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Physics motivation

e CKM mechanism predicts sizeable
amount of CPV in b-baryons that can be
precisely measured

e Test in baryons the transitions ¢ — udd(ss) ~~ooe
that led to the first evidence in charm bt bl A

Ag — DT W . W:é(a B; — T
|4

e Same underlying short distance physics as B mesons, with different spin
and QCD structure

New CPV sources

®
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D-baryons production

» Production cross-section strongly depends on pr of the hadron:

» Large production of A}
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» A} polarization measured to be compatible with O:
» Pro=(=2.0%£23)% PRL7(2015),115
» Py=(6£7+2)%  Phys. Lett. B724(2013),27
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Status of CPV searches in Ag

» CDF (prior LHC era):

> ACP(Ag —>pa~)=(06x7x3)%  Phys.Rev. Lett. 113 (2014) 242001

’ ACP(Ag — pK™) = (10x£ 8 £4)% Phys.Rev. Lett. 113 (2014) 242001

» LHCb:

Acp(A) = Kprn™) = (22 £ 13 £3)% JHEP 04 (2014) 087

AAcp(A) = Jlypr=IK™) = Acp(A) = Jlwpr™) — Acp(A) — JIypK™) = (5.7+£24+1.2)%
Acp(A) > AKTrn7) = (53+23+£11)% JHEP05 (2016) 081 THEPO7 (2014 105
Acp(A) > AKTK™) = (28 £10+7)%  JHEP05(2016) 081

» Acp(A) > pK7) = (=2.0£ 1.3+ 1.9)% Phys. Lett. B787 (2018) 124

» Acp(A) = pr7) = (=3.5£1.7+£2.0)%  Phys. Lett. B787 (2018) 124

> aCPOdd(AO — pK 7nt77) = (—0.81 £0.84 £ 0.31)% JHEP 39 (2018) 1808

> aCPOdd(AO — pK"K*K™) =(1.12+1.51+0.32)%  JHEP39 (2018) 1808

> aCPOdd(AO > pratn)=(1.15%£145+032)%  Nature Phys. 13 (2017) 391

> aCPOdd(AO — pK"K*77) = (—=0.93 £ 4.54 £ 0.42) % Nature Phys. 13 (2017) 391
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Experimental Issue

Particle-antiparticle production asymmetries

e |nitial state pp LHCb: Phys. Lett. B 774 (2017)

* is not CP symmetric

e [nitial asymmetry =~ 1% could mimic CPV Ap = o(P) — U(E)
o(P)+ o(P)
s> 03r T | | > 03 I —
s& : LHCb 5& : LHCb
< O (s =8 TeV 3 <M (s=8 TeV E
0 [ eeim—= H— ———————————————— —
-O.l;— —z —0.13— —E
-0-22— — -0.23— —
p, [GeVicl Pseudorapidity ¥
e By means of the unitary relation: _ _
Ap(A) = — | L2 4p(B% + L2 Ap(BY) + L= 4p(BY)
fA a0 F a9 _
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Experimental Issue

Detector reconstruction asymmetries

e Detector is made of matter
* s not CP symmetric
Ap(m5) =~ 0.1%, Ap(K*) ~ 1%, Ap(p/D) ~ 1 — 2%

e Ap can be measured using “ad hoc” abundant control sample

.A“O_' T T T T T T T T T Tl LHC: Phys. Lett. B 713 (2012)
B
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Search for CPVin A) — ph~h*h~

e Transitions governed by b — udu tree and b — duit penguin amplitudes of
similar magnitude

ViV
* Large relative weak phase a/¢, = Arg ( V;b “ ) in SM from the CKM elements

ub ' ud

e Potential non negligible CPV effects in the SM

Tree o« V¥V, ~ 4° Penguin « ), ViV, ~ 43
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First evidence of CPV in baryons in A) —» pr~a*z~

Nature Physics 13,391-396 (2017)

