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What have we done with b — glv transitions ?

First observations of b — u transitions

Constrain CKM elements: |V, | and V|

Tests of Lepton Flavour Universality Violation (LFUV)

Search for rare processes such as B — 3uv

Tests of HQEFT and Lattice QCD predictions

Measurement of production fraction and production asymmetry

Measurement of lifetime of the non-prompt charm
hadrons and CP violation in their decay.

33, ¢smixing: oscillation frequency and CP asymmetry.



Measurements causing a stir
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https://indico.cern.ch/event/857473/contributions/4060382/attachments/2133012/3592208/Implication_2020_BKhanji.pdf

Where have the b-baryon decays contributed?

First observations of suppressed b — u transitions Constrain CKM elements: |V,,;,| and [Vl
(Observed A, — puv) (Studied A, = puv and Ay = A uv)

Measurement of production fraction and
production asymmetry.
[Studied inclusive sample of Ay, —» A uvX
(production asymmetry ongoing)]

Tests of LFUV (R(A.) Ongoing)

Measurement of lifetime of the non-prompt : _
charm hadrons and CP violation in their decay. Tests of HQEFT and Lattice QCD predictions

_ Sh f g2 distributi f A A
[Inclusive samples of A, = A uvX, Eg( ) (Shape of g“ distribution of Ap, = Acuv)

=50 ,~vX and Q5 - Q%uvX (CPV not yet)]

Green: b-baryon decays that have contributed towards the measurement.
Yellow: Things I will touch in this talk.
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Studies of Ay — A(C*) lv decays

* Crucial to study decays with the same underlying b — c transition but involve different

hadrons.

» Provides complimentary environments with different systematic uncertainties and
varying sensitivities to different NP contributions.
*  Will mainly concentrate on studies of A, — A(C*)lv decays.
» Why b-baryon decays? Compared to b-meson decays allows us to probe different
spin dynamics (e.g. particularly sensitive to tensor NP currents).
» Why A, baryons? Copious production of A, baryons (more than 20% of the b-
hadrons at LHCb are Aj, baryons).

> Why A, —» A09
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Large BFs compared to mesonic counterpart e.g. BF(A, = A uv) ~

3 X BF(Bt - D°wv).

Reduced bkg. consideration compared to mesonic counterpart due to baryon
number conservation.

Dynamics of the A, — A lv important to understand as they form irreducible
background to R(A.) measurement.

B, and A{ Fractions

Production fractions
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Form factors of A}, = At uv

LHCb Collaboration[Phys. Rev. D 96. 112005]

The decays of AY — AF17v is governed by 6 scalar form factors within SM.

iy . . . A
Within the framework of HQET, these form factors receive non-perturbative corrections suppressed by powers of ag or n(fCD.
b,c

In the static limit of infinite quark mass, at leading order in HQE, all the form factors are proportional to Isgur-Wise (IW)
function, &(w).

AQC
mb,

Compared to their mesonic counterpart, the 0 (—=2) corrections are constants that can be absorbed into &(w).
C

Therefore, in the static limit, the decay density is proportional to phase space factor K(w) and IW functions:

o K(w) £2w)

Here the é(w) can be Taylor expanded to around (w — 1) and the coefficients (p?, 6?) can be obtained from the fit to w
distribution.

Ep(w) =1—p*(w—1)+ %02(10— 1% +...

6/11/2020 6


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.112005

[ et’s measure the w distribution

LHCb Collaboration[Phys. Rev. D 96. 112005]

« Fit the m(pKm) distribution in bins of reconstructed w (related to g?) to get the yield of the inclusive A, —
A .uvX decays.
* Identify the contribution from feed-down from excited ALY — Al ™ by fitting m(A 7).
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.112005

Reconstruction and efficiency variation

LHCDb Collaboration[Phys. Rev. D 96. 112005]

What is the reconstructed g% = (P, — PAC)Z?

