x 104

The first measurement
of CPV in the charm
system (5.3c) !

However this doesn’t pin
down the channel which
the CP violation is in

Corfu Summer Institute
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Candidates / ( 0.1 MeV/c?

Candidates / ( 1 MeV/c?)

Prompt
14 x 108 events

44 x |06 events

1850 1900

m(D") [MeV/c2]

0]800

"
L . ~22008——
- ] Zg 1800F
000F t Data S 1600F t Daa
g B kk] = 14000 | DRSS
000F ] S g :
- D comb.bke.] < 1200F [ comb. bke ]
000F 4 7, 1000E E
: £ s ]
000 1 S 600F E
000E 1 E 400p E
: A @] 200F A -
9005 2010 2015 2020 9005 2010 2015 2020
m(D°7*) [MeV/c? m(D°7*) [MeV/c2
Semi-leptonic
9 x 10% events 3 x 108 events
x10° x10°
N ~ 160FT
600F LHCb @ F LHCb
- E;' 140 N ]
S00F t Data 3} 1202_ t Data
= | WD - 7]
400 Z 100F B -k
300E 77} Comb. bkg. E 80} 7] Comb. bkg.
M § 60F .
! 2 40F
100F S 20k ]
0 Zw e a . 4 K

1850 1900
m(D") [MeV/c?]



CP violation in a specific charm hadron decay‘

LHCb-PAPER-2022-024 (in preparation) @ 1s00, P - _

= New measurement of A (K'K*): 5 1600‘? LHCh | Dok
= 1400 | 7 { Data 3

-+ — 4+ 5 A(<tat) + . -4z 1200 | — Fit -
Acp(K"K*) = [68 £ 5.4 (stat) + 16 (sys)] x 107 8 "0} Cont s,
then determine the direct CP g sop E

§ 600 - PRELIMINARY E

asymmetries in TI"TT* from AA, s OF } L E

% 200 - E

1 . ; —4 o) (0 ke [ ————

as. = (7.7 *5.7)x 10 2005 2010 2015

K-k+ = ( ) m(DO7+) [MeV/e?]
d — (N2 D + —4 E S I T T T T T T T T T T T T T T T T T ]
a:r_n+ ("3"‘ t6. 1) X 10 %E 0.006 - LHCb Preliminary 3
m First evidence in a single channel 1 og . S Frevious LHCb average :
. . . — || New LHCD average ]
(3.80 in D° — i) for direct CP : :
. . . 0.002 - -
violation (1.4c in D% — K-K*) : ]
Un 7]
= Yet unclear if consistent with SM _:
or new dynamics in charm decays Feontours hold 6%, 9s% CL ]
—0.004 -0.004 —0.002 0 0.002 0.004
An aside : The Ap’s are time-integrated, but contributions from the time-dependent CP violation for a?m(_

charm mixing have been subtracted in a%~¢* and a4~ *.

mm
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D? mixing parameters

= Mass eigenstates |D, ,) = p|D% + q|D°)
s x=(m-my)/T;y = (I,-T,)/2T, ¢=arg(qlp)
Up to 2021, mixing parameters were measured only at ~3c (HFLAV)

. (— Recall from
= Analysis of tagged D° — K m* 11~ decays previous Workshop

m First observation with a significance of more than 7 standard
deviations of the mass difference between mass eigenstates D, ,>

PRL127 (2021) 111801 >

T T T T T T T

LHCb

0.01 i Current world avg.
r = (3 98+ 8?2) X 10_3 ] Current world avg. + this paper

y=( 46113 )x 1073 ooosf
lq/p| = 0.996 + 0.052, |
¢ = 0.056 0051

0.006 -

0.004 - N

m,-m, = 6.4x10% eV = 1x10-38g = 0.0000000000000000000000000000000000000| grams !!
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@‘ Charm mixing parameter y, = yp""

, PRD 105 (2022) 092013
= Study the D° meson decays into K- K*, m~m* and K-1* T (2022)

{:0.8:— "ll"la;'”-
m The decay D°—K-1* is a CP-mixed state with > 07 LHCH - Sl
. = 06F Ot — Background
1(D%—K-1") = |/ T ; the decay D%—f is a CP-even = o5 U — i
. S o4t E
state with T(D%—f) < 1(D°—K-11%) f=KK,mr| & °:
? S 02f 3
, 2 b , :
m Measure ratio : s T ¢ M § o,
V4 Am (MeV/c?)
N 0 5 ~
Rf(f'> _ j\/(D —)’ f.f) - 6—(1/&—-115”%‘/71)0 c’(f,f) ~ :
N(D®— K-nt,t) — e(K—mt,t) S | Data §
[N I Signal ]
= — Background
S0345F T T T T T = e ]
%: LHCb S 1
- -1 : 1
034} 6 fb 8 ]
=] 4
: LI E L
0.335F I 150 155
C Am (MeV/c?)
0.33F
E | % | D_ata ;
0.3250 — > — 4 —_ 6 — 3 ﬁ !gﬁ‘r;:‘glround:
1T YT % — Fit ]
=
yes — yBr = (6.57 £ 0.53 £ 0.16) x 10~ E ]
. o r E ] ¥ E
yop — yop = (7.08 £ 0.30 £ 0.14) x 1073 NS S
Corfu Summer Institute 3T August 2027 N. ;;O(Mewcifj




D°® mixing parameter y — yp"

m Measure ratio:

R (t)

N(D°— f.t)

" N(D'—= K-n+,t)

LT K=
Yop

KK  Kr
Yop — Yop =

| =04 x107*
/—L/
o o~ Wlp iz} i __EHD)
e(K-7t,¢t)

" —yop = (6.57 £0.53 £0.16) x 107
(7.08 +£0.30 £0.14) x 1077

f=KK,7mm

PRD 105 (2022) 092013

y Combine : [ yop — YT = (6.96 + 0.26 £ 0.13) x 107 ]

732 £ 28.90:4+10:30
34.20 = 13.90 = 7.40
-12.00 = 25.00 = 14.00

This meas\urement is four times more precise than the

previous world average value.

145 +6.10 £5.20
5.50 £6.30 £4.10
720 +1.80 =1.24
-19.65 = 13.00 = 7.00
11.10 £2.20 = 0.92
5.66 = 1.33 +0.94
10.30 £ 9.10 = 6.43
6.96 +0.26 +0.13

697 £0.25+0.13

i v i 1 N T v i 1
E791 1999 A
FOCUS 2000 f——
CLE02002| H———H
Belle 2009 =~
LHCb 2011 H——H
BaBar 2012 Il
BESIII 2015 ——
Belle 2016 M
LHCb 2019 H
Belle 2020 H——
LHCb 2022 {
World average )
" " " " 1 " " " N 1 " 1 " "
=50 0 50
K -3
Yep = Vep 1107]
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New (exotic)
spectroscopy
measurements

