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What physics has been done with ECAL

* About 10% of LHCb publications involve final states with y, n° and e*

— ECAL is behaving well, but still doing arXiv:1905.06284
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What can be done in the future

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)
* There is some hunger for o -
physics with ECAL objects =~ ™ " b
at LHCb

— The WO rd ”ECAL” appears Physics case for an LHCb Upgrade 11

Opportunities in flavour physics,

about 20 times in the AR
document (the same for i i
word “RICH”)

Abstract

The LHCb Upgrade II will fully exploit the flavour-physics opportunities of the HL-LHC, and study
additional physics topics that take advantage of the forward acceptance of the LHCb spectrometer. The
LHCb Upgrade I will begin operation in 2020. Consolidation will occur, and modest enhancements of the
Upgrade I detector will be installed, in Long Shutdown 3 of the LHC (2025) and these are discussed here.
The main Upgrade II detector will be installed in long shutdown 4 of the LHC (2030) and will build on
the strengths of the current LHCb experiment and the Upgrade I. It will operate at a luminosity up
to 2 x 103 cm™2s71, ten times that of the Upgrade I detector. New detector components will improve
the intrinsic performance of the experiment in certain key areas. An Expression Of Interest proposing
Upgrade II was submitted in February 2017. The physics case for the Upgrade II is presented here in
more depth. CP-violating phases will be measured with precisions unattainable at any other envisaged
facility. The experiment will probe b — s£7¢~ and b — d¢*¢~ transitions in both muon and electron
decays in modes not accessible at Upgrade I. Minimal flavour violation will be tested with a precision
measurement of the ratio of B(B®— ppu~)/B(BY— ptpu~). Probing charm CP violation at the 10~°
level may result in its long sought discovery. Major advances in hadron spectroscopy will be possible,
which will be powerful probes of low energy QCD. Upgrade II potentially will have the highest sensitivity
of all the LHC experiments on the Higgs to charm-quark couplings. Generically, the new physics mass
scale probed, for fixed couplings, will almost double compared with the pre-HL-LHC era; this extended
reach for flavour physics is similar to that which would be achieved by the HE-LHC proposal for the
energy frontier.

(© 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.



CKM angle y using photons and 7t°

* Veryimportant to combine many dlfferent decay arXiv:1708.06370

modes as each brings different Teonol
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Time dependent CPV with B decays
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e LOTrigger inefficiency will go away in the future
* Impact of Bremsstrahlung on mass resolution, decay-time resolution,
decay time acceptance
— Other channels are B2 J/y{n’n,n’, 0} 2 efficiency is really an
issue

* Some mode useful to constraint penguin pollution



Time dependent CPV with B decays
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Charmless decays

* Golden channels for the determination
of CKM angel a
BO> 010 =» Need decay vertex, use n0>yete

B+>7*n0 =» already investigated with B*+>K*n® but
limited by BF of normalisation channel

BO—>p*p- =» two 10 in the final state
B> n+nn® =» enough to determine a alone, but require
tagged time-dependent analysis
« Reminder: a determination is affected by a 1°
theoretical uncertainty = Belle-Il can achieve it

* B, modes are unique to LHCb
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Radiative penguins
* Radiative b—>sy transitions are FCNC

— Sensitive to NP

— Several interesting observables Y~ A
* Branching fractions: |C;|* + |C;'|* P g '\é 54
* Photon polarisation: C-' W- L
* CP asymmetries: Im(C,) W
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FCNC in b=2>sltI-

arXiv:1903.09252 L= -1 -
5 fb e
& 350F ) &
SR i LHCb S LHCb
2 300F — Data > 100 + —— Data
= soF — Total fit p= — Total fit
(St S & Total Ry = 1 3 soge NI i1 Total Ry = 1
%200 T e B'— K*utu- I BT ] e B'—K'ete
g Combinatorial g BB~ J y(ee)K s
S 150F 3 B Part. Reco.
el = = 407 . .
S 100F = Combinatorial ot
o <
© 50 O 20 - e
0 ------ - P —) < O L L L L - "---. . iyt
5200 5300 5400 5500 5600 5000 5500 6000
m(K*u*u-) [MeV/c2] m(K*e*e) [MeV/c?] -
2.0
S C —2
& %1+ 0(1072)
1.5 N | - _ | ;-;
I T ! | S
1.0 = : Z ’
C | 4 T | - - €+
& ]
i T ‘ < -
0.5 1
L ® LHCb A Belle
O B BaBar V Belle2019
0.0 TR TR T TN [N T T T T N T TN T TN I SO SO |
0 5 10 15 20

¢’ [GeV?/c!]

