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The LNF LHCb group
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Run 2 data taking
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Run 1 statistics has been surpassed 
in Run 2, whose data are also 
enriched in B-hadrons (a factor ~2)

Very good LHC availability and very 
efficient LHCb data-taking (ε~91%)

The LNF group is one of the most 
active in taking shifts and on-call 
duties

LNF

LNF



2. physics analyses at LNF
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Bd,s→μ+μ-
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• First single-experiment observation of the 
Bs→μ+μ- decay 

• World best measurement of the Bs→μ+μ- BF 
and first measurement of its effective lifetime 

• Bd→μ+μ- limit approaching the SM prediction 
• Published on [Phys. Rev. Lett. 118, 191801] 
• My PhD thesis!

B0
s ! µ+µ� decay assuming the SM, the toys indicate a ⇠ 8% probability of2521

having a 3� evidence for the B0
d ! µ+µ� decay assuming SM.2522

6.1.3 Statistical significance of a peak2523

While the principle of maximum likelihood provides a method to estimate param-2524

eters [177], it does not directly suggest a method of testing goodness-of-fit. A2525

possible solution is to pick the value of the likelihood at its maximum, Lmax, as2526

a goodness-of-fit statistic. However, the Lmax distribution is a priori unknown. If2527

the data are modelled with a likelihood L that depends on a set of N parameters2528

µ = (µ1, ..., µN), the likelihood ratio can be used as a test statistic:2529

tµ = �2 ln
L(µ)

L(µ̂)
, (6.2)

where the hat denotes the maximum likelihood (ML) estimators. When the fit2530

agreement to data is poor, µ̂ will be far from µ, and tµ will be large. Larger2531

values of tµ thus indicate increasing incompatibility between the data and the2532

hypothesized µ.2533

Wilks’ theorem [178] states that if the parameter values µ are true, then, in the2534

asymptotic limit of a large data sample, tµ follows a �2 distribution with N degrees2535

of freedom:2536

f(tµ|µ) ⇠ �2
N . (6.3)

Hence, if the observed value of the statistic yields tµ,obs, the level of compatibility2537

between the parameters and the observed data can be quantified by computing2538

the p-value [179]:2539

pµ =

Z 1

tµ,obs

f�2
N
(tµ|µ) dtµ. (6.4)

In the practical case of the B0
s ! µ+µ� signal, the �2 di↵erence observed between2540

the full fit and the fit where the signal is forced to zero, i.e. �2 ln L(sig = 0)/L(µ̂)2541

in Eq. 6.2, is computed to test the background only hypothesis, thus yielding the2542

signal significance.2543

6.2 Branching fraction results2544

From the fit to the unblinded data the following results are obtained:

B(B0
s ! µ+µ�) = (3.0 ± 0.6+0.3

�0.2) ⇥ 10�9, (6.5)

B(B0
d ! µ+µ�) = (1.5+1.2+0.2

�1.0�0.1) ⇥ 10�10, (6.6)

160

the probability of observing a similar or stronger exclusion in future experiments2627

with the same expected signal and background than about the non-existence of2628

the signal itself, and it is the latter which is of more interest to the physicist [182].2629

The CLs method [182, 183] is a modified frequentist approach that proposes to2630

normalise the confidence level observed for the signal plus background hypothesis2631

to the one observed for the background-only hypothesis:2632

CLs =
CLs+b

CLb

. (6.12)

Being a ratio of confidence levels, CLs is not a confidence itself, but the signal2633

hypothesis can be considered exluded at the confidence level CL when2634

1 � CLs  CL. (6.13)

