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CP violation

e C = Charge conjugation: A— A
e P = Parity, spatial inversion: X = —-X,y = -V, zZ = —Z
e CP transformation: (A—=f) 2 (A-f)

CP violation (CPV):
A difference between decays of particles and

anti-particles breaks CP symmetry
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Vue: coupling of b to u quark \
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CP violation in Standard Model

e |n SM, CPV is accommodated in the weak quark current:
9

7 (Uy*Vokm DLW, + Dpy* Vi Ur W)

Vud Vus Vub
VC’KM — chd, Vcs chb

Via Vis Vi
— 5\’ A AN (p —in)
~ —\ 1 — 1)2 AN? + O(\*
2
AN (1 —p—1in) —AN 1

e \Wolfenstein parametrisation: CKM matrix described by 4
parameters 4, A, p, #.

e pis the only source of CPV in the SM, and changes sign for quark
and antiquark transitions.
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The Unitarity Triangle

— 5\’ A AN (p —in)
Verm = —A — 5\’ AN
AN (1 — p—in)| —AN 1

Unitarity condition from 1st and 3rd columns:
Vudeb + VCdVCZ + V;gd t}k) —

. . 'm| (P, 7)

Over-constrain apex coordinates )
for a stringent test of SM: Vua Vi thvtf
v CP violation measurements VeV, VeaV,

give angles
v CP conserving measurements IB

give sides

(0,0) (1,0) Re
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The Unitarity Triangle

1.5|||||||||||||(&||||

| excluded area has CL > 0.95 |

-1 05 0 0.5 1 ) '-1.o| B I-0.5I B Io.oI - I0.5I - I1.0I N I1.5I - Iz.o
B P P

P =0.153+0.013 P =0.150+0.012

7 = 0.343+0.011 1 = 0.354+0.007

overall picture is consistent with SM, p determined at 8%
and 77 at 3% level, but still room for new physics.
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Why study CPV 7

Violation of CP symmetry is a
necessary condition for the Baryon
Asymmetry of the Universe [1]

CPV is present only in the weak
interactions via CKM mechanism in the
SM, but is too small to explain the
absence of antimatter in the universe

Possibly there are other sources of
CPV beyond SM. Need to search for
CPV effects extensively

[1] A. D. Sakharov, ‘“Violation of CP invariance, C asymmetry, and baryon asymmetry of the universe,”JETP Lett. 5, 24-27
(1967), Sov. Phys. Usp. 34, 392-393 (1991)
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Some history of CPV in K- and B- meson system
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First evidence of CPV in K} — nFa™

e | ook for CP-violating decays:

Phys.Rev.Lett. 13 (1964) 138
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First observation of direct CPV in Kg ; — mn

e Determine direct CP-violating parameter by measuring double

ratio of decay rates.
F(KO —>TT WO)/F(KO —TT 7TO)

[T = NKY—»ntn=)/T(Kd—ntn—)
__ | Moo ‘2 _ |e—2€’ ‘2
et ete

~1—6-Re(<)
* The first evidence was obtained by NA31 NA31: Phys. Lett. B317 (1993) 233

Re(<) = (23.0 + 6.5) x 10

e The first observations followed few years later

Re( /) =(18.5+ 4.5 + 5.8) x 107 | NA4s: Phys.Lett., B 465, 1999

=
€

€
€

Re( / ) — (28,() + 3.0 + 2.8) X 104 | KTeV: Phys.Rev.Lett., 83, 22,1999

J. FU (UNIMI & INFN) CPV in baryon decays at LHCb 2016.09.27 9



Observation of CPV in BY) system

e The amplitude of CP-violating asymmetry, proportional to sin2(,
derived from the decay time distribution

Acp(At) = —nysin (20) sin (Am go At)

Babar: Phys.Rev.Lett. 87 (2001) 091801 Belle: Phys. Rev. Lett. 87 (2001) 091802
sin23=0.59+0. 14+O 05 SIHZ,B 0. 99+O 14+0.00
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Observation of direct CPV in BY) — Ktx~

e CP-violating asymmetry measured as:
NB° K 7t —-NB°—=KT7)