In the case of single missing particle, one can obtain the A; 4-momentum with a quadratic ambiguity exploiting the

separation between the secondary (A.u) and primary (Ap) vertex positions [Nucl.Instrum.Meth. A569 (2006) 824-828].
» For this analysis, a solution is picked at random (checking that it does not introduce huge bias).

The true g% or w distribution is unfolded using SVD technique [Nucl.Instrum.Meth.A372:469-481,1996].
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Before unfolding
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This spectrum is later corrected
for selection efficiency
variation over w distribution,
before extracting IW function.


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.112005

Results

LHCb Collaboration[Phys. Rev. D 96. 112005]

« Fitting for the IW shape, leads to the measurement of the coefficiencts p? (slope) and 0 /2 (curvature).

* Both of these coefficients are highly correlated, difficult to disentangle with only the recoil information.

* Both of the coefficients agree with predictions and their bounds (Lattice: Phys. Rev. D 57, 6948,
QCD sum rules: Phys. Lett. B629 (2005) 27 and relativistic quark model: Phys. Rev. D 73, 094002).

« The lattice prediction of g2 distribution was also compared and good agreement was found [Phys. Rev.

D 92, 034503].

Fit result
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Test with Lattice QCD prediction

dN,,. ! dg’ [GeV?]
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qzunfolded [GCVZ]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.57.6948
https://www.sciencedirect.com/science/article/pii/S037026930501333X?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.094002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034503
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.112005

Consequence of the LHCb and Lattice result

F. Bernlochner, Z. Ligeti, D. Robinson and W. Sutcliffe [Phys. Rev. D 99. 055008 (2019)]

« The LHCD result shows that the higher order O (A%, /m?) corrections do not have large effect.
QCD c

* Using both the LHCb measurement and the Lattice QCD predictions [Phys. Rev. D 92, 034503], the
correction terms are quantifiable in A, — A.lv decays.

* Parameter-free predictions of tensor form factors possible at O(A%.,/m?) in HQET framework.
QCD

» Leading to precise predictions of R(A,) = 0.3237 + 0.0036 within SM and also arbitrary NP scenario.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034503
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.055008

Moving forward, what to explore in A, — A, uv decays?

Additional sensitivity to form factors can be gained by measuring the shape

of both the g2 and cos(8, ).

» With a suitable normalisation channel extract |V, | with good precision.
Add more data by including also Run II sample.
Improve the resolution of the 2D distributions to reduce bin migration.

» Instead of picking one of the quadratic solutions randomly, train a linear
regression model using flight information to pick a solution that is closer
to the prediction [J. High Energ. Phys. (2017) 2017]. This can be further
improved.

New observables to explore e.g. short distance effects from different currents:
= What is the sensitivity is achievable on these with LHCb data?

= Exploring the phase space of different A, decays A, —

Ar, Ksp, pKm, ...7
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https://arxiv.org/abs/1611.08522

Shape measurement and |V, |

Ongoing LHCD analysis

* Possibility to measure the shape of the g% and cos, and |V, | in the same analysis.
* Idea to use the inclusive A, — X, .uv sample as the normalisation channel and measure :

Where I, _x v estimated in the similar

dls. Np _, 2 cos B
é\b Aev _ ZAp2Acky (q k) X Ty ox v way to our Ay production measurement
dq-dcoso, Nap-xcuv [PhysRevD.100.031102].

e Combine with the theory prediction [Phys. Rev. D 99, 055008 (2019)] and estimate |V, |.

ATy A ey
dq?dcos6,

= |Vcb |2f(q2’ COS(HM))

* Analysis currently underway with full LHCb data.
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https://arxiv.org/abs/1902.06794
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.055008