The normalisation in (6.12) provides a conservative limit and avoids the undesir-2635

able property of CLs+b that of two experiments with the same (small) expected2636

signal rate but di↵erent backgrounds, the experiment with the larger background2637

might set a more stringent limit.2638

The CLs method is especially suited for the B0
d ! µ+µ� analysis scenario, where2639

upward statistical fluctuations of the background levels could likely cover the sig-2640

nal. By choosing a threshold of 95% confidence level, the following limit is ob-2641

tained:2642

B(B0
d ! µ+µ�) < 3.4 ⇥ 10�10, (6.14)

as shown in Fig. 6.9.2643

6.3 E↵ective lifetime measurement2644

In this section, the analysis procedure and results of the B0
s ! µ+µ� e↵ective2645

lifetime are presented. The stategy adopted for the analysis is informed to a large2646

extent by the expected precision of the measurement. In fact, as explained in2647

Sec. 1.2.2, the B0
s ! µ+µ� e↵ective lifetime is predicted by the Standard Model to2648

be equal to the one of the heavy mass eigenstate of the Bs meson: ⌧µ+µ� = ⌧H =2649

(1.610± 0.012) ps [184]. New Physics e↵ects may move ⌧µ+µ� towards the lifetime2650

of the light Bs mass eigenstate, which amounts to ⌧µ+µ� = ⌧L = (1.422 ± 0.008)2651

ps [184]. The di↵erence between these two extreme cases, 0.188 ps, corresponds2652

to the change in Aµ+µ�

�� (Eq. (1.30)) from +1 (⌧µ+µ� = ⌧H) to �1 (⌧µ+µ� = ⌧L).2653

Therefore, a precision of the order of 0.038 ps is required on the e↵ective lifetime to2654

discriminate between Aµ+µ�

�� = +1 and Aµ+µ�

�� = �1 at five standard deviations.2655

On the other hand, preliminary studies on the sensitivity, conducted on Run 12656

data, have indicated a likely precision of around 0.4 ps, i.e. about ten times worse2657

166

@ 95% CL

1984: First limit to the Bs→μ+μ- BF [CLEO, Phys. Rev. D 30 (1984)11]

2014: First observation with LHCb+CMS combined analysis [Nature 522, 68-72 (2015)] 
2016: Run 2 data, reoptimised analysis and improved background rejection
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Unlike charged currents, weak neutral currents are not a↵ected by the base change300

(1.10), so that no flavour mixing terms are present. Therefore, Flavour Changing301

Neutral Current (FCNC) processes are only possible at higher orders, meaning that302

direct transitions between down or up type quarks are highly suppressed within303

the SM, as shown in Sec. 1.2.304

1.2 B0
d,s ! µ+µ� in the Standard Model305

B0
d(b̄d) and B0

s (b̄s) decays into a pair of oppositely charged muons, B0
d,s ! µ+µ�,306

are especially interesting and extremely rare in the SM.307

Given the quark compositions of the B0
d and B0

s mesons, their dimuon decay implies308

a weak transition between two down-type quarks, b ! d or b ! s, which is309

forbidden at the tree level in the SM (Fig. 1.4a), as deduced in 1.1.2.

charged current is the decay of the ⇡+ meson, which consists of an up (u) quark of
electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5 GeV/c2 (about five times the mass of a proton). The decay
B+ ! µ+⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular
momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s and B0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0
s meson is similar to the B+ except that the u quark is replaced by

a second generation strange (s) quark of charge �1/3. The decay of the B0
s meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z0 cannot
couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B0

s ! µ+µ� decay is expected to be very small compared to
the dominant b antiquark to c antiquark transitions. The corresponding decay of the B0
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(a) Tree

charged current is the decay of the ⇡+ meson, which consists of an up (u) quark of
electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5 GeV/c2 (about five times the mass of a proton). The decay
B+ ! µ+⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular
momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s and B0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0
s meson is similar to the B+ except that the u quark is replaced by

a second generation strange (s) quark of charge �1/3. The decay of the B0
s meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z0 cannot
couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B0

s ! µ+µ� decay is expected to be very small compared to
the dominant b antiquark to c antiquark transitions. The corresponding decay of the B0
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(b) Z penguin

charged current is the decay of the ⇡+ meson, which consists of an up (u) quark of
electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5 GeV/c2 (about five times the mass of a proton). The decay
B+ ! µ+⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular
momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s and B0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0
s meson is similar to the B+ except that the u quark is replaced by

a second generation strange (s) quark of charge �1/3. The decay of the B0
s meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z0 cannot
couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B0

s ! µ+µ� decay is expected to be very small compared to
the dominant b antiquark to c antiquark transitions. The corresponding decay of the B0
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(c) W box