Acp = —=
P NB S K-—nt)+N(BOSK+7-)
Babar: Phys.Rev.Lett., 93:131801, 2004 Belle: Phys.Rev.Lett., 93:191802, 2004
Acp=—0.133+0.030+0.009 Acp=—0.101+0.025+0.005
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First observation of direct CPV in BY — K—=™

e CP-violating asymmetry measured as:
N(B)5KTr )-N(B°->K =)
N(B!—>K+r—)+N(BO—K—rt)

Acp =

so00 LHCD
= (a) _
30002_ B B O N N = |
3 BO — K
2= 2000F
R Acp=—0.080+0.007+0.003
g 1000F
g 3
S a0k © ] I = (d)
_ B & Kn
(& C -
200¢ - Acp=0.27+0.04+0.01
1000 | f
LA LHCb: Phys. Rev. Lett., 110:221601, 2013
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Search for CPV in baryon decays

Exp. Mode Observable
HyperCP | &~ — An~ — pr m  Acp = (0.0£5.14+4.4) x 10~ * 1]
HyperCP Q- s E T Acp = 0.1240.20 [2]
FOCUS A—CI— S AT Acp = —0.07 £ 0.19 £ 0.12 3]
CLEO A;r — Ae+1/e Acp = 0.00 £ 0.03 £ 0.01 £ 0.02 141

CDF searched for CPV in A} baryons: !

Acp(A)— pK ™) = +0.37 £ 0.17(stat) £ 0.03(syst)
Acp(A)— pr~) = +0.03 £ 0.17(stat) £ 0.05(syst)

[1]: Phys.Rev.Lett.93:262001,2004

[2]: Phys.Lett.B693:236-240,2010

[3]: Phys.Lett. B634 (2006) 165-172
[4]: Phys.Rev.Lett. 94 (2005) 191801

Consistent with CP symmetry

[5]: Phys.Rev.Lett. 106 (2011) 181802

J. FU (UNIMI & INFN)

CPV in baryon decays at LHCb

2016.09.27 13



Direct CPV In baryon sector

e Only direct CPV in baryon sector, because no baryon mixing due
to baryon number conservation

e CPV can be measured by comparing yields between baryon and

anti-baryon decays §: strong phase

- p: weak phase
N(A —N(A . .
Acp = NEA:ngNEZ:% x sin (01 — ) sin (1 — 9)

v the decay receives contributions from at least two
amplitudes: A;e®te’¥r, A,eid2ei®2
v need non-vanishing strong and weak phase difference

v sensitive to baryon-antibaryon production asymmetries

v sensitive to charged particle reconstruction asymmetries

J. FU (UNIMI & INFN) CPV in baryon decays at LHCb 2016.09.27 14



Direct CPV In baryon sector

e CPV can be measured using difference of P-odd observables,
between particle and antiparticles i.e. a5 594 is a P-odd and CP-
odd observable

o a5 using triple products e.g @ - (¢, x @), v = p. If v=spin

then construct «/ 544 observable

A

T : unitary operator, p— —p and S — —S

¢ [t can be demonstrated that:

ag—é)dd X COS (5even — 5Odd) SiIl (Speven T SOOdd)

Phys. Rev. D 92, 076013 (2015)

v sensitive to the interference of T-even (P-even) and T-odd (P-odd)
amplitudes

v provides different sensitivity to CP violation (see next slides)
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Beauty baryons at LHCb

e L HCb is a b-baryon factory, one A for every two BP:
opens a new field for precision measurements in flavour physics

e Some highlights from LHCb:

v Most precise measurement of |Vus| using AY — pu~1, decays
Nature Physics 10 (2015) 1038

v First observation of pentaquarks using AY — J/¢pK ~ decays
Phys Rev. Lett. 115, 072001 (2015)

v Observation of =/~ and = ”’* N =T mode
Phys. Rev. Lett 114, 062004 (2015)

v Observation of two orbitally excited A;" states
Phys. Rev. Lett 109, 172003 (2012)

v Mass, lifetimes and branching ratios measurements
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Beauty baryons at LHCb

® b-baryon sector, relatively unexplored territory to search for CPV

possible large interference between tree and penguin diagrams

T M(V) g, M(V)
u -
W W ““
b u b > > u
Ay - “P A . " P
d > d d > d

v Potentially large CPV effects in charmless A} decays, up to

Acr=20% Phys. Rev. D 91, 116007 (2015)

