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Introduction



Standard Model and beauty physics

Up-type quarks Down-type quarks

Quark “beauty”
m =4 GeV/c?

Charged leptons Neutrinos

+ antiparticles



Limits of the Standard Model
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The CKM matrix and KM mechanism

= Weak interaction quark eigenstates q, , # flavour eigenstates Q, 4
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The unitarity triangle

VJqus + VJ;EVLS + Vt&‘/is =0,

Vi Vo + VegVer + VigVie = 0,
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Physics case of charmless hadronic b-decays

= Charmless b-hadron decays proceed through various processes.

\ b—u tree

d
b—d,s penguin

b W fd
d

\annihilation /

» can interfere—>CP violation

= BSM particles can contribute inside of loops or instead of W+.

= (n>2)-body decays allow access to phases between quasi two-body decays
(Q2B) using amplitude analyses.

= No trigonometric ambiguity!



Charmless decays at LHCb n

= Many channels not yet observed
o Suppressed decays (BR < 10-4)

« Includes decays of B, A,, b-baryons etc.—not (easily) accessible by B factories.

= Hadronic final states (except for w0—=y7y).

= For most channels, CPV accessible only through time-dependent, flavour-
tagged analyses.
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= For most decays, program in two steps:
1. Observe modes for the first time and extract branching fractions.

2. Perform angular, Dalitz-plot analyses to access physics observables , e.g. phases,
CPYV observables.



The LHCDb detector at LHC



The LHCb detector
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The LHCDb detector

Single-arm forward spectrometer [JINST 3(2008) S08005.]



The LHCDb detector: sketch
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The LHCD detector: tracking subsystems

T1-3
stations
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The LHCb detector: tracking subsystems
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http://arxiv.org/abs/arXiv:1412.6352

The LHCb detector: particle identification




The LHCDb detector: particle identification

LHCb performance paper
arXiv:1412.6352

= Fully hadronic final states
(except for mO—vyy).

Cherenkov Angle (rads)

Momentum (MeV/c)

= LHCb particle identification relies on:
e Cherenkov detectors (RICH);

e shower development;

14— ——r—+7T 77T T
LHCb o O ALKK-=m)=0

Vs=7TeVMonteCarlo ¢ ®m ALLK-7)>5

Efficiency

e calorimetry.

20 40 60 80 100
Momentum (MeV/c)


http://arxiv.org/abs/arXiv:1412.6352

The LHCDb detector: flavour tagging

= LHC is a hadronic machine — no precise knowledge of the initial state (energy, flavour).

= Tagging: determination of the flavour at production of the meson.

SS Pion

SS Kaon

SS Kaon NNet
SS Proton

SS Pion BDT

Signal Decay

BO

Same Side

/>‘ 0S Kaon
e OS K. NNet

0OS Muon

OS Vertex Charge
OS Electron

OS Charm

Combined tagging power: 3-8%




Physics analyses



Charmless decays: legacy from B factories 20

= B-factories have narrowed down the apex of the UT quite impressively.
= Several key modes: Bo—1’Ko°, Bo— ¢ Ko...

= In these mode, flavour-tagged, time-dependent analyses performed —
large number of CPV observables measured and used to constrain the SM.
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Charmless b-decays: LHCb contribution

= Charmless analyses only on Run 1 (3fb-!) for the moment.

= Already some outstanding results, for instance:

o First evidence for CPV in A, —pm+m-m+.
= Nature Physics 13, 391-396 (2017)

« First observation of baryonic B, decay: B, - pA .
= Phys. Rev. Lett. 119, 041802 (2017)

 First measurement of ¢, in B,—» ¢ .
= Phys. Rev. D 90, 052011 (2014)

= ... and the results we are going to discuss just next.

= Common pattern: most results are direct CPV and/or new observations.



Measurement of ¢ “in B — (K*ar

) (Koar™)

22

= Decay first observed in 2011 by LHCDb [PLB 709 (2012) 50], updated in 2012
[JHEP 07 (2015) 166] s

= Decay dominated by a gluonic penguin diagram

e Complementary to measurements in EW penguins.