Figure 1.4: Dominant Feynman diagrams for B0
d,s ! µ+µ� decays

310

Nevertheless, B0
d,s ! µ+µ� can occur in the SM in higher order processes, the311

dominant ones being Z penguin with top loop (75%) and W box (24%) [40], as312

depicted in Fig. 1.4. In addition to being loop and CKM suppressed, B0
d,s !313

µ+µ� decays su↵er significant helicity suppression. The neutral B mesons are314

pseudoscalars (JP = 0�), so that the two muons in the final state are forced to315

have the same helicity. The helicity state of one of the two muons is therefore316

always disfavoured by a factor (mµ/MB)2 ⇠ 4 ⇥ 10�4 with respect to the other.317

1.2.1 An E↵ective Field Theory for B decays318

The main obstacle in evaluating amplitudes for hadronic weak decays such as319

B0
d,s ! µ+µ� is strong interaction. Conversely to QED, where higher order pro-320

cesses are suppressed by powers of ↵EM ' 1/137, the strong coupling of QCD321

largely depends on the transferred momentum scale of the process. At su�ciently322

10

B(B0
s ! µ+µ�) = (3.65± 0.23)⇥ 10�9

B(B0 ! µ+µ�) = (1.06± 0.09)⇥ 10�10

[Phys. Rev. Lett. 112 (2014) 101801]

• In the SM, Bd,s→μ+μ- decays can only occur via higher 
order FCNC and helicity-suppressed processes 

• New particles entering the loop can affect the BF

           → precise prediction
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LFU test with semileptonic decays
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R(D) =
B(B̄ ! D⌧�⌫̄⌧ )

B(B̄ ! Dl�⌫̄l)

R(D⇤) =
B(B̄ ! D⇤⌧�⌫̄⌧ )

B(B̄ ! D⇤l�⌫̄l)

• Solid SM prediction (Vcb and FF 
uncertainties largely cancel) 

• Sensitive to LFV contributions from 
e.g. 2HDM

• R(D): FNAL/HPQCD + BaBar and Belle FF 
R(D*): Recent (consistent) calculations 

• LHCb contributes to R(D*) with leptonic (cyan) 
and 3-prong (red) tau decays.

Many NP models to explain this difference 
point towards large LFU violation

2 𝜎 deviation from SM recently observed 
in R(J/ψ) from Bc decays @ LHCb

→ 4 𝜎 discrepancy wrt the SM

[LHCb-PAPER-2017-035]
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R(Ds)-R(D*s)
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LFU: Exploit the abundant Bs production to study semitauonic Bs decays.  
Ongoing work on Bs→Ds𝛕ν and Bs→D*s𝛕ν : 

PRO: Small feed-down from excited Ds** states in Bs→Ds**μν  
CON: Ds* hard to reconstruct in LHCb due to the photon

ANALYSIS ROADMAP:
1) Measurement of the Bs→Ds*μν form factor

d�

dq2
=

|Vcb|G2
F

48⇡3
· K(q2) · F2(q2)

2) Measurement of R(D*s) and other observables e.g. q2 , D*s polarisation

• FF is fundamental to allow for a reliable 
SM prediction of R(D*s). Inputs from 
LQCD at low recoil are ongoing 

• Well advanced state of the measurement

3) Combined R(Ds)-R(D*s) measurement, as done for B decays

0.5 fb-1

R(Ds) =
B(B̄ ! Ds⌧�⌫̄⌧ )

B(B̄ ! Dsl�⌫̄l)

