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@ The bb cross section in pp collisions is large, mainly from gluon fusion

The LHCb experiment

~ 300 pb @ Vs=7 TeV b, b
~ 600 ub @ Vs=13 TeV R
[PRL 118 (2017) 052002] P > b,c ove b B
[JHEP 02 (2021) 023] b — Bs e o

The b quarks hadronize in B, B,, B*(s), b-baryons...
— average B meson momentum ~ 80 GeV

® The LHCb idea: to build a single-arm forward spectrometer:

~

~30% of the b hadron production
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The LHCb experiment

® The data:
3 (Runl) + 6 (Run2) fb?

(2011 - 2018)

LHCb Integrated Recorded Luminosity in pp, 2010-2018

- 2018 (6.5 TeV): 2.19 /b : :
. 2017 (6.542.51 TeV}: 1.71 flb + 010 fib ................................... 2018201
. 2016 (6.5 TeV): 1.67 /fb :

2015 (6.5 TeV): 0.33 /fb

. retonaoe in 201627 4. 2017

& 2011 (3.5 TeV): 1.11 Jfb
2010 (3.5 TeV): 0.04 /b

T -H-|-I-H-|-l-l-l-|-l-H- ..|..}.4..|..}.4..4..|..}.4..|..|..}.4..|..|..|.|

Integrated Recorded Luminosity (1/fb)

Month of year



Rare B decays

e b—s,d quark transitions are Flavor Changing Neutral Currents (FCNCs),
— in the SM they only can occur through loops (penguin and box diagrams),
excellent probe for physics beyond the SM

leptonic semileptonic radiative _
b ; 0 "
W,
t
s W ! W
BR ~ 10 BR~ 10~ BR~ 107

Experimentally — leptons/photons with high transverse momenta
Theoretically — observables can be calculated in terms of Wilson coefficients

G2 2 .
Ex: F(B? —> /,l-'_jll_) ~ 6:702'!% mfz?sz:

2 B P
vV [2m,C,

Hadronic uncertainties in decay constants or form factors



Rare B decays: B —>pW

e Very rare decay: FCNC and helicity suppressed

e Theoretically clean (5% uncertainty)

B - b t +
BB, - ptu~) = (3.621512) x 107 : : o 7
[Bobeth et al. PRL 112 (2014) 101801, B, W I S
Beneke et al. JHEP 10 (2019) 232] < ! . -

BBy~ pu™) = (0.9999%) x 10710

[Buras & Venturini arXiv:2109.11032,

independent of |Vcb|] b _<_"'"‘\3;""'_<_ )U+
" . . BY A Y
e Very sensitive to new physics scenarios, __
which predict a larger BR (ex: SUSY) §——b--A by [

e Clear experimental signature (with very challenging reconstruction):
measurements at LHCb, ATLAS and CMS



LHCb [PRL 128 (2022) 041801; PRD 105 (2022) 0120101
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Rare B decays: B —pu*W

M 0.44 CcMS -
EPH-ZSH)UG Fem—— 3.83 tu.41 BPH-21-006 < - <19
LHCb 0.48 LHCb P
PRL 128 (2022) 041801 — 3.09 +-o.44 PRL 128 (2022) 041801 = . <26
ATLAS+CMS+LHCb 0.37 ATLAS+CMS+LHCbh _
BPH-20-003 e 2.697 5 BPH-20-003 < - <19

MS ) 0.72 CMS .
S-lEP 04 (2020) 188 ) - 2.94 to.ss JHEP 04 (2020) 188 - = <36

+0.8 ATLAS P
ﬁ-I-IE-II; a?zm 9) 098 ' - s 287, JHEP 04 (2019) 098 = " <2.1
SM Prediction SM Prediction .
Beneke et al, JHEP 10 (2019) 232 '—T—' 3.66 = 0.14 Beneke etal, JHEP 10 (2019)232 ' 1.03 = 0.05
PRI SR N ST NN SR SR N SR R R S [ S N K TR TN N T R L 1 - . e L L L L T
B(B® — uwtu’) [107] B(B" — p*u’) [10 7]

LHCb [PRL 128 (2022) 041801,

LHCb:  B(BY — ptu ) = (3.097055707%) x 107 brp 105 (2022) 012010]

CMS:  B(B) — p'p ) = [3.83+8§2 (stat) o128 (syst) 1013 (fs/fu)] x 1079

CMS [PRL 842 (2023) 137955]

e Uncertainty determined by the knowledge of fragmentation functions (fs/fd, c ~3%)
e Statistics are a limiting factor.

e B >u*u not found yet (BR ~ 101°) but it should be seen very soon.