Baryon Meson Tetraquark Pentaquark

Corfu Summer Institute 31 August 2022 N. Harnew



Reminder: tetra/pentaquark discoveries

m Discovery of x_,(3872) (formerly X(3872)) by Belle in 2003
started new era in exotic spectroscopy

m First observation of P_(4312)%, P_(4440)" and P_(4457)" by
LHCDb as narrow resonances in the mass spectrum of (J/{ p)

in A, = (J/U p) K= decays

PRL 115 (2015) 072001, PRL 122 (2019) 222001

m Consistent with ccuud pentaquarks : allowed by QCD but

not observed in 50 years of searching. _ 520°
§1200_Pred|cted1 BT
S [t | LHCb
-] - — total fit i “+ [y *0
E}K_ §1OOO:_— backgrou:nd 3 lf(if &
Lo
%E P+ g by, |
———uf W
d t Pc(4;12)+ P (4440)' 'KL P (445
200 : “‘
: L MA ---.‘IXM i

300 4250 4300 4350 4400 4450 4500 4550 4600
my., IMeV]
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New hadron discoveries at the LHC ‘

Cumulative number of new hadrons

70 1

60 -

50 A

40 -

30

20 A

10 -

67 new hadrons at the LHC ?
o
;’
F ol
J._
S
s
.____I
,__
*
or—-¢
o .
c®
2012 2014 2016 2018 2020 2022

With thanks to Patrick Koppenburg
LHCb-FIGURE-2021-001 (update)

Corfu Summer Institute

Date of arXiv submission
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Mass [MeV/c?]

‘New hadron discoveries at LHCb

11000 4
10500 59 new hadrons at LHCb
700073 @890
Q,(6350) -
N(6152)° Qp(6340)
=, (6227 0 =.(6227)° Zp(6327)°
bl ]. A,,usmﬁ). ] =’(6333)°
6000 Ap(5920)° Zp(5955)- By(5970)*° | O
U 5,(6097)* o g’ 0
hb{5912}0 Ejb(5935)_ B;(5840]+ ul j_ NAy(6070) 55. {6114}0
%,(6097) B. (6063)
5000 -
X(4700) X(4685)
PN(4450)* X(4500) PN(4457)* ® x4630)
N + Pl (4338)°
PN4a380)* Pi(4312)* o
- ¥ Ty=1(4000)7 X(3960)
40004 @ b4 y=(3842) PY
® <iqd -~ ® Tec(3875)F
@ cccc
® < ) o Q.(3119)°
® <dad b,13000)™ . . Q.(3090)° _ . } .
30001 bag D,(3000)° @ D.,(2860) A-(2860)* 1 Q.(3066)° =c(2939) Tes0(2900)° T%,(2900)
caq D,(2760)* PY 0.(3050)° s(2023  @7a(2900) T2,(2900)°
: D)(2740)° g D. (2760)° Q.(3000)° Ps
Dqp(2590)*
B ccqqq D)(2580)° <0(2590)
1 T I 1 ] 1 I 1 1 I 1
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Date of arXiv submission
With thanks to Patrick Koppenburg
LHCb-FIGURE-2021-001 (update)
Corfu Summer Institute 31 August 2022 N. Harnew 27




Need for a new naming scheme (proposal) ‘

m Currently no PDG rule for :

¢ exotic mesons with s,c, b

T.Gershon/LHCDb : arXiv:2206.15233

quantum numbers

¢ no extension for
pentaquark states

m |dea of the proposal :

¢ T for tetra, P for penta

¢ Superscript: based on
existing symbols, to
indicate isospin, parity and
G-parity

¢ Subscript: heavy quark
content

Corfu Summer Institute

T states T states P states
zeronet 8, C, B non-zero net S, C, B
(P,G) I=0 I=1 (P) I=0 I=4% I=1 I=0 I=3 I=1 I1=3
(—-) w T (=) m T T A N x
(=+) p () f 4 a
(+,+) i b
(+,-) h a
Wemml quak Current name I€©), Jr©) Proposed name
content
¢ Ye1(3872) I¢ = 0%, J'C¢ =1*+ Ye1(3872)
céud Z.(3900)* IG =1t JP =1% T®,(3900)*
ceud Z.(4100)* I¢ =1- T,(4100)*
céud Z.(4430)* IS=1% J% =1t T®,(4430)*
ccus Z..,(4000)* I=3J=1* T,,(4000)*
cCus Z.,(4220)* I=3J=1 Ty (4220)*
cece X (6900) JG = 0t, JPC =7+ T (6900)
csud X0(2900) JP =0t Tes0(2900)°
esiid X1(2900) JP=1" T.1(2900)°
ccud T..(3875)" T..(3875)"
bbud Z,(10610)* €1t J" =1 7L, (10610)*
ccuud P.(4312)* I= {, [’L“,\'(-liil".l)+
ccuds P..(4459)° I=0 P (4459)°



‘Observation of a J/Y resonance in B~ — J/Y/\p decays

@ | LHCb-PAPER-2022-031 (in preparation)
. 4

S 188

O =
< 18.6f

b Vcb C e
—— > Ty S84
B- W~ >~ C R 182f
VE ?

cs ; A 18

— (d 178F L ;
u - ; . <
F‘\_d 164 166 168 17 172 0
Y i p m?(J/ yp) GeV? é‘
<
o

m Study of B~ — J/(Y/\p decays
= Observe P", (J/YN) pentaquark with

strange quark content ccuds close to
=.'D™ threshold (with >100 significance)

= m(P", (JIlYN)) = 43382+ 0.7 £ 0.4 MeV
r(Phy (JIYN) =7.0 £ 1.2 £ 1.3 MeV

m Spin Y2 is assigned. |P= 42* preferred

Corfu Summer Institute 31 August 2022

>180F LHCb = ~Data
S160F preliminary — Ba?sneliﬁl% ]
jaof O * Row 3
leOE - }L E
- * * ----- Background_

00F =

. - b

of Jity i oD
60F ¢ =
40F Wl 1
20F -

4.2 4.25 4.3 4.35

m(J/y A) GeV
This is the first observation of a

strange pentaquark
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An interesting aside — B mass measurement ‘

LHCb-PAPER-2022-031 (in preparation) @

S90F T T T T T T T
b Ve c > ELHCb ~Data
. \\ > J/l// 2 800:_9 fb—l _Totalﬁt
_ W~ < C o 700F —Signal
B v+ —_ 600: ---Comb. bkg
S NI’ o
cs U A ..__ca é
— ( d 8 500F
u - '_g :
24 P S 300F
U :
200 F
100 |
C - Lt ..I
s Small Q-value = 128 MeV. 5200 5250 5300 5350

= J/ ¢y Ap) MeV
m Resolution on m(J/YAp) o =2 MeV m(J/ y Ap) Me

m Leads to the most precise B~ mass measurement
m(B~) = 5279.44 + 0.05 (stat) + 0.07 (syst) MeV
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Nature of pentaquarks ?

Possible models describing the observed pentaquark states :
= Tightly bounded states!?

m Meson-baryon molecules!?

Re-scattering effects!?