New Physics sensitivity in A, = A uv decays

M. Ferrillo, A. Mathad, P. Owen, N. Serra [JHEP 12 (2019) 148]

Numerous studies have shown effects of NP contributions on angular » [JHEPOT(2019)009]
observables of B - D™1v and global fits to b — ctv have been — B Dl |
conducted to determine the Wilson coefficients [JHEP09(2019)103]. 67 T =
A recent global fits to b — cuv, cev transitions has proven that good VE RN —

sensitivity can be obtained on the various Wilson coefficients through oy

studies of b-meson [JHEPO1(2019)009]. f o

The A, = A.lv is a good candidate to complement the NP sensitivity, S

due to the large production cross section of A} baryons and the well ToasL

measured form factors. a6 4

(Topic of next presentation) Very recently angular description of -

unpolarised A, = A.(— Am)lv semileptonic decays in the presence of

NP operators had also been put forward [arXiv:1907.12554]. 20 01 0.0 0.1 0.2
Re CVR
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https://link.springer.com/article/10.1007/JHEP12(2019)148
JHEP09(2019)103
https://arxiv.org/abs/1801.01112
https://arxiv.org/abs/1907.12554v1
https://arxiv.org/abs/1801.01112

Decay channel choices

M. Ferrillo, A. Mathad, P. Owen, N. Serra [JHEP 12 (2019) 148]

To study the new physics effects, we made the following choices for the decay channels.
Considered muonic Ay, decay i.e. Ay, = A uv:
» Tauonic mode is more sensitive to NP, but challenging! (irreducible bkgs and dilution of the resolution on fit
variables).
Comments on A, decay considered:
» No model available for A, — pKm (Do not have to wait too long for this). Experimentally attractive higher BF
and better reconstruction.
» The next in line were A, — pKg and A, — Amr™: The uncertainty on weak decay parameter (@, ) for the latter is
a factor % compared to the former from BESII [Phys. Rev. D 100, 072004 (2019)]. However, given our large
signal yield we could investigate its sensitivity from our fit.
» The decay of A, — pK; is experimentally attractive (slightly higher BF and better reconstruction efficiency of K
at LHCD due to its smaller lifetime.
Comment on A} transverse polarization:
» Until now the A, polarisations at LHC have been measured using the angular analysis of A, = J/YA.
» Semileptonic decays could provide a complimentary measurement. Sensitivity needed to be investigated.
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https://link.springer.com/article/10.1007/JHEP12(2019)148
https://arxiv.org/abs/1905.04707

Effective Hamiltonian

M. Ferrillo, A. Mathad, P. Owen, N. Serra [JHEP 12 (2019) 148]

* Considered most generic effective Lagrangian of the four-fermion interaction

Mo = % o [(1+ Cu)Ocy, + CraOcy, +Cs,Ocy, + Cs,0cq, +Cr,Ocy, | + huc.
Oc,, = c¥"br L,
Ocy, = CrY"brlrVuvr,
Ocs, = Crbrlryr,
Ocs, = Crbr lryr,,
OCTL = Ccro"brlro,vrL

* Assume the absence of (left) right-handed v; (v;) and note that the right-handed tensor operator OCTR vanishes.
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https://link.springer.com/article/10.1007/JHEP12(2019)148

Six-fold differential decay density with NP

M. Ferrillo, A. Mathad, P. Owen, N. Serra [JHEP 12 (2019) 148]

* In the paper, for the first time, we present the full six-fold differential decay density for the polarised

Ap = A (= pKs)lv decays in the presence of NP,
N
d°T = T T |2dSY

dQ =

dq*d cos O d cos 0,dp,d cos 0,dg,

‘]

l _1
2 2 2 2
|T| (1+PAb §:|T ¢ 1_PAb E:lTe_A ’
ApsAp—
= K1(1 — Py, cosfy,) + Ko(1 + Py, cos 9Ac) + K3P,, sinf, | K; depend on all phase space observables except 6,
2 = /fL = ﬁ[[\l:b] X ﬁBeam
=2 X I Jp =7 X pr.”
)/ J— Bp =17p X 2p
px\f\ // pl[ ] f
ﬁ - ~ Y
) 911 77777777777 X?Af 777777 /__---/‘7/7;1[, /‘
Z = P‘E‘I;b] we A A
Ay rest frame
T=YXN . /

Pa, & = 1,
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https://link.springer.com/article/10.1007/JHEP12(2019)148

Two scenarios and two channels

M. Ferrillo, A. Mathad, P. Owen, N. Serra [JHEP 12 (2019) 148]

/ 5 Observables affected by missing
dQ)" = dg“d cos 0, d cos epd¢pd cos 0hd®i  neutrino and resolution effects need
to be included.