Rare B decays: Ry y«.

e In the SM all leptons are expected to behave in the same way

Test of lepton universality:

B(BT — Ktutu™)

Rk = = 1.000 +0(m,/m,?) B
BB = Kieve) i |
e Theory precise due to cancellation of form factors, pVB‘;PL“;/
QED control at % level ~—
ECAL HeaL

e Experimental challenge: bremsstrahlung recovery for electrons

e Double ratio using resonances to cancel systematic - /_ !
A

uncertainties v K

BBt - Ktu p) / B(Bt - Kte'e )
Ry = B

B(BT — K J/¢(ptp=))/ B(BT = K*J/ip(efem))

10



Rare B decays: Ry

fqunax d QdF(B_)H'u—I_“_)
g q dg?

2 2 min
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qr2nin q dq2

)5 310° )

20 il 310° =
N w(2s) |10
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Pre Dec 2022

Rare B decays: Ry

e Updated Ry & Ry« 2023 measurement:

R, = BR(Xb - Xsﬂ-l-ﬂ_)
X7 BR(X), » X;ete™)

LHCb only (2022)

gt el AY) — pKel
R])I\' — ¢°€[0.1,6] GeV*/c }—o—i 4.7fb 1
? € [1.1,6] GeVZ/c! e : B _T Kt
q- € 1,00 GevE/c
R[{*" 1 ¢2€[0.045,1.1] GeVe!  —e—no : 3tb
|
2 € [0.045, 6.0] GeV?/c* : BT 5 K "
R]\u + - ¢°€[0.045,6.0] GeVZ/c —q ' 9fh 1
I
I
' . I B - K2¢¢
R]\,(] - q°¢ [Ll.(i: GeV3/e! e : 9“) 1 S
|
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)1 i 3 I pR——
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Post Dec 2022

RK, K

[PRD 108 (2023) 032002;
PRL 131 (2023) 051803]

1.4:

1.2}

LHChH Ry low-¢ = 0.99470001
0 fb‘l Ry central-¢> = 0940798

Ri low-¢2 = 0.927739%

Ry central-¢* = 1.027+907

0.8f

0.6F

]1j—_{_

t  Data =16 p=0812 6=02
— SM

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

Low q* Central g* -
g* €10.1,1.11GeV?/c* g* €10.1.1.11GeV?/c*
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Rare B decays: Ry

e Why? Underestimated peaking background in the electron samples (miss-PID),

decreases the signal selection.

I
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Semileptonic B decays: Rj Rp.

e Another test of lepton universality (now at tree level):

Ratio of semi-tauonic and semi-muonic branching fractions:
-
RO + W/ H s
* —_— - ’,
B(B — D T I/’L') B E—l: %k— l:(é}) tg I-—E D(*)
=0 ft — = g—= - - - (
B(B” - D"y~ u,)

R(D*) =

Sensitive to charged Higgs bosons and leptoquarks E ;I_... EQ < %}1_3 D{*)

Vr

——

i

SM predictions very precise : (V. and form factors (partially) cancel)

Based on HQET form factors:

R(D)s,=0.299 £ 0.003 [H. Na et al., PRD 92 (2015) 054510]
N [Fajfer, Kamenic, NiSandizé: PRD85 (2012) 094025]
R(D )SM=0'252 +0.003 and experimental measurements (HFLAV)

[D.Bigi, Gambino, PRD 94 (2016) 094008]
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m Using tau-leptonic decays: r'—)u'vIu\TT

— Simultaneous analysis of Ry and Ry« from muonic decays (Run1l, 3 fb1)

— Information from g2, missing mass squared m

[PRL 131 (2023) 111802]

Candidates / (0.3 GeV*/c#)

miss
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Semileptonic B decays

® Using tau-hadronic decays: t*—>n*nnty,

Information from the position of the pions. B .-
Normalised to B>—>D*n*mm* > =

[PRD 108 (2023) 012018]

o0
o
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o
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s I
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(efficiencies, pdf shape modelling, etc...))
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Semileptonic B decays

e Present global picture of R, and R«

B | | | | I L | | | | | I | | | | | I | | | L | L | I | | || | | L | I | | | | | | | I L | | | | | | I L | | | | I | | | | i
: Summer 2023 :
[ Bellell ]
- Belle® -
= . " b ~
- LHCb -
= World Average -
= $HFLAV SM Prediction R(D) =0.357 £0.029, —_
- R(D) = 0.298 +0.004 R(D*) =0.284 £ 0.012 -
- R(D*) = 0.254 + 0.005 p=-0.37 -
L P(yx2) = 33% _
1 | | L I L 1 1 1 I L L 1 1 I 1 | ] L L I 1 1 L L I 1 1 1 L L 1 1 1 L L 1 [ ] I L L

— Average: 3.3c deviation from SM
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Semileptonic B decays

e Present global picture of R, and R«

BaBar 2012, had. tag BaBor 3002 hads fae ! | ————
0.440 £0.058 = 0.042 ! ‘ = Belle 2015 had. tag i i
Belle 2015, had. tag ! | 0.293 £ 0.038 + 0.015 : e
0375 +0.064 £0026 ! — Belle 2017, (lnd101uc tau) ! !
| I 0.270 £ 0.035 £0.027 ! Vo
Belle 2019, sl. tag | | Be]le 2019, sl tag ' :
0.307 +0.037 +0.016 e | F0018 +0714 .. smand
LHCb 2022 ‘ 1 h202% s A
0.441 +0.060 + 0.066 j : > ILTES(T:’(EFS l“ o : :
AVETAage ! l RS _1 \311 (had lOSmC tau __:___ i
0.357 £0.029 3 1 '} Be]lell “U“ 3, ha(l tag ¢ R |
HFLAV SM Average i ; ngﬂ g 040=0031 el |
3 I g i
0.298 £0.004 ; ; 0284 £0.012 -
PRD 94 (’016) 094008 ‘ i HFLAV SM Average i ;
02990 " 3 0254 +0.005 -
PRD 95 (2017) 115008 i i PRD 95 (”017) 115008 i i
0299 £0.003 m | ?};;EP 171q (7017) 060 5 i
JHEP 1712 (2017) 060 1 0.2 i :
0.299 + 0.004 = ! OPL§ 79< (0019) 386 : :
2020) 2 ! ! 2 - :
OEL’;T‘{ES (00 20)2,74 L] ! OPB%I’% (0019) 9091801 |- ;
PRD 105 (7023) 034503 ‘ i EPIC 80 7070 2,74 | i
0296 =00 - 3 ERTRET - !
3 | A LAV
| | | | | ‘ | :
02 04 I : I I T N

R(D)

02

R(D¥)

R(D) — 2.00 from SM prediction R(D*) - 2.20 from SM prediction
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Semileptonic B deca\ys

e Measurement of the D* longitudinal polarization, F,(g?), 5 L//:f’io
. | R /
using tau-hadronic decays (3 fb* (Runl) + 2 fb! (Run2)) 7 /w\ e
e F,(q%) allows to discriminate between new physics scenarios. \ | |
[arXiv:2311.05224] v e
d2r ) o p _ e, (4%) + o, (¢°)
— : 'OS 9 > F — ¢
dg?d costp G0y (@) + Cop (q7) 0™ Op k 3ae,(q*) + cop, (¢°)
—~1 8X103| T T T T — ~~ ‘ T T T T ]
& 1:6; LHCbRun1 (36§ @ LHCb Run 2 (2 fb™))
S 14fF E Sk ;
;m: 12E q2<7GeV2/c' q3>7GeV2/c4 3 E ; 2 e V3 e q2>7GeVZ/c4 —;
= 1 E :
S 08 -i i F- = ]
S06F - S 2F =
04 3 5
1

-1 0 1-1 0 1 -1 0 1-1 0 1
coeA cosd

q2 < 7GeV¥/ct }?* = 0.51 £ 0.07 (stat) £ 0.03 (syst)
g > TGeVElc* - = 0.35 £ 0.08 (stat) £ 0.02 (syst)

FP" = 0.43 £ 0.06 (stat) £ 0.03 (syst) (Compatible with the SM)
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CKM and CP Violation

e The CKM matrix can be parameterized in terms of 4 fundamental parameters:

Vud ‘/us ‘/ub

Vekm = | Veda Ves Ve |7
Via Vis Vb

15 17171 T T T | LI Y 5 | L T T T
|~ | excluded area has CL > 0.95 . %’é T
b 1 O%'v B
- y g
1.0 — e, —
I & Amy & Amg
0.5 N o
= 0.0 — —
-0.5 — —
-1.0 - Y R
- % sol. w/cos2B<0 -
- Summer 23 : (excl. atCL > 0.95) —
15 Cov v b b b v by v by 4 0]

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p

-4,

-1

A

1—1%

ALPL-p—in) —AX

AX(p—in)
AR
1

+0o(4)

e Flavour observables can be expressed as

~~ function of these parameters:

Unitary Triangle

= Very high level of precision (few %)
- No inconsistencies

20



ACP(t)

CKM and CP Violation

[arXiv:2309.09728]
e sin2f3 from the Interference between Sln(ZB) sin(20,) %
PRELIMINARY
mixing and decay amplitudes in B decays BaBar Jiv Ky . | 065720036 £ 0,012
PRD 79 (2009) 072009 '
1.0 BaBar Jiy K, , ) 0.694 £ 0.061 + 4.031
. L B B B DL BN | PRD 79 (2009) 072009 ' ' i
+  B°-BY yield asymmetry | BaBar y(2S) Kq , 0.897 +0.100 + 0,036
5 Total fit PRD 79 (2009) 072009 ) b !
- Belle JAp K 0.670 +0.029 + 0.013
0.5 PRL 108 (2012) 171802 ——a
i Belle Jiy K| 0.642 + 0.047 + 4.021
PRL 108 (2072) 171802 e ;
i Belle w(2S) K ) ) 0.718 £ 0.090 + 6.031
0.0 PRD 77 (2008) 091103(R) ! :
Tt LHCb Run 1 Jay K 0.750 + 0.040
: JHEP 11 (2017) 170 —
i LHCb Run 1(2S) K : . 0.840+0,100 + 4.010
_osbk LHCb JHEP 11 (2017) 170 :
~L 1 LHCb Run 2 Jhy Kg ket 0.720 +0.014 + 4.007
[ 6fb LHCb-PAPER-2023-013 :
- 0 +p— 0 + o — LHCb Run 2 w(2S) K 0.647 £0.053 + 4.018
[ BY = y(= ) K (i) ] LHCb-PAPER-2023-013 " * | ;
_1.0 PR S T S T TR T SN S A ST TN ST T (NN TN TR SN SN AN TN SO WO SR N S SN S | World Average + 0.703id,011
00 25 50 75 100 125 150 HFLAV , , ‘ :
t [pS} 0.4 0.5 0.6 0.7 0.8 0.9 1

Sy =0.717£0.013 (stat) £ 0.008 (syst)
S
Cyrg =0.008 £0.012 (stat) = 0.003 (syst)

Most precise determinations from a single experiment, compatible with CKM fitters.
21



Exotics

e There are several possibilities for combining quarks with color into colorless hadrons,
as predicted from the origin of the Quark Model [M. Gell-Mann, PL8 (1964) 214]

© &3

Baryon Meson Tetraquark Pentaquark

e Several of these states have been announced since 1970, but have disappeared
with time and new data analysis...

e Important for our understanding of the matter structure and QCD!




E xot i C s co | |64 new hadrons at LHCb
£ 50
e More than 60 new hadrons discovered in the £ w
o
last decade!! (most of them by LHCb): £ %]
11 .0 1 1 1 1 1 1 1 1 % 201 -
£
3 101
0_
2012 2014 2016 2018 2020 2022 2024
7 5)/ 64 neW hadrons at LHCb Date of arXiv submission P
. patrick koppenburg@cern ch 2023-08-16
7.0 - .TW(GQOO)
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Future

e More exotics (in progress, search at IFIC):

Stable Sexaquarks:

Refers to a specific particle proposed by G. Farrar with uuddss quark content
[arXiv:2306.03123 ]

» Electric charge 0
» Spin, Isospin and SU(3) flavour single
* Baryon number 2

Could be a dark matter candidate
Could solve the g-2 muon puzzle

o S+n— A°K? (+nporsy — proves g hasB=-2

S

o S+ pt = A°K*(+npions) — proves S has B=-2and S=+2 (PhD Jiahui Zhuo)
200
5 1504 LHCb Run3 minbias simulation
%’” B=-2,5=+2 My
= =< 504
LIX*O_U;,/» K" g
e g
P 2 -50
= = R
S ——a _ 5 -100
w BI— 150 ‘ T
El - " e 129 Displaced tracks from material interaction:
- G W T = —-200 . . T T A
uﬂi:&uak\_d ‘j@?k[kmﬁ Vﬂ.:r 0 500 1000 1500 2000

Origin vertex z (mm)
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Future

e More exotics (in progress, search at IFIC):

New LLPs: [arXiv:2312.14016]

The development of new algorithms in the new trigger scheme at LHCb based on GPUs
increases a lot the sensitivity to new long lived particles with tau > 100 ps.
(B. Jashal (IFIC) CERN-THESIS-2023-249)

Dark bosons, Heavy Neutral Leptons, etc...

Dark scalars (BC4) HNLs. BC6
S T T T T T T ] T L — T T R T
~ /
\Excluded 104 Excluded <
~ - \
~
1077} > 107°
-6
_______ ~ 10
_____ D -
1077
L S—— . - ]
10710 N 10_8§ —— Downstream, _ -1 :
- - - _ 10_9 ;\ - - - DOWnStreamLzsoofb—‘l;
Downstreamys -t ——— FASER == LHCbxRun3 . --- FASER?2 E
| = = = Downstreamyyyp-1 === FASER2 = == LHCby,, 500 10-10L— LY ‘ ‘ L
0.2 | | 05 T 1 | 9 | | 0.5 1 5 10
ms [GeV] my [GeV]
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Future

e 2023 has not been a good year for LHCb...

Rikx and other observables have “model standardized”.
Incident in the VELO detector, not possible to close it.

The UT detector (central tracker) not ready to run in global.
In addition to other LHC problems...

e A positive view:
- We have learnt a lot about PID at LHCb.
- At IFIC we have developed a new trigger algorithm and reconstruction
techniques that hugely increase the LHCb potential for exotic searches.
[arXiv:2312.14016]

Let’s cross fingers to acquire good and surprising data in 2024!
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Observable Current LHCb Upgrade 1 Upgrade IT
(up to 9fb~1)  (23fb~1)  (50fb™1)  (300fb~ 1)
CKM tests
v (B — DK, etc.) 4° (9,10 1.5° 1° 0.35°
¢s (B — Jhpo) 32mrad (8] 14 mrad 10 mrad 4mrad
Vsl /| Ven| (A) = pu=v,, ete.) 6% [29,30] 3% 2% 1%
ad (B® - D ptu,) 36 x 1074 [34] §x107* 5x107%* 2x10°*
ad (B — Dyp*uv,) 33x1074[35] 10x10* 7x10% 3x10°4
Charm
AAcp (D° - KtK— ntn~) 29 x 1075 [5] 13x107° 8x107% 3.3 x107°
Ap (D° - KYK— 7tn™) 11 x 107° [38] 5x107° 32x107° 1.2x107°
Az (D° - K0ntn™) 18x107°[37] 6.3x107° 41x107° 1.6x107°
Rare Decays
B(B° — ptp~)/B(BY — putp~) 69% [40,41] 41% 27% 11%
Sup (B — ptu~) — — — 0.2
AR (B o K*0e+er) 0.10 [52] 0.060 0.043 0.016
Al (B - K*%ete™) 0.10 [52] 0.060 0.043 0.016
AT (BY — ¢) o B 0.124 0.083 0.033
Sy, (BY — ¢) 0.32 [51] 0.093 0.062 0.025
(A = Ay) o (53] 0.148 0.097 0.038
Lepton Universality Tests
Ry (Bt — Ktetim) 0.044 [12] 0.025 0.017 0.007
Ry (BY — K*00+4-) 0.12 [61] 0.034 0.022 0.009
R(D*) (B® — D*~t+y,) 0.026 [62,64] 0.007 0.005 0.002
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electrons and energy loss

ECAL
T1-T3 o from 0% - - - T [ T
. rolafion — "
magnetic field exdra LOH — B J/dee)K .
P - — B Jjbluu)K-
08 6 ~ 140 MeV

ECAL |

resolution

VELO LE Lesmsisis T vif- 6 ~ 40 MeV
04rMissed y
=

, “’"'Brem 7
] 1
[JHEP08 (2017) 055] :
S ' m(K ) [GeV/e’]
113 50 -?iﬁlaﬁon
] . .
= 40 » Brem recovery is Wider fit range than muons
8
o % ~ O(50%) efficient » more background,
=]
-% 0 » Well described in » more sensitive to peaking structures
= 10 . ' .
a simulation » lineshapes are brem-dependent

LOE LOH LoD LOE LOH Lot LOE LOH Lot
0 clusters 1 cluster =2 clusters
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