I

= Molecular-state model likely favoured when bound mesons and
baryons form narrow resonances just below mass thresholds

m More work needed
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Recent 4-quark states from LHCDb ‘

m Observation of isospin triplet [csud] 4-quark states in
D.*n~mass spectrum in B — D% D_*r~ and B* — D~ D *r*

decays
B° - D°D}m- B* - D D}nt
= Total fit

e D; (2460) D;f

D; (2600) D;*

Dj; (2750) D;

D; (2760) D;*

D(3000) D;*
—— D*(2010)- D
—— Tg(2900) D | G—
<+ Data '

Background

19T LHCb I
9 fb!
preliminary I

] LHCb
9!
| preliminary

Candidates/0.014 (GeV)
Candidates/0.014 (GeV)
Z

L, - LL,— 9
e it VO B, i L=

o bt ._:-h:“:i‘ﬁ_._.-«r‘fﬂ ‘ ‘s"ih_f . i oo - - RN
22 24 26 28 30 32 34 22 24 26 28 30 32 34
M(Dj n~) (GeV) M(D} ) (GeV)

LHCb-PAPER-2022-026/027
M = 2.908 +0.011 £ 0.020 GeV (in preparation)

[I'=0.136 £ 0.023 £ 0.011 GeV

m(D.*n") well described by adding JP=0* tetraquark states
T -,(2900)° and T?;,(2900)** in both channels (7.5 ©)
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Rare decays and
lepton
universality

Corfu Summer Institute 31 August 2022 N. Harne
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‘ Rare decays : why interesting

m |n the SM, processes involving flavour changing neutral currents (FCNCs) are
forbidden at tree level but can occur at loop level (penguin and box)

b t S il e
o < < s b — S/+f
A\ \
A _ut K transitions
o (BF 10-6to 10-10)

= New particles too heavy to be produced directly, can give sizeable effects
when exchanged in a loop

b 9 S b t S
H—‘\ ‘\ +
(»[{1 + = M+
HY - o

m This“indirect” approach to New Physics searches is complementary to that of
ATLAS/ CMS
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B(s) — “+u— ‘

= Very suppressed loop decay in

wr b nw
the SM L
0 B n
s CKM (V.| for B ) and b e t
helicity suppressed ~ (m, /my)? - s AR ——

m Theoretically “clean” — 4%
prediction :

B(B%— p*p )gy = (3.66 £ 0.14) x 107 | Bobeth et al. PRL 112 (2014) 101801
B(BO N I~l+ll_) — (| 03+0 05) x 10-10 Beneke et al. JHEP 10 (2019) 232
sv = (1.03 £0.

m NP theories can predict significantly higher b X s
values for the branching ratios

m Very clean experimental signature

m Also studied by ATLAS & CMS
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35 years of effort ! ‘

e
c
) ;
E 104 ............................................................................. 10
© TI
> ! g
7]
) 105 .........................................................................
O f ¥
&
A . N o . =
o0
—
o
j 107 ........................................................................................ ? i
@)
2
& 10° ¥ CLEO A Belle
Ql * ARGUS O BaBar
= YV UA1 EE LHCb
c 10 % % CDF ¢4 cMs
ol VV L3 ¢ ¢ ATLAS
40 A A DO ® ® CMS+LHCb
10 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 L 1 1 [ L 1 1 1 [ 1 1 L 1 I l- lﬂ 1
1985 1990 1995 2000 2005 2010 2015

Year

Corfu Summer Institute 31 August 2022 N. Harnew



‘ A needle in a haystack

PRL 120 (2018) 061801

[a—
=
~1

LHCDH
Vs =13TeV

—
=
)

lpromll)t—likle SE;,IHI.)lC‘
pr(p) > 1GeV,p(p) > 20 GeV

B e

[N ]
T
—
=2
=
g 10°
o B
~— 104
vl
e 3
=10
=
< 10
=
o 10° 10 10°
1 m(juyr) [MeV]
t’:l-‘ = T T T T T T ]
T F _
SN LHCb s .
% 40 » 9 fh-! Total -]
E [ BDT 205 — BE_’*“V‘_ ]
5 30 A
o — Bisutuy ]
'*;. ....... B—)Ir+fi‘_ :
20k NIV -
2 .
- FF >N ¥y . i
=T o R N " o S Ny
5 10 —:
O -----
| 1
. 5000 5500 6000
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‘ B, — pu'u latest result

Ja
<
T[T IT

LHCb
91b!

BDT =05

(o8]
=

[N
=

Candidates / ( 27.5 MeV/c?)

[a—
-

<

—%— Data

Total

= Blopw

Phys Rev D 105 (2022) 012010
Phys. Rev. Lett. 128, 041801

E— Bn—),ll+,ll_

— Bloutuy

X—=hpv,
i+ [i]

_______ B S |+|‘u+‘u_

------- Combinatorial

B(BO — ptu7) = (3.09 *046 *0.15) x 1079 [(100)

B(B® — utu-) = (1.20

-0.43 -0.11

jgfj +0.14) x 10710 (<2.6 % 107°@ 95%CL)

m B — p*u found with significance >10 sigma

¢ But no evidence yet for B — p*u~ (1.7 sigma)

m Result dominated by statistical uncertainty

m Latest CMS results

Corfu Summer Institute

BBY — utu) = {B.SSJ:B:%E (stat) *{1a (syst) 1013 (fs/ fu)] x 1077

B(B® — p*p~) = [03755¢; (stat) 100 (syst)] x 1071
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B, — utu latest result and LHC combination
(s)

" ATLAS, CMS, LHCb - Summer 2020
. [ T L) ) J I J . J J L L L L

l Pll'elilmilnax!y .
2011 - 2016 data =

| Phys Rev D 105 (2022) 012010
f‘l""\ 0? X ! | ! | ! | ! | ! | ! |
3 L contours correspond to 68 %, 95%, 99% CL regions =
30.6F LHCb ~
- 447 A '9 055_
GQ:! 0.5 —0fh F F
& - : 2 04f
0.4 - - ? 0_32_
0.3 7] ) 02f
i Q i
0.2 . O1E
0.1 . T
] | | L Ix107
00 1 5 6
B(B{—u* i)
LHCDb
B(BOS N /-1+/J_) — (309 +0.46 +0.15 ) x |09 (|OG)

-0.43 -0.11

B(B® — ptu) = (1.20 jgfj +0.14) x 10710
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n I
BB, - i) (10°7)

LHCb-CONF-2020-002
CMS PAS BPH-20-003
ATLAS-CONF-2020-049

Combination
2.10 below
SM prediction
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Effective B lifetime | [Iis g

m For B¢ mesons, there is a sizeable difference between the decay widths Al'¢
of the light and heavy mass eigenstates (A’ = 0.085 + 0.004 ps~') PDG

= In the SM, the B¢ system evolves

with the lifetime of the heavy 2 8F {;g_(;b .
mass eigenstate (since CP odd). g 6— —~ e _
m Define the B, — u*u~ effective 2 4 " Data .
lifetime as ; 2: — Effective lifetime flt__
o _ IS B0 > ) 5] S W S B s = == =g
T — w0 .

Decay time [ps]

m LHCb measure 7, (Bs(t) — u*u™) = (2.07 £ 0.29 + 0.03) ps.

n+p-
SMvalues 7;, = 1.423 £ 0.005 ps and 7y = 1.620 & 0.007 ps
Consistency at 2.20 and .50
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Search for B, — e'e”

m Standard Model predicts . Beneke et al. JHEP 10 (2019) 232

¢ B(B; — e*e”) = (8.60 £ 0.36) x [0~'4
¢ B(B® — e*e) = (2.4] £ 0.13) x 10715

m CKM and helicity super-suppressed decay : out of
reach from the experimental point of view

m LHCb measurement based on Runl| and partial Run 2
(4 fb~!). B measured relative to B* — K* J/( — e*e”)

¢ B(B; — e*e”) < 9.4 x 107 @ 90%CL PRL 124 (2020) 211802

* B(BY — e*e”) < 2.5 x 1079 @ 90%CL
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‘ b — s {7~ transitions

m Study B — h u*u~ transitions with hadron h =K, K", ¢ . . .
m Same loop diagrams, different spectator quarks

m Rates, angular distributions and asymmetries are sensitive
to NP

®= A lot of phenomenological work invested in defining
observables with “clean” theoretical predictions.