Our result pQCD [4] Data
102Acp(Ap = pK™) 58+0.240.1 —5+26 ~10£8 +4 [7]
102Acp(A, = pr7) -394+0.2+0.0 313 6+7+3 [7]
102Acp(Ap, = pp7) -3.7+03£0.0
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| HCb detector
Int. J. Mod. Phys. A 30 (2015) 1530022

Run | (2010~2012):
7,8 TeV pp collisions

Integrated luminosity: 3fb" PID:

" p/K/m seperation
Run Il (2015~2018) /' -

13 TeV pp collisions
Integrated luminosity:
(expected): 5fb!

Calorimeter system:
trigger + y/e energy and |ID

J - -l \\\ \\

NS =

Vertex detector:

precise vertexing,
decay time resolution: 45 fs
IP resolution: 20pm

B

Tracking'system: Muon system: trigger
Ap/p 0.4%—0.6% +ulD
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Search for CPV using trip

e-product

asymmetries in AY — pr—7-
decays

- and AY — pr KT K-

arXiv:1609.05216, submitted to Nature Physics

e Transitions governed by b—udu tree and b—duu penguin
amplitudes of similar magnitude. Relative weak phase dominated

by large CKM phases —arg(Vus)=y and —arg(V:q)=06

Tree diagram o< Vp ~ A3

) (ko)
i
d (3) Lt (i)
u J
fu S U )
Ay L d - d
b > — U
\ Vub W d 4
ViNa T

Penguin diagram o ) |

xX=u,c,t

Vbx de ~ )\3

T (1)
EL y
d (3) Lt (i)
u S
ru g U )
r d > d > D
b { , g J
v Vip - Vi Z -
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Event selection

arXiv:1609.05216, submitted to Nature Physics

e \/eto Intermediate charm hadrons
AT, =t D D* D+

* Apply boosted decision tree to suppress combinatorial
background, and particle identification criteria on charged
hadrons

e Use A 5 AT (pK~nH)r™, a Ve control sample
mediated decay with no CPV - I_lﬁfiﬂlﬁg. bk'g;
expected, as control sample to - Comb. bke.
assess main source of systematic A

uncertainties
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Signal vields

arXiv:1609.05216, submitted to Nature Physics

e First observation of two decay modes

N51g(p7r T )=6646+105 NSlg(pW K+K = 1OSO+56
~ L L B AL B ~
RS - LHCb — Full fit S | LHCb — Full fit _
0 I A0 ptpe-
% 1500] @ —Aprrr] G L O A+ KK
> Part-rec. bkg. > 400 Part-rec. bkg.
< I | Comb. bkg. >~ L g Comb. bkg.
~ I o S - L B'— K" K*K*7~
= 1000 0 T b= h B)— K K*n
O %-----Abe pK mtm - QO 0 P
> 1z b A’ pK*'KK
= 200 RN - A0 pk
500 T \
OL PR N e ';i -;‘l“;:_.J_. N e 0 RO SO -—'-"-‘."':.',.-" N Tt , ¢ 'w
5.2 54 5.6 5.8 6 5.2 54 5.6 5.8 6
m(pa-ata) [GeV/c?] m(paK"K™) [GeV/c?]
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Experimental technique

* Jriple products:

use momenta of any 3 final particles in A?4-body decays

Cp = Dp+ (D= X Drt) ocsin® , forAY

Y o — — . = c —0
D’ (phif‘ X th—) 0.6 Slﬂ@ : OrAb

Ag rest frame

hl — 7T,h2 — K for Ag %pﬂ_K—'_K_

hi = Tfast, ha = Ts1ow for Ag — pr ot

mchoice ambiguity resolved by
taking Preaee > Praow IN A} rest frame.
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Experimental technique

e P-odd (T-odd) asymmetries:

_ N(C#>0)—N(C4+<0)
Ap(Cp) = N(C;>0)+N(C;<0) , for Ay

— = N(—C+>0)—N(—C+<0)
AT(CT) — N(—C

—0 0
TN T <o) for A, Ay rest frame

Tt

* Asand A indicate P violation,

If Nnon zero.