R(D⇤
s) =

B(B̄ ! D⇤
s⌧

�⌫̄⌧ )

B(B̄ ! D⇤
s l

�⌫̄l)

Bs→Ds*μν (red), Hb→Ds*H (purple), combinatorial (blue), Bs→Ds*𝛕ν (yellow)

LHCb unofficial 2016
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Λ+c→phh’ branching fractions
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Hadronic decays of charmed baryons are a useful environment to study the interplay between weak and strong interactions

where N represents the measured yield in each case, ✏ is the full selection e�ciency for
the mode, and s

scale

= 0.9 is a scaling factor to account for the discarded ⇤

+

c

! pK

�
⇡

+

data that is utilised in the selection training. The results of the SL analysis are

B(⇤+

c

! p⇡

�
⇡

+)

B(⇤+

c

! pK

�
⇡

+)
= (7.44± 0.08± 0.18)%,

B(⇤+

c

! pK

�
K

+)

B(⇤+

c

! pK

�
⇡

+)
= (1.70± 0.03± 0.03)%,

B(⇤+

c

! p⇡

�
K

+)

B(⇤+

c

! pK

�
⇡

+)
= (0.165± 0.015± 0.005)%,

where the first uncertainties are statistical and the second are systematic. Each of the
measurements in the SL analysis are the most precise of these quantities to date. In the
prompt analysis the results are

B(⇤+

c

! p⇡

�
⇡

+)

B(⇤+

c

! pK

�
⇡

+)
= (7.86± 0.40± 0.36)%,

B(⇤+

c

! pK

�
K

+)

B(⇤+

c

! pK

�
⇡

+)
= (1.68± 0.14± 0.11)%,

where the first uncertainties are statistical and the second are systematic. The results in
the prompt analysis are of comparable precision to the recent measurements at Belle [3]
and at BESIII [5].

The measurements of the ratios of the Cabibbo-suppressed branching fractions to
the Cabibbo-favoured branching fraction are in agreement between the SL and prompt
analyses, demonstrating that the methods employed in their determination are robust.
The e�ciency correction to the ratio B(⇤+

c

! p⇡

�
K

+)/B(⇤+

c

! pK

�
⇡

+) is small, with
the ratio of corrected and uncorrected yields di↵ering by 3%, which is comparable to
the systematic uncertainty on the measurement. The SL and prompt measurements are
not combined, because the precision of such a combination would not o↵er a significant
improvement over the precision of the SL result alone.

The measurements of the ratios of the branching fractions in the SL analysis
are combined with the world-average value of the ⇤

+

c

! pK

�
⇡

+ branching fraction,
B(⇤+

c

! pK

�
⇡

+) = (6.35± 0.33)% [9], to compute the branching fractions of the sup-
pressed modes

B(⇤+

c

! p⇡

�
⇡

+) = (4.72± 0.05± 0.11± 0.25)⇥ 10�3

,

B(⇤+

c

! pK

�
K

+) = (1.08± 0.02± 0.02± 0.06)⇥ 10�3

,

B(⇤+

c

! p⇡

�
K

+) = (1.04± 0.09± 0.03± 0.05)⇥ 10�4

,

where the uncertainties are statistical, systematic and due to the uncertainty of the
⇤

+

c

! pK

�
⇡

+ branching fraction, respectively.
The measurement presented in this paper of B(⇤+

c

! p⇡

�
K

+)/B(⇤+

c

! pK

�
⇡

+) is
lower than the value of (0.235± 0.027± 0.021)% found by Belle, at the 2.0� level, and
corresponds to (0.58± 0.06) tan4

✓

c

. To account for the known flavour-SU(3) symmetry
breaking that occurs due to the presence of di↵erent resonant contributions in the two

12

• Λ+c reconstructed in Λ0b→Λ+cμ-X (SL) 

• Λ+c prompt sample as cross-check, 
       separated via the impact parameter (IP)