R = 0.846T0060 0016 | o5 o g



https://arxiv.org/pdf/1903.09252.pdf

Candidates per 13 MeV/c?

FCNC in b=2>sltI-
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FCNC in b=2>sltI-

* Not only R(X) are sensible quantities

— To really understand the picture, it is important to combine more
measurements

— Several hints of discrepancies with theory coming from b—>su*u- analyses
— Larger statistics fundamental to repeat the analyses with the b—>sete-
— Angular analyses, differential BF, effective lifetime, CP asymmetries
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FCNC in b=2>sltI-

* Not only R(X) are sensible quantities

— To really understand the the picture, i
measurements

—— Rk & Rg- ,
b— sup flayio

—— global
[J. Aebischer et al, arXiv:1903.10434]
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More on LFV and very rare decays

e Searches for forbidden decays is a powerful and
complementary tool to R(X) analyses
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e But also search for allowed but very rare decays
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What about charm

* Already investigated the decays with
muons and will be natural to
follow-up with electrons
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Candidates per 5 MeV/c?
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Charm decays with neutrals

w* Short distance Long distance

d, s, b (o]

e Radiative decays ¢ > %“

* Y
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— BF and A, can be enhanced by NP in loops
— Test for QCD calculation of long-distance
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Dark photons below 2m ,

Possible to cover region below 2m, using ~ arXiv:1509.06765
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Physics with strange and ECAL
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Spectroscopy and production

A lot of spectroscopy and production measurements to do with photons and r°

Radiative decays are a gold mine to study energy levels of excited states and compare
their BF, aiming to understand quantum numbers

Study decays of exotics to final states with photons

Measure production cross-sections of heavy states, e.g. y,2 Yy

Very difficult since soft photons = viable to use y-conversion or Dalitz decays

~

Candidates / (5 MeV/c2
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Spectroscopy and production

A lot of spectroscopy and production mea

— Radiative decays are a gold mine to study ¢
their BF, aiming to understand quantum n

— Study decays of exotics to final states with
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Considerations on production
studies are very interesting

also in pPb and PbPb collisions
(and SMOG)
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States/structures Channels

Observables

Further comments

Dy(2317)
D}, (2460)

Broad Dj, D,
structures

Dy’ D}y

D;+1r0,D;L7r+1r7,
Dy i)
B — DWr~
DWEK, D(*)KK
B, —» D" Kn

Width  upper limit;
branching fractions
see above

D®7r  angular mo-
ments; Dg*) K invariant
mass distribution

70 is difficult

May use the Dalitz decay to
probe photons

(Py) — *(P3) is pamcularly
sensitive to the D™ S-wave;

possible enhancement above
D,K threshold

By ()
le @)

B’ Biy

M ~ 5.72 GeV; not seen yet
M ~ 5.77 GeV, lower than
B,1(5810); not seen yet

Excited single-
heavy baryons

A whole SU(3) family; deter-
mination of spin and parity

X (3872)

X (M
Xe1(2P) ()

he(2P) ()

DODOWO,DI_)%
J/prtaT,  J/3m,
J/y, 'y

DD, DD* + cec,
J/Ypw

DD* +c.c.,J/ypw

DD* + cc.,
ncw

J/4¥m,

Line shapes; decay
width; production rates

JPC =9t M ~4GeV,T' <

50 MeV; existence unknown
M ~ 3.9 GeV, broad; exis-
tence unknown

M ~ 3.9 GeV, broad; not seen
yet

Xy ()

X2 ()