Gasiorowicz, S. (1966). Elementary patrticle
physics. John Wiley & Sons, New York.
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Experimental technique

e (CP-violating observable:

. 1 o
acp = 5 (A7 — Az)

A‘g rest frame

e P-violating observable:

A

1 _
ap ™ = S (Ap + Ag)
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Sensitivity to CPV

* By construction, A+, A+, «L°dand al-sdd are largely unaffected by

v particle/antiparticle production asymmetries
v detector-induced charge asymmetries
—> reduced systematic uncertainties

NAb o N/_\
o s Acp = :
Complementary approach to Ace analysis Ace Ny, = Ny,

aggdd X COS (5even — 60dd) sin (Speven o SOOdd)

not sensitive if deven—dodd = T/2 Or 311/2

Acp o sin (61 — d2) sin (1 — ©2)
not sensitive if 61—d2 = O or 1

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

J. FU (UNIMI & INFN) CPV in baryon decays at LHCb 2016.09.27 25



Experimental technique (continued)

This alternative approach for precision CPV searches established in
DY — K™K —nTn~ decays at LHClb JHEP 10 (2014) 005

Inspired theorists to study triple-product asymmetries systematically

Phys. Rev. D 92, 076013 (2015)

arXiv:1608.03288
Phys. Lett.B749 (2015) 104—107

()
TTTTIAT]T
{
%
LLfdLl]
2)  Pull
(e}
TTTTTTETTITT
3

JLL TR

(5 D’(C,<0) LHCb

Candidates / (1.1 MeV/c2) Ppull

| al3995(0.18+£0.29+0.04)%
s statistical uncertainty is dominated,

m(K*K 7070) [GeV/e?] . . .
_ oE 3. B 3 systematic uncertainty dominated
TG e {25 | by experimental bias, estimated using
2 s 20 1 large control sample of Cabibbo
; favoured decay mode
5 DY s K—ntor—nt

185 19 185 19
m(K*K ") [GeV/c?] m(K'K ) [GeV/c?]
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Measurement of asymmetries

* Asymmetries A; and A are extracted using a simultaneous
unbinned maximum likelihood fit to the invariant mass
distributions m(p3h) of different signal categories:

e [WO measurements:

v Measurements integrated in the phase space
v Measurements In different regions of the phase space:
enhance sensitivity to localised CPV effects

e Blind analysis:

event selection, phase space division, systematic uncertainties
and statistical procedures are determined before unblinding data.
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Search for CPV in regions of phase space

e |n order to improve sensitivity to CPV, measurements in bins of the
phase space are performed.

* The compatibility with CP symmetry hypothesis is tested by means
ofa x’test: x> =R'V 'R

v R: array of aL-84¢ measurements.

v Vi sum of the statistical and systematic covariance matrices.

» Systematic uncertainties assumed to be fully
correlated among different bins.

» An average systematic uncertainty assumed for the
different bins.
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Phase space division

e No priori knowledge of the best binning scheme due to the very
complicated four-body decay dynamics.

o alp%changes sign in one region would dilute sensitivity. Binning

choice guided by decay topology, resonance structure, spin of
particles, and location of the Known resonances Phys. Rev. b 92, 076013 (2015)

v divide phase space at peak of resonance

v divide phase space at /2 in |®|

v interference might be largest in quasi-two
body decays

v compatible signal yields in each region

e Binning schemes fixed before unblind asymmetries. Consider
look-else-where effect when multi-schemes applied.

J. FU (UNIMI & INFN) CPV in baryon decays at LHCb 2016.09.27 29



Validation studies

arXiv:1609.05216, submitted to Nature Physics

e Analysis technigque tested successfully in different regions of

phase space using:

v high statistics Monte Carlo samples (x30 data statistics)

v abundant A) — A (pK~ 7)™ control sample, mediated by
Ve With no CPV expected, a&5%=(0.15+0.31)%

v Measurements of «Z-8%in bins of |®| on control sample
Result consistent with CP symmetry at 1.50 level

lllllllllllllll

X 4f _
o 2f } % % :
o Pty
c 20 § _:
; —4 o aag)dcli Xzzndflzlfl-?/ll()l N I_:
< | . 3

DI [rad]
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Systematic uncertainties

e Main source of uncertainties is due to the experimental technique

and detector reconstruction

Estimated using control model A) — Atx~

e (Crtresolution: estimated using signal MC

* [t model: estimated by fitting 10,000 pseudo experiments with

alternative models.