Most precise measurement of the ratios:
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Figure 2: Invariant mass distributions of (a) ⇤+

c

! pK�⇡+, (b) ⇤+

c

! p⇡�⇡+, (c) ⇤+

c

! pK�K+,
and (d) ⇤+

c

! p⇡�K+ decays, with fit results superimposed. The hatched magenta region
indicates the signal, the shaded green region indicates the background from unrelated tracks,
and the solid red line indicates the full fit.

resulting in the need to disentangle the prompt and secondary ⇤

+

c

candidates Such a
separation is achieved through examination of the �2

IP

of the ⇤+

c

candidates. The inclusion
of a truly prompt ⇤

+

c

in the PV reconstruction generally results in a smaller increase
of the PV-fit �2 than in the case of an inclusion of a truly secondary ⇤

+

c

candidate. To
separate prompt and secondary ⇤

+

c

candidates the natural logarithm of this quantity,
ln(�2

IP

), is utilised.
The yield determination in this case follows a two-step procedure. First, the total

number of ⇤+

c

of each decay mode, i.e. the sum of prompt and secondary ⇤

+

c

, is evalu-
ated through an extended unbinned maximum likelihood fit to the ⇤

+

c

invariant mass
distributions. This allows the ⇤

+

c

to be well separated from the combinatoric background.
The models used to describe the signal and background components are the same as for
the ⇤

0

b

! ⇤

+

c

(phh
0
)µ�

⌫

µ

analysis. An unbinned extended maximum likelihood fit to the
⇤

+

c

ln(�2

IP

) distributions is then performed, which discriminates between the prompt and
secondary ⇤

+

c

decays. In this fit, only candidates in the invariant mass signal region,
defined to be within three times the fitted ⇤

+

c

Gaussian width of the known ⇤

+

c

mass [9]
(or where a double-Gaussian signal model is used, three times the mean of widths of the
two Gaussian components), are considered. Information from the fit to the invariant mass

7

→ B(DCS)/B(CF) measurements are crucial for understanding the contributions from W-boson exchange diagrams 
(external emission, internal emission, exchange)

• [ArXiv:1711.01157], submitted to JHEP



3. upgrade
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The muon detector upgrade
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2 CHAPTER 1. OVERVIEW
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Figure 1.1: Reoptimized LHCb detector layout, showing the Vertex Locator (VELO), the dipole magnet,
the two RICH detectors, the four tracking stations TT and T1–T3, the Scintillating Pad Detector (SPD),
Preshower (PS), Electromagnetic (ECAL) and Hadronic (HCAL) calorimeters, and the five muon stations
M1–M5. It also shows the direction of the y and z coordinate axes; the x axis completes the right-handed
framework.

introduced compared to the TDR [4]. The ma-
terial budget has been reduced by optimizing the
thickness of the silicon sensors and the number of
stations. The thickness of the sensors has been re-
duced from 300 to 220µm, and the number of sta-
tions from 25 to 21 without significantly affecting
its performance, as shown in this document.

The dipole magnet has not been modified from
the TDR design [5] and its construction is advanc-
ing. Compared to the TP spectrometer layout, no
shielding plate is placed upstream of the magnet.
This change has been made in order to introduce
magnetic field between the VELO and the magnet,
i.e. in the region of RICH1, for the Level-1 trigger
improvement.

Compared to the TP, the number of tracking
stations is reduced to four in order to reduce the
material budget, without introducing performance
losses, as demonstrated in this document2. The
first station after the VELO, referred to as the
Trigger Tracker (TT), is in front of the magnet
and just behind RICH 1. It consists of four planes
of silicon strip detectors. They are split into two
pairs of planes separated by 30 cm. Together with

2In the track reconstruction the VELO is now used as an
integral part of the the tracking system.

the VELO, the TT is used in the Level-1 trigger.
Large impact parameter tracks found in the VELO
are extrapolated to the TT and the magnetic field
in the RICH1 region allows their momenta to be
measured. The three remaining stations are placed
behind the magnet with equal spacing. Each sta-
tion consists of an Inner Tracker (IT) close to the
beam pipe and an Outer Tracker (OT) surrounding
the IT. The OT is made of straw tubes and the IT
of silicon strip detectors. Their designs remain un-
changed from those described in the corresponding
TDR’s [6, 2].

The RICH1 material has been reduced, largely
by changing the mirror material and redesigning
the mirror support. The mirror will be made from
either carbon-composite or beryllium. The mirror
support has been moved outside of the acceptance.
Further reduction of the material has been achieved
by removing the entrance window, by connecting
the front face of RICH1 to the flange of the VELO
exit window. Iron shielding boxes for the photon
detectors have been introduced for two reasons.
Firstly, they protect the photon detectors from the
magnetic field. Secondly, they help to focus the
magnetic field in the region where it is needed for
the momentum measurement of the Level-1 trigger.

• The first muon station (M1) will be removed 
• A tungsten shield will be installed in front of the inner part of M2 to mitigate the particle flux 
• Data readout at 40 MHz (now 1 MHz) 
• The hardware trigger will be removed: development of a fully software trigger

2019: LHCb luminosity increase 4x1032 → 2x1033 cm-2s-1 


LNF has a fundamental role in the upgrade: 
MWPC spare production, production of the new muon readout boards, trigger software development
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MWPC production
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LNF produced ~50% of the MWPC of LHCb in 2004.

The production site at LNF has been setup again: 
1.  clean chamber:                                              

production of 30 spare chambers is finished 
2.  radiation facility:                                              

current profile measurement with Cs source

MWPC spare chambers

7

N. Bondar 
A. Chubykin 
S. Kotriakhova 
O. Maev

portable 

test bench

Need to make final dress and test at 169; also need to retest old spare chambers

This activity is fundamental in view of the upgrade, but also for the end of the 
RUN 2: in fact we plan to replace 9 chambers this winter

Production of 54 new spare chambers completed!  
30 chambers from Frascati arrived at CERN, 24 from PNPI will arrive soon

HV and electronic test benches at 169 fully 
refurbished in the past months, including 
software 

Massive test just started: 

•HV test  

•Electronic test : noice scan and cosmics  

•Gas leaks

The chambers have been sent to CERN, where they are dressed 
with the electronics and finally tested (HV, gas, FEE) 

Mario Anelli, Emiliano Paoletti, Luigi Pasquali, Andrea Zossi
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The nODE
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The Off-detector readout electronics (ODE):        
receive the front-end signals of the muon chambers and 
provide: 

- L0 pipeline (removed in the upgrade) 
- signal synchronisation and bunch-cross identification 
- interface to trigger and DAQ (hit map + time information) 

At the upgrade, the ODE output rate will increase from the 
present 1 MHz to 40 MHz: 
❖ The new ODE board (nODE) has been developed at LNF 

- 1 GBTx chip + 2 GBT_SCA chips + 1 VTRx transceiver 
for TFC and ECS stage 

- 4 GBTx chips + 4 nSYNC chips for DATA stage 
- flexible to different granularities 
- backward compatible 

❖ A new custom ASIC (nSYNC) has been developed in Cagliari 
- 4 chips x 48 channels
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Three main logical blocks can be identified: 

1. TFC and  ECS electronics stage 

2. FE and  DATA electronics stage 

3. Power stage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 nODE functional block diagram 
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Fig. 3 Node prototype (left) and its main components (right) 

Pietro Albicocco, Alessandro Balla, Maurizio Carletti, Paolo Ciambrone, Maurizio Gatta
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nODE production

15

Pa
ol

o 
Ci

am
br

on
e,

 P
ie

tr
o 

Al
bi

co
cc

o
IN

FN
-

LN
F 

   
 

nO
D

E 
 P

RR

• ECS/TFC from MiniDAQ1 to nODE
– Custom WinCC panels developed by Cagliari people for nSYNC control and 

monitor
– Standard WinCC panels for GBTx control and monitor

TFC/ECS test setup

17

nODE

MiniDAQ1

11/10/2017

June 2017: First prototype of the nODE 

❖ nODE prototype fully tested and characterised: 
- Local configuration 
- GBTx master & slave optical links 
- TFC & ECS interfaces 
- E-fuse procedure 
- nSYNC data e-links 

❖ Passed all tests without major issues 
- Good optical link quality, BER < 10-13 @ 99% CL 
- PRR @ CERN passed 

❖ Ready for production 
- nSYNC production will start next month 
- 190 nODEs (148 on detector + spares) 
- 20 nODE preproduction in spring 2018 followed 

by the full production after testing 
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Fig. 8 Eye diagram of the master GBTx: after 10 m ribbon fiber (on the left) and after an 

attenuator of 9dB and 3 fiber breakouts (on the right) 

 

The link good quality is also shown by the bathtubs in Fig. 9, where an estimated BER of 10-16 is compatible 
with an horizontal eye opening of 50% after ~10 m ribbon fibre (left figure) and with an horizontal eye 
opening of 35% using the attenuator (right figure). 

 

 
Fig. 9 Bath tub and TIE  diagram of the master GBTx: after 10 m ribbon fiber (on the left) and after 

an attenuator of 9dB and 3 fiber breakouts (on the right) 

 

The TIE (Time Interval Errors) histogram is also shown. The total jitter, calculated for a BER of 10-13, is  
~110 ps without attenuator (Fig. 9, left) and ~122 ps with attenuator (Fig. 9, right) essentially dominated by 
random component. 

To validate the whole path of the TFC interface, the nODE has been connected with the miniDAQ ver. 1 and 
the master GBTx has been configured in its standard modality (transceiver mode with FEC). An optical 
attenuator of 9dB has been inserted on the fibres and TFC commands was continuously sent for 2 hours with 
the miniDAQ (using the SOL40 firmware). Such commands via the GBTx e-links are distributed to all 4 
nSYNCs and counted using the internal monitoring counters of the chips. Periodical snapshot commands has 
been sent and the alignment of the counters of the 4 nSYNC has been checked. At the end of the run the 
nSYNC counters has been cross-checked with the miniDAQ counters. No errors have been detected with all 
the counters aligned.  

During such test the frequency of each TFC command is different and span from few kHz for calibration 
command to 5 MHz for NZS command. However after 2 hours, the number of the less frequent TFC command 
is more than  8 million and demonstrates the TFC interface reliability.  

The same set-up has been used to verify the ECS interface, connecting the nODE with the miniDAQ.  
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MuonID software for the upgrade
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We developed a BDT which is able to 
restore the projected misidentification rate to 
the present level.  
The BDT exploits many informations (and 
their correlations) wrt the simple scalar 
likelihood (muDLL). 

At the upgrade luminosity, a factor ~2 more background is foreseen after HLT1 (IsMuon), i.e. the binary choice 
based on particle penetration through the iron absorbers. 

• BDT

• muDLL

✏µ

1
�
✏ ⇡ p > 10 GeV/c 

IsMuon = 1

→ We want to ensure the proper background rejection at the upgrade.

The algorithm has been recently 
implemented in HLT2 with negligible 
timing impact

Development of many other algorithms is ongoing to redefine the muon trigger: 
- 𝝌2 with multiple scattering information (already implemented), cluster size, isolation → low pT MVC

PARADIGMS OF THE NEW TRIGGER CODE 
Embedded in the new functional framework (Gaudi-Hive) 
Thread safety, Vectorisation, C++11 and C++14 standards 
Performance evaluation (e.g. callgrind) 
→ Fast execution time (~1 ms/event)

Single Instruction Multiple Data

Plan Introduction Matrix-Vector product Batch processing Hand-made Vectorization Check vectorization Conclusion & Guidelines

What is SIMD?

Single Instruction Multiple Data

X+Y

Y

+

X

X[]+Y[]

Y[]

X[]

x0+y0 x1+y1 x2+y2 x3+y3

y0 y1 y2 y3

+ + + +

x0 x1 x2 x3

Available on Intel architectures since
2000
Same time to process 4, 8, . . . floats
than 1

on regular arithmetic

S. Ponce – F. Lemaitre Vectorization: Easy? Enough? 27/03/2017 3 / 19Next: run the algorithms without L0 (upgrade scenario) on minimum bias events



4. future projects
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The μ-RWELL detector 
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The µ-RWELL is composed by two elements:               
the  µ-RWELL PCB and the cathode.   

The µ-RWELL PCB is realised by coupling: 

1. A “WELL patterned kapton foil” as single 
amplification stage 

2. A resistive stage for the discharge suppression 
& current evacuation. 2 schemes: 

i. “Low particle rate” (LR) << 100 kHz/cm2:  
single resistive layer with surface resistivity 
~100 MΩ/☐ (CMS-phase2 upgrade, SHIP) 

ii. “High particle rate” (HR)  > 1 MHz/cm2:    
more sophisticated resistive scheme is under 
study (suitable for LHCb-Muon at               
L > 1034 cm-2s-1)  

3. A standard readout PCB

 

Copper top layer (5µm)

DLC  layer (<0.1 µm)  
R  1̴00  MΩ/□

Rigid PCB readout electrode

Well pitch: 140 µm 
Well diameter: 70-50 µm 
Kapton thickness:  50 µm

1
2

3

µ-RWELL PCB

Drift cathode PCB

[G. Bencivenni et al., 2015 JINST 10 P02008]

The R&D on µ-RWELL (supported by INFN group 1 and 5) 
is mainly motivated by the wish of  
• improving the stability under heavy irradiation  
• simplifying the construction/assembly procedures

Giovanni Bencivenni, Gianfranco Morello, Marco Poli Lener
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The μ-RWELL performances
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X-rays: 
Gas gain > 104 
with a single 
amplification stage

2 prototypes tested: 
- 10x10 cm2 
- 40 and 35 MΩ/☐ 
- HR scheme 
- 400 µm strip pitch 
- Ar/CO2/CF4 45:14:40 

 

5.7ns

Beam
GEM 

Tracker 1
S3 S1S2GEM 

Tracker 2

H8 Area: Muon beam @ 150 GeV/c

The saturation at 5.7 ns is dominated by the FEE (VFAT2) Detectors rate capability up to 1 MHz/cm2 @ gain=104
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Fixed target at LHCb
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aims to bring unpolarised and polarised physics at the LHC, by LHCb, in parallel fixed-target and collider data taking 
(under test in the ongoing Run @ 5 TeV)

polarised target 
(already available)

unpolarised target 
(SMOG2)

A LABORATORY FOR QCD 
• Broad physics program for both unpolarised and polarised cases: 

3D (tomography) nucleon structure, quark and gluon orbital angular momenta, fundamental QCD tests, spin with 
quarkonia production, low-pT Higgs sector 

• Wide range of reactions: pp , pA, PbA (A=p, d, 3,4He, … all noble gasses up to Xe) 
• Synergic run p-target and pp-collider modes 
• Negligible impact on the LHC beam (1/e beam life-time ~74 days) 
• Target technology is well established for more than 10 years at DESY 
• FITPAN: LHCb+LHC panel is giving positive feedback to the project

Leading role of LNF as responsible of the SMOG2 upgrade (LS2) and proponents of LHCSpin (LS3)



5. conclusions
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• We are a large group with important responsibilities within the LHCb collaboration 
• Involved in fundamental physics analyses  
• We bring a large contribution for the hardware and software upgrade (2019) 

→ 10th LHCb computing workshop for the upgrade will be held at LNF (20-24 November 2017)

• Very promising projects for the longer future (LS3)