Scheme'B' on ® angle intervals Scheme A: on dommant resonances
3 LHCDb A S%heme B E - LHCb | Scheme A
g 205_ d;-odd — E( A + AT )I:'_ g 20 : 417; -odd 3 ( AT 4 AT) é _:
PP A A v b w I | o
O - W 7 . 5 G W ]
E _203_ - = =20 =
g [oa xndf=207/10 - S [oal yndf=27.9/12 E
= f T - I —
> [ T -odd . - -
2 20 g o =54 Af)—_ 5 ol @ = 2(,4 -4 :
1] 2 S T R — . - S S EX I E
: ¢ ¢ Oi * ¢ ¢ i ¢
—20¢ - -20¢ t
e agg }ndf=30.510 - e al i yndf=211/12 -

1 2 3 |
@I [rad] > 10

Phase space bin

l for bi finiti ' '
Refer to backup slides for bins definition  Integrated results compatible with CP

L= 3107 & P conservation

CP symmetry p-value = 9.8x10- e | argely insensitive to Ap & Ap

3.3 0 deviation e [ow systematic uncertainties <1%
P symmetry compatible at 2.2 © e Already triggered some theorists
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Experimental approaches

i} . Eur. Phys. J. C79 (2019) 745
Measure AAcp difference of CP asymmetrles ’

AN = P31) = Acp(Nf = p3h) HA, o AD Areco D))+

— O O + /\2500 —1 . T T 1 T T T 1 T T
Mcp = A (N = p3) = A (A) — NFm) PRqEe e
S 2000 - el e kwr
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* Asymmetries measured wrt control channels /A, By BT

A) = pr - —— A) = pK m*n- - /\g = pn T —.— — ————

Ad = pK n*n- - — pK m*rn~(low mass) .- _ pr-m*m-(low mass) i /\2 . pKK*K- ;s

A= pK™K*n~ — — N(1520)°K *° —— _ S
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Search for CPVin A) — pr~atn~

LHCb-PAPER-2019-028

e 0.0 fb-1 data analysed

e Signal yield = x4 signal yield Run

e Applied 2 method to exploit CPV: Triple Product and Energy Test

e |mproved understanding of decay dynamics and reproduction in
simulations of Run1 result

N
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Experimental approaches

3 - - - . LHCb-PAPER-2019-028
Measure CPV via T-violating aymmetries:

: . — 3P d t | t
e Triple products in Ao rest frame [ = spin and momentum reversal operator

C]"w — ?p . (?h— X ?}ﬁ-) X SinCI) h+

C]"v — ?p . (ﬁh"' X Fh—) X Sin(I)

e T(P)-odd asymmetries:

N Ny (C3>0) =Ny (C3 < 0)
" Ny (Cp>0) + Ny (C4 < 0)
. =NK8(—@>O)—NK2(—@<O) h
! N7 (=C; > 0) + Ny (=C; < 0)
e (CP-violating observable: ag)odd — % ( Az — XT)
e P-violating observable: ag—(’dd — % (AT + _T)
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Search for CPVin A) — pr~atn~

LHCb-PAPER-2019-028

e Update wrt the previous result

Scheme A: based on helicity angles Scheme B: on & angle intervals
30 LHCb | scheme A, o Podd | = IS5 LHCb  scheme B, o, Podd =
0 %/111533,6/16 scheme A, @ l-0dd 105_ %/Iigggj/m scheme B, o ql-0dd E

. P
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alz0% = (—0.70/x 0.70/£ 0.17) % Stat. unc.
* |ntegrated measurements: al-0dd = (3.98/+ 0.70+ 0.17) %  Syst. unc.

o CPV atthe level of 2.90, no CPV integrated in phase space
e [irst observation of P violation in b-baryon decay at the level of 5.50
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EXperimental approach

LHCb-PAPER-2019-028

Energy Test
® ¢ 04 o Test Statistic:
o® ¢ " ¢ o ) n ) 7 Y
®@ T _ 06 - T = d.)|+ d. ) —— d
20, 0s % P ,-,]Z:ﬂ W+ Z‘l w(d; ;) nﬁ;jW( )
o ® o ° o % 0 _ AO w0 %0 0 70
Ap =1y AY —'A) AY = A
* y(d,) = e %" distance function
e n,7:NnumMber of particle (antiparticle) candidates
* d,:distance in phase space
C C
® . parameter to optimize N
e P violation: I IV _
. Particle, C>0 Anti-Particle, -C<0

e CP violation:
« CP-odd P-even test: [+l vs [Il+V] - 11
 CP-odd P-odd test: [I+IV] vs [lI+]ll]

uuuuuuuuuuuuuuu

CP-even P-odd: [I]+[ll] vs [I]+[IV]

-~

Particle, C;<0
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Energy lest results

» CP(P)-symmetry hypothesis (with permutation test)

J 1.6 GeV?/ct 2.7 GeV?/c*t 13 GeV?/c?
p-value (C'P-conservation, P-even) | 3.1 x 1072  2.7x107% 1.3 x 1072
p-value (C P-conservation, P-odd) 1.5 x 1071 6.9 x107% 6.5 x 1072
p-value (P-conservation) 1.3x 1077  4.0x107" 1.6x 1071

» Permutation test to take into account LEE

[S—
@]

LHCb

6 =27 GeV/c

I:l P-even nu 11 hypothesis

.......

— — P-odd data

Relative occurences
o
(3]

0 5 10 15
T [107]
» Overall P-even CPV significance is at 2.80 (taking into account

| EE)

» P violation exceeds 50
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Search for CPV in A} — pr~ and AY — pK~

Phys. Lett. B 787 (2018) 124-133

AO —> pK 8800 signal events AO — p]t 6000 S|gnal events

Candidates / ( 10 MeV/c?)
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ph‘ ph p h _ ph‘ Ab ph‘

Measured on data From simulation Estlmated from

External input
control samples

Ag,_ = —0.035£0.017 £ 0.020 .
PK~ — 0020 +0013+0.019 % level of precision
A - - - No sign of CPV

CP
AAcp=ALD — APZ =0.014 £ 0.022 £ 0.010
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AArp = App(AT = pKTK™) — Awgt(/\+ — prtn”)
= (0.30+£ 091 £0.61) %

Search for CPVin AT — ph™h™

e Reweighted to match the Ao, Y and p
kinematics to cancel A,,,4(A}) and

e Result compatible with no CPV

EEEEEEEEEEEEEEEEEE

Test the same transitions ¢ — udd(ss)
that led to the first observation of CPV in

charm

Integrated over the phase space search
for global CP-violating effects

Selected A) - Afu~X to reduce bkg

Measure AAp

in the difference A, . ( f )

Andrea Merli - INFN Milano
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Candidates / (1 MeV/c?)
O
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8000 A
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JHEP 03(2018) 182

E LHCb —+— Data
L = 3107 —— Total fit
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------- Background
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Conclusions

e | HCb opens a new window to search CPV in baryon decays. Many
b-baryon decays are observed for the first time

e Updated measurement for A} — pa~ztz™ : first observation of P
violation at 5.50 integrated over phase space and CP violation at 2.90
IN regions of phase space

e (CPV searches ongoing in several b-baryon decays. With additional
data new b-baryons and new decays will be studied

e Not only b-baryons: effort to find CPV also in charm baryon decays

*  Work ongoing in ;" decay
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Sackup

INFN

Isttuto Nazio eleare

Andrea Merli - INFN Milano 18 CPV in baryons at LHCb - 18th October 2019




Sensitivity to CPV

e By construction, Az, A=, aZsdd and ¢Z-44 are insensitive to

v particle/antiparticle production asymmetries
v detector-induced charge asymmetries

—> reduced systematic uncertainties
&: strong phase

e Complementary approach to AAce analysis ¢: weak phase

T—odd - 7
aCPO X COS (5even o odd) ST (¢even R ¢0dd> 7:-6\2671 amplitudes
not sensitive it deven—0odq = T1/2 or 311/2 T-odd
Arpxsin (0, —0,)sin (¢, — @ A

r . ( 1 . 2> ( ! 2) : amplitudes
not sensitive if 61—62 = 0 or 1 A,

e Sensitive to potential new physics effects

W. Bensalem, A. Datta, and D. London, New physics effects on triple product
correlations in Ap decays, Phys. Rev. D66 (2002) 094004, arXiv:hep-ph/0208054
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Beauty baryons at LHCDb (a bit of history)

