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The LHCDb experiment R

LHCb MC
/s =14 TeV

N

[Int. J. Mod. Phys. A30, (2015) 1530022]




The LHCDb experiment

SPD/PS

T1,T2,7T3

Muon Stations

“[Magnet

Vertex
Locator

% Primary vertex, IP [= 200 m] and 7 resolution [~ 45 fs]

# Momentum resolution [~ 0.5 %]
# Particle ID/mISID, [eg E(K) ~ 95%] [Int. J. Mod. Phys. A30, (2015) 1530022]




The LHCD experiment

[Run-1I] [Run-IT1]

Year 2011 2012 | 2015 2016 2017 2018
[c(b |10 20[ 03 1.7 17 22

2018 (6.5 TeV): 2.19 /ib
2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb :
2016 (6.5 TeV): 16740 | .................................... ...............................

2015 (6.5 TeV): 0.33 /ib ; ;
2012 (4.0 TeV): 20840 |77 B ==
2011 (3.5 TeV): 1.11 /b ;

2010 (3.5 TeV): 0.04 b

..............................................................................................................................................................................

RICH-1

.............................................................................................................................................................................

S T

................ , Muon Stations

.........................................................................................................................................................................

Integrated Recorded Luminosity (1/fb)
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CKM and CP Violation
with b and ¢ hadron
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How to choose a subset of results>
kRl R Nl D LS

Observation of J /1p Resonances Consistent with Pentaquark States in Ag —
J /1Y K~ pDecays
LHCb Collaboration + Roel Aaij (CERN) et al. (Jul 13, 2015)

 Published in: Phys.Rev.Lett. 115 (2015) 072001 - e-Print: 1507.03414 [hep-ex]

pdf & links & DOI [= cite [Q reference search

2. Measurement of the ratio of branching fractions B(B® — D**r~ 1) /B(B° —
_|_ —_——
D" w,)
LHCb Collaboration - Roel Aaij (CERN) et al. (Jun 29, 2015)

) Published in: Phys.Rev.Lett. 115 (2015) 11, 111803, Phys.Rev.Lett. 115 (2015) 15, 159901 (erratum) - e-P
- 1506.08614 [hep-ex]

pdf 2 links ¢ DOI [= cite [[d reference search 5) 1,137 citations

| Evidence for CP violation in time-integrated D® — h~h™ decay rates By / { ’ '

-~

CP V1olat10n ’ n |

pdf ¢’ DOI [= cite [[d reference search :) 384 citations 5
w@
¥

v

LHCb Collaboration - R. Aaij (NIKHEF, Amsterdam) et al. (Dec, 2011)
4 Published in: Phys.Rev.Lett. 108 (2012) 111602 - e-Print: 1112.0938 [hep-ex]
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CPviolation in the SM

SUOos

QUARK-MIXING MATRIX [CKM]:  [sblfiavour = Vexw [Asbliass

A \ Vie Vis Vi /

F /vud Vus Vub\ . =
Nvi'/ Vekm = | Vea Ves Ve : B

DESCRIBED BY 4 INDEPENDENT PARAMETERS, IN PARTICULAR A SINGLE COMPLEX PHASE

Veku =

[ 1o 1x - 2 A
“A 1+ A2\ (p+in—3)] 1—2X02— 1% (14 442)

\AN [L— (p+im) (1— 3X2)] —ANZ[1+ X% (p+in—3)]
18] 1Bs]

R. Silva Coutinho
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Unitarity triangles o

UNITARITY OF CKM MATRIX, LE. V*exuVexm=YexuV cxu = 1

* 'Triangle openness indicates how large r expected

VudViy + VeaVip + VgV, =0
g4 A7 7] 7]

4] Vis t}ky NP‘Q]

‘/CS c>|l<) N[AQ] 68 h 1

V;s Ves ~ [)‘] V;b Vep ~ [)‘5]

ALL TRIANGLES HAVE SAME SURFACE AREA [representative plots only]

R. Silva Coutinho 10



Search for CPviolation at LHCb %
LHCD

IS AN IDEAL PLACE FOR CKM AND CP VIOLATION MEASUREMENTS IN BEAUTY AND CHARM DECAYS

MEASUREMENTS OF 7Y IS ONE OF THE KEY GOALS AT LHCB

Bt — K Frtp® ch] D h™  [arXiv:2209.03692, Submitted to JHEP]

7= (548755 0% 743)"
BT = [hTh nTn | ph'®

[arXiv:2301.10328, Submitted to Eur. Phys. J. C]
L +12\0
Y = (116—14)

[Precision/results might be affected by upcoming charm
model-independent measurements|

CP VIOLATION IN THE CHARM SECTOR IS PREDICTED TO BE SMALL (104 - 10-3)
FIRST CP VIOLATION IN DECAY OF D — hTh™ OPENED DEBATE ON QCD CALCULATIONS

[PRL 122 (2019) 211803]
CP VIOLATION IN DECAY OF D° — 7~ 7T AT 3.80 LEVEL

[arXiv:2209.03179, Submitted to PRL]
FURTHER STUDIES ON THE CHARM SECTOR ARE CRUCIAL

R. Silva Coutinho
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Search for CP violation charm three-body decays

MULTIBODY DECAYS: LOCAL ANISOTROPIES CAN ENHANCE SENSITIVITY TO CP VIOLATION

DY — K~ KTK™ : CABIBBO-SUPPRESSED — MIGHT MANIFEST CP VIOLATION EFFECTS

DT - K- KTKT : DOUBLY-CABIBBO-SUPPRESSED — NO CP VIOLATION IN THE SM

[arXiv:2303.04062, Submitted to JHEP]

PARTIAL RUN2 DATA (2016/17/18)

x10°
§ 1 Ll Ll Ll I Ll Ll Ll Ll I Ll Ll
é) - — Total fit LHCb
o[ D" signal 56" 1
2 60 —
Z | — Background
8
<
=R 1.27 M
£ 401 -
@)
20 —
L ——
O I 1 L 1 ."":' 1 :“"- L | 1 1 |
1850 1900

m(K"K*K") [MeV]

