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Outline

* |Introduction on Bremsstrahlung and Final State Radiation (FSR)
 What is Bremsstrahlung, what does it depend on

e« [PHOTOS] vs our Monte Carlo for FSR simulation
e How does PHOTOS work? How does our MC work?

* Kinematic distributions of decay products

e Comparisons between [PHOTOS] and our MC, with and without resonant J/ys
contribution

 How does bremsstrahlung recovery affect our measurements

e Conclusions
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Bremsstrahlung

 Bremsstrahlung effects arise from the

interaction of charged particles with the JERiEEEER

detector material (Coulomb field of - W e Lead (Z =82)
atoms) B \
Electrons \
~ 10 B
IO B \
* Probability o E/m?* - mainly affects < | \
electrons Ny L
'd'I el m [onization
* An electron loses energy by 05~ Mgller (¢7)
bremsstrahlung at a rate dE/dx nearly o Bhabha (¢*)

proportional to its energy :
— fractional loss is roughly independent

of e™ energy .
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The LHCDb detector

13 TeV pp collisions, 3 X 103*cm=2s~!

. 9fb~! integrated luminosity collected at 7 — 8 S~ instantaneous lumi
HCAL
Forward arm spectrometer VErtex i e g Me M .
designed for heavy flavour LOcator Wiertel RICH2 w1 M2 e
physics Opy ~ 1Hm "
Opy ~ 80um RICHI / j
Instrumented in the forward T e N
i here o(pp — bbX) is o K

region w atoy” Sl

1€ PP g e o 1]
maximal 3 e 1R 1
Low-p triggers (few GeV) =

] O )
Excellent vertexing (VELO) and =
PID capabilities to identify #
displaced b—hadron vertices - | L
and rare decays 1 1 [ | I N -
10m D€ 97%,1P03)% 7z — 4 20m
Gp/pN(Ol—O6)% GeV/c €|D€95%,5%€—>h

Momentum measurement with at 5 — 100 GeV/c KIDE95%,5%x — K

spectrometer o,/p ~ 0.5 %

D. Lancierini (Universitat Zurich) QED corrections in B — K£Z¢~: PHOTOS comparison to custom MC 23. June 2022



Brem photons emitted at LHCb

e Most brem emission is due to material
interaction and occurs before the
bending magnet

* If brem is emitted before the bending
magnet, momentum resolution is
affected

« For E(e®) > 10 GeV, average number
of brem photons emitted per electron,
before the magnet, given

min(E(y)) =75 MeVis ~ 1

 Brem recovery algorithm in place to
add back lost momentum to the
electron tracks (more on this later)
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Final State Radiation (FSR)

» Energy radiated through photon emission B+ “
from charged final state particles in B-meson A
decays *
é OmE LHCb Unofficial
- q*> = (Per + Pe-)’
.:lg 0.065_ q’?rue,FSR:(p;t[ue+p;[[ue)2
I 005F D 3 = (plVe - plruey . : :
: E rec. ¢ e  This effect has to be taken into account in
a3 , ‘bqu: order to correctly model the distributions
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 How is this accounted for in LHCb? Via the [PHOTOS] package

 [PHOTOS] corrects a MC event after it has been fully generated to account for FSR, at
the generator level, i.e. prior to any detector effect

e Interface with [PHOTOS] in LHCb simulation is via the [EviGen] package which handles
the decay of heavy flavour hadrons

T
A
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 How is this accounted for in LHCb? Via the [PHOTOS] package

 [PHOTOS] corrects a MC event after it has been fully generated to account for FSR, at
the generator level, i.e. prior to any detector effect

e Interface with [PHOTOS] in LHCb simulation is via the [EviGen] package which handles
the decay of heavy flavour hadrons
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* Assuming factorisation of splitting function in leading log approximation

2 2
‘ MNLO | = ‘ MBorn ‘ fbrem(Ey’ oS 6}/9 ¢y)

v

do™ O’ - (¢*y)b°) = do®"(a° — ¢*b)dg, Jorem(E,» c0S0,, )

* f1..., s functional form depends on properties of the charged particle and determines
probability of brem. photon emission.

* Once the photon is generated, it is added to the event which is modified accordingly
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Our Monte Carlo setup: framework

* Qur recent work [2205.08635] aims at testing the approximations adopted by [PHOTOS] by
implementing the fully differential results presented in [2009.00929]

* This results confirms the predictions of [1605.07633] and extends it by building a custom
Monte Carlo event generator.