= Powerful check of the SM.
o ¢ cc =-0.021 £0.031 rad, measured in for instance B,—J/¥K+K-

I o Y. e st |ajcosh (5ATt) + bysinh (5AT t) + ¢jj cos (Amgt) 4 djj sin (Amgt)]
Time-dependent amplitude analysis
Decay Mode J1 Ja Allowed values Number of \
of h amplitudes

5 BY - (Kta )5(K =n7); scalar-scalar 0 0 0 1
é - BY — (Kt~ )5K*(892)" scalar-vector (0 1 0 1
o] 2 B? — K*(892)Y(K—7%); vector-scalar 1 0 0 1
= = L 0 St T 0 Al AT -
<..9 g BY — (K7 )5K35(1430) scalar-tensor 0 2 0 1 > — 19 amplltudes
o O - B — K;(1430)°(K—7");  tensor-scalar 2 0 0 1
E g" BY — K*(892)"K*(892)" vector-vector 1 1 0, |, L 3
E o B0 — K*(892)°K5(1430)°  vector-tensor 1 2 0,], L 3
4 O i BY — K;(1430)°K*(892)°  tensor-vector 2 1 0,].,L 3
s = BV K3(1430)°K3(1430)" tensor-tensor 2 2 0, ||, Ly, []2, Lo 5

arXiv:1712.08683


http://arxiv.org/abs/1712.08683

Measurement of ¢ “in B, - (K*ar) (Kar™)

= First things first: yield extraction
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Measurement of ¢ “in B, - (K*ar) (Kar™)

= Amplitudes depend on masses and angles. 20—
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Update of B, -»K h"h’" branching fractions

= B~ Khth-’, with h, h” = 71,K — 8 decays. Ky reconstructed as sr+ar-.

-~

+ -
B ~>K

B K K*m

B,~K K

\_

BS—)KSJT+UT'

B ->K K*m-

Bs->K K-+

B,-»K K+K-

B K K*K-

Green: observed; \
Red: not observed;

[ ]: favoured

decay (see below).

J

o

Previous LHCb analysis (1fb!
[JHEP 10 (2013) 143]
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ISRV = 2 TEIE W

D

ppressed
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e = 3
a2 MK 2 A S AFSIG 2 AL T AN S

il el el |l e el (i ] (SN el i
f&lﬂﬂ 5100 5200 5300 5400 5500 5600 5700 5800

o Observed BseKsa'r*rr'.

Confirmed B ‘ eKSKi:rri.
e Observed BS%KSKJ—FJTJ—’.

/

= Goals of the LHCb analysis using 3fb™':
 update measurement of branching

fractions;
» search for B -~ K K*K-;

o prepare Dalitz-plot analyses of all

modes.

= Dataset divided into:
4 final states;
» 2 K, reconstruction categories;

» 3 data-taking periods.

— 24 invariant-mass distributions

J. High Energ. Phys. (2017) 2017: 27


http://dx.doi.org/10.1007/JHEP11(2017)027

Update of B, »K h*"h’" branching fractions:
Modeling the invariant-mass distributions 26

/C:];{ 102 < HHED B, signal (favoured) \
0 -
= C , B_ signal (suppressed)
e _—
N - ,,
et T + Combinatorial

24 X - 0 A |_— background
~ C ',’ \ i
72} | - ,,'
= i / '-,\ 1» TT f Misidentified signals
':9 e \4— | | I--| 4 [4-H
s SN AR
= 1 N + T + Partially reconstructed
O - Yoo vl | backgrounds
5200 5400 5600 5300 (By,»Kgmar + X)
\ m(Kgm‘) (MeV/c?) /

= Shapes taken from Monte-Carlo, except for combinatorial background.

= B, and B, masses and widths fit in data.

= Fast Monte-Carlo developed for partially reconstructed backgrounds modeling.

= Gaussian constraints on misidentified signals and partially recontructed backgrounds
yields.