Yw, xpym 7, BB7,
Ty
BB, Tw

Bottom analogue of X (3872);
existence unknown

Bottom analogue of X,; exis-
tence unknown

Z, structures

Zes ()

(ce)n®, (DW DM *

(@)K, D D™

Line shapes; production
rates; Argand plots

Sensitivity to kinematics

Existence unknown

Z), structures
Wy ()

(bb)rE, (BWBM)*
Yrtr™, Ty

Line shapes

Not seen at LHC yet

1°(JFC = 17(J*), possi-
ble spin partners of Z, states;
existence unknown

P, and relatives

J/wp Xesp: AD®,
».D™

Hidden-charm pentaquarks

Doubly-heavy
baryons

bbud (?); bbgs
(@=u,d)?

B*D°, J/wBTK"
BD,, B,D, J/4Bg,
J/¥B,K

Displaced B, as an inclusive
signature of weakly decaying
double-beauty hadrons

Ground states likely stable
against strong decays; not seen

ccae (7); bbbb
[©)

HqHg+anything,
J@(}“)u*u‘,
W Ap

Widths: tens of MeV if below
double-(QQ) thresholds; Hg
denotes any heavy hadron; ex-
istence unknown
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momentum transfer Q* (GeV/c)?

Photon-hadron correlation

v
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i
_~ 7/ /ATLAS/CMS/ALICE/ ,
p / _ //’

107 107 107 107 1072 107! 1
fraction momentum x

PRD 86, 094016, 2012
12605 e r———

Measure photons coming directly from gluons in s 2 i

a region where gluon distributions are expected O aept | fGevi<a0 i
to be saturated ol 1<’ g [GeV] 2

— direct photon production: clean probe of parton
densities

— LHCb acceptance is unique to access gluon 406
saturation '
ALICE is proposing to build a W-Si ECAL with —_——
very high granularity for this (but not only) N B R T B
measurement = ALICE-PUBLIC-2019-005

8.8 TeV

6e-06

CP, (A0)

2e-06
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momentum transfer Q* (GeV/c)?

Photon-hadron correla

roposed

3.2<n<5.8

(baseline design @ 7m)

Longitudinal segmentation

\ ‘ m ECAL with

very high granulaity for this (but not only)
measurement = ALICE-PUBLIC-2019-005
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10* J pe
v ey iy /
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8.8 TeV

22


http://cds.cern.ch/record/2696471/files/focal.pdf%3Fversion=1

Photon-hadron correlation

Physics goals

Quantify nuclear modification of the gluon density at small-x
¢ |solated photons in pp and pPb collisions

Explore non-linear QCD evolution
e Azimuthal r°-m© and isolated photon-m© (or jet) correlations
in pp and pPb collisions

Investigate the origin of long range flow-like correlations
e Azimuthal 0-h correlations using FoCal and central ALICE
(@and muon arm?) in pp and pPb collisions

Explore jet quenching at forward rapidity
e Measure high pr neutral pion production in PbPb

Other measurements need (more) study
e Jets and dijets in pp/pPb and UPC
e Quarkonia in UPC (and pp?)
e Photon and pion HBT
e W,Zin pp/pPb?
e Measurements at 14 TeV
* Universality at small-x
¢ Saturation in pp
* High-x (>0.1) gluon constraints?

SP(aD)

[~

% 14|
O 1.2
(o)) L
2 1.0
1 0.8
(o}

& 06
5 0.4
£.,0.2

& 0.0 e

ALICE
Fo-p 5, =502 TeV
YOS (0-20%)-(60-100%)

0S5 <p (Gavie) =<1

Assoc. tracklats

Constantin Loizides — LPC Workshop
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Polarised SMOG

aiming to install during the LHC LS3 (2024-2026)

Unpolarised Target

Polarised Target (SMOG2)

spin
arXiv:1901.08002

F. Murgia — 2"d LHCb Heavy lon Workshop

The LHCSpin physics case - 1

® Quark TMD distributions, in particular at medium-large light-cone momentum fraction
m Mainly Sivers function, transversity and tensor charge; Boer-Mulders function, Collins FF....
m Polarized hydrogen and deuterium targets at /s = 115 GeV