(Oateas)sust (%)
Experimental bias  £0.31(=£0.60)
Cr resolution +0.05
0 -t T
A= pmomim Fit model +0.03
Total +0.32(=£0.60)

Experimental bias  +0.31(%£0.60)

C'r+ resolution +0.06

0 + K= T

Ay — pKTK™m Fit model +0.28
Total +0.42(4-0.66)

J. FU (UNIMI & INFN)

CPV in baryon decays at LHCb

(*), bias systematic is
evaluated separately for
iIntegrate and phase-space-
dependent asymmetries

1.45

N

(O’a};’_go};i )stat. (%)

4.54/
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Ag — pr T 1N

tegrated asymmetries

arXiv:1609.05216, submitted to Nature Physics
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2 200k BRI RPN

U—] .;- E U—] '

100 2
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(‘/\l—\ 5 - '_'Ol L '_—C/\].\450-_' '_'0| L L CLCP :(-1 |15i1 l45i0l82)%

& WIE©A,C20 g 12 oob OACE<0 ) —Fun i E

% 400F L HCD —A)— prmta % 00F LHCb — A)— prmta

= 350F f| - Comb.bkg. = 350F --Comb. bkg.

g/ 300 F ﬂ ~ Part-rec. l;k-g.- '—f'g,'3'06:3 i Part-rec. bkg. =

é 2505_ _BOe K+777_.7T_.7T+_E fg 2505_ _BO_> I{-'-Jl’_ﬂ:_.ﬂf+_E .

- ] - 0 -
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Events/(9 MeV/c?)

Events/(9 MeV/c?)

AY — pr~ KT K~ Integrated asymmetries

arXiv:1609.05216, submitted to Nature Physics

AN SR L UL RS L rmin I
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1o F LHCD — A= prK'K {7 1ooF LHCD — A KK

- --Comb.bkg. 1= } - Comb. bkg.
100E Part-rec. bkg. 1 190k Part-rec. bkg. ]

- ! —Age pKmtm~ 1 & : | —A%% pK-mtm -
80k A pk*k k4 8 80k A= pK KK ;
DL N e | o iex.d |Phase space integrated
: ok result consistent with P
202 20 and CP symmetry
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AY — pr—rtr~ phase spase regions

1) Scheme A: division based on dominant resonant structures

Phase space bin ~ m(pr™) m(pr . m(ntr ), m(ntng ) GeV/ c
1 (1.07,1.23) (O, %)
2 (1.07,1.23) (%, m)
++ ) 27
A s (1.23, 1.35) o(770) peak (0,5)
4 (1.23,1.35) (5,m)
5 (1.35,5.34) |(1.07,2.00) m(ntmy ) <0.78 or m(rtm,,) <0.78 (0,%)
N* 6 (1.35,5.34) |(1.07,2.00) m(7r+ T o) < 0.78 or m(ntnmg ) <0.78 (%, 7)
7 (1.35,5.34) [(1.07,2.00) m(rtry ) >0.78 and m(r*m ) >0.78 (0,%)
8 (1.35,5.34) 1(1.07,2.00) m(mtmy ) > 0.78 and m(rFm ) >0.78 (F,7)
9 (1.35,5.34) (2.00,4.00) m(nt7my ) <0.78 or m(rtm,) <078 (0,%)
10 (1.35,5.34) (2.00,4.00) m(rt 7y, ) <0.78 or m(ntng,) <0.78 (%, m)
11 (1.35,5.34) (2.00,4.00) m(r* 7y, ) > 0.78 and m(r 7, ) > 0.78 (0,%)
12 (1.35,5.34) (2.00,4.00) m(ntn )>0.78 and m(ntn, ) >0.78 (%, m)
o SE 3 o SE 2 o SE R
'*é o - T-O-o-o-O-—o-o-O-.._.._; '*é OW++_; 8 o - —o—o-—0—o- 'g
(% 5005_ L.HCb . AI(J)(CT>O) . % jggé: LHCb . AS(CT>0) : % 2(5)25 LHCb . AS(CT>0)
é 4002_ | A++ 0 A)(C,<0) ; igg: oAg(CT<O):§ é 250%_ p(770) AY(C,<0)
2/300%: 3 ;’2505 ¢ — 22005- :1»
gF gof ¥ 4+ £ 150f
15 3 & 1p ¥ - N P <o
wk E 100F- N*i-¢¢'¢-=¢= : 100 . £+ s
: '0—-%0-1@*@ . + E 50¢
012:’6’&"’:'*#@;_ 52;*2[%":"*%4 09123**:&
m(pr*) [GeV/c?] mpa~ ) [GeV/c?] m(ma ) [GeV/c?]
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AY — pr—nta~ IN bINS Of P
arXiv:1609.05216, submitted to Nature Physics