R. Silva Coutinho

Candidates / (0.5 MeV)

o)
-}

20

N
(@)
1

x 103 1 1 I I 1 1
- — Total fit LHCb
----- Dy signal 56" |
- — Background
0.97 M |
L .|.--"':| [T | | 1
195 2000

m(K"K*K") [MeV]
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Search for CP violation charm three-body decays o

[arXiv:2303.04062, Submitted to JHEP]

DALITZ PLOT DIVIDED IN 21 BINS (INSPIRED IN THE UNDERLYING DYNAMICS)

VARIATION OF THE SIMPLE ANISOTROPY FORMULA [PRD 78 (2008) 051102, PRD 80 (2009) 096006]

. N(D})) — aN'(D(;) 2
Si = (s) (s) IZZZ(S&’)
\/“ G ) |
a takes into account global
nuisance asymmetries
Dt - KTK KTt
§ 2.2_ R L 5 & (\;
v | LHCh {47 2
D mode: p-value = 13.3% = 56" : 2
D™ mode: p-value = 31.6% i ?
0
NO LOCAL CP -
-2
VIOLATION OBSERVED ™ _;
] —4
P IR TN _5
1.6 1.8

R. Silva Coutinho 13
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CP violation in By — ¢¢ decays |

[LHCb-PAPER-2023-001, In preparation]|
FLAVOR-TAGGED TIME-DEPENDENT ANGULAR ANALYSIS OF THE DECAY BY — ¢¢

CP VIOLATION ARISES FROM THE INTERFERENCE BETWEEN DECAY AND MIXING,
CHARACTERIZED BY PHASE ¢2°°

255 AND |A\| PARAMETER

SM PREDICTS NO DEPENDENCE ON THE POLARIZATION

> CP phase: ¢, = ¢ ~ 0

> Direct CP violation parameter: |A.| = |A,/A.| = |1| = 1
No CPV in mixing

ANGULAR ANALYSIS REQUIRED TO DISENTANGLE THE THREE POLARIZATIONS OF B — V'V DECAYS
> (0, CP even), (||, CP even), (L, CP odd)

R. Silva Coutinho
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CP violation in By — ¢¢ decays e

SYR
AL\%

[LHCbH-PAPER-2023-001, In preparation]|

RUN 2 DATA, WHICH LATER IS COMBINED WITH RUN 1 RESULTS

e S B L — F T ]
C ] (@) R i
NO DIFFERENCE OBSERVED BETWEEN POLARIZATIONS § : L FDietlta (a) LHCb ] ; 1200 (b) LHCb
S 10— g 6" - = 1000 6fo"
¢s0 = —0.18 £0.09 rad |Ao| =1.02+0.17 S A=k g F
’ IS Loweees Combinatorial § 800 = —4— E
G5 — dso = 0.12+£0.09 rad  [AL/Ao| = 0.97£0.22 = g, =R
P T T e ONGAT B i b s 600 -
Gs1 — o= 0174£0.09 rad  |A/Ao| =0.78 £0.21 R A e S
S 10 400 - E
s g -
s £ . 200 (- -
O Pt C
1& [ o ey ey oL~ PR L
5200 5300 5400 5500 5600 -1 -05 0.5 1
L Rug o m(K*K'K*K') [MeV/c?] cosf
un 1 + Kun 2, o1
LHCb :51200 = T T w w w T T g 10° T T T
) — SM predicti < - . . :
Run 2, 6 fb" prediction . ; 1000 (©) %?bclb . [g . : (d) %Ii'lbclb E
o - E
= - + + = Uk
Run 1 +2015 + 2016, 5 b [17] —r = 800 ++ + + = 5 C
" +t 1 g 10g E
Run 1,3 fb" [16] —— 8 600? 7 -"_%’ -
S S 1k
= 400 1 8
2011, 1 fb' [15] g 1 u
O 200 _ 107" E
1 1 1 1 | 1 | | | | 1 | 1 1 | 1 | | | E n
-3 -2 -1 0 1 L. | \ | 2L ‘ C Al
¢sxs [rad] 0 -2 0 2 10 8 10
s x [rad] Decay time [ps]

MOST PRECISE MEASUREMENT TO DATE, IN AGREEMENT WITH THE SM

R. Silva Coutinho
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Lepton Flavor Universality?
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A long stand anomaly
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Lepton Flavor Universality as a probe for New Physics

IN THE STANDARD MODEL, ELECTROWEAK COUPLINGS TO EACH LEPTON GENER ATION
ARE IDENTICAL (EXCEPT YUKAWA)

COUPLINGS AFFECTED BY NEW PHYSICS (NP) CONTRIBUTIONS

R ATIO OF BRANCHING RATIO IDEAL LFU PROBES

- B(Hy — Hetrr)
R(H.) = B(Hy — Hl'vy)

Hy = BO,B(J;),AS,BS...

¢" = e/ (B-factories)
H.= D*,D°, D+, Dy, A, J/v...