Two-particle production in the same hemisphere:

| ppT — (hqhy) + X - di-hadron fragmentation functions, collinear factorization
m pp' - (h+ jet) + X — azimuthal moments as in SIDIS, TMDs in fragmentation, Collins FF
m Polarized Drell-Yan process, change of sign of the Sivers function as compared to SIDIS

Two-particle production in the opposite hemisphere, with small transv. momentum imbalance:

pp' - hy+ h, +X, pp' >h+jet+X, pp' >h+y+X

TMD factorization could be violated; still useful and relevant to possibly assess the (unknown)
relative size of factorization breaking terms in different kinematical regimes

F. Murgia -INFN Cagliari 2nd LHCb HIW Chia 2019 4

The LHCSpin physics case - 2

Quarkonium production as a tool for studying gluon TMDs
Unpol. and linearly polarized gluon TMDs (first stage, SMOG2) [Talk by Cristian Pisano]
Gluon Sivers function (needs transv. polarized target, 2nd stage)

® Quarkonium and isolated photons in opposite hemispheres (relative p; < Mg)

pp' - J/W+v+X, pp' > Y +y+X pp' > Y+ y+X etc

B Associated back-to-back quarkonium production
pp' = J/o+J/W+X; pp' = J/p+ Y+ X pp’ > Y+ Y+X
B Single inclusive Quarkonium, D meson, pion and photon production
Unpolarized and transversely polarized cases
pp' - J/Y.Y+X; pp' >D+X; pp' > mw+X; pp' - y+X
Open points:

Factorization, universality, process dependence, evolution with scale, TMD + NRQCD,...

F. Murgia -INFN Cagliari 2nd LHCb HIW Chia 2019 5
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Forward and high-p- physics

arXiv:1803.05188
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Forward and high-p- physics

arXjv:1803.05188
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Experimental considerations

The just outlined physics programme is a very wide and interesting one

— Difficult to cope with the requests from all
physics cases

— Channels with n%/e* instead of n*/u* have
about 10-20 times less yields and worse
resolutions (mass, decay time...)

— Removing LOTrigger in Run3 will help with
efficiency

What can be done to improve current ECAL
to cope with Run4 and Run5 conditions?

Outcome of discussion with several people:

— Better energy resolution
— Finer granularity

— Extended dynamic range
— Time information

(I/N) (dN/dE ) [1/GeV]

0.25

IIII]I]IIIIIIIIIIIIIII[I[—

el
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Considerations on time information
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« Primary vertices are distributed
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Importance of ECAL regions

B*—2>K*nt® Simulation

B*>1’K* Simulation
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I..LI.IIII|I[II

300

250
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Signal Data

ECAL:
ECAL:
ECAL:
ECAL:

x[mm]

6.26 %
33.69 %
27.54 %
38.77 %

e B Mt Rl ) | SPS S S o A
-2000  -1000 0 1000 2000 3000

.
-3000

pi0 pT>0 —

From simulation | Jason Andres

(]

B LT, L T [ Sy
-2000  -1000 0 1000 2000

pi0 pT > 3500 MeV

Middle (%) Outer (%)

* Bu-> eta' K+ 30.2 38.6 3.2 F
* Bu - K+ pi0 274 28.4 44.3 *
* Bu - rho+rhoO 28.7 30.1 41.3 *

Bd - K* eta ( eta - pi pi pi0) 32.2 39.8 28.0

Bd - K* eta' ( eta' = pi pi gamma)) 35.5 35.2 29.3

Lb - p Keta' (eta' - pi pi gamma) 33.6 37.0 29.3

Lb = p K eta ( eta - pi pi pi0) 30.9 41.0 28.1

'EBOOO
= = "m

foan

-
-3000 -2000 -1000

Comb. Bkg.
reconstructed
as B> K*y
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Reconstruction efficiency

* From simulation 15-30% loss in reconstruction efficiency is observed for several
decays moving from Runl to Run3 conditions

— Clusters compatible with charged tracks are rejected = more tracks more rejected

clusters
cluster —— Decay | B° — K*y | B® - n*7~n° [merged] | B® = ntn~ 7 [resolved]
| w6 [ ms 6.13 3.58
Upgrade | 18.84 | 3.98 4.24
e
e Compatibility between
Charged track E o P Y
extrapolation 5 | tracks and clusters

photon shower

What if 3D y?2 including timing information?
Possible to recover lost efficiency?