J. High Energ. Phys. (2017) 2017: 27


http://dx.doi.org/10.1007/JHEP11(2017)027

Update of B, »K h"h’" branching fractions: Results
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B(BY, — K°nth' ™) =

NCOI‘I‘

}—
BY —K3h+h

.E-.O'w_}bgfd,S

COorr

B(ng% th’—’_hf_) L fd:.s NBS?Sﬁth"'h’—

B(B°— Kom+m—)  fq N&T

BO—>Kg?T+?T_

/B(BOH K)K*r¥)

B(B°— Kdr+n~)
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B(B°— Kdntm—)
B(B?— K)K*r¥)

B(BY— Kor*tn—)
B(B— KOK+K-)

B(BY— K{rtn—)

~

0.191 = 0.027 (stat.) =+0.031 (syst.) & 0.011 (f,/fs),

0.123 + 0.009 (stat.) =+ 0.015 (syst.),

0.549 & 0.018 (stat.) =+ 0.033 (syst.),

L.70 £0.07 (stat.) £0.11 (syst.) £0.10 (fs/fa),

= 0.026 £ 0.011 (stat.) £ 0.007 (syst.) +0.002 (f,/fa),

Compatible with previous measurements
Dalitz-plot analyses underway.

B(B°— KOK+K™)

B(B°— K{nta—)

€ [0.008 — 0.051] at 90% C.L.

J. High Energ. Phys. (2017) 2017: 27
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Amplitude analysis of B’>K ar*sr: results

= Only a time-dependent, flavour-tagged analysis

would provide complete information. <10°
S 30F," — 1 — 1 H
= Direct CPV on flavour-specific resonance available. ; :* LHCb ]
> o5hos -
Ao HERElR SR R Y R e é’ etoa. BO—>K27E+’E
T200E LHCh o8 = . LHCb E HZOEE. °g- ]
& 180F 1 &180F , 1 T e, £°(980), p?
% 160F } 1 ®160F Direct CPV 4 ;ts.m moes: ... o0 80, o
S 140 1 SMoE ¢ @nde) ] XIspEsiiiiiiiee o7 -
< 1208 EEd v chE E g HBo:rctaiaiiiiiegs. :
& 100 1 8100F E 10555::;?;::::::::";‘;.. .
S 80F 1 = sop £ e S S L :
2 60F 2 60F FHR s ool
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(): : 0 . i 0' AT meTaly OgodOgogao - X106
0 : 0 1 2 3 0 10 20 30
Mo, [GeV/ct] m, [GeV7/c'] m(K ) [MeV?/ ]
/ Stat. Syst. Model. \
— Acp(K*(892) 7)) = —0.308 £ 0.060 £ 0.011 + 0.012,
Acp((Kn)gn) — —0.032 + 0.047 + 0.016 + 0.027
Acp(K3(1430)"77) =—029 + 022+ 0.09+ 0.03,
Acp(K*(1680)"77) =—0.07 + 0.13+ 0.02+ 0.03,
v ACP(fU(QSO)KSO) — 028 :l: 027:': 005:': 014, arXiv:1712.09320

\ First observation of direct CPV in B’->K*(892) 1 decays /
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Prospects from Run II and further



Prospects: near and far future of LHCb 30

= All presented results use only data from Run I of the LHC — 31b-! at
centre-of-mass energy of 7 and 8 TeV.

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2016

= Run 2 aims at adding 5 tb-! at 13 TeV £ . ] = car >
— more than four times as much -
data as in Run 1.

= Most current charmless analyses are
dominated by statistical uncertainties.

s 2016 (6.5 TeV): 1.67 /ib
2015 (6.5 TeV): 0.32 /b
e 2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1L.11 /b |
2010 (3.5 TeV): 0.04 /b
. I L

2010 2011 2012 2015 2016

Year

Integrated Recorded Luminosity (1/fb)




Prospects: near and far future of LHCb 31

= All presented results use only data from Run I of the LHC — 31b-! at
centre-of-mass energy of 7 and 8 TeV.

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2016
. . - - .I
= Run 2 aims at adding 5 tb-! at 13 TeV £ . ] —
— more than four times as much |
data as in Run I.