¢" = u (LHCDb)
B

R. Silva Coutinho
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Lepton Flavor Universality as a probe for New Physics

o ﬂ%% 'P
X »
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CULTORES __]
>~ SCIENTIA
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R(D*)

1 l 1 1 1 1 l 1 1 1 T T T T I T T T
B sz =1.0 contours
0.4 2021 —
| LHCb15 ]
C BaBarl2 N
035 —
- i ]
L LHCb18 -
03— —
i I .
0.25 | + Bellelg _________________________________________ BellelS ]
B Bellel7 o {jg}?; e World Average 7
02— + HFLAV SM Prediction JHEP 1712 (2017) 060 R(D)=0.339+0.026 £ 0.014 ]
i R(D) = 0.298 +0.004 PLB 795 (2019) 386 R(D*)=0.295+0.010+£0.010 a
D _6254—_'_6005 PRL 123 (2019) 091801 p=-0.38
— R(D*) =0.254 £ 0. EPJC 80 (2020) 2, 74 P(2) = 28% ]
— PRD 105 (2022) 034503 0 1
1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 1 1 1
0.2 0.3 0.4 0.5
R(D)
LHCb R(A?)
LHCb R(J/p) LHCb-PAPER-2021-044
PRL 120 (2018) 121801 s e 0.242 £0.026 £ 0.040 £ 0.059
0.71+0.17 £0.18 e
SM prediction
SM prediction PRD 99 (2019) 055008
PRL 125 (2020) 222003 with input from
0.2582 + 0.0038 PRD 92 (2015) 034503
TR R BT RS N SR R R e e '03|24il0'0f)4 L]
05 0 05 1 0.2 0.3 0.4 0.5
+
RU/ ) R(AY)

R. Silva Coutinho

% HAS A UNIQUE ABILITY TO PROBE THIS
SECTOR SINCE ALL DIFFERENT B-HADRON
SPECIES ARE AVAILABLE

MEASUREMENTS FROM THE B-FACTORIES
AND LHCDb AT THE > 30 WRT THE SM

18
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LFU measurements at LHCDb O
i
D'l T B
-V,
B’ v,
PV y*
' p
T — v, T = T at (70,
USE MUONIC DECAY OF THE TAU USE HADRONIC (3-PRONG) DECAY OF THE TAU
B(r — pvv) = (17.39 £ 0.04) % B(r — 3wv) = (9.31 £0.05) %
B(t — 3n7'v) = (4.62 4+ 0.05) %
® EXTRACT DIRECTLY R(H.)
© THREE MISSING NEUTRINOS; ® RECONSTRUCT TAU VERTEX; BETTER
APPROXIMATE KINEMATICS CONSTRAINED KINEMATICS
® TEMPLATE FITS TO KINEMATIC VARIABLES © NORMALIZE WITH HADRONIC FINAL
IN SIGNAL & CONTROL REGIONS STATES - EXTERNAL INPUTS FOR R (H.)

R. Silva Coutinho 19



R pw (muonic) measurements at LHCDb O e 33

[arXiv:2303.02886, Submitted to PRL]

SIMULTANEOUS ANALYSIS OF Rp AND Rp* WITH RUN1 DATA USING MUONIC DECAY

3D TEMPLATE FIT TO: 30Fx10° ¢?€[9.35, 12.6] GeVZ/c* LHCb|  30(x10’ ¢’€[9.35, 12.6] GeVZc* LHCb
, , - D I i D°W | 4 Data 3 107"
9 = (pB — Pp)) < 20F §20§ B 5D v
2 2 o T - B—D
E; energy of u “ - 80 T B B3—D uv
= Ex10° 9 2 Ex10° ¢°E[9.35,12.6] GeVZc* LHCb| | Comb.+ misID
g 3 - D™ § 3t i D" u- B B—>D"uv
o, - 0 1 B S B 5D
FOR EACH [D* " | AND [D°u~] 3 2 5 2 B 5D uv
< C r
o 1:— 1;
® 1SIGNAL REGION 0=0 5 0 0 1000 2000
2 4 E* (MeV
® 3 CONTROL REGIONS ENRICHED Miiss (GEV/E) i (Me¥)
IN BACKGROUND (USING
REVERSED ISOLATION CRITERIA) R(D) = 0.441 4 0.060(stat) == 0.066(syst)

R(D*) = 0.281 + 0.018(stat) 4 0.023(syst)
Agreement with SM at 1.9¢0

R. Silva Coutinho 20



R p+(hadronic) measurement at LHCDb o Bl

[LHCb-PAPER-2022-052, In preparation]|

MEASUREMENT OF Rp+ WITH PARTIAL RUN2 DATA (2015+16) USING HADRONIC DECAY

R(D*) = 0.247 4 0.015(stat) 4= 0.015(syst) 4+ 0.012(ext)

3D TEMPLATE FIT TO:
{:8000— T ] a L A L
(\; LHCb Preliminary VQ; - LHCb Preliminary -
2 — 2 o [ 21 10000 . _
q = (pBO — PD*) © 6000 < I
. o~ B [72]
77 decay time e g
- =) L
) = 4000 =
Anti-D BDT output z I 2 5000
- S
= 2000
S i
< L
53-5:|“‘\“‘“““\“‘\“w: @) L
% 3iLHCb simulation Signal - D*tv ] 00 5 I I 10 00 05 1 15 2
é C Background - D*DSXE q2 [GeV2 / C4] t, [pS]
;g 2'5; +++-o- {
S ¥ A, T & 10000 S ] ¢ Data
2 *... - . — ; LHCDb Preliminary 1 _ Tota]
- -- - Nt 2ﬂ)71 0 o
15 = - e - > Bl B3 =D,
1 N -.-.- _.-I- -o-.- - § |:| B%D**T*‘VT
— - — =yt
- - T - S 5000 -B—>D*_Di(X)
os- ¢ M . P S B B—=D"D*(X)
- - e - e ] [ ]B—=D3xX
ey S, . R ‘(;2;7]3:(1)3.‘4]); BT B B—D"D"(X)
nti-Dy response - Comb. BO
0 Bl Comb. D’
0.2 0 0.2 04 D C b. D~
. omb.
COMBINING WITH RUN 1 RESULTS: Anti-D} BDT output

R(D*)2011—2016 = 0.257 £ 0.012 (stat) & 0.014 (syst) 4= 0.012 (ext)

R. Silva Coutinho 21
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LFU measurement at LHCDb s

DEVD

R(D¥)

[arXiv:2303.02886, LHCb-PAPER-2022-052]