* Most precise measurement of ‘Vub‘ using Ag — pp U, decays
LHCb: Nature Physics 10(2015) 1038

* First observation of pentaquark using Ag — J/ywpK~decays
LHCb: Phys. Rev. Lett. 115,072001 (2015)

e Observation of E}; and El’?* IN Egn'_ MOde LHCb: Phys. Rev. Lett. 114, 062004 (2015)

e (QObservation of two orbitally excited AbO states
LHCb: Phys. Rev. Lett. 109, 172003 (2012)

e Mass, lifetimes and branching ratios measurements

CDF: Phys. Rev. Lett. 113, 242001
e Search for CPV And other from LHCb presented here

e At LHCb b-baryons are produced in unprecedented quantities
* QOpens a new field in flavour physics for precision measurements
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A) — pr~xtz~ phase space regions

Nature Physics 13,391-396 (2017)
Scheme A: division based on dominant resonant structures

Phase space bin ~ m(pr™) m(pry..) m(ntrg, ), m(rt e ) |D|
1 (1.07,1.23) (0, %)
2 (1.07,1.23) (z,7)
3 A (123 1.35) 0. 7)
4 (1.23,1.35) oV peak (Z, )
5 (1.35,5.34) ](1.07,2.00) m(rtm, ) <0.78 or m(rtm,,) <0.78 (0,%)
6 (1.35,5.3*[(1.07,2.00)  m(7my,,) <0.78 or m(r¥m) <0.78 (5,7)
7 (1.35,5.34) |(1.07,2.00) m(r*r,.) > 0.78 and m(ztm,_) > 078 (0,%)
8 (1.35,5.34) |(1.07,2.00) m(ntry, ) > 0.78 and m(ntn. ) >0.78 (5,7)
9 (1.35,5.34) (2.00,4.00) m(rtmy, ) <0.78 or m(rtm ) <0.78 (0,%)
10 (1.35,5.34) (2.00,4.00) m(rtry ) <0.78 or m(ntnm,,) <078 (5,7
11 (1.35,5.34) (2.00,4.00) m(mrtry, ) > 0.78 and m(ntn ) >0.78 (0,%)
12 (1.35,5.34)  (2.00,4.00) m(nTmy ) > 0.78 and m(n*m, ) >0.78 (F,7)

7T+

Scheme B: based on @ angle intervals
i (i=1,2,...,12) (‘7 157)

TT fast
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Definition of a T2odd (P-odd)

Definition of a T—odd observable

'[" = spin and momentum reversal operator

» Using the momenta » Using spin and momenta
P1
S
J 1 P
SO
P2
P3
Ci=pi - (P2 X p3) Cy= sy (81X p)
C; =P, (P xPs) Cy =5 (5, xP)
» We build the f—odd asymmetries  __

using the momenta of the final state
particles
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Symmetries violation

» E =event underj

» O=oddunder T

» (+) = even under parity
» (-) = odd under parity

Stephen Gasiorowicz - Elementary Particle Physics-John Wiley & Sons (1966)
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lest the symmetries

» P violation Madame Wu et al., Phys. Rev. 105 (1957) 1413

Compare P-odd quantities of the same decay $:Pe>0

In particular: <s5-p,->#0 S S e

o
A _, — — — 4
______________ PrX D3 —PrX—P3
SRTNTS 7 Ci> 0 ? _= R
» P violation in our case T, — P
P3 Ci <0 — P
D

INFN  er

Isttuto Nazio eleare
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lest the symmetries

P-gven CP ,
» Compare P-even quantities for particle and antiparticle: 1 A = FKg
P-odd CP
» P-odd CP violation in our case
4 — N —, A
______________ P2 X P3 — P X — P 3
0 - ?1 Cy>0 _7 — P2
For Ab particle: — # JPs B
P3 CT <0 — P
D>
A N A
______________ p 2 X p 3 - p 2 X — p 3
— . D Ci>0 - - P>
For A} antiparticle: 1 7, # P B
P3 Cf <0 — P
D>

» s the P violation different between particle and antiparticle?

INF ¢ Andrea Merli - INFN Milano
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