SM c¢ loop

b . ta S "
W= \Wt
% P b s
.

S

Corfu Summer Institute 31 August 2022 N. Harnew 42



BO — K™ u* 1 : 4-body angular observables ‘

m The B® — K4y differential decay rate

can be described by 3 angles and di-muon
invariant mass squared (q?)

m  Rich structure of physics observables in
the angular coefficients (as functions of q?)

m  Form angular coefficients which are
robust against form-factor uncertainties

’ ’ -
(eg P’) .. |
Descotes-Genonet al., JHEP 01 (2013) 048

1 d3(r+71) 9 [3

1
chosg[dcosgxd(’, T 3271 4(1 Fp) sin® 6k + F| cos 9K+4(1 FI_)SII"I Ok cos 26,

— Fp cos? 0k cos20; + S3 sin? O sin? 8, cos 2¢ + S4sin 20k sin 26, cos ¢ +

\/ FL.(1 — F1) Pz sin 26k sin 6; cos ¢ + %AFB sin? Ok cos By + S7sin260k sinfysing +

Sg sin 20k sin 26 sin ¢ + Sg sin’ f sin® B sin 2¢
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Measurement of P’ angular coefficient

= Anomaly in P’s found in B® — K" for 4 < g* < 8 GeV?

m P’.local tension of 2.50and 2.9 in g? bins of [4.0, 6.0] and [6.0, 8.0] GeV?
— Global analysis finds a deviation of 3.30

m Also observed also in B* isospin partner decay
m Some deviation from SM predictions also in other angular observables

m Results are intriguing, however extent of hadronic contributions still matter
of debate (particularly regarding charm-quark loops

* —_
B — K*0u*z~ | PRL 125 (2020) 011802 B* — K™ 4/t i | PRL 126 (2021) 161802
l—. . L ] L L L . | L] L LI Lt ] . L L ] 15 v T M M I v
. LHCb Run 1+ 2016 : LHCb :
.ﬂ 7] SM from DHMV ) o . = Data 94b T
0.5 —_ i SM from DHMV ]
L =t ] 0.5 # 77} SM from ASZB _:
A" of &% 0
- ] 05 F
sk | ] ;
: —+ & + —+3 |
-0 e T B
0 5 10 15 13 5 10 B
q* |GeV?/ ¢4 q* [ GeV¥ el
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Semi-leptonic differential branching fractions

K+
| C5R Lattice - Daita
5 [ THEPDS (2013} 135, aran 1203.304% ! E
B = K u'u

2011+2012: 3 fb! |

LHCh -

I5 20

g [GeV/ct

ar¥iv-1606.04731 Emr JHEP 1704 {20173 14

2011+2012: 3 fb1]

'

arXiv: 1606.0473 |

LHCD ]
BP3E

13.6 Gel®

251
AB(BY —gu* - ) dg(107 "GeV- e 4

-

mr (25,

JHEP 06 (2014) 133

KO
. LC5R Lattice —eData
A THEPDG (2014) 133, arsov 1405 504% T
% ; B”—rK”;i’,u' ]
-. LHCb ]

2011+2012: 3 fb! 7

e
o g [GeV¥ct

JO2. 12007

—1— LHCE S i
LHCE 3
SM (LCSR+Lartice)
| M (LCER)
SM (Latrice)

PRL 127 (2021) 15180

Kk
i ] 5K Lattice +Dal..n _
S 7 H THEPOS (2014) 133, ariiv: 1403 s-[:u44 ' ;
B'—= K" utu ]
I3 LHCh -~

2011+2012: 3 fb? ]

i .‘- 0

2 [GeV7/ct

+

riold et al, ar¥iv-1602.01300 |

F [GeV?)

JHEP 06 (2015) 115

= All semi-leptonic BF’s lower than SM expectations at low q? (~| to 40)
[comparison limited due to large theory uncertainties from form factors]
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Lepton Flavour Universality (LFU) ‘

m LFU is a cornerstone of the SM : charged leptons (e, |, T)
couple in a universal way to the SM gauge bosons

= If NP couples in a non-universal way to the three lepton
families, then we might see differences in rates of rare
decays involving different lepton pairs (e.g. e/l or W/t)

m Hence - LFU is tested in b — s f+{— transitions. These are
FCNC’s with amplitudes involving loop diagrams

€+, lu’+a

Zl
g%’aggh
€ Hu’ ) b
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Several R-ratio measurements

= Compare the rates of B — Xse+e‘ and B — XS uru
[where B is B*, B%, B® , A% and X_ is K*, K ¢, pK...]
m This allows precise testing of lepton flavour universality

@ We can construct the ratio :
m Small theoretical

q;%jax dB(By—X syt 1) 2 uncertainties because
g dq? e hadronic uncertainties cancel
p— mil-l p— {;- . . . 3 .
Rx = 2. | =1+£0(1%) This ratio is unity in the SM,
T dB(Bg—XseTe™) 10 9 .

/ dq> 2 neglecting lepton masses,
2

Imin with QED corrections at the

% level

m Five different ratios published so far by LHCb:
X, = K*, K%, K%, K™ and pK-
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This might seem easy, but actually rather challenging ‘

m Lower efficiency of electron trigger

Nat Phys|8 (2022) 277

m Electrons emit bremsstrahlung, resulting in degraded

momentum and mass resolution

m Attempt to recover the energy of the
emitted photons :

¢+ Some energy missed

¢+ Some energy mis-attributed

Magnet BCAL
Y
Upstream e : Downstream
brem /’p\\ brem
e
g ///,/ Y i
Air
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= 20 LHCb
2 200 —~ Data 9
= 130N —— Total fit
glm ' — B*—= K ete
— 140 Bl 5= Jyiete K
o 120 Il Part. Reco.
= 100 Combinatorial
=2 B0
E 60
o 40
0 h..._ 3 Lz
1 1 1 1 B b -.-'-':-F.-iL L
0 5000 5500 a000
miK ete”) [MeV/c?]
600 LHCb
a —4— Data 9 fo’!
500 — Total it
----- B'— Kyt
Combinatorial

Candidates / (7 MeV/c?)
=
—

R B
5200 5300 5400 5500 5600
m(EK ) [MeV/iel]
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Experimental strategy

m  Actually measure double ratios which significantly reduce systematic
uncertainties:

B(By = X.pu™)  B(By— X,J/(eTe))