2) Scheme B: based on |®| angle intervals, exploits more the
interference of P-even and P-odd contributions

T

10 binsin |®| (457, 7)), (i =1,2,...,10)

2 —0—
& ?E ?
) —() —_—
S Ab(-c7>0)
- 350 oZO 7 <0
£ 300 »(—C,<0)
QO
LE 250 +
4+
150
100
50
I [rad] ‘(I)‘ I [rad]
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Ag — pr Tt

results In phase space in scheme A

arXiv:1609.05216, submitted to Nature Physics

- LHCb Scheme A~
= 0F .
2 T T T T TR
iﬁ) —20_— - E] E
Gé jmago:dd .Xz{an::ﬂ'?/l:zi : _ 2 test
5 0L 11 P symmetry p-value=5.8x10
Ofp-#-dgtdg. b (2.80 deviation)
_20} ¢ 1| CP symmetry p-value=4.9x10
e aldd y2ndf=21.1/12  {|(2.00 deviation)
5 10

J. FU (UNIMI & INFN)

Phase space bin
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First evidence of CP violation in AY — pr=nt 7

arXiv:1609.05216, submitted to Nature Physics
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)
o O

| 2 test:

P symmetry p-value=2.4x10"
11(2.30 devia
11 CP symme

ion)
ry p-value=7.1x10"*

11(3.40 devia

ion)

CPV in baryon decays at LHCb
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Independent check after unblinding data

An independent analysis of the data lbased on
alternative selection criteria reproduced the results

A similar number of events, of which 73.4% are in
common with the baseline analysis

p-values for CP symmetry:
scheme A:  3.4x1073(2.90)

scheme B:  1.4x10%(3.80)
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Pseudoexperiments

Significance of CPV using permutation tests

arXiv:1609.05216, submitted to Nature Physics
Permutation test based on resampling technique using signal

sample: randomly assign A} flavour to each event, and define Cr
sign only if a different flavour assigned, as follows:

If A9 A0 then Cp—sCp=—Cy p-value of combination of
. ’ _ _ scheme A and B results
If Ay — A, then Cp—Cp=—Cr using Fisher method
N(papp < p%X°pP®)
: . 2 -value =
Results consistent with X~ test P Noora
; () LHCb g 35 (b) LHCb | é 3E(c) LHCb
Scheme A 3T 10 Scheme B 3 [T 10 ]
p-value=4.8x1072 ;‘-‘ : p-value=6.5x10* 1 :é-‘ [ p-value=9.8x10*
718 10°¢ 78 10°F
19 | o -
18 .l 118 L ]
L. B f
M Hﬂﬂm W
_,.,v,.,l,.|...|...: _:,.,1,\/. ..|...|...: _:.. 1 1 11111111:
10 1O 20 40 60 80 10 10 1O 20 40 60 80 100 10 1—8 -6 -4 -2 0
X’ %2 log (p,p,)
Significance=2.00 Significance=3.40 Significance=3.30
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AY — pr~ KT K~ results In phase space

arXiv:1609.05216, submitted to Nature Physics

Af K,
£ ppee ] T3 ey -zjg background-subtracted
OF AR AN LT T 4 using the sPlot method
% 1(2)2: N\ oA;j(CT<0):§ _:/\* 0 Ap(~T<0) :
% Ik i i divide phase space with/
2 TH 1 without A+ resonances
E: TR 1 R
Oz.éj&=+sé3.?—g=—.5
m(pK ™) [GeV/c?] m(PpK™) [GeV/c?]
m(pK~) GeV/c? aT-odd [o7) alsedd (o]
N—(1.43, 2.00) 3.27+6.07+0.66 —4.68=+6.07+0.66
(2.00, 4.99) 4.43 £6.73 £ 0.66 4.73 +£6.73 = 0.66