Electrons and
associated correct cluster 30



Energy resolution is the main contributor to mass resolution

BY/B, separation

Spectroscopy

Similar core resolution for different =

occupancies

technology

for larger tails = granularity

overlapping clusters

Core resolution intrinsic to ECAL

Energy resolution

Larger occupancy is main responsible

Include time information in
reconstruction may help to separate

Single cluster

Carla Marin | Simulation
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Usage of converted phtons

o o _ D i BF
* Possibility to use y>e'e =
. . Oy B8
conversions or n‘)%ye*e' Dalitz moerey | 12%
oyl 39.41% .
decay n—b e+ e- fY 069%
— Studies going on with charm decay
» 7T+
PV DT
%K..—g e et
0 b o~ >
T N g e~
Tom Hadavizadeh Ly

With the statistics of Upgrade2 might
be a viable option also for B decays

Conversions

Dalitz decays
Better mass resolution

y<0

Not clear actual improvement in signal
yields
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Neutral PID and y/n° separation

Photons are one of main background to merged rt*

and vice versa

— 30% of t° from B> nt*nn0 are

merged

A lot of work going on to improve

y/m°

— Granularity is fundamental

— /-segmentation

K. Prasanth
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Neutral PID and y/n° separation

LHCb-PUB-2003-091
* Photons are one of main background to merged n° |

and vice versa
— 30% of n° from B°>w*nn® are ot
merged
* Alot of work going on to improve
v/
— Granularity is fundamental
— Z-segmentation

Efficiency (%)

1 2 3 4 5 6 7 8 9 10
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B> wtm O
resolved

N & o ® 2 R B 3 =
(B EEEEEE RS

12
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o
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Electron/positron reconstruction

* Main problem affecting channels with e* is Enel
bremsstrahlung of electrons \ ; Enel
— Larger backgrounds due to wider e Magnek EcAL

tails

— Difficult to discriminate between
brem. vy and e* produced in secondary
interactions and not reconstructed

a
S LHCb
p= — Total fit
3 SORCUNTI LY Total Ry = 1
A
...... B+—> K+e+e— — _ ] _ 5 —_ . S

> 60 . N T R 110 < 10
§ 10! B Part. Reco. & 20 il 0 g & 1o
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Electron/positron reconstruction

* Main problem affecting channels with e* is Enel
bremsstrahlung of electrons \ ’ Enel
— Larger backgrounds due to wider e Magnek EcAL

tails

— Difficult to discriminate between
brem. y and e* produced in secondary
interactions and not reconstructed

2 0 LHCb Reduce material budget

° —4— Data

= b — Total it in trackers looks the easies solution
Y SRR Total Ry = 1

B T e B*— K'ete"

g BB J/ y(ete )K" ] ] ]

g B P Roco. What can be achieved with time

=) ombinatori

5 information to associate brem. y and

reject backgrounds?

: R » R
LI P
: e
Ly
1 0 1
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0" 500V 75500 6000
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Charged PID for e/m discrimination

* Fundamental ingredient to discriminate between © and e*is E/p

— Better energy resolution is important but tails due to occupancy could
be a problem - feed from soft photons into m-cluster

— Z-segmentation might be also an important leverage since pions
release energy at the end of ECAL
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Conclusions

The physics programme that requires ECAL is very wide and
interesting

— So far ECAL behaved as expected and gave important contributions

— Nevertheless performances are far from those obtained for charged
tracks

— Important to work on limiting factor of current ECAL

Making a better ECAL is mandatory to cope with harder conditions
in future Runs

— Energy resolution and granularity
— /Z-segmentation

— Inclusion of time information

Already in Run3 and Run4 conditions will be hard

— Some improvement could be implemented already in LS3