IS
TTTT T T

= Most current charmless analyses are
dominated by statistical uncertainties.

s 2016 (6.5 TeV): 1.67 b

2015 (6.5 TeV): 0.32 /b

e 2012 (4.0 TeV): 2.08 /b

2011 (3.5 TeV): 1L.11 /b |

2010 (3.5 TeV): 0.04 /b
. I L

2010 2011 2012 2015 2016

« massive overhaul of the trigger system; Year

Integrated Recorded Luminosity (1/fb)

= Upgrade planned after 2018, including:

e complete change of all the tracking subsystem.

the LHC will deliver about 300 fb*in its f-irst 10-12 years of Iifn;.

= Expected LHC luminosity ekt g iy

6.0E+34

delivery. . i
[2016 J. Phys.: Conf. Ser.706 022002 ] o ‘ /

= What can be done with that 5o reve Al
amount of data? romsae 1ot gt

—_—
0.0E+D0 SR

ooooo

Luminosity [erms)
LSa
LS
LS2
LS :
Integrated luminosity [fb]




Prospects: three-body charmless decays

= New channels observed — physics programme of charmless decays is
expanding.

. { - I v v ' ' 1 ' ' ' ' ! v v v v '§
= Wealth of different channels: T osE e LHCb j ;
N 10
o Initial hadron: baryon, B°, B, B_+ % - St e, :
« Final state: baryonic, VO particle... ® S e i |
E oF i SRR 4 3
= Work on amplitude analyses B e
. BT — gEpTpt 7
already ongoing. : . 1 410
0 | S R S T R S ]
° 0 5 10 15
Allows to measure many more Q2B ) [GeVic

branching fractions.
Phys. Rev. D 90 (2014) 112004

e Allows to access more physics observables.

= In some cases (B+—3h), data already there (>100k events) but need for
refined analysis techniques.
4 )
Expected “phase transition” in charmless analyses at LHCb from
first observations to fully fledged amplitude analyses.

. J
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Prospects: near and far future of LHCb

33

= All presented results use only data from Run I of the LHC — 31b-! at

centre-of-mass energy of 7 and 8 TeV.

= Run 2 aims at adding 5 tb-! at 13 TeV
— more than four times as much
data as in Run I.

= Most current charmless analyses are
dominated by statistical uncertainties.

= Upgrade planned after 2018, including:

e massive overhaul of the trigger system:;

e complete change of all the tracking subsystem.

= Expected LHC luminosity
delivery.
[2016 J. Phys.: Conf. Ser.706 022002 | _ .occss
= What can be done with that g
amount of data? 5
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2016
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Integrated Recorded Luminosity (1/fb)

e 2016 (6.5 TeV): 1.67 /b
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2010 (3.5 TeV): 0.04 /tb
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= Peak luminosity —lIntegrated luminosity

SO0
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Prospects: a case for new techniques

34

= Direct CP asymmetries in B+—h+h-h+ (favoured) [PRD 90, 112004 (2014)].

= Large efficiencies, “large” BF—>100k events. “Glimpse” into the future.

= Usual technique: Dalitz-plot analysis.

dllud LLIu .)I_Jlll UL LG 51\'\.11 Ivoullallve 5
‘f:i‘ 3
%
10 [ T T T T | T T |:r | L T | T T T 1 | T L] O 25
(my+m,) j:v ,
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Phase-space is flat on the Dalitz plot
—irregularities signal underlying dynamics
AN = [N(B)-N(B")]/[N(B*)+N(B)]

Raw
Large, localised, direct CP asymmetries.

Require full amplitude analyses.
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http://dx.doi.org/10.1103/PhysRevD.90.112004

Prospects: a case for new techniques

= Most Dalitz-plot amplitudes use

) CPviolating
isobar model:

N
Shortcomings: A(m3;,m3,) = > |alFi(m3;, m3,)
- ’ =1

« B-meson decays have a large phase space— nonresonant component not easy to model.