GLOBAL PICTURE UNCHANGED FOR Rp AND Rp
COMBINATION WITH THE SM AT 3 SIGMA

SEMILEPTONIC DECAYS EXTREMELY CHALLENGING

0.4 | I | I I | B | | B | I I | B | I I | B | | B | I I | B | ] I LI LI I LI LI I ] LI ] I LI
B 5 7 AT HADRONIC MACHINES, BUT PRECISION AT
- Ay~ =1.0 contours -
N 7 ﬂfﬁ% SIMILAR TO BELLE!
035 els BaBarl2 —
R Belle -
= =1 Run 2 Run 3 Run 4 Run 5 Run 6
03— ! —] PN  \UEE 2 EEE BNl
— LHCb23 . LHCb22 \\ \‘ —— R(D)
L i < ] _ 12t v\ Optimistic — R(DY) 1
B Tel _ X bis systematics scenario — R(AY)
| t 1~~~ Belle19 — i == R(A) 1
0.25 i + . ] : —— R(J/T)
8 ]
- - 8 Upgrade 11
e - =]
=
- el e World Average .
0.2 =  $HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D) =0.356 £ 0.029,, = 2
B R(D)=0.298=0004 [ [E o lg(zD_"(‘)) 3:70-234 =0.013,, 1 b a0 N\ SITETEIIIe—o
R(D*) =0.254 + 0.005 EPIC 80 (2020) 2, 74 P(2) - 259 I St T Ty
~ L1 1 I L1 L1 I 1 L1 1 I P={])I105I (2922] 03I450I3 1 1 I L1 L1 X : 1 L1 1 L1 1 I L1 ] — l_' =
02 025 03 035 04 045 05 055 SEE

R(D)

Dataset up to year

[arXiv:2101.08326, arXiv:1808.08865]

OUTLOOK FOR THIS SECTOR EXTREMELY FRUITFUL! MORE DATA, NOVEL OBSERVABLES (E.G. ANGULAR ANALYSIS)

R. Silva Coutinho 22
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Conventional and exotic spectroscopy
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CLASSICAL HADRONS: MESONS [QUARK + ANTIQUARK] OR BARYONS [3 QUARKS]

EXOTIC HADRONS: IN PRINCIPLE ANYTHING ELSE, TETRAQUARK, PENTAQUARK, HEXAQUARK, ...

STUDIED BY DIFFERENT EXPERIMENTS:
LHCDb, BESIII, ATLAS, CMS, Belle, Belle II, BaBar, CDF, D0, ALICE ...

11.0 1 1 1 1 1 1
105 - o™ 170 new hadrons at the LHC x62(3P)
= Xb1(3P)
8.01 Of which 62 by &R
.U 7 B(25)* Ty,(6900)
7.0 o429 ®ss @
Q,(6350) T,,(6600)
Np(6152)° Q,(6340) 0 _ [
Eb(6227)i Ay(6146)° =5(6227) .gbsgggggg
6.0  6(59451° A,(5920)° 25(5955)—  By(5970)*° [ | B:, 6100)-
— -/\b(5912)° :/(5935)_. 'Bj(5840)+'° 25(6097)* Np(6070)° B, (6114)°
% =b %,(6097)~ B (6063)°
>
8 5.0
= ® bb X(4700) X(4685)
0 bé Pl(4450)* ® x(4500) 13%(4457)+ @ %(4630) . .
@ ® bq X(4274) i casor Taa220y  mre433®
5(qq) X(4140) PY(4380)* ® PN(4312)* £t
= ® cclqq v t T5,1(4000)* T9.,(4000)°
4.0 ® cicé ws(3842) () ° (]
o o B ® Te(3875)r  X(3960)
Q.(3327)°
® <4qd  D(3000)*° Qc(3119)7 Q.(3185)°
3.0 0/(3000)° @ D.;(2860)* A(2860)* Bc(3080)0 Z(2939)° Tes0(2900)° 2 -
: . bqq Dj*(2760)+ ‘ C, Qc(3050)g EC(2923)0 .T§§1(2900)° .;ca.%oggggg;O
cqq D,(2740)° D} (2760) Q.(3000) P . €50
D(2580)° : Ds0(2590)
m ciqqq
2.0 T T T T T T T T T T T T
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

patrick.koppenburg@cern.ch 2023-02-10

R. Silva Coutinho

Date of arXiv submission
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Conventional and exotic spectroscopy S

CLASSICAL HADRONS: MESONS [QUARK + ANTIQUARK] OR BARYONS [3 QUARKS]

EXOTIC HADRONS: IN PRINCIPLE ANYTHING ELSE, TETRAQUARK, PENTAQUARK, HEXAQUARK, ...

STUDIED BY DIFFERENT EXPERIMENTS:
LHCb, BESIII, ATLAS, CMS, Belle, Belle II, BaBar, CDF, DO, ALICE ...

—~ 60 T T T

LHCb (b)

11.0 E - 1 —
50— -1 .
105 4 0" |70 new hadrons atthe LH= | +D:ta(9fb - .
P < WE =%(6087) — Eont E e
- E S Combinatorial E
8.01 Of which 62 by dedSR: £ wf E -
2 ]
S *F + E |
7.0 osc(zs)+ E + 4 - OUT OF PRESS.
10 - + 600)
6 0 n Eb(5945)0 /\b(5920)0 =p(5955)= B](5970)+'0 0 8% ad . } H L } . . :
& Ao(5912)° = (5035, 88(5840)° 0 40 5 M \;T TWO NEW EXCITED STATES
L M=o — 2M e
> —b ]
3., _ o g | TOBEADDED TO THE LIST!
— bb C ]
0 : bg Ppla4se)” : g 60 - LHCD © 3 143380
C —1 s
£,,] e T S IN: oo {,meor | [LHCb-PAPER-2023-008]
4.0 o cécc T S0 M =)6095) > =t E ;) v - - - -
® cq S 40 E """ Combinatorial — Qu(3327)° .
® <499  D/(3000)*° 5 C 3 a.3185)° [In preparatlon]
! 0 D.;(2860)* 2 F 1
301 m bgg  HERNE ¢ g ¥ 1520000 T
cqq D)(2740)° D:(2760) 3  70(2900)
- Dy(2580)° @)
B céqqq
2.0 T T T T T
2011 2012 2013 2014 2015 2016 23
patrick.koppenburg@cern.ch 2023-02-10 Dat