Results consistent with P and CP symmetry
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Other LHCDb results on CPV searches in Beauty
Baryons

e Search for CPV in AY — A¢ decays
e Search for CPVin AY — Ah+h'~ decays

e Search for CPV inA} — K)pm~ decays
o Search for CPVinAY — J/¢Ypr~and AY — J/ypK ™~ decays
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Reconstruction of A and K° from A} decays

t Magnet
Th
e T2
RICHI Long track

TT,.
rte

0 to/

7(A}Y) 1 1.5 ps
typical decay

length: few /- /. T
millimetres / /

4 .
(W 2 LNV )

0 2m 3m

30GeV A decay length:~2.5m
A and K9 reconstructed using Long or Downstream tracks

Downstream track

)

4
X
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Search for CPV using triple-product
asymmetries iﬂ Ag — Agb Phys. Lett. B759 (2016) 282

b—sSs transition has been the subject of theoretical and
experimental interest in B®, Bs decays, since new physics

in the loop could induce non-SM CPV Phys. Rev. D87 (2013) 056004
Phys. Lett. B671 (2009) 256

Phys. Lett. B493 (2000) 366
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Signal vields

Phys. Lett. B759 (2016) 282

e [irst observation

0
NSIg(A %Aqb) 9+13, 5.90
L 12 i 1 L2255 [ pLHe =
> I (a) Lone A - > [ (b LHED ]
é’ 10 g — § " . Downstream A 7
o~ B : o~ B ]
I 8 - I 0 -
£ ) 2 15¢ -
2 o ER I :
4 - ' ]
2 - ’ -
""""""""""""""""""""""""" /[\111_1 - g gl L gk 4:
ER) ] 2 2 Lt 3
0 Ol .

2F - Ik .

5500 5600 5700 5500 5600 5700
Mg [MeV/c?] Mg [MeV/c?]
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Iriple-product asymmetries

Bl fend] eyt
RV SV

n

incoming » p

5 angles describe decay, considering A? possibly produced with a
transverse polarisation

0 : polar angle of p in A rest frame
0, polar angle of K* in ¢rest frame

®1: angle between . and 7y
$,: angle between . and 14
§ : polar angle of A in A} rest frame w.r.t. nn
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Iriple-product asymmetries

e,Z €y
ﬁ V
INncomin p D |
g _ €Ex

Phys.Proc.Suppl.174:169-172,2007

U = (ZX0 e (A, ¢}

€Z an;|

CPV observables, untagged sample:

triple products:
o 5 N;(cos ®,,.>0)—N;(cos ®,,.<0)

cos®,, = éy - u; ¢ = : )
Tq Y L AZ N; (COS (I)n@ >O)‘|‘N7, (COS (I)nz <O)

t  N;(sin ®,, >0)+N;(sin &, <0)
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Results

Phys. Lett. B759 (2016) 282

ey
iIncomin P p =
g L\ , €X

. . f\: 0.13+0.12+0.05
a simultaneous unbinned
maximum likelihood fit to the 3 =—0.22+0.12+0.06
datasets with positive or S — _0.07+0.12+0.01

. . b~
negative triple products
J PIe b A¢ =-0.0120.12+0.03

Consistent with CP symmetry
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Search for CPV inAY — AhtTh ~ decays

JHEP 05 (2016) 081

Tree diagram oc Vyp ~ A Penguin diagram oc 3>, _, o, Vox Vg ~ A3
u u u u
d d A d d A
S S

c ol
A
=+

<
% g  (K)
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Signal vields

81g(AK:|:7T:F) 97"‘14 8 10
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Candidates / ( 20 MeV/c?)
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Candidates / ( 20 MeV/c?)

JHEP 05 (2016) 081
e First observation of AY - AK=#xT and A) - AKTK~

K™ )= 185+15 15 80

LHCb




Signal vