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LHCDb physics programme

LHCDb technical proposal (1998)

*  LHCD originally designed for

Since its discovery, CP violation has been de-

° M|X|ng and CP V|O|at|0n IN B decayS tected only in the decay amplitude of Ky mesons.

. . iy . - Experimental efforts in the kaon sector will con-

° FltS N Iong tradltlon Of Indlrect tinue for some time. In the B-meson system there
1 ” are many more decay modes available, and the Stan-

measurements to dlscover dard Model makes precise predictions for CP vio-

. lation in a number of these. The B-meson system

new pa rt|C|eS, for example: is therefore a very attractive place to study CP vi-

olation, and to search for a hint of new physics.

. Charm quark in
. Top quark from B meson mixing
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LHCb experiment

. Forward spectrometer at the LHC, optimised for -hadrons
*  cross section at 13 TeV in acceptance
. pairs/s in LHC Run 1 & 2 (and 20 x more )

pcaL HEAL Ma M3
SPD/PS M3

RICH2 M|
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LHCb detector
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LHCDb collaboration
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LHCb Run 1 & 2 data takin

107 T
E LHC Fill 2651

Running with LHC luminosity levelling L
(, 2x design luminosity) _ \
¢ stable data-taking conditions
Corresponds to 1.5 interactions ;
per bunch crossing 5 ot R ...
# - é o 15 AAAAA Fill dt;rat;onzgm]

Total of collected : Ii
¢ around pairs produced! £ /

g /
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LHCb Run 1 & 2 data takin

T e Fmasst)
Running with LHC luminosity levelling L
(, 2x design luminosity) _ \
¢ stable data-taking conditions
Corresponds to 1.5 interactions i
per bunch crossing 5 ot R ...
"o é 15 llllll Fill dL‘Jratilonzg]
Run1 Run 2 Run 3 Run 4 Run5 Run6
— 16|— =
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LHCb performance

Very good momentum resolution

()

Sufficient to separate decays
Excellent charged particle identification:
ID ~ 97 % w. 1-3% mis-id

ID ~90 % w. ~ 5% mis-id

required to reject hadronic B decays

& separate
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LHCb performance

Very good momentum resolution

()

Sufficient to separate decays

Excellent charged particle identification:
ID ~ 97 % w. 1-3% mis-id

ID ~ 90 % w. ~ 5% mis-id

required to reject hadronic decays & [l as
separate E i

Clear separation of hadron
decay vertex and pp collision:
45 fs decay time resolution

3% of lifetime
essential to reduce backgrounds

pp
collision point

Bs

17 m?n_i




LHCDb physics programme

- LHCb originally designed for: LHCb technical proposal (1998)
Since its discovery, CP violation has been de-

° M|X|ng and CP violation in B decayS tected only in the decay amplitude of Ky, mesons.
Experimental efforts in the kaon sector will con-
tinue for some time. In the B-meson system there
are many more decay modes available, and the Stan-
dard Model makes precise predictions for CP vio-
lation in a number of these. The B-meson system
is therefore a very attractive place to study CP vi-
olation, and to search for a hint of new physics.
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LHCb physics programme %

+ LHCb originally designed for: Check out theLHCb publication pag
. Mixing and CP violation in B decays
- But LHCb has found general purpose: Publication luminosity
- Rare B decays oo | TGO PYsics papers
. Charm decays zzz
. Semileptonic B decays 200
. Spectroscopy and exotic hadrons 200
«  Hadron production (B and quarkonia) -
. Heavy ion physics, fixed target 0
. Electroweak physics, QCD Q&”\i\"”\ix\"”\i\°”\i¢°”\i¢°”\i¢°”\i¢°”\2¢°”\i\°”\i\°”\m:»\°”\3°”\z°”\i\°”\i\°y

. Exotics (dark matter, long-lived particles)
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LHCDb physics programme

e

« LHCDb originally designed for: Check out theLHCb publication pag
. Mixing and CP violation in B decays
- But LHCDb has found general purpose: Publication luminosity
*  Charm decays 700 | LHCP physics papers
. Rare B decays 600
. Semileptonic B decays jzz
. Spectroscopy and exotic hadrons 300
. Hadron production (B and quarkonia) 200
. Heavy ion physics, fixed target mz

o
NN
Y

. Electroweak physics, QCD

. Exotics (dark matter, long-lived particles)
Today: selected results from LHCb Run 1 and 2
Many more interesting results, just a small flavour!
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https://lbfence.cern.ch/alcm/public/analysis

CES

Mixing and CP violation
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CKM matrix

- Mass and flavour eigenstates of quarks are
not equal ¢ W boson transforms quarks
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CKM matrix 6%

. Wcak : mass
Mass and flavour eigenstates of quarks are i CKM Alpatnxﬁ\ i

not equal ¢ W boson transforms quarks e

Probabilities described with 3x3 unitary CKM ) (Ve Ve Va|( d

matrix (almost diagonal, almost real) $' |=|Va Ve Vol s
b' Vg V. V,/\Db
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CKM matrix

Mass and flavour eigenstates of quarks are
not equal ¢ W boson transforms quarks

Probabilities described with 3x3 unitary CKM
matrix (almost diagonal, almost real)

Only three real, one imaginary parameter
remain in SM (due to unitarity)

Imaginary element causes CP violation
(opposite phase for particle, anti-particle)

Before LHCb, only 1st and 2nd generation
were well constrained

weak
states

d!

b!

up-type:
Strong

Weak
down-type:

CES

CKM matrix e

P AL - states

Vi T d
=lv, V. V_,||s

th Vts th b

Rl
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Unitarity triangle %

Unitarity of CKM matrix leads to two types of conditions:
real, , orthogonal,

Unitarity triangles formed A
with orthogonal relations Im
In case of New Physics, VgV 4+ VgV + VgV, = 0

unitarity conditions are broken!
© test consistency of unitary
triangles with measurements
testing each angle and side
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Constraining the unitarity triangle %

Significant progress over last decades with crucial role for LHCb (since 2011)
1995

1.5

1.0
0.5

I= oof

. £ it 3
g ' I -1.5-I 11 | I 11 1 1 i 1 1 1 1 ‘ 11 1 1 | 11 I ‘- I 1) _1.5_\ L1 1 I 11 11 L1l | L1 | 11 1 1 |\|\| 1 1
-1.0 0.5 0.0 0.5 1.0 15 2.0 -1.0 0.5 0.0 0.5 1.0 15 24 1.0 0.5 0.0 0.5 1.0 1.5 2.0
p p p
Any sign of inconsistency could point to New Physics CKMfitter.in2p3.
fr
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Constraining the unitarity triangle %

Significant progress over last decades with crucial role for LHCb (since 2011)

1995 2023
1S ey T T T
ded as CL > 0.95 \\%;
tf
10 % my & Amg ]
05
I= 0.0 : f
0.5 — \ -
3 -1.0:— ¥ \\\Q‘Qﬂ\\ & ]
. sremass - e ez ]
s . | _1_5-|||\I||||i1|||\||||||||||-r||| gLl | I R ||||||||||.|\\\n|"\1‘||w
1.0 05 0.0 0.5 1.0 1.5 2.0 -1.0 -0.5 0.0 0.5 1.0 15 24 1.0 0.5 0.0 0.5 1.0 1.5 2.0
p P p
Any sign of inconsistency could point to New Physics CKMfitter.in2p3.
fr
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CKM angle

: : Vo V
*  Only angle accessible in tree-level deogys— ax oy | — ub =
. V.o V_

*  Theoretically clean 2023

- E =S \ €

0.2 [ | _%

0.1 i | 5 —g

-0.4 -0.2 0.0 0.2 ﬁ 0.4 0.6 0.8 1.0
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CKM angle

*  Only angle accessible in tree-level deogys— axr oy

*  Theoretically clean

*  World Average from direct
measurements:
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CKM angle

i

: : Vi V
*  Only angle accessible in tree-level deogys— ax oy | — ub =
. V.o V_
*  Theoretically clean 2023
- World Average from direct R e e
measurements: na R
- World Average from indirect i E
measurements (CKMFitter 2023): na i B
0.1£— i ) _g
- LHCD’s goal: bring uncertainty oo e e

from direct measurements of down to
uncertainty from indirect measurements
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Measuring CKM angle %

o[-

bvu
b V

Use interference of and diagrams y» — axrg (_ X

Vis -
MK L AD
ub L C
| b H/

b o B- b
i o Ve

C 0 S
'L_LD /&K_

Interference only possible when decay to same final state
Extract from combination of measurements (where or)
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Measurement of in decays

- D meson reconstructed in many possible final states:

*  Relatively challenging mode due to decay,
low reconstruction efficiency

. Result;

Direct CPV: more de

illustrative of measuring
many modes required

s 8 5

”

LHCbh

i

[arXiv:2410.21115]

to reach ultimate precision

60F T B = [K'Kp K

Candidates / (10 MeV/c?)
=

5300 5400 5500

5600

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

cays than decays!
;1_'1 14{} -l T T T I | T T T T T T T
L 140k ]
=} ~Data LHCP
o 120k — 9 fh™
= ! —0 DK
2 10F === Comb. blg.
— - ama = K™
§ 80 :' == ._.g_: — !-. i
5 60F BY = [KKp K+
3
5 4of
L [
20F
ol g

S300 5400 5500 5600
m((K*K |p K**) [MeV/c2]
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LHCb-CONF-2024-004;

NeW COm bl nathn update of [JHEP 12(20'21)14

. . B decay D decay Ref. Dataset  Status since
Ref. [14
Combination of 198 observables o e R T
. B* — Dh* D— hth wto [19] Run 1&2 New
to determine 53 free parameters P e~ I
B* — Dh* D — h*hT 0 [37] Run 1&2  As before
B* — Dh* D — K¢hth- [38] Run 1&2  As before
= = = B+ — Dh* D — KJK*x7 [39] Run 1&2  As before
Simultaneous determination of 55 b pIE I s Rmits b
BT = D'h™ D — K¢hth~ (PR) [20] Run 1&2 New
. . B> — DA~ D — K2hth~ (FR) [21] Run 1&2 New
and charm mixing parameters 5 < i poir e Ut
B = DK+ D — h¥rFata— [22] Run 1&2 Updated
. B* & DK+ D s KShth- 22 Run1&2 New
External inputs from BESIIl, CLEO-c oo oo i
J B" — DK*° D — h*h' [23] Run 1&2 Updated
B" » DK*° D — hiaFata- [23] Run 1&2 Updated
B — DK*° D — K3h*h- [24] Run 1&2 Updated
BY — D¥pt Dt — K-m+ot [41] Run 1 As before
B!+ DIK* Di — hth-a* [25,42]7 Run 1&2 Updated
0 s BY — DFK*r+n Df = hthwt [43] Run 1&2  As before
D h —®0D D decay Observable(s) Ref. Dataset  Status since
A Ref. [14]
DY = hth- AAcp [1 1 Lb] Run 1&2  As before
\ DO K+ K- Aep(K+K-) [46-48) Run2  As before
B —_ leIng D° = hth- ver —yE ™ [49,50] Run 1&2  As before
D% — hth- AY [51-54] Run 1&2 As before
D" K*+r (double tag) R*, (2/%)?, y'* [55] Run 1 As before
w D — K*+r— (single tag)  Rpr, Akr, CKW Ac,’g [27,56] Run 1&2 Updated
— e DY — K*afata (22 +y%)/4 [57] Run 1 As before
’r 67/(53 fy) DO h € 'g' D_>K Y DO — K§rnta— Ty [58] Run 1 As before
DY — Kt~ Teps vops Ar, Ay [59] Run 1 As before
D% — Kintn~ zep, yop, Ar, Ay [60,61] Run 2 As before
D rta—a® Ay [26] Run 2 New

T Results presented at ICHEP 2024, but not yet publically available.
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LHCb-CONF-2024-004;

NeW COmbI natlon update to [JHEP 12(2021)14

Most precise single experiment result, ,
in agreement with and 20% better than previous average

Previous tension between and modes resolved

In agreement with global fits: 5|1'0;'P1;4;H('jb" TR R e
L climinary :.' ‘-“ 888 5B+ decays
, — 0‘8—_Summer 2024 f = odes ]

0.6:

Still statistically limited _
(systematic uncertainty is 1.4), 041

so improvements expected in Run 3!

40 50 60 70 80 90 100 110
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CKM angle

- The angle is sensitive to top-quark interactions;
therefore only sensitive to loop diagrams,

in this case B-meson oscillation RERE A \( =

0.6 E T mdamd Bk S —E

*  Use interference of and meson E
decay to same final state, resulting in o ] S 4 N\ NE

g 03 - y ")\ o -—E

::i i

* I : :

gty P 1
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

(ignoring lifetime difference in - system)
*  -type decays excellent to measure :

for these decays,
where due to non-tree decays is correction of ~1%
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Recent measurement of

*  Use three modes, namely
and ,
to get the most out of Run 2 data

CES

[Phys. Rev. Lett. 132 (2024) 021801]

*  Combine with Run 1 measurement 1.0

. Results of combination:

0.5}

= [
S 00f
=

l.e. asymmetry is shaped like sine
»  Consistent with CKMFitter, UTFit, =D o

best single experiment measurement R ~
0.0 2.5 5.0 7.5

6 November, 2024 LHCDb: performance, results and upgrade | M.M

T
+  B9-B? yield asymmetry
Total fit

- LHCD
[ 6fb !
[ B —=op(—= 0K (=)

10.0 12.5 15.0

t [ps]
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https://doi.org/10.1103/PhysRevLett.132.021801

Charm mixing and CPV %

[PRL 122 (2019) 211803]; [arXiv:2407.180

Unique CP violation test, asymmetries !

LHCb discovered CPV in charm in 2019: < F Luey —_——— 3
, difference in time-integrated CP asymmetries of E 500F 6 fb! + =
New this year: time-dependent asymmetry of = asol I E
prompt meson decays to, , tagged using , with full = T+ —]— Data ]
Run 1, 2 dataset 4001~ ﬁ*ﬁ —— Baseline -
Interference between mixing and decay of to 3503_%*””% o INO Cfviolétion_i

either final state ¢ test mixing + CP violation
Use ratio of wrong sign vs. right sign decay,

' —103—%ﬁ+¥%ﬂ:ﬁ_{_ 1 B
Most precise mixing measurement; - ]
no sign of CP violation in mixing or —0F . . ‘ E
interference ’ : Yo decay6time / er
Parallel analysis using from semileptonic decays

provides additional constraints

(r=r)/2 [107]

[LHCb-PAPER-2024-044, in preparation]



CP violation: summary %

LHCb has provided stringent tests of CP violation and CKM matrix
Strongest constraints on CKM angles and (closing the triangle)
Observation of mixing and CP violation in charm decays

And more | could not show today:

: world-leading in (angle in unitarity triangle) [PRL 132 (2024) 051802
CP violation in mixing with semileptonic decays [PRL 114 (2015) 041601,

PRL 117 (2016) 061803]
tests with semileptonic decays () (PRL. 126 (2021) 081804
SearCh fOI" direCt CPV in [arXiv:2409.01414] IT\IZ?Jr?Pﬁ\(/)szigs ?:2(2(())‘115) 743]

More on CP violation by Melissa Cruz Torres (past Monday, 16:45)
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http://arxiv.org/abs/arXiv:2409.01414
https://doi.org/10.1103/PhysRevLett.126.081804
https://doi.org/10.1103/PhysRevD.101.072004
https://doi.org/10.1038/nphys3415
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https://doi.org/10.1103/PhysRevLett.114.041601
https://doi.org/10.1103/PhysRevLett.117.061803
https://doi.org/10.1103/PhysRevLett.132.051802

Rare decays
and
lepton universality

6 November, 2024 LHCDb: performance, results and upgrade | M.Mulder | SILAFAE XV 33



Rare B decays:

Test Standard Model with weak interaction loop
diagrams (Flavour Changing Neutral Currents)
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Rare B decays:

Test Standard Model with weak interaction loop
diagrams (Flavour Changing Neutral Currents)

o _ a A
Transition uncommon in Standard Model, e i
Egm - - b L s
sensitive to small contributions ’ - -
L] 0 b
from heavy new particles! v .
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Rare B decays: %

Test Standard Model with weak interaction loop
diagrams (Flavour Changing Neutral Currents)

o _ a A
Transition uncommon in Standard Model, e i
Egm - - b L s
sensitive to small contributions ’ - -
L] 0 b
from heavy new particles! v .

Observables:

. Leptonic decays (e.g. ) € in backup
. Branching fractions

. Angular distributions

. Lepton universality

Large variety of channels and observables d
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Physics depends on :

Semileptonic rare decays:

i

T.Blake et al. arXiv:1606.00916

C\CI}__ I L] L] T T I L] L] L] I L] L] T I L] L] T L]
e
ResonanCeS (e g . ) : Jhb ¥(28) Broad charmonium
o) ' ' \ resonances (above the
Photon pole at IOW open charm threshold)
Photon pole
: h: from C7
Vector or axial vector current 4 enhancement (from C7)
Sensitivity to
f+ Cg and CTL[)
CKM suppressed
o light-quark resonances
Sensitive to C7—Cy l?haseslgfm_,c}‘
i interference Stppression
b : '] '] L L I L I 'l L I 'l 'l L L
0 0 0 5 10 15 20
B K <= increasing hadronic recoil q2 [G eV 2]
increasing dimuon mass =»
d d increasing
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Semileptonic rare B decays: anomalies

Measurements of semlleptonlc rare B decays deviate from predictions...

-LCSR Lattice -e-Data
(\’._\ T T T
5 B'— K'utu~
Q. LHCb
© [JHEP 06 (2014) 133] 1
X 3 -]
5 ]
o 3
3 t ]
= , ]
= % 5 10 15
q? [GeVz/c“]
Em].CSR Lattice -e-Data
(\’T ] T ] ]
> B* > K*utu”
Q LHCb 1
;’ [JHEP 06 (2014) 133]
5 2
= %t +t
e
S
B
m 0 : 1 1
= % 5 10 s

g [GeVz/c“]

Note: these deviations are consistent (interpreted in EFT framework, see backup)
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[PRL 127 (2021) 151801]7

—3— LHCb9 fb '
LHCb 3 fb!
SM (LCSR+Lattice)
SM (LCSR)
SM (Lattice)

o
<
0
>
Q
L
S
e
&
3
>~
|
S
s
T
S
8
2
<

L 1 " L n L 1
10 15
¢* [GeV¥cH]

=]
W

dB/dq? [c*/GeV?]
o

e
S
oy

LHCb
L-K''n

[JHEP 11 (2016) 047,
JHEP 04 (2017) 142] -

+op i T

G 1
0 5

15
q? [GeV¥ 4]

LHCb Run 1 + 2016 7

10}

m 7] SM from DHMV
0F i [PRL 125 (2020) 011802]
r 0 » 0.+ ¢ A
—0.5F z 1
h i
Sk : . . 3

0 5 10 15

¢* [GeV¥c4
1.6 v .
141 B i
2 gg 10 T Gev JFH

0.8

0.6 -
04 [JHEP 09 (2018) 145,
02 PRD 93 (2016) 074501]
005 '—;—' L L L
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https://doi.org/10.1007/JHEP11(2016)047
https://doi.org/10.1007/JHEP04(2017)142
https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.1103/PhysRevLett.127.151801
https://doi.org/10.1103/PhysRevLett.125.011802
https://doi.org/10.1007/JHEP09%282018%29145
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.074501

Lepton universality:

+ o — + ot a—
- From SM expect equal R — BB = KTpp™) / B(BT = K7eTe™)
: : n n TR T + +ta—
muonic, electronic decay rate B(B™ = K*J/y(utn™))/ B(BT — KTJ/i(eTe™))
. Measure double ratio with respect to modes [PRL 131 (2023) 051803, PRD 108 (2023) 032002]
. Consistent with SM, shift versus previous results _
due to contribution from misID backgrounds 14f LHCb B lowg? = 0904533
9fp! Ry central-g = 0.94910:0%8
» Ri low-¢* = 0.927+%0%
S oo s 19 e B Ry central.? = L02T33T
s fEe T R e P
= 200 noo--- sz,tl?dl 1= —— Siogtl?al 1 x 1.0F
8 1! \ an.lbina:toria.l % C(.nr.fbina.toria‘l 1 r l I
e #, % -l\hsl('lent.lﬁcatlonA 1S -I\Ilsll.lelltlﬁ(:ﬂtloll E F
o) : I Partially Reconstmctedﬁ 1 50 I Partially Recozlstructec{ . F
\100 B BT — KT J/¢Y(— ete )—- g B — KV /(= efem) | 0.8+
%3 é ] i i Data 2 _ 16— 0812, 0 =02
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Lepton universality:

*  First measurement with : [arXiv:2410.13748]
lower statistics but higher purity due to very narrow resonance

. First LHCb measurement at high above resonances
. Consistent with SM, much more limited by statistics than

8
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Semileptonic decays & LFU

Semileptonic most common decay mode! ) _
Include neutrino in final state ¢ missing mass == {s—" "~} neo
Still, used at LHCb for

. -hadron production measurements

. Mixing and CP violation tests

. measurements B(B > D )
. . - DWWtV

Test lepton universality: vs. rates R(DM) = 3

B(B® » DMpu~v,)
Precise SM prediction available

At least 1 neutrino produced in decay: more missing mass
LHCb does or
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Summary: rare decays, lepton universality

- Deviations found in rare decays, both and
(branching fraction and angular observables)

. Lepton universality holds in semileptonic loop-level decays

(consistent with New Physics in equal to )

*  Deviations from lepton universality found in
semileptonic tree-level decays:

(consistent with New Physics in only)
- Consistent interpretations possible (with Effective Field Theory)
*  Much more | could not show:

. Charm and strange decays [LHCb-PAPER-2024-047, in preparation]
. Radiative () decays [LHCb-PAPER-2024-030, in preparation]
. Lepton Flavour / Lepton Number / Baryon Number Violation ,.vi,-0405.13103
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CES

Spectroscopy and
exotic hadrons

Yk SR

Baryon Meson Tetraquark Pentaquark
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Spectroscopy

. Many new hadrons discovered at LHC: 75 total, 67 at LHCb
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Spectroscopy

. Many new hadrons discovered at LHC 75 total 67 at LHCb
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23 new hadrons are exotic: (partlally) four- or five-quark states
Nature of states is unclear: tightly (tetra/pentaquark)
or loosely bound (hadronic molecule)?

Key to study of non-perturbative QCD

New naming scheme proposed by LHCb: [arXiv:2206.1
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CES

- Measurement of cross section in pp interactions with no other
activity: diffractive processes

- Surprisingly, observed resonant structures in mass spectrum;

states in diffractive processes

[arXiv:2407.14301]

evidence for (),

observation of () 2 op | LHCb Lo

- Consistent with previous S E— ez
“‘charmonium-like” states found £ & ,_ oy s
in decays! & 30 j a

*  First such a correspondence 0 "
apart from state BN S a9

M Vo [MeV]
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- what state is it?

best-known non-conventional
state (“charmonium-like™), discovered 2003

Existence at threshold of mass
suggests loosely bound molecule

Prompt production in hadron collisions
suggests conventional -state

This paper: measure

Generally larger than 1 for non-molecular
states, which is exactly what is measured!

Looks like has a significant
compact component, either or tetraquark

[arXiv:2406.17006]

| SEE—

A

Ry = alT20(28)y
FXcl (3872)= by
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Weak mixing angle at LHCb

*  Weak mixing angle
fundamental parameter of SM

*  Previously tested at LEP; since 2015,
LHC started to contribute

- Strategy: measure
from forward-backward asymmetry
in decay, in bins of
difference in pseudorapidity

CES

[arXiv:2410.02502]

Total uncertainty

Statistical uncerfainty

LEP and SLD combination
Phys. Rept. 427 (2006) 257

had
Qs

0,
Ary

AL ——
P —_—
A, (SLD) ———

ATLAS 7 TeV
JHEP 09 (2015) 049
LHCb 7 and

05
AL —_—

8 TeV

JHEP 11 (2015) 190
Tevatron combination

PRD 97 (2018) 112007
CMS 8 TeV
EPJC 78 (2018) 701
ATLAS 8 TeV prelininary

ATLAS-CONF-2018-037

Electroweak Fit (J. Haller ef al))
EPIC 78 (2018) 675

Electroweak Fit (1. de Blas eral)
PRD 106 (2022) 033003

0.229 0.23 0.231 0232
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Weak mixing angle: results

LHCDb finds , resp.

statistical, systematic, theoretical (PDF) uncertainties,
consistent with other estimates

Improvement in

= = EE '_'|""I""I""|"'-|----|v---p---,....,....L..l.L
precision of Eowopm ]
previous LHCb [~ sina-028 _

008 — sin295=0.235 - 1
measurement rul e — _
by more than 0.06 — _LJf ;
factor 2 oosf o )
Still limited by o

0.02 - ]

statistical
uncertainties!
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CES

LHCDb detector upgrades
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LHCb Upgrade 1 &

Run 1 Run 2 Run 3 Run 4 Run5 Runé
Goals: ::: G 2 2
. Luminosity increase by factor 5; E :Z: —
collect ~ by 2026, by 2033 z I
. Hardware trigger removed ¢ 5 ::
2x efficiency in hadronic/electronic modes g of D
I,

10 2015 2020 2025 2030 2035 2040

Required 2 025
. Upgrade of most detectors, fully replaced tracking detectors (higher granularity)
. Full readout and DAQ replacement to read out detector at 40 MHz

o
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LHCDb Upgrade 1 detector

A whole new detector!

CERN-LHCC-2011-001

Detector channels Readout

Side View . HCAL

ECA

SciFi RICH2
Tracker =

f'!' g1

upgrade
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VE LO CERN-LHCC-2013-021

New pixel detector (replacing strips)

. Within vacuum of LHC beam pipe; 2 moveable
halves (5.1 mm from beam closed, 30 mm open)

. Dedicated RF foil for protection
. Very radiation hard
. Data rate: 3 Tbit/s

Performing well now,
after recovery from
January 2023 incident

TN LR
.
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SciFi

Scintillating Fibretracker developed for high occupancy

- Spatial resolution 80 um

- Hit efficiency > 99%

Performing well, with occupancy even higher
than in design specifications

XU VK

%

Upstream track /-—\I
T T2 73

Long track

Downstream track

Read-out

2x24m

Eﬂ:@‘? 4 planes x 3 stations

2 x 4 x fibre mats

honeycomb & carbon fibre reinforced polymer

/
/‘
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Upstream Tracker

- 4 planes made of silicon
strips
with finer segmentation and
iImproved acceptance
. Fast pT determination for
track extrapolation,
reduction of ghost tracks
- Detect long-lived particles
decaying after VELO ()
*  Successfully running
together with rest of
detector

i

CERN-LHCC-2014-001

¥ w“ eadle DL PR
' - -
. -
_ 3
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. CERN-LHCC-2014-016 Cb
Trlgger CERN-LHCC-2020-006 %ﬂ
- All subdetectors read out at 30 MHz - LHCb Run 3 Trigger Diagram
Real Time Analysis with software trigger

. HLT1 reduces 30 MHz to 1 MHz with partial event LN OO

. . . :Software High Level Trigger
reconstruction (tracking, vertexing, muon ID), [

based on GPUs in new data centre

. Calibrate detector in “real-time” such that HLT2 uE >

best-quality tracking, PID . T R A o calibraton and alignment
° Had ronic yield iS 2X 10¢ ALICERun3 g ATLASHL-LHC é G

Full event reconstruction, inclusive and
xclusive kinematic/geometric selections

10° EHCh-Runt/2 @ CME
that Of Ru n 2 104 pEra Add offline precision particle identification
- . - wier ™ CDE 1/ DZero Tt and track quality information to selections
* 40 Tblt/S IS h lg heSt 10" cormze ® o paper Output full event information for inclusive

102 &, KLOE triggers, trigger candidates and related
HI/ZEUS

A49
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And how was 20247

*  Alot of hard work finally yielded fruit in 2024

- Total of 9.56 collected,
same as all of Run 1 and 2!

*  Note: some of this data was
affected by start-up issues
(until about mid-June)

*  How does performance look
like in good quality data?

o)

Integrated Recorded Luminosity (

—_
o

CES

Link to luminosity plots

— 2024 (13.6 TeV): 9.56 fb™'
— 2023 (13.6 TeV): 0.37 fb™"
— 2022 (13.6 TeV): 0.82 fb™"
—2018 (13 TeV): 2.19 fb™"
—2017 (13 TeV): 1.71 b

(

(

(

— 2016 (13 TeV): 1.67 fb™
— 2012 (8 TeV): 2.08 fb
— 2011 (7 TeV): 1.11 o

May Jul Sep Nov
Month of the year
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Upgrade performance: particle 1D

*  Particle ID holding up under harsher Run 3 conditions

Q 1 E_ | T E
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Upgrade performance: trigger

- Trigger performance much better for hadrons...
[LHCb-FIGURE-2024-030]
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Upgrade performance: trigger

- Trigger performance much better for hadrons... and electrons!
[LHCb-FIGURE-2024-030]
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Upgrade 2 &

Goal: increase of luminosity by facto

Run 1 Run 2 Run 3 Run 4 Run5 Runé6
e 16 3350
- . =3 - o o o o L] z_ ‘%_'
aim for 300 fb-1 after Run 6 Luk 3 3 % 3 I
3} C K =
So 12:_ actual :""/—E 250 g
= 10 — m expected ’ =
> E - expected with improved LHC optics at Run 5-6 i/ —|200 E
? 8E 4 P
£ of AN L
4 - K - %]
g 2:— ) oy\d"_-' —: 50 &
a F o e :
| =TI S = = 1 ., B,
2010 2015 2020 2025 2030 2035 2040

Year



Upgrade 2 %

Goal: increase of luminosity by factor

un 1 Run 2 Run 3 Run 4 Run5 Run6
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Upgrade 2

i

Goal: increase of luminosity by factor

Run 1 Run 2 Run 3 Run 4 Run5 Run6
aim for 300 fb-1 after Run 6 ::j: 5 3 7 3 gzzz
- Will reach unprecedented precision B oo | J/—zso
Detector environment will be challengi :: e e
Pile-up ~40 interactions. 5 J e
- 200 Tb/s of produced data. 3 o B EN

2010 2015 2020 2025 2030 2035 2040

Detector upgrades: performance
in harsher environment

- Better granularity

- Fast timing (~10 ps)

- Radiation hardness

Large step, e.dg. in constraining

Year

unitarity triangle




Conclusions %

LHCb achieved excellent performance over Runs 1 and 2,
collecting at

Unitarity triangle tested to high precision; Standard Model still holds on

Rare decays and lepton universality tests strongly probe new heavy particles;
eagerly awaiting new results to resolve hints of New Physics

Fantastic set of spectroscopy and electroweak results,
many of which were never expected

LHCb Upgrade 1 detector running well!
Collected 9.56 in 2024, more than total Run 1 and 2 dataset;
most of it should be useful for physics analysis

Work for Upgrade 2 is ongoing to make the ultimate step in precision
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CES

iGracias por su atencion!
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Meson mixing

*  Neutral flavoured mesons () only have
non-zero quantum numbers 5 Vi £ Ve b
that are not invariant for weak interaction!

BS W_ W+ BS

27
- Very dependent on meson system T . T
. Described with Hamiltonian,
oscillation frequency - -
and lifetime difference v o
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Figure 3.3: If one starts with a pure Po—meﬁon beam the probability to observe a P° or a
P -meson al time t is shown, Prob(t) = LT“ (cosh AT & cos Amt).
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Effective field theory

Are anomalies consistent with each other?

Use effective field theory at B-hadron scale,
just like beta decay four-point interaction!

Full theory Effective description
p—r——— s b ———a—>
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ut
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Effective field theory

An EFT probes different couplings:

Gr
Her = ——= W4 C,;O;
0=~ Vo S

Fermion operators , Wilson coefficients
Grouped by leptonic current: (SM,NP)
. photon penguin

. (axial) vector

. (pseudo) scalar
Note: operators, coefficients with opposite quark current
handedness from SM marked with , (negligible in SM)

Global fits indicate consistent deviation:
universal reduction in ?
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Full theory

Effective description
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Measurements with electrons at LHCb %

ECAL

Electrons provide extra challenge in LHCDb, Magnet
because of significant bremsstrahlung in material

If bremsstrahlung is emitted before magnet,
momentum is underestimated

Recover bremsstrahlung by
searching for photon clusters in calorimeter p

If found, correct electron momentum e
Still, mass shape worse for electron modes E,
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Measurements with electrons at LHCb %

Electrons provide extra challenge in LHCb,
because of significant bremsstrahlung in material

|f bremsstrahlung |S emltted before magr o From previous result, LHCb [PRL122(2019)191801]

momentum is underestimated 'i“% soof Lach | ;:“ Luch
Recover bremsstrahlung by 2 as0f et = — Lo
searching for photon clusters in calorime % 200F o B K P ;ilﬁff

If found, correct electron momentum é 1:2: g A
Still, mass shape worse for electron n ° sf S

00 S0 5500 5600 0 5000 5500 B 6000
. . (K ) [MeV/e?] m(K'ete”) [MeV/c?]
Additionally, electrons more difficult for naraware trigger

(than muons)

Electron sample divided based on hardware trigger category:
electron, rest-of-event, or hadron trigger

0

5200
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Leptonic: decays o A@%

Excellent decays to study transition

Precise theory predictions (4% uncertainty) beud d o
Helicity suppression: very rare in SM S§eo— - - - [~
Scalar contributions not helicity suppressed W, x

enhanced relative to SM!

Only in current experimental reach

0 i 2017 iLHCb limit
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2019 LHC & SM Universal
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New Physics
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Searching for

[PRL 120 (2018) 061801]
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Branching fraction of

[LHCb-PAPER-2021-007]

a — T ' T ]

“‘; 10 :_‘L LHCb Preliminary ~ —e— Data _:
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Similar uncertainty to 2 BpT=0 e B B
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Effe Ctlve | |fet| m e [LHCb-PAPER-2021-007] iiﬁ Cb

decay proceeds through CP-odd state in SM;

CP-even, CP-odd states of have different lifetime ¢

measure effective lifetime to test CP-even contribution, scalar NP
ps (previously ps)

1.5 sigma from SM2.2 sigma from extreme non-SM

Run 3 data needed to start providing significant constraints
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Plume and SMOG CERN-LHCC-2021-002

Probe for LUminosity MEasurement

(PLUME):

new dedicated luminometer

* Quartz tablets + PMTs for online+offline
per- bunch luminosity measurement

* Running continuously, accurate
luminosity estimate

SMOG2 gas system for fixed-target
physics

New storage cell for gas upstream of $ 1) Ry / kil
nominal interaction point N L, e (B
* Gas density increased by up to two orders N M storagecen | ¥

of magnitude - much higher luminosity
* Gas targets: He, Ne, Ar

(+ possibly H2, D2, N2, Kr, Xe)
* Simultaneous p-p and p-gas data taking
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LHCDb Upgrade 2 detector

Side View
Muon
TORCH PicoCal —_
Mighty RICH2
~, Tracker

Magnet &
Magnet Stations

LHCb Upgrade Il
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Advantages of -hadrons

Heaviest quark forming hadrons decaying weakly

Many possible decay modes,

and even more observables!

. Very rich spectrum of possibilities!

. O(600) modes (incl. searches) for , O(100) for

Weak decay of -hadron crosses generations:

. No large branching fractions (largest )

. Sensitive to small SM and New Physics effects!
Lifetime and boost at LHCDb give decay length of ;
precise lifetime measurement possible
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