R. Silva Coutinho 25
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Observation of new () states s’
[arXiv:2302.04733, Submitted to PRL]
ANALYSIS OF THE FULL LHCB DATASET OF Q¥ — =+ K~ DECAYS
------ Q.3000° — E'K- Q.(3065) — EX(—=E!y)K"
FIVE STATES FROM PREVIOUS ANALYSIS  ...... Q3050 — E'K- I QC(3090)Z — EN(—=Ey)K”
------ Q.(3065° — E'K- Q.(3119)" = EXN(—=Ely)K”
CONFIRMED (MOST PRECISE) =77~ 23090 — 5ok B 085 - 20K
------ Q.(3119° — EK- . 2.(3327) = EIK
Resonance m (MeV) ' (MeV) X103
2.(3000)°  3000.44 & 0.07 397 4 0.23 3.834+0.23 *159 S\ 4T 77770 T !
2.(3050)°  3050.18 & 0.04 F9-9 + 0.23 0.67 £0.17 % O -
< 1.8MeV,95% C.L. E 12
2.(3065)°  3065.63 + 0.06 3 +0.23 3.79+£0.20 1338 !
2.(3090)°  3090.16 & 0.11 F9-% + 0.23 8.48 + 0.44 +9¢1 10
2.(3119)°  3118.98 4 0.12 F9-9 + 0.23 0.60 £ 0.63 +9-%¢ — i
< 2.5MeV,95% C.L. ”
2.(3185)°  3185.14+ 1.7 ¥4 +£0.2 50 + 7 +190 9 8
2.(3327)°  3327.14+1.2 *91+0.2 20+ 5 *13 < i
2 6
:8
S 4
TWO NEW EXCITED STATES OBSERVED: 8 — —— Combinatorial background
:(3185)” AND €,(3327)° 2 Total f -
O 'l" "I R T T

R. Silva Coutinho

3000 3100 3200 3300 3400 3500

m(Z:K") [MeV]
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Exotic spectroscopy %ED &
[arXiv:2206.15233]
LHCR N AME SCHEME: NEW EXOTIC HADRON NAMING CONVENTION
Minimal quark & PO
Current name 1@ gre) Proposed name Reference
content
cc Ye1(3872) I€ =0F, JPC =1+F Xe1(3872) 24, 25]
ceud Z.(3900)* I¢ =1+, JF =1* T7,(3900)* [26-28]
« T for tetraquark ccud X (4100)* [¢=1 T,(4100)" [29]
ccud Z.(4430)" ¢ =1t JF =17 T%,(4430)" 30, 31]
* P for pentaguark ce(s5) Yer(4140) 16 =0, JPC = 1++ ;561(4140) 32-35]
* superscript: based on existing CEUS Z..5(4000)+ [=1 JP=1* Tg (4000)* 7]
symbols, to indicate isospin, ceus Z,,(4220)* [=1 gP—17 1 (4220)* 7]
parity and G-parity o o 2 e o7
céce X (6900) 16 =0, JPe =77+ T,y (6900) (4]
 subscript: heavy quark content csiid X,(2900) JP — o+t T..40(2900)° 5, 6]
csiid X1(2900) JP =1~ T,1(2900)° (5,6
ccud T..(3875)* T..(3875)* 8,9
bbud Z,(10610)* I¢ =1+, JF =1* T%,(10610)* 36]
ccuud P.(4312)* =2 P (4312)* 3]
ceuds P,,(4459)° I=0 P2, (4459)° [20]
R. Silva Coutinho 27



Evidence of the Tgsl (4000)" state

[arXiv:2301.04899, Submitted to PRL]

ANALYSIS OF THE B — J/1¢K T DECAY OBSERVED TWO STATES: T}, (4000)* AND T}, (4220) "
[PRL 127 (2021) 082001]

IS THERE A ISOSPIN PARTNER IN B’ — J/1)¢ K. DECAYS?

A SIMULTANEOUS AMPLITUDE FIT IS PERFORMED IN BOTH CHANNELS WITH FULL STATISTICS

LHCb

9 fb’!

R. Silva Coutinho

22
20

1 5 o E =
SR o1 -

: M5
5 410
3 ERE
N | l ] - _0
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Evidence of the T£s1 (4000)" state A s

[arXiv:2301.04899, Submitted to PRL]

A SIMULTANEOUS AMPLITUDE FIT IS PERFORMED IN BOTH CHANNELS WITH FULL STATISTICS

-4 Data LHCb

Z 0 E: ]
E 600 - — Total fit 9 fb! =+ E3
= 500 ;— » =+ Background ¢ —;;— —;—
2 400F - - AllK and X 4 =3 E3
S 300F ~ " Tym(4220) =+ +
S HooE WT},,(4000) F *
< = - E
© 100E E E3 \

C = - s, . I \\\\\\ \ =
. = ARG TR RNl M .m\\.\\\\\.\\\\\‘s\\\‘\\\\&&\\‘&;\“\““h C F [TSYERXNTEY merreees \\\\t‘k\t&‘\k‘\\\\
%z 0F E3 E3
= 60F
= 3
= 50f ) +
8 40E + ) + + \ y
: o ) £
S F w? " T T emd
s 20 Lprer - Yo
“  10E

C - o o o, = =+ \“\ ————— ~,

ok s s es | E S AR O ARG s Y TTOITITITT Y \‘%}\\\\\\\\ >
4.6 48 3.6 3.8 4 4.2
my., m,. g [GeV]

M(T%,,(4000)°%) = 3991 {2+ 2 MeV
I'(T5,;(4000)°) = 105 *22 £17 MeV

NEUTRAL PARTNER Tgsl (4000)° : SIGNIFICANCE OF 4 ¢ ( 5.4 ¢ ASSUMING ISOSPIN SYMMETRY)

R. Silva Coutinho 29
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Doubly charged and neutral open charmed tetraquarks %@%g%%

SIMULTANEOUS ANALYSIS OF B* — DD 7~

~ T ' 107
Q12
3| ]
(] L
G ]
— 10_ :.'. ]
+l§ra : .'.'.'. :
Q ot i S 1 410
S 8k e ]
S -
6L ' .
I : 1 1
M S T T
M2(D 1) (GeV?)
(\/]\ 12 [T T T T T T T 102
: 1
(D]
o
=10
+
+l§r4 10
S s
= ]
6
4

8

M?*(D ) (GeVz)

Candidates / 0.10 GeV*

Candidates / 0.10 GeV*

(98]
=l
=)

Candidates / (0.014 GeV)

Candidates / (0.014 GeV)

larXiv:2212.02717, Submitted to PRD]

-

,,,,,,,,,,,

24

2.6 2.8

Data
Background
Total fit

D5 (2460)- D
D (2600)~ D
D; (2750)~ D}
D (2760)~ D; ]
D(3000)~ D ]
D*(2010)~ Dyt 1
T,(2900)° DO ]
D S-wave D

3.0 32 34

M(D°x~) (GeV)

,,,,,,,,,,,

08

Data i
Background ]
Total fit ]

D, (2460)° D+ ]
D{ (2600)° D+ ]
D; (2750 D¢ 1
D (2760)° D
D(3000)° D}
D*(2007)° D
T%,(2900)** D~ ]
D S-wave D}

30 32

M(D~x%) (GeV)

34

Candidates / (0.014 GeV)
5 &8 8 8

\o}
(e}

(TOP) AND Bt — D~ DI 7™ (BOTTOM) DECAYS

- LHCb
L 9 fb_l
L
‘ i
Fhiid
o

2.8

et

3.0 32 34

MDDy ) (GeV)

Candidates / (0.014 GeV)
3

20

s
B otati e

TRy,
M(Dg 7*) (GeV)

SCALAR RESONANCE-LIKE STRUCTURE IN D m CHANNEL: T,50(2900)° AND T,50(2900)"*

R. Silva Coutinho



Strange pentaquark candidate et

[arXiv:2210.10346, Submitted to PRL]
AMPLITUDE ANALYSIS OF THE B~ — J/1¢Ap DECAY

o L L B AL B Q) oo T ]
> - o - LHCb - Data ]
g 1000F glgbgb T 1880 - 9 fb! —Nominal fit - 3
2 1400 " —Sl nal ] (D L — Baseline fit -
© - & 1 186} = NR(/p p)
: C - Background? = - v p ]
— 1200 F = g s + —NR(A )
7 n . 184+ C — Py, ]
S‘*—é 1000 3 ' B S 5 = + ——fBauékground -
S 800F 4 % o F =
= 800} 1 ss2 i | |
C% 600 — 18: P £ R C ]
© s00b = : i 2 S
200F | : 17.8F R 2 I
0: . R A R RN BRI N B 0: e W M st T-ti=t9 S ] 1
520 5250 5300 5350 164 166 168 17 172 4.2 4.25 4.3 4.35
m(J/YAp)[MeV] m?(J/yp) [GeV?] m(J/yp A) [GeV]

KNOWN J/¢¥p PENTAQUARK AND Pﬁs (4459) DO NOT CONTRIBUTE TO THE PHASE SPACE

NEW PENTAQUARK CANDIDATE (WITH STRANGE QUARK CONTENT) P, (4338)° WITH MASS FOUND
AT THE THRESHOLD FOR Z D~ BARYON-MESON PRODUCTION

PROMISING MODE FOR PENTAQUARK CONFIRMATION AT B FACTORY!

R. Silva Coutinho 31



SUMMARY

m  VERY FRUITFUL FLAVOR PHYSICS PROGRAM,
GOING WAY BEYOND INITTAL DESIGN

® VERY SMALL SUBSET OF RESULTS SHOWN HERE

LE. CKM MEASUREMENTS, LFU, SPECTROSCOPY

WHAT CoOMES NEXT?

s EXISTING DATA NOT YET FULLY EXPLORED!

— O ——> <«———— Goal: 50 fb-l ———» <«—— Goal: 300 fb! — icEra
Upgrade 1 Upgrade Ib Upgrade 11

Rt [ ISU]  Rw2 | 52 | [Ra3 | Lss | Rwd | L5t | Runs 159 Runc |
2011 2012201 20142015 2016 2017 201201 2020 202 2020 2024 205 2027208z 2020 200 02 2020203 200 v 200 0] [ I TS
UPGRADE II

® A PrecisioN FLavour Paysics Era AHEAD OF Us!

|A “COMPASS” TO THE LHC SEARCHES?]

Technical Design Report




|BAcKkuP]

R p+(hadronic) measurement at LHCb

[LHCbH-PAPER-2022-052, In preparation]|

MEASUREMENT OF Rp+ WITH PARTIAL RUN2 DATA (2015+16) USING HADRONIC DECAY

ANALYSIS STRATEGY CONVERT INTO THE RATIO
]C(D*) B B(BO—) D*_T+1/7-) B Nsig Enorm 1 R(D*) _ ]C(D*){ B(BO—> D*—37T:I:) }
" B(BY— D*37%)  Noorm &sig B(rt — 375 (70)7;) B(B®—= D* it vu) J e input
DOMINANT BACKGROUND SECOND LARGEST CONTRIBUTION
® AROUND ~ 100X SIGNAL DECAY ® Ds CONTRIBUTION ~ 10X SIGNAL DECAY

x K g LB_»D*D(X) J

R. Silva Coutinho 33



|BAcKkuP]

VELO incident

The VELO detector is installed in a secondary vacuum inside the LHC primary vacuum.
The primary and secondary volumes are separated by two thin walled Aluminium boxes, the RF foils

On 10th January 2023, during a VELO warm up in neon, there was a loss of control of the protection system
A pressure differential of 200 mbar built up between the two volumes, whereas the foils are designed to withstand 10 mbar only
Initial investigations show no damage to the VELO modules; sensors show correct leakage currents, microchannels show no leaks

RF foils have suffered plastic deformation up to 14 mm and have to be replaced. Major intervention, planning under study
* Replace now (delay), or replace at the end of the year (run in 2023 with VELO partially open)
» Physics programme of 2023 is significantly affected, commissioning of Upgrade | systems can proceed as planned

R. Silva Coutinho 34



|BAcKkuP]

LFU analysis strategy: legacy measurement

DOUBLE RATIO WITH RESPECT TO EQUIVALENT CHARMONIUM MODE TO REDUCE SYSTEMATIC UNCERTAINTIES

B — K*J/(1S)

.
R — B(B — K* ) B(B — K~ )
VA | T BB K J/p(— ptpt)) / B(B— K*J[i(—= )
E |
B
? — T 5
; 4o = Nrare ¢ J\rare EJ/¢
e e K* — X
ﬁ NV gare | NI/ grare
L)
. L]
=
| Rx COMPUTATION REDUCES TO MASS FITS AND
\ EFFICIENCY CALCULATIONS (SIMULATION)
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LFU analysis strategy:

|BAcKkuP]

SIMULTANEOUS ANALYSIS OF Rx AND R+ RATIOS AND TWO DILEPTON BINS

dB(B1) — kU0 o= /dg?

>

BY — K*J/4(1S)

L,

ppT
ete™
| O \_ |
\
>
¢’[GeV/c']

Low g?: [0.1, 1.1] GeV

Central g% [1.1,6.0] GeV

9
=
(e]

h_
N
(ew]

~
a
<
~
>
é.)
<
N
N—’
-
wn
Q
=t
<
=
.—
=
=)
<
@)

LHCb
—+— Data 9 fb’!
—— Total fit

B B — Jiy(ete )K?
B Part. Reco.
Combinatorial

eV?)
2,

0.02G
S

10

N’
~
72]
Q
~
<
=
g
<
©;

LHCb

I Combinatorial
B—Xe'e
B B —K "Iy

1.1<¢?<6.0 [GeV*/ ¢*]

5500 6000
m(K*mete”) [MeV/c?]

+ MORE ROBUST CONTROL (EXTRAPOLATIONS)
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|BAcKkuP]

Legacy Measurement:

IMPROVED SIMULATION CORRECTIONS AND STRINGENT CROSSCHECK WITH RESONANT MODES

LHChOfh™! LHCH9fh! LHCh9fh!
red w(BT) v w(BY) rei w(BT) = w(BY)|| v w(BT) = w(BY)
none
+wpip —e— Dest fit
+wTRK 63% C.L
FWNMult& Kin : 95%) C L
i 99% C.L

“+w HLT
FWReco

T WRes

—20 0 20 —20 ( 20
A(Rg low-¢%) [%] A(Rg central-¢) [%]

LHChOfh™! LHChOfb~! LHChOfh™!
rei w(BY) et w(BY)| | et w(BY) et w(BY) || rer w(BY) et w(BY)
none

+WpID
+WTRK
FWMult&Kin
+wro
+wHLT
+WReco

T WRes
—20 0 2 —20 0 20
A(Rg+ low-¢%) [% A(Ry- central-¢%) (%]

SIMILAR RESULT FOR OTHER CHARMONIUM (25)
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Legacy Measurement:

055200

Low g?
0.1, 1.1] GeV

Ry low-¢°
4 Data
——=— Total
- == Signal
Combinatorial

m(K ™) [MeV/c?

5300

Ry low-¢*
-4 Data
———Total
- == Signal
Combinatorial

5400 5600
m(K r ™) [MeV/c?]

5800

Counts / (14.00 MeV /c?)

Counts / (14.00 MeV /c?)

055200

|BAcKkuP]

Central g2
[1.1,6.0] GeV

Ry central-¢°
<4 Data
——— Total
—==-Signal
Combinatorial

=~ et I b i s At i b

5400 5600
m(K u ™) [MeV/ 62]

5800

Ry central-¢°
+ Data
———Total
- == Signal
Combinatorial

5400
m(K = ™) [MeV/c?]

5600 5800
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|Backup]

Legacy Measurement:

“l suppose I'll be the one
to mention the elephant in the room.”

TIGHTENING ELECTRON PID EXHIBITS A COHERENT PATTERN

Ry low-¢° Ry central-¢*

0.971 0.988 0.997 0.982 0.973 0.967 0.967 0.97 0.948 0.944 0.944 0.939 0.939 0.941 0.937
+ + + + + + =+ + + + + +

0.099 0.102 0.102 0.100 O. 0.099 0. 10: 0.051 0.051 0.051 0.051 0.051 0.051 0.052
0.964 0.969 0.983 0.973 0. 0.979 0. ).98E 0.941 0.938 0.942 0.933 0.939 0.951 0.949
+ + + + + + + + + + + +
0.086 0.088 0.090 0.089 0. 0.092 0. 0.095 0.044 0.044 0.044 0.044 0.045 0.046 0.048
0.904 0.908 0.958 0.950 0.954 0.938 0.940 0.969 0.906 | 0.902 0.907 0.904 0.916 0.919
+ + + + + + + + + + + +
0.078 0.079 0.087 0.086 0.087 0.086 0. 0.093 0.040 | 0.040 0.040 0.041 0.042 0.044

>030 >035 >040 0.45 > 0.50 0.55 > 0.60 >020 >025 >030 >035 >040 > 045 55 > 0.60

Ry central-¢*

952 0.971 0.975 0.984 0.970 0.960 1.083
It N +
0.112 0.111 0.112 0.114 0.112 0.111 0.095
£ 0.9830 1.007 1.014 1.010 1.010 1.019 1.021 1.016 1.016 0.997 1.016 1.001 1.012 1.035
- = - = ot S - et o B
0.103 0.105 0.106 0.108 0.110 0.074 0.074 0.075 0.073 0.076 0.075 0.077 0.081
0.901 0.915 0.925 0.934 0.965 | 0.990 0.986 0.993 1.024 1.006 1.014 1.038
=t L - DS [ gl
0.088 0.089 0.092 0.117 0.066 | 0.069 0.069 0.071 0.075 0.073 0.075 0.079
>030 >035 >040 >045 >0.50 >0.55 > 0.60 >020 >025 >030 >035 >040 >045 >0.50 > 0.55

DLL(e): combination of sub-detectors delta log-likehood for m/e
ProbNN(e): neural-net based e-ID score




|Backup]

Legacy Measurement:

“l suppose I'll be the one
to mention the elephant in the room.”

DID WE MISS SOMETHING? WHAT ABOUT DOUBLE MISIDENTIFICATION?

central-g°
-4 Data
——=— Total
-== Bt - K"K"K~
Combinatorial

central-g°
<4 Data
——=— Total
=== Bt 5 Ktgtn~
Combinatorial

Counts/ (8.75 MeV /c?)
Counts/ (8.75 MeV/c?)

> ‘ bl : Tl ke, .
5200 5300 5200 5400
m(K rr™) [MeV/¢?] m(KTKTK™) [MeV/c’]

>  SIMILAR STRUCTURE SEEN IN R+ HOWEVER UNKNOWN DYNAMICS

> SINGLE MISIDENTIFICATION AS WELL; OFTEN UNKNOWN
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|Backup]

Legacy Measurement:

)
(-]
-]

100

—~
(@]
Q
=
(D)
—
-
o
o
ap)
(am)
N
~
n
ihis)
=
=
o
Q

(@)

P

P

Ry central-¢°
+ o -1
Br+ njaASb_ 91h
Kregye

pass

5000 5500 6000

m(K'ete™) [MeV/c?]

Counts / (33.33 MeV/c?)

+(\pt o—
K (ﬂ )epassefail

Ry central-¢° LHCbH
BT mass 9y
K*el

pa‘ssefail

5000 5500
m(K'ete™) [MeV/c?]

Counts / (33.33 MeV/c?)

PARAMETRIZE SHAPE AND PREDICT NORMALISATION OF SUCH CONTRIBUTION

“l suppose I'll be the one

to mention the elephant in the room.”

Ry central-¢°
T mass -1
B™ mass 91h

+ot -
K7 egqemn

5500
m(K'ete™) [MeV/c?]

CATEGORISE PION- AND KAON-LIKE ELECTRONS IN CONTROL REGION WITH NEURAL-NET ID
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Legacy Measurement:

|BAcKkuP]

Counts / (32 MeV/c?)

[N
at

Counts / (32 MeV/c?)

DO

=~

Ot

=~

Ut

ja)

LHCb
RUN 1 (3fb™1)

4750 5000

5250

K*tete™ low-¢
+  Data (Weighted)
———- Total
Smooth combinatorial like
B Peaking (broad)
B Peaking (sharp)

5750

5500

m(Kete™) [MeV/c

RUN 1 (3fb71)

K*eTe™ central-¢>
4+ Data (Weighted)
———- Total
Smooth combinatorial like
Peaking (broad)

B Peaking (sharp)

6000

RUN 2 (6fb™1)

4750 5000 5250

m(Kete”

RUN 2 (6fb™1)

4750

K*ete™ low-¢
Data (Weighted)

- Total
Smooth combinatorial like
Peaking (broad)
Peaking (sharp)

o,
6000

5500 5750

) [MeV/c?

K*ete™ central-¢°
+  Data (Weighted)
——=- Total
Smooth combinatorial like
B Peaking (broad)

Peaking (sharp)

SIMILAR MISIDENTIFIED BACKGROUND MODELLING FOR Ry~
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Legacy Measurement:

|BAcKkuP]

Low g?
(0.1, 1.1) GeV

Ry low-¢°
<4 Data
—=—=Total
- == Signal
! Combinatprial
! Misidentification
! “ I Partially Recoed
Tl Bt — K'/(— ete )

D
-

)
-

Counts / (32.00 MeV /c?)
s
S

5000 5500 6000
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Central g%
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<+ Data
——— Total
- == Signal
Combinatorial
Misidentification
1 BN Partially Recoed
W B — KJ /(= ete)

5000 5500 6000
m(K"ete™) [l\fle\//cz]

Ry central-g°

+ Data
——=Total
- == Signal

k\- BY = K*J/i(— e*e”)

*3&4

5000 5500 6000
m(KTn~ete™) [MeV/c?



|BAcKkuP]

Legacy Measurement:

DOMINANT SYSTEMATIC FROM MISIDENTIFIED BACKGROUNDS ESTIMATION

Ry~ central-¢°

(fit) Misidentified backgrounds
(fit) Partially recoed bkg
(it
(fit) Fixed fit parameters
(
(

Combinatorial modelling

fit) Resonant mode fit model
e + fit) Modeling of mcip

e Stability of r:’;/f“

e Trigger

¢ Kinematics and multiplicity
e Particle ID & factorisation
£ ¢° migration

e Form factors

Osyst [%] Osyst [%’]

MEASUREMENT STILL STATISTICALLY DOMINATED



Legacy Measurement:

MOST STRINGENT LFU MEASUREMENT IN THESE TRANSITIONS

. 2 __ 104 +0.094
12 aA40-+H0.048
R central-¢© = 0.9497 7
a 2 _ -+0.099

Ry~ central-¢® = 1.0277015

Y2=1.6p=0812 0 =02

Ry low-¢> Ry central-¢> Ry low-¢° Ry~ central-¢°

COMPATIBILITY WITH THE SM (SIMPLE CHI-TEST) ON 4 MEASUREMENTS OF 0.2 SIGMA

|BAcKkuP]
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