P
) . . . qr r ar i E e
» Localised, large, direct CP violation can \ s S
be due to (mm<>KK) rescattering. : O
q L ar LSRN A
P

= Several approaches attempted:
 adapting the isobar model [arXiv:1506.08332];

. Final State

» Quasi-model independent (bin the phase space and determine mag/phase in each bin).

Increased datasets will both allow us and force us to develop new and more
refined amplitude analysis techniques.




Prospects: Belle 2

= Pros:

» you know what you order — known energy, better flavour-tagging (37% power).

o larger efficiency on electrons, K¢ mesons, K; mesons,

= Cons:

« you know exactly what you order — fewer initial states (fewer B, B_, b-baryons).

r

« smaller data samples on fully charged modes.

= Personal summary: Belle has more final states,
LHCb has more initial states.

= And charmless? Charmless is most powerful
when all related channels are studied together
— possible Belle 2 advantage here.

e e.g. arXiv:1306.5574 (7 extraction using B—KKK
and Kgrar decays).
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Summary and conclusion



Conclusion: the LHCDb side

= Charmless hadronic B decays offer vast diversity of channels and physics
observables, including

 branching fractions;

« weak phases (B, . Y) — indirect searches for CPV;

e strong phases — better understanding of QCD/hadronic interactions.

= Situation pre-LHCDb: some decays known, some full amplitude analyses
performed.

= Situation post-Run I: many first observations, especially in new domains
(e.g. baryons).

= Situation Run > II: many amplitude analyses performed, weak and
strong phases measured in those decays.

= But this is not a straight path:
e transition from counting experiments (branching fractions) to amplitude analyses;

 need to refine existing tools to face the challenge of handling that much data.



Thank you!



Amplitude analysis of B’>K sr*7r: the Dalitz plot

B,—~Kh*h’" decay —»3x4 degrees of freedom (d.o.f) 12
Conservation of momentum -
Mass constraints -3
All particles are pseudoscalars — isotropic decay -3

= Decay amplitude can be written

: : : . | 1
—in absence of dynamics, amplitude flat T — M

2 2
dm7, dm13

\

Dalitz-plot coordinates
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Few orders of magnitude

= Luminosity at LHCb: {b-!.
= Acceptance: 0.01-0.4 rad, ~25% of producted bb pairs.
= bb cross-section in acceptance: 72 — 154 pb (7-13 TeV).

e So ~ 200 billions of pairs in acceptance for Run 1.

= Charmless branching fraction: 10-4-10-.

e Adding €(rec) ~ 103 — typical number of events from hundreds to tens of thousands.
= Tagging power: 5% — effective N: from few events to 1000.
= Daughter energy: 10-50 GeV/c?, transverse energy: ~10% of that.
= Decay-time resolution: 0.02-0.05 ps, linear with delta(t).
= Efficiency on a Kg: depends strongly on decay. For Kshh, factor 20-50.



The isobar approach )

= [sobar approach: A; written as coherent sum of partial amplitudes (isobars). Can be
resonant or nonresonant.

F, (m},m%) = XL p* |?“)XL(|q|?{)T (L,p. q)}i’ mu) (L = angular momentum of

/ ________________________________________ \fachelor and pair)

Blatt-Weisskopf Lineshape (Breit-Wigner, Flatte...)

Zemach tensor

Re(T)

barrier factors s o) PHAGED |
.. Mag '
Fo(z) = 1 ”
Fi(z) = e ) /2
1322 _
Fy(z) = \J P \




Prospects
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= From L. Silvestrini @ Manchester 2016 (to be taken with a grain of salt).

Parameter Error
Now 50/1b 300/fb 1000/fb  3000/fb
AMy [ps™!] 0.002 0.0005 0.0002 0.0001 0.00006
AM, [ps_l] 0.021 0.005 0.002 0.001 0.0006
sin 23 0.022 0.008 0.0026 0.0018 0.001
v [°] 6.5 0.9 0.4 0.2 0.09
a [°] 5.5 1 Belle 11
B 17 4 0.26 0.11 0.06 0.034
V. 1-107* 1-1074
Vg 2.7% 1% Belle 11
Vb 10% 1% Belle 11
x 1.5-100% 45-107° 3-10~° 15-10°°
Y 104 3-10°° 2.107° 10—°
lq/p| 0.01 0.003 0.002 0.001
o [°] 3 0.9 0.6 0.3
Ap 4-107° 12-107°® 8.107% 4.10°°
as(Mz) 0.0005 0.0002
My 760 MeV 250 MeV  theory limited
mp 50 MeV 10 MeV
Bg 1.3% 0.1%
Fg. 5 MeV 1 MeV
Fp_ /Fp, 1.4% 0.5%
Fg,\/Bs, 3.8% 3%
(3 2.5% 0.5%




Prospects (2)

= From B. Golob @ Manchester 2016

Olservables Belle or LHCh® Belle 11 LHCh
(2014) G ab~! 0 ab~! 8 b~ (20018) 50 b

UT angles sin23 0667 + 0.023 £ 0.012(0.97) 0.3° 0.6° | ~ 0.3°

a9 85+ 4 (Belle+BaBar) 1

+ [ (B = DMK 8% 14 L5 4 I 1

28.(B. — J/we) [rad) (07 £ 0,08 £ 0.01° 0025 ! 0,009
Gluonic penguins S(B — ¢ KY) 09013 omsjloz2 |? 0.4

S — 'K 068+ 0,07 + 0.03 0.011

S(B — KKK 0.30 + 0,32 + 0.08 0.033

(B, — o) [rad] —0.17 £ 0,15 & 0.03* 012 | 0.03

FM(B, - KOK*") [rad] -~ 0.13 003
Direct CP in hadronic Decays A( B — K%%) =005 £ 0.14 + 005 (LM 2
UT sides [Vip| inel. 4161031 + 2.4%)

[V | exel. 37510731 = 3.0% o, + 2.7%s. 1.4% o~

|V inel. 44710731 £ 6.0% . £ 2.6%,, 3.0% 1

|Vis| excl. (had. tag.) 352 10731 & 10.8%) 2.4% 1
Leptonic and Semi-tanonic  B(F — 7v) [107%] 096(1 + 26%) % -

BB — uv) (1079 < L7 T

R(B — Drv) [Had, tag] 044001 £ 16.5%)1 4% .

R(B — D rr)! [Had. tag] 0.332(1 £ 9.0%)! 21%1 | I
Radiative B(B — X.v) 3.45- 10791 + 4.3% + 11.6%) %

Acp(B — X, qv) 1077 224+4.0+08 0.5

S(B = K%%) —0.10 £ 0.31 + 0.07 0.035

28 B, — d) - 013 | 1 0.03

S(B — pv) ~0.83 4 0,65 4 0.18 007

B(B, — ) 1078 < A7 -
Electrowenk penguins B(B — K**uvr) [1079] < 40 0%

B(B — Ktuvw) [107%] < 55 W%

/0y (B — X.PF) ~20%% 5%

B(B, — rr) [10-3 - -

B(B, — pu) [1077] 29T1Le 05 | 0.2




Belle 2 vs LHCDb

ete” — T(4S) - BB pp — bbX pp — bbX
(/s =2TeV) (/s =13TeV)
PEP-II. KEKB Tevatron LHC
Production 1nb ~ 100 ub ~ 500 ub
cross-section
Typical bb rate 10 Hz ~ 100 kHz < 1MHz
Pile-up 0 1.7 1-40
Trigger efficiency 100 % 20-80 %
B hadron mixture B*B™ (~50%), B* (40%), B° (40%), B? (10 %),
B"B° (~ 50 %) A (10%), others (< 1%)
B hadron boost small (G ~ 0.5) large (3 ~ 100)
Underlying event BB pair alone Many additional particles
Production vertex Not reconstructed Reconstructed from many tracks
BB pair production  Coherent Incoherent
(from Y(4S) decay)
Effective flavour ~ 30% <6%

tagging efficiency




KsKK in a nutshell
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