B(pg) = K(pp)Z*(p)¢~(py) + y(k)

e — RF
« q—RF 40
q° = (p, + py)* a5 = (pg — Px)°
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Our Monte Carlo setup: framework

* Qur recent work [2205.08635] aims at testing the approximations adopted by [PHOTOS] by
implementing the fully differential results presented in [2009.00929]

* This results confirms the predictions of [1605.07633] and extends it by building a custom
Monte Carlo event generator.

k] = GF *
Apsgere- = (KO |(=Lint)|B) = 5 1s

Vib Lo-Ho + O(a)
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Our Monte Carlo setup: framework

o SetFk

y,cut
body matrix element and phase space.

( = 100 KeV) so that events with E, SE

v.cut €N D€ sSiMulated using a 3 or 4

* The relative normalisation between 3 body and 4 body events is a key theory input:

Ny I

fth(E cu) = T
PN, Ty
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. . h
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I
h o tree
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Our Monte Carlo results: only rare mode

 The 3 and 4 body events are simulated separately using the hit-or-miss algorithm

provided by the [zfit package]

3 body (includes virtual + soft contribution)

4 body (real emission)

' Rare mode: |
| Experimentalists (only?) jargon to |
iIndicate non resonant |

B Ketem
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Our Monte Carlo results: only rare mode

 The 3 and 4 body events are simulated separately using the hit-or-miss algorithm
provided by the [zfit package]

| + soft contribution) 4 body (real emission)

GeV
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Our Monte Carlo results: only rare mode

 The 3 and 4 body events are simulated separately using the hit-or-miss algorithm
provided by the [zfit package]

D. Lancierini (Universitat Zurich) QED corrections in B — K£Z¢~: PHOTOS comparison to custom MC 23. June 2022


https://www.sciencedirect.com/science/article/pii/S2352711019303851

Our Monte Carlo results: only rare mode

 The 3 and 4 body events are simulated separately using the hit-or-miss algorithm
provided by the [zfit package]

,’ g5 # q, for the 4 body decay,

| different efficiency of

1.1 < ¢,/GeV? < 6 & py > (my)°
| cut in 1/e impacts on value of QED

‘ corrections on LFU ratios

GeV
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Our Monte Carlo results: only rare mode

 These sets of 3 and 4 body decays are merged using a proportion given by
fME cur) — obtaining a NLO “tuple” which contains all the kinematic details of the
daughters. — 5 o = 3 body FrOTOS

0.05 A i 4 body 0.05 - 1 4 body PHOTOS
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Our Monte Carlo results: g; spectrum comparison

* By taking the ratio of NLO/LO in our Monte Carlo generator we can derive the impact of
QED corrections either on the qg spectra, for both u/e

1.03 -

—+= dUguie 7906 dU i 74060,
1.021 e day / dgj —* + 2ng0/ i
+ > 4.88 GeV e > 5.18 GeV
1.01 | e ——
—— 1.011
——
1004 oo
e 100] e A
—— e
0.99 -
——
—— 0.99 - ++
0.98 - . ++
e 0.98 - —4—
0 5 10 15 20 0 5 10 15 20
a5 [GeV?] ¢t [GeV?]

* Note: normalisation of these plots is arbitrarily obtained by normalising separately the NLO
and LO distributions to unity
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Our Monte Carlo results: g; spectrum comparison

* A comparison with [PHOTOS] is established by taking the ratio of the impact of QED
corrections on the qg spectra, for both u/e, between [PHOTOS] and our Monte Carlo

approach

ddddd / dFLO >
2 2
dqo dqo OurMC

my© > 4.88 GeV + -«

|
7% A e e —
| = L

1.010 1 (
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1.005 - 2 g2
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« Sub percent agreement between our Monte Carlo and PHOTOS is found in the qg

variable
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Our Monte Carlo results: q2 spectrum comparison

e By taking the ratio of NLO/LO in our Monte Carlo generator we can derive the impact of
QED corrections either on the q2 spectra, for both u/e

1.03 1

1.050 A dTNLO Lo e JdrNLO Lo
@ + 6, COl;EMC EZ)SEMC + ILL, 3;51\/[0 / 3;5MC
e
1.025 - —— 1.02
o e rec
]_OOO- ———————————————————————————————————————————— mB > 5018 Gev
e 1.01 o
0.975 1 —— ——
1.00] —mmmm e S
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0.925 - e
——
0.900 0.981 ——
0.875 1
rec 0.97 -
o my© > 4.88 GeV
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q° [GeV?] q° [GeV?]

 Note: normalisation of these plots is arbitrarily obtained by normalising separately the
NLO and LO distributions to unity
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Our Monte Carlo results: q2 spectrum comparison

A comparison with [PHOTOS] is established by taking the ratio of the impact of QED corrections

1.01 1
1.00+
0.991
0.981
0.971

0.961

 O(4%) disagreement is found for e

on the q2 spectra, for both /e, between [PHOTOS] and our Monte Carlo approach

L. (drdqz /. )OurMC mli;ec > 4 88 Gev

(dFNLO /dFL())
d¢? 1 de® ) pHOTOS
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the fixed O(ar) accuracy of our MC.
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0.99751
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rec
mB > 518 GeV + n (drigO/dZ;O)

(dFNLO /dFLO)
dq2 dqz OQurMC

PHOTOS

q |

|

at high q2 — originates from large corrections that go beyond

* At the kinematic endpoint, due to lack of available phase space for real radiation, corrections are
of O(20%) and maximally imbalanced btw virtual and real emission.
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Our Monte Carlo results: ¢, spectrum comparison

* By taking the ratio of NLO/LO in our Monte Carlo generator we can derive the impact of
QED corrections either on the ¢, spectra, for both u/e

1.025 -
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Our Monte Carlo results: ¢, spectrum comparison

* A comparison with [PHOTOS] is established by taking the ratio of the impact of QED

corrections on the ¢, spectra, for both p/e, between [PHOTOS] and our Monte Carlo
approach

10107  =mmmmmmme e

(/%) (L /%)
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Cy Cy

« Sub percent agreement between our Monte Carlo and PHOTOS is found in the ¢,
variable
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Including the J/y resonance

B* = K*+J/p(1S)(¢+0)

A
Bt — K*+(28)(£+07)

—

[4m(0)7 — ¢

« Regions at q2 ~ m}/w, mq%(zs) dominated by resonances — used as control channels

 Rare mode extends throughout the q2 range, but is selected in a region away from charmonium resonances

=

S

g

Va]

]

/Y

« However in analysis rare and resonant modes are simulated separately, could this induce a non universal effect between /e
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Including the J/y resonance: method

In order to include QED effects induced by the J/y resonance we perform a modification
of C9
Cy = Cgeff = Cy+ ACy(q”) See Saad’s Talk

* This however introduces some technical difficulties in the event generation:

» The modulus squared of the resonant amplitude &/(B — J/w(£7¢7)K) is not included
in generation due to excessively low sampling efficiencies at the J/y peak

« Events are generated up to a maximum qg threshold such that the decay width is still

positive and can be interpreted as a PDF, the maximum qg IS chosen so that the bulk of
the interference effect is captured

» Due to low sampling efficiency a fake lepton of mass 10 - m, is simulated
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Including the J/y resonance: results

» We simulated the two extreme cases in which 9,,, = 0, /2 although we know from
[1612.06764] that the worst case scenario of maximal interference is not favoured by the

data
1.30 -
D ree s 4 88 GeV *
-+- 10 - m,, dliil%QLo d?qfo mB > .88 e 1.25
dq2 dq2
drl}%) drg?w 5 — T / 2 1.20 -
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+ m,LL) d;ll%LO /d?(io J/l/j +
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e G S 4 _——t—
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dq2 dq2
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dq2 dq2
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dl’ dl’
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e et et S e e e
2 A 6 3

q° [GeV?]

 The effects of the J/y interference term are below the percent level for q2 < 6 GeV?
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Bremsstrahlung recovery at LHCDb

« The upstream e~ track is extrapolated to

the ECAL
ECAL
« All E, > 75 reconstructed neutral Magnet
clusters, compatible with the e™*
trajectory, are added back to the Yy -
electron momentum LT
e Shortcomings Upstream ’/,/’/ Downstream
brem = P brem
© Poor energy resolution of ECAL // "
e =3 .
© Brem can be out of acceptance E,

Air

e Electrons with brem recovered have
O Better momentum resolution

—+ .
© Better PID (7 don’t emit brem)
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Bremsstrahlung recovery at LHCDb

* |n the hypothesis of: JHEP 08 (2017) 055
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Effects of brem recovery on the mass resolution
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Conclusions

. We have built a NLO Monte Carlo event generator for the B — K¢~ that
includes all infrared sensitive logs, at the full differential level

 We have shown with a custom Monte Carlo approach that [PHOTOS|
correctly describes the distortions of the q2 : qg distributions, as well as the

c,, due to QED corrections.

» By including the interference term of the rare mode with the resonant J/y
mode In our simulation, we have shown that neglecting it’'s modelling In
current experiments is a good approximation
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[PRL 122 (2019) 191801]

10° 10°

q2 [GeV?/ ¢

50 52 54 56 5.8 6.0 46 48 50 52 54 56 58 60
m(K utu ) [GeV/c?] m(K " ete~) [GeV/c?]

e Peaking structures: Bt — K¥J/w(£7¢7)and BT — K w(25)(£ 77 7) (resonant decay modes)

* Diagonal elongations: radiative tails + incorrectly-added bremsstrahlung

e Vertical band: BT — K¢ ¢~ (rare decay mode)
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R, measurement at LHCDb

Control electron-muon differences using double ratio between nonresonant BY — K¢ ¢~ and resonant
BT - KYJlw(&r¢).

e~ MU Gt | e )
G To_e) ) G oo

* High statistics of the resonant mode;

* Similar kinematics of rare and resonant mode leads to suppression of systematic
uncertainties;

© |dentical selection up to m(K+t£ ¢ ™) and g for rare and resonant modes

o 7y, known to be LFU within 0.4% [PDG] — used as a cross check
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Analysis outline

1. Resonant modes vields extracted from a fit to the selected data samples.

2. Efficiencies are calculated from simulation and corrected using control mode data samples.

3. Estimation of systematic uncertainties.

4. Cross-checks with LFU channels such as r;,, are conducted.

5. Fit to the rare mode data — Ry is extracted.
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Selection larXiv:2103.11769]

[
<

Requirements on reconstructed data, unchanged w.r.t. previous Ry

. L.HCb simulation
analysis
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© High quality tracks and reconstructed B™ decay vertex
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o Particle identification (PID) on kaon and lepton candidates, to
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suppress background from mis-I1D

o Trigger requirements (more on next slide)

>
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o Mass vetoes in order to suppress semileptonic cascades

Normalised distribution
o
o
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o Multivariate selection to suppress combinatorial background
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https://arxiv.org/abs/2103.11769

Trigger strategy

 For muon channels, trigger on LO Muon Muon Stations

LO Muon
* For electron channels, three exclusive trigger categories:

LO EIeCtron, LO Hadron and LO TlS e — o

K+
o Systematics evaluated and cross-checks performed

individually on each trigger category

Muon Stations Muon Stations Muon Stations
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Fits to the control modes (arXiv:2103.11769]

Candidates / (4 MeV/c?)

: NK+(T Iy = utu)) ~ 2300000 ; N+ = ete™)) ~ 750000
x10 ~ 240 1Y
400 £ A LHCDb © 220E LHCb
350 F —— Data 9 fb’* > 200 F ﬁ —— Data 9 fb’!
300 E— # + S Ti)tal f1t o > ;_80 ;— — Ti)tal f1t o
S I R S B"—= J/ly(utu )K N 60  f} e B™— J/y(e"e”)K
250 F B*'— J/y(utu)m? — 140 + B Part. Reco.
200 E- ¢ ¢ Combinatorial % 120 B*— Jly(e*e”)n?
- = 100E t Combinatorial
S0 ° 80F
100 = 60F
- o 40F
S0 20 -
- L L
5200 5300 5400 5500 5600 5200 5400 5600
mJ/w(K "utu-) [MeV/c?] ml/w(K Tete™) [MeV/c?]

e High statistics of the control modes, not all of the backgrounds are visible in the plots

« Resolution on reconstructed B* mass improved by constraining dilepton invariant mass to that of Jly

D. Lancierini (Universitat Zurich)
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https://arxiv.org/abs/2103.11769

Efficiency calibration

Efficiencies are estimated from simulated samples and calibrated using data, following identical
procedure as in the previous analysis:

[EPJ T&l (2019) 6:1] LHCb

200000

» Particle identification efficiency calibration;

D** — (DY - K7 ")t

 [rigger efficiency; 150000

. . _|_ . . ] "
e Calibration of B™ kinematics:; 100000 }

Candidates / (0.28 MeV/c?)

e Resolution of q2 and of reconstructed B mass; =0000 L

~
Pid ~
- ~
- ~
” ~~
- ~~-

O™ 1
1840 1860 1880

m(Kr) [MeV/c?]

......

Fit to the data sample used as a source of T+
and K™ calibration
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https://epjtechniquesandinstrumentation.springeropen.com/articles/10.1140/epjti/s40485-019-0050-z

Efficiency calibration

Efficiencies are estimated from simulated samples and calibrated using data, following identical

procedure as in the previous analysis:

* Particle identification efficiency calibration;

» Trigger efficiency;

o Calibration of B™ kinematics:

» Resolution of q2 and of reconstructed B mass;

D. Lancierini (Universitat Zurich)

e(LOElectron) [%]
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[PRL 122 (2019) 191801]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191801

Efficiency calibration

Efficiencies are estimated from simulated samples and calibrated using data, following identical
procedure as in the previous analysis:

_ x107

m =

é 0.12 — LHCb Unofficial
» Particle identification efficiency calibration; 2 - , Background subtracted data

E 0.1 A Simulation without kinematic weights

o E‘» F o . Simulation with kinematic weights

 [rigger efficiency; © B

= 008 fe o

Z Z
« Calibration of B™ kinematics; § 0.06 -_+ \

. @1

= s .

» Resolution of q2 and of reconstructed B* mass; 0.04 |-
0.02 F
O 1 1 1 1 | 1 1 1 1 L0 GNOND D
0 10000 20000 30000 40000
p.(B") [MeV

Transverse momentum spectrum of
BY — K*J/w(uu) calibration data vs simulation
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Efficiency calibration

Efficiencies are estimated from simulated samples and calibrated using data, following identical

procedure as in the previous analysis:

* Particle identification efficiency calibration;

 [rigger efficiency;
o Calibration of B™ kinematics:

. Resolution of g2 and of reconstructed B mass;

D. Lancierini (Universitat Zurich)
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Efficiency calibration

Efficiencies are estimated from simulated samples and calibrated using data, following identical
procedure as in the previous analysis:

[PRL 122 (2019) 191801]

* Particle identification efficiency calibration;

X

ek

-
@)

N
)

[LHCDb — Betfore calibration

N
-

 [rigger efficiency;
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« Calibration of B* kinematics; S 50
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| 2 - . S PE— T y ¢
« Resolution of g~ and of reconstructed B™ mass; SN: .
(R I
35F
b
. . = 30F
Leads to excellent agreement between data and simulation : | | |
25O 5000 10000 15000
* Extensive cross checks to verify procedure (B") [MeV/c]
P
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191801

Cross check: r,, single ratio

* Single ratio requires direct control of electrons with respect to muons:

o Stringent cross-check of efficiencies.

Measured value ’i I, = 0.981 £ 0.020 (stat & syst) :
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Cross check: r,, single ratio

[arXiv:2103.11769]

* Single ratio requires direct control of electrons with respect to muons

O Stringent cross-check of efficiencies
Measured value| ryp = 0.981 £0.020 (stat & syst) |

* Cross check that efficiencies are understood in all kinematic regions by
checking ry,, 1s flat in all variables relevant to the detector response.

o If deviations from flatness is actually due to efficiency mismodelling,
impact on Ry is of 0.1%.
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https://arxiv.org/abs/2103.11769

Cross check: r,, single ratio [arXiv:2108.11769]

— 0.30¢
N LHCb
N(K+ J/?p(,u'u — 0'25;_ § simulation
Fy/gp = £ 020F X
/YT N(K+J /(e < 6
0.15F \\\ “ {\\‘
 Single ratio requires direct control of electrons with respect to muons 0.10F \§ \
S 0.05F | R
o Stringent cross-check of efficiencies : : \,
e e ettt e 0.00

‘.‘ 4.0 4.5 5.0 5.5

Measured value} 7, = 0.981 £ 0.020 (stat & syst) | log (max(p(1™), p(I")))

(S , , - - S— Bt - K*J/y(ete™)and BT — K*(eTe™) distributions

* Cross check that efficiencies are understood in all kinematic regions by
checking ry,, 1s flat in all variables relevant to the detector response.

LHCb

1.1

rJ/w / <rJ/1P >

o If deviations from flatness is actually due to efficiency mismodelling,
impact on Ry is of 0.1%.

o Check is also performed in 2D r

I I I N (N N N I NN N S I —
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

max(p (7)), p(I")) x a(l", ") bin number
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Cross check: R, double ratio

o B(B* o K p(28) () [ BB = K*J/(um)
vES T B(BY — Kty(2S)(ee)) /| B(BT — Kt.J/(ee)) BY = K+J/b(18)(¢H0)
A

- Data are selected at the yw(2S) resonance with a suitable g* cut. BT — KTp(25)(€707)

* |Independent validation of double-ratio procedure.

. Test of the efficiencies at g away from J/.
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Cross check: R, double ratio

B(BT — KT(2S)(up)) /| B(BT — K J/y(uw))

Ity (25) = B(Bt — K+(25)(ee)) B(BT — K*J/y(ee))

Data are selected at the yw(2S) resonance with a suitable g* cut.

Independent validation of double-ratio procedure.

est of the efficiencies at g* away from J/.

Result is well compatible with unity:

Measured value ' R, 05 = 0.997 £ 0.011 (stat & syst) f'
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[arXiv:2103.11769]
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