Fit scenario 1 (labelled pKpi)
Integrate all the observables except two:

Fit scenario 2 (labelled pK)
q* and cos(6),)

Integrate out all the observables except four: q2 ,
cos(6,), cos(8,) and ¢,

Removes inherently dependence on the A,

weak decay parameter () and Ay * Retained dependence a,, and Py, . However, can expect
polarization (Py,). that this process reduces sensitivity to Py, greatly.
To conduct the sensitivity study pseudo- .

Pseudo-experiments are generated with a projected yield
that is a factor 1/20 compared to the Ay, = A.(— pKm)uv
decay (hit from A, BF and K reco. Eff).

Compared to scenario 1, loss in statistics, but hoping to gain
information from addition of 2 extra fit variables.

experiments are generated with a projected
yield of 7.5M events that LHCb has

accumulated for A, = A (= pKm)uv in .
Runl&?2.
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https://link.springer.com/article/10.1007/JHEP12(2019)148

Results I: Sensitivity with no NP

The resolution of g® and cos(6,,) folded into model
and variation of efficiency neglected (efficient muon
trigger!).

A binned maximum likelihood fit performed (20
bins/dim.).

The A, — A, form factors (6 SM and 4 NP)) are
constrained using Lattice results [JHEP 1708 (2017)
131].

Fit only the shape (large 7% uncertainty on A, prod.),
implying no sensitivity to V., (1 + Cy, ).

In the absence of NP, compare our sensitivities to the
constraints from global fits to b — cuv, cev
transitions (from B meson decays)
[JHEPO1(2019)009].

Most sensitive to Cy , and then Cr, .

More data wins! Gain in statistics through A, —

A (= pKm)uv decays better than gain in sensitivity
through addition of the cos(6,) and ¢,
corresponding to A, = A (= pKs)uv decays.
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M. Ferrillo, A. Mathad, P. Owen, N. Serra [JHEP 12 (2019) 148]
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https://arxiv.org/abs/1702.02243
https://arxiv.org/abs/1801.01112
https://link.springer.com/article/10.1007/JHEP12(2019)148

Results II: Sensitivity with no NP

Interplay between different Wilson coefficients
explored in presence of no NP,

Large non-Gaussian correlations are observed.
When all the Wilson coefficients are floated, large
correlations and contributions from tensor and scalar
currents difficult to disentangle.

With the clever treatment of resolution and with full
six-dimensional angular analysis, the sensitivity on
A, polarisation could be improved.

Sensitivity on the weak decay asymmetry parameter
of A, 1s two orders of magnitude better than the
BESIII estimate [Phys. Rev. D 100, 072004 (2019)].
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https://link.springer.com/article/10.1007/JHEP12(2019)148

Form factor of A, — A-uv

P. Boer, M. Bordone, E. Graverini, P. Owen, M. Rotondo, D. van Dyk [JHEP 1806 (2018) 155]

« Observed large irreducible feed-down from A, — A%(2595)1Y/2 1y and A, - AL(2625)13/2 gy into A puvX.
* These decays are expressed in terms of 6 (for spin 1/2) and 8 form factors (for spin 3/2).

* Provide new definitions of the form factors, extending Ref [Phys. Rev. D 57. 5620 (1998)] at 0(‘7‘5“’
b,c

), to

include O(ag) corrections.
* For both states, propose an exponential parametrisation of the leading and sub-leading IW functions (inspired
by ground state A, = A.ev [Nucl.Phys.B396:38-52.1993].

((dmax) :1+p( J —1)] ,

[ 2
C(qgnax) 5SL + PSL ( 2q - 1)]

max

Leading term ¢(q?)

lin

Sub-leading (SL) term ¢sL(g?)

lin
« Obtain the parameters p, pg; and 8, from fits to the shapes of g% and cos(6,,), as result no sensitivity to
normalisation {(g2,,,) SO no sentivity to
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https://arxiv.org/abs/1801.08367

Form factor of A, — A-uv

To conduct sensitivity studies,
benchmark points obtained from
Zero Recoil Sum Rules.

Pseudo experiments generated
with projected yields for Run II
i.e. 50k (spin }2) and 20k (spin
3/2) events.

Large irreducible systematic due

QCD
)

to no knowledge of O(

C

corrections. Eattiee- QED

Lo 1 be heloful
(Paper in prep, see yesterday’s
talk by Stefan).
Can both Lattice and LHCDb data

2
)corr"

AD
can comment the O (
mc
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P. Boer, M. Bordone, E. Graverini, P. Owen, M. Rotondo, D. van Dyk [JHEP 1806 (2018) 155]
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https://indico.in2p3.fr/event/20198/contributions/87862/attachments/60628/82472/b-baryon_fest_2020_Meinel.pdf
https://arxiv.org/abs/1801.08367

Immediate future of baryonic b — ¢ transitions

(Not b-baryon) R(D) — R(D*) with T — u2v in
review (Could be early next year!)

Analysis of R(A.) both with T = pu2v and t = 3nv
ongoing (Could be next year!)

Phase space of A, —» pKm decays tagged by inclusive
A .puvX (Could be next year!).

Phase space shapes, |V, | and NP (for ground-state)
in Ay - A(C*) nv (Could be next year!).

Analysis of R(A%) (May or may not be next year!).
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Dataset up to year

LFUV projections from talk by Manuel Franco Sevilla
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https://indico.fnal.gov/event/44442/contributions/193285/attachments/135298/167710/20-09-29_manuelf_lhcb_prospects_snowmass.pdf

Near future of baryonic b — ¢ transitions

< 9 fb-1 > < Goal: 50 fb-! = <+——Goal: 250 fb-1 ——
Upgrade I Upgrade IT
—
Runl | LSI1 Run 2 LS2 Run 3 LS3 Run4 |LS4] Run5 [LS5 Run6

2011 2012 | 2013 2014|2015 2016 2017 2018f 2019 2020 2021 | 2022 2023 2024 | 2025 2026 2027 | 2028 2029 2030| 2031 ||2032 2033 2034|2035 | 2036 2037

===

Explore A, = A (= pKs, Am)uv decays (Hadronic Arpg). * What are the interesting observables?
Angular analysis of A, — A(C*)TV, with T —» p2v (large » Triple product asymmetries (TPA) in A, — A(C*) lv
statistics) & T — 3mv (better resolution). decays? [For B —» D**[v: arXiv:1906.07752].
Explore heavier b-baryon SL decays of =, and ()} (no » Exploring the decays of A, = pKm tagged by
lattice predictions). inclusive or exclusive SL A, decays? (CPV could
Electron modes (challenging in upgrade scenarios). constrain relative phases of the Wilson coefficients
Semileptonic decays tagged by excited b-baryon states of A, decays).
[arXiv:1402.4205]. » Where does R(A?}) fit into this model independent
expression? [Phys. Rev. D 99, 075000]
R(A:) R(D) R(D*)
Rsm(Ae) 0.262RSM(D) +0'7387281\4(17*)
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https://arxiv.org/abs/1402.4205
https://arxiv.org/abs/1906.07752
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.075006

Conclusions

I have presented a summary of what the next measurements at LHCb will be for
baryonic b — c transitions and their motivations.

* Current priorities with LHCD lie in publishing the LFUYV tests.

* We have started to explore different kinematic distributions of both b-baryon and
associated c-baryon decays. Different ways to distinguish and constrain new
physics here are very welcome!

* There are places where lattice QCD inputs are essential (SL decays £, and (1}).

* There are also exciting prospects with baryonic b — u transitions, which are not
covered here.

* [ am very much looking forward to the exciting road ahead!