Rx = :
B(By— X.J/u(utpn ) B(By— X.ete)
m Ratios determined using yields and efficiencies k* p981+ 0997=
. : 0020 00N
¢ Yields extracted from fits to the data .
K+ 0965+ 1017+
¢ As cross-checks the ratios 0.032 0.050
Ke 0977+ 1014+
R = B(By = XsJ/U(ptp)) 5 0028 0036
Iy B(B, — X_.,-J/L‘(E”"'f’-_)) K'® 1.043 +  within 1o
. ) . o 0.045 from 1
are compatible with unity to 0.4% DK- bt et

0.05 from 1
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LFU results : Rd

M Ry [Nat. Phys. 18, 277282 (2022)] M Ryx [JHEP 05 (2020) 040]
¥ Ry [PRL 128, No. 19] W Ry [JHEP 08 (2017) 055]
Ry~ [PRL 128, No. 19]
Qil'l R L
[ LHCb private compilation 1
P R¢ (9/fb) 3.1 o from SM
0.9 E— _ @
sk % | R (9fb) 150 XEWS
07F : . ] Rk low-q? (3/fb) 2.1 c
06| ' . Ry centralg? (3/fb) 2.4 ¢
0 -::_I IR R TRIN N R S SR . P R ST I R R I._; R ( 5f{) :} 1 O
0 | 2 3 4 5 6
q3 [GO\-"rf/c4]

All measurements have values less than unity
The puzzle persists — we eagerly await Belle-Il & CMS results

LHCDb is now focused on completing a combined analysis of RK & RK* with
the Run 1+2 dataset. This work has led to a deeper understanding of
systematics which will be reflected in the final result.
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LFU studies in B® — DO)~t*v_decays

m Different class of decays (tree-level charged current with V
suppression)

= Not at all rare: B(B® — D" t*v)) ~ 1%, the problem is the background.
m Lepton-universality ratio R(D*) :
BB’ - D" 7t*v)
B(B° —» D*-puty,)
may be sensitive to any NP model coupling preferentially to third
generation leptons

pt/rt pt/rt pt/rt

R(D*) =

b N b ’:,;+< v
B B
. 2
m Ratios predicted theoretically at ~1%: HFLAY 2019 average
R(D)sy = 0.299 + 0.003 R(D*)syy = 0.258 + 0.005 | ° “eorerce

=  Anomolies first observed by Belle and BaBar
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| R(D) vs R(D*) |

*
e
P 0.4 2021

= All experiments
see an excess Wrt  g3s

Ax? = 1.0 contours

BaBar12

C o _:
SM predictions C LHC18 E
. 0.3 = ‘ 1
s Combining E RN :
R(D)/R(D*) 0.25 &= ‘i""-'p,{.H;ljl > Bellel5 i
average ~3.4 ¢ AT, Wi b =
. . N ) =0.339 £ 0.026 +0.01: 7
tension with SM 0.2 F Bigi 16, Gambino 19 R(D") =0295+0.010 £0.010 ]
. Eliordone 19 : IP(;(Z-J — 28% .

0.2 0.3 0.4 0.5

z
=)

® Intriguing as anomaly occurs in a tree-level SM process

m New LHCD result
R(A,) = 0.242 + 0.026 + 0.040 + 0.059(ext)

Measurement is consistent with SM (~lc “low”)
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arxiv:2201:03497

SM=0.324+0.004].
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The upgraded
LHCDb detector
and outlook

Corfu Summer Institute 31 August 2022 N. Harne
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LHCb Upgrade planning ‘

WE ARE
HERE
2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 20% | 2037
JFMA'M]'JASDNDJFMAHJJASO‘NDJFMA'M]'JASDNDJFMAHJJASO‘NDJFMA'M]'JASDNDJFMAHJJASO‘NDJFMT|J'J|A|SD|NDJFMAﬁJJASO‘NDJFMA'M]'JASDN|FMAM]]A50‘NDJ|F A S OND MM RS OND [ MAMT S OND[F MM S OND PR msmmFMAM]MSOHDJ\F‘MF TTTASON
LRunS } [ Long Shutdown3(LS3]} Rund | 154 Run5 |
LHCb 40 MHz L=2x10% LHCb L=2x10%3 LHCb L=1-2x 103
UPGRADE I Consolidate: _ UPGRADE II }
UPGRADE Ib 50 fo! 300 fb!
ﬁTLA? u ﬁ.III-LAs II UPGRADE HL-LHC HL-LHC
ase r
P9 L=2x10% ase L=5x10% L=5x10%
CMS 300 fb! CMsS 3000 fb!
Phase I Upgr Phase II UPGRADE
Bell 5 ab! L=6x10% 50 ab!
ell
Luminosity 4x 1032 cm2s™! Luminosity 2x1033 cm2s”! Luminosity 2x103* cm2s"!
~1.1 visible ~5.5 visible ~55 visible
interactions/crossing interactions/crossing interactions/crossing
~9 fb-! collected Up to 50 fb-! collected 300 fb-' collected
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‘ LHCb Upgrade |

New electronics

e g for muon an
New scintillating fibre © .uo and
. calorimeter
tracker (SciFi)
systems

New silicon upstream Side View ECAL
tracker (UT)

SciFi RICH2
Tracker

Locator /

‘New RICH1 and ‘ /|
New PIXEL photodetectors New RICH2 ﬁf%- iﬂ \\\\
— L | N
vertex detector photodetectors .
(VELO) Plus new trigger
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‘ Construction & Installation — Upgrade | ‘

SciFi tracker

RICH 2

UT stave
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| July 5th 2022 - 16:47

DETECTOR § LATEST POSTS

First collisions at the world-record energy
e === for a brand-new LHCb detector

% O S i ) o o
Start of LHC Run 3. Today, at 16:47, protons collided again at

LHCD after a 3.5 year break known as Long Shutdown 2
(LS2). During...

LH6b Integrated Luminosity in p-p in 2022

. Delivered Lumi: 192.95 /pb (6.8 TeV)

. Recorded Lumi: 164.08 /pb (6.8 TeV)

250

150 [—

200

Integrated Luminosity (1/pb)

100

50

-l 1 Il I L A L‘*_l :l 1 1 1 ] |. 1 1 I 1 1 1 i 1 1 1 i 1 1 1 i 1 1 1 I 1
7920 7940 7960 7980 8000 8020  B040 8060  BO80 8100
LHC Fill Number 57
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\y_prospects : Run Il 2 Upgrade |

|y =654

* Post Run || target of 4°
almost surpassed
(~9 fb’") and analyses
still in progress

* LHCb Upgrade | :
target 0.9° (~50 fb'!)

EPJC (2013) 73:2373
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... and beyond 2035 : Upgrade Il

{ 5D ECAL
Spatial res.,

" Tungsten . M5 \
ECAL g M
\/C o o K
VELO Magnet Stations  §ciF; TORCH 'ron

Shielding
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‘ Evolution of the Unitarity Triangle

LHCb : 2021

07 . , - ~ ) ) )
E § : y E Run 2 (~9 fb I) LHCB PUB 20 I 8 009
06 2 5 € B —
0s Eg sif 3
- 3 N e, 3 LHCb Upgrade |
04 3 ~ S — _
3 s : 2025 (~23 fb')
03 — ; = 07
= ' = R A B L — — T T T T T T T T T
= ' s a = 3 - ¥ -
e : - = 0.6 = i / i T
. E bI = . Ehék“‘\?m‘gﬁ E N, & Amg LHCb 23/ E
' E B 3 o5 2 A ! =
0.0 Sy . i e e v e ] - E - ' 3
-0.4 0.2 0.0 o 0.6 0.8 1.0 = =
o = - |3 ! -
s e | =
: a S - -
0.2 T 3
07— IEERE - E |vub| _E
0.6 ?%H : % —f L : . d P B, L. .
- (3 «31!2#21[3 i - 02 0.0 0.2 0.4 0.6 0.8 1.
04 :—% .‘ —
03 " — | LHCb Upgrade II
— ' q —
02 : 7 | 2035 (300 fb!)
E |Vub|f| E
0.1 : —
: B -
oo B v 1w . do TR T N =
04 Q0.2 0.0 0.2 0.4 0.6 0.8 1.
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Summary and Outlook

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

So far all Unitarity Triangle measurements are consistent with the
Standard Model
— New Physics is becoming constrained

LHCDb is a fantastic platform for spectroscopy measurements: many
measurements were never foreseen in LHCb’s original physics
portfolio. We now even need a new naming system !

Many rare-decay results show good compatibility with the SM,
however hints of LFU violation persist. This has generated a lot of
theoretical interest. We eagerly await confirmation ...

Still a lot of room for New Physics, but higher precision required
— preparing for LHCb Upgrades beyond 2022 and the decade
afterwards! Very much looking forward to Belle-ll results.
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LHCb measurement of sin(2p3) ‘

sin(2p) from BO—J/yKO and B*—y(2S)KO
: :} ffo

n
—

JHEP 11 (2017) 170

~ Ssin(Amt) — Ccos(Amt)

where S =sin(2p) assuming C,yks (= penguin contribution) = 0

LHCb

Signal yield asymmetry

B°— Ji K?

5

10
Decay time [ps]

15

Signal yield asymmetry

C(B — [ce]KY) = —0.017 £ 0.029
0.760 £ 0.034

S(B” — @ KY)

Corfu Summer Institute

—_—
=
b

|
—
=
S}

fa]
p—

B"— 4(28) K?
L 1 L L L L | L L L L -I

LHCb

3fb'!' @ 7 & 8TeV

5 10
Decay time [ps]

15

Competitive with Babar & Belle.
HFLAYV world average from all modes :

sin(2p) = 0.695 + 0.019

https://www.slac.stanford.edu/xorg/hflav/triangle/summer20 18/




LHCb measurement of |V, | ‘

18000 —

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

! ! ' | ! ! ' ! | ' ' b
B Combinatorial .
Mis-identified L HCb ]

— =
N ul
o o
o o
o o

m HCb measures A\, > pp v
(the B®— 11 u* v channel is

extremely difficult)

9000 |

Candidates / (50 MeV/c?)
s 3
8 8

® [he measurement relies on

N\, — p form factors from the 00 2000 5000
- 2
lat tice) Corrected pyt mass [MeV/c?]

V.| = (3.27 % 0.15(exp) + 0.17(theory) + 0.06 ([V.[)) x 103

Nature Physics 10 (2015) 1038
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‘ Several methods to measure ¥y

* From B* (and (Eb) decays : the “time-integrated”,
(=)
direct CP-violation modes B*—>D%*

Gronau & London, PLB 253 (1991) 483,
" G I—W Gronau & Wyler PLB 265 (1991) 172

. ADS Atwood, Dunietz & Soni PRL 78 (1997) 3257,
Atwood, Dunietz & Soni PRD 63 (2001) 036005

» GGS/Z | Giri, Gronau, Soffer & Zupan, PRD 68 (2003) 054018

= BY—>DK time-dependent (TD) analysis

Dunietz & Sachs Phys. Rev. D37(1988) 3186,
R.Aleksan, |. Dunietz & B. Kayser, Z. Phys. C54 (1992) 653
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Method where D° and D°
decay to CP eigenstates

“GLW” method |

DOoK-
= Eigenstates are equally

accessible to D and D°

. ® Only 2 hadronic parameters
[KK] DK rg, Og to be determined

alongside y (rg~0.1)

“Counting experiment” : observe

Ol -
DK the rate of B~ vs. B" decays
Weak phase changes sign for equiv B* diagram, thickness of arrows indicate relative strengths
N(B™)-N(B*) 1 . .
= =——2r;(2F, —1)sin(o;)sIn
N(B—)+N(B+) 'ACP+ RCP+ B( + ) ( B) (7/)

N(B —>[KK], K)xT(D = Kx) _ Rep, =141 +2r, (2F, —1)cos(5;) cos(y)
N(B — [Kx], K)xT(D — KK)

For CP+ eigenstates e.g KK, 11, F, =
Corfu Summer Institute 31 August 2022 N. Harnew 66



“ADS” method ‘

J
A

'(5D)

DOK-
Weak phase changes sign for equivalent B* diagram

N(B)-N(B") 1

N(B)+N(B") R ps
N(B® »>[7°K],K7)
N(B* »[K*77],K")

[TK*]pK

Decay into flavour-specific
final states

Larger interference effects
than for GLW as both
amplitudes of similar sizes.
rg, Og hadronic parameters
again to be determined
alongside y (rg~ 0.1)
Additional two parameters
ry Op - External inputs
from charm mixing
measurements (rp ~ 0.06)

= Aps = — 2151, sin(S5 + 5, )sin(y)

=R, = r; +;v‘,;}‘3 + 21531, cos(0; +0,)cos())

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

Corfu Summer Institute 31 August 2022
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“GGSZ” method |

DOK- m 3-body final D states
e.g. D — K% nm

Bin i

m Dalitz plot analysis :
a counting experiment
in bins of phase space,
where rp and op vary

Weak phase changes sign for equiv B™ diagram

m GGSZ observables (rate as function of Dalitz position)

2 2 .2
dlg+ (X) = Az ) + BAF, +)

+2A(1 1A=, +) B cos(dp £ ) cos(dp(+ +)) + rasin(dg £ ¥) sin(dp(+ 7))]
e—— ce— e, — e— ce— e —
XL Cj YL S;

68

¢; and s; measured from Q-C D decays at CLEO-c |arXiv:1010.2817



New GLW & ADS y measurements

GLW : where DO and E’ decay to CP eigenstates
ADS : where D? and D° decay to flavour-specific states

5000 5

Candidates / (4.0 MeV /c?)
=

ACP _ (B~ — [hh|)K™) —T(B* — [hh]HK™)

——————— Q-ﬂﬁ_-l-——— - ——

LHCh LY B"'
=

m([K'K-|pK~) [MeV/c

Total
Data
B+ = Dxt

K T(B- - [hh])K-) + [(B*+ — [hh])K*)

JHEP 04 (2021) 08|

Corfu Summer Institute

Bt — DK+
B+ - (D* - Dr")h*
B" — (D* — Drt)h*

I RN

31 August 2022

LHCh

g fh!

5100

(KK ]pK ) MeV/c

NI |

BT — (D* — Dy)h*

B — D*h*rx

B s D*K*rT
BY - DK*r7
B* — Drtrta—
B — Dhtrw

N. Harnew

BOEY BD

Charmless

Crossfeed

A s Ao

A = Dpa™
Misidentification

Combinatorial
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‘Charm CPV : more recent measurements

s Direct CPV : A (D° — KO.KO, )

arXiv:2105.01565 (2021)

m Use D° — K*K= channel as control for Ay & A,
L] ACP — (_3.| i |.2 i 0.4 i 0.2)% [last uncertainity : CP violation of control channel]

m Consistent with no violation at the 2.40 level

PRD 63 (2001) 0711010y 0

JHEP 10 (2015) 055 b (Run 1 k-

PRL 119 (2017) 171801 Be|le -

LHCb (Run 2)

Average |- (—1.9+1.0)% _._

: 1

-04 -0.2

Corfu Summer Institute 31 August 2022
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‘ACP(D-I- (s) — h*m°, h*n) ‘

JHEP 06 (2021) 019

Acp( —>ﬂ'+:rr':') (—1.3+0.9 +0.6) %, o
Acp (Dt — K+a%) = (—32+£47+21)%, _
Acp (DT = tn) = (—0.24 0.8+ 0.4) %,
Acp (D" — K™n) = (—6+ 10+ 4) %,
Acp (Df — K+n%) = (0.8 £3.9+1.2)%,
Acp (D:—Hrr ?}):(U.Bj:[].?j: 0.5) %, . |

+ o 0 s T 0
Acp (Df = K™n) = (09 +3.7+1.1) %, A D ]

29=29=03)%
[Phys. Rev. D 81 (2010) 052013]

Belle
(2312124 2023)%
[Phys. Rev. D 97 (2018) 011101]

— LHCb
(-13209=06)%
[LHCb-PAPER-2021-001]

Average
(04 =08)%

m All compatible with no CP violation
m More data needed !

= Note that LHCDb is now regularly extracting
measurements with neutrals in the final state (KK
and h°h*)
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AY in D° — K*K™ and D° — m*m~ decays arXiv:2105.09889

=AY is the slope of the time-dependent asymmetry of the decay
rates of D% and D° mesons

m Itis a measure of CP violation in mixing and interference
m Strategy: measure asymmetry in bins of decay time and measure the

linear slope
S o<f D-K'K- ~ LHCb
= osf o 1 AYg. = (=23 % 1.5+0.3) x 1074
PR oy IS S m—
. i AYy, =(-40£28+04)x |0~
- 05 -
-;r; 0:408 Combining |
T AY=(=27%13+03)x 10"
S 05E D=t | | I{;E(Tb_ s Compatible with 0 within 20
N L ] m This result i b I
£ 0___% art : ult improves by nearly a
?E: : * ﬁﬁ r {'“"l“—*“——--a; factor 2 the precision of the
=, 0 | | | E previous world average
< 0 2 4 6 '8
f.f'ITDD
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D°® mixing parameters in D% — K. m*m~

= Mass eigenstates |D, ,) = p|D%) * q@)

m x = (m=my)/T";y = (['=1)/2I, ¢=arg(q/p)
until now x measured only at ~3c (HFLAY)

m 30.6 x 10% of D® — K 11* 1™ decays with
very small background. D or D flavour
tagging using D* — D 1T decays

m Use the bin-flip method

¢ Measure ratios between D? and D? candidates in
symmetric bins of Dalitz plot m? (K°117) vs
m?* (Ks° 1)

¢ 2 (flavour) x 16 (Dalitz bin) x 13 (decay time bin)
subsamples

* In each bin, strong-phase difference approx.
constant for D% and D? amplitudes (input from
CLEOc and BESIII)

Corfu Summer Institute 31 August 2022

m2 [GeVc4

arXiv:2106.03744

L
LHCb

=
i
1<
)

—Data
—Fit
. Background

w

(-

RN R RN LR LLRR RS RARRN LRRRE LARRNT)

o

Candidates per 0.1 MeV/c?
© B~ s w i a in

= I 1
140 142 144 146 148 150
Am [MeV/c?]

Absolute bin index b

i S B PR Y B = e

05 1 15 2 25 3
m? [GeV/c*]

r {mz(ngi) for D° - Kntn~

m?(Kr%) for D° = Kdntn™
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D® mixing parameters in D® — K. 1~

m Plot Ratio R,: asymmetry for Dalitz bin i in bins of decay time

¢ Deviations from constant values are due to mixing

PRLI27 (2021) 111801

m First observation with a significance of more than 7 standard
deviations of the mass difference between mass eigenstates
r = (3.98752%) x 1073
= (46777 )x107°
|q/p| = 0.996 =+ 0.052,

D, ,>

¢ Data

0.099

0.0962 F

[_I_.Hh) E —0.265

X
tlt

0.01

0.008

0.006

0.004

b = 0.056t

0.047
0.051"

_[:J Current wor] ld avg.

| Current world avg.

LHCb

+ this paper

m,-

m, = 6.4x10¢ eV = Ix10-3¥g = 0.00000000000000000000000000000000000001 grams !!
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B. — J/v ¢ analysis

" (¢ is a vector meson (spin |) Eur. Phys. ]. C 79 (2019) 706

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

Need to perform time-dependent B.— J/'¥ ¢ angular analysis
' Y

e

» Good tagging performance of B, & B, is important

Category  €45(%)  D? €tag D (%)
OS only 11.4 0.078 0.88 & 0.04
SSK only 42.6  0.032 1.38 +0.30
OS & SSK 23.8 0.104 2.474+0.15
Total 77.8 0.061 4.73+0.34  N.Harnew 75




Weighted cands. / (0.3 ps)

Weighted cands. / 0.05

\ES — J/y ¢: fit projections ‘

4500
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Eur. Phys. ). C 79 (2019) 706
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B. weak mixing phase ¢_.in B, > J/y ¢

BY — %o o
334 s

= “Golden mode” for this study is B, — J/y ¢ (— K'K")

= Analogue of 23 (phase of B mixing) but in the B, system

s Interference between B? decay to J/y¢ directly and via B® - B® oscillation gives
rise to a CP violating phase in the SM :a time-dependent measurement

(I)S = (I)Mixing -2 (I)Decay == ZBS

" () is expected to be very small in the SM and precisely predicted:
Oy = —0.037 £ 0.001 rad  (see eg Charles et al PRD84 (2011) 033005)
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LHCDb combination Eur. Phys. |. C 79 (2019) 706

" (fitted value correlated with Al = width diff. of the B,
mass eigenstates — plot as contours in (¢s VS Al's) plane

" (g is 0.10 from Standard Model and |.66 from zero

Al = 0.0813 + 0.0048 ps’!
CP-violating phase: ¢¢ = —0.040 £+ 0.025 rad

LHCb
Spring 2019

Jigata] 4.9 fb—!

008 jiuK+K- 4.9

|
-0.4 -0.2 -0.0 0.2 0.4

EUR.PHYS.J.C 79 (2019) 706 ¢, [rad] 78




HFLAY combination all experiments

CP-violating phase:
¢s = —0.050 £ 0.019 rad
(M =-0.037 + 0.001 rad)

'-I-‘H
é DO 8 fb_l ‘ PDG 2021 \
L? 013 68% CL contours
<

(A log £ = 1.15)

0.11 CMS 116.1 fb~1

CDF 9.6 fb™1
0.09

LHCb 4.9 fb~!
0.07

ATLAS 99.7 fb~1

0.0%'s 0.3 0.1 0.1 0.3

$[rad] 79



Measurement of CP violation in B, — ¢ (I)‘

Enhanced sensitivity to NP
since decay is dominated by

penguin loop

SM prediction of CP violating
phase is small <20 mrad,

arXiv:0810.0249
Phys.Rev.D80:114026,2009

Perform time-dependent

angular analysis, Runldata

2 fb"! Run 2

D | =73+ 115+27 mrad

Corfu Summer Institute 31 August 2022
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‘ New hadron discoveries at the LHC ‘

11000 1
(3P) 3p
10500 4 o™ 67 new hadrons at the LHC Xe2(3P)
— Xe1(3P) -
700073 B.(25)* B/(25)* T4 (6900) “1
Bc(25)*
Q,(6350) ~ .thsaom
Ns(6152)" Qu(6340) }
5,,[6227]-. Ap(6146)0 W Zp(6227)° Ebfggggig
=b
6000 {  =0(5945)° o A, (5920)° %6(5955) o g BI(3970)" u ol W, 6100)-
Np(5912)° =1 (5935)" 'B,(5840)+-“ Zp(6097)* Ay(6070)7  B.(6114)°
P I,(6097) " B, (6063)°
~
S
= 5000
g X(4700) X(4885)
— Pl(4450)* X(4500) PN(4457) ® x1630)
M 1]
n X(4140) E X(4274) Pliila440)* T (4220} .P¢5E4338)
© h N + N + ps
= 4000 : z? ¢ FrHsen Ftd312) .Tﬂslfﬂﬂﬂﬂ)* X(3960)
§ g ¥s(3842)
® <) o~ o ® 7. 3875)"
@ cccc
® «a s Q.(3119)°
. quﬁ Dj{3000} ' . . n‘(Bogo)G B o . "
30001 = baq D,(3000)° @ D.:(2860) A.(2860)* | Q.(3066)" Zc(2939) Tes0(2900)° T%(2900)
Df{2?60}+ o ® Q.—(BOSD}G EL{2923)0 .TC51(2900}D ngn{EQDOJU
cad D,(2740)° g D;(2760)°  ©:(3000)° e .
B céqaq D,(2580)° D<o(2590)
¢l
1 1 I | ] 1 I | ] ] 1
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Date of arXiv submission

patrick.koppenburg@cern.ch 2022-07-20
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With thanks to Patrick Koppenburg

N. Harnew

8l




Evidence for more pentaquark states

arXiv:2108.04720

Amplitude analysis using 800

B — )/Upp decays % 60/ % 601 Jip ]

Observe additional structure in gmf gmf— My

J/bp and J/Yp spectra 2| Il L ]
. 8 201 <200, _

Significance of 3.10 to 3.70 = S Iy ‘ n

i P assi S OS50 aa O "N ar i aa
depending on J" assighment a1 4z 43 A4S . 2 e ckh
: +

EV|d§nce for.new P.(4337)" state M[MeV] [MeV]

consistent with another (cc uud)

pentaquark P.(4337)* 433771 +2 2971 + 14

: o P.;(4459)° 44588 £2.9%1] 173 + 6.5%59
Amplitude analysis using 1750 : :

vvvvvvvvv

="p,— JIYNK™ decays g b Lo ) L|J'/\ i
Observe structure in J/PA spectrum g o ofb | {

Evidence for new P_(4459)° state with = o i} | + T
significance of 3.1o 2°?++ A *+ - f -
Consistent with (cc uds) pentaquark e — émjw‘[;w

Sci.Bull.66(2021)1278
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New doubly charmed tetraquark chj

\ LHCb-PAPER-2021-031 |

m Study DO D° 1m* mass spectrum - 70— T =
near D*+D0 and D*0D+ E 602_ Plollmlnan ;;E: + DOD° ITT
thresholds S L. VO

om =g — (moeetmpn)  Zer | A
. 301 —— ;[ k_’DDl“ JET— I[GUV/CZ]—f
= Very narrow state in D°DO 11* T + I e E
: SIS R 1
mass spectrum consistent - . H { |
—_— 10—
with ccu d tetraquark, with Og_ttﬁ_,ﬂﬁﬁ ﬂ 4 +++HHH + Jrﬂ% Wﬁ#
significance 100 . Manifestly T - %
exotic state. Mpopor: [GeV/e’]
= Very close to D™D mass
thresholds
6”1[3\\' —-273 + 61 kOV/(.’z . .
P 110 + 165kev ™ Possible evidence for molecular

bound state, but jury still out.
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More observations of new tetraquark states

+ + — T T T i
m B" —J/YPK* sample E 00 : e
m  Observe structure in J/PK S 600F JoK b 9fb! 3
. — - Z 500 =
m  Observation of two new c c us 8 4o E
< o ]
tetraquark states Z_(4000)* and 2 300 E
+ 3 E 3
Z,,(4220 5 20
. g 100 =
= Significance of 150 and 60 s T
. . 3.6 3.8 4 4.2
respectively, |* assignment M [GeV]
Phys. Rev. Lett. 127 (2021) 08200 Z..(4000) 15 (16) 4003+671  131+15+26
Z,+(4220) 5.9 (8.4) 1216 £24 758 233 £ 52797
s B —)/YodK* sample E 7005 Jibd
m Observe structure in )/ ¢ S
. = S00F
m Observation of two new c c ss 2 400
tetraquark states X(4630) and X(4685) 2 300
. . O 200F
as well as previously confirmed states o
m Significance of 5.50 and 150 of o
respectively X (1630) 5.5(5.7)  4626+167,18 174+27+'%
X (4685) 15 (15) 4684+ 715 126 +£15+37
Corfu Summer Institute 3T August 2022 N.Harnew

—e— Data
—m— Total fit
- --- Background
— KO0~
K1*
K1
— K27
K2
—— X (4630)
—— X (4500)
—— X (4700)
—— X NR
—— X (4140)
—— X (4274)
—— X (4685)
— X (4150)
—— Z.(4000)
= Z.(4220)

-— X(4630)
_— X(4500)
— X(4700)
“— XNR

_— X(4140)
— X(4274)
T— X(4685)
_— X(4150)
— Z_(4000)
e Z_(4220)
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Latest 4-quark states from LHCDb ‘

m Observation of X(3960) in D,*"D, mass spectrum near @

threshold Quark content: [céss)
m Question whether X(3960) could be the X _4(3930) ?

m Determination of the properties needs more work

4

-

S
T

—_—
p—
=

o~
o~
AT

z) [ " + Dl prellmlnary % 30 4+ paa prehmlnary

b-&() & o' = Total ﬁl ] : L. —— Total fit ]

9, r Non-resonant D!D; 1 & Non-resonant D} D; 4

< ¢ )«3%0; = X(3960) 1 : :

S 30k Xo(4140) 20 . LHCb-PAPER-2022-026 (in preparation)
e, i ~ 7 q R

a2 yusa) 7 { | LHCb-PAPER-2022-027 (in preparation)
(3] 2 J

= = J

= = B

E E -

s &1 ——r N B e |
2.6 2.8 ~4() 32 34

40 42 44 46 48
mD; D;”) [GeV] mD; K*) [GeV]

M, = 3955 + 6 + 11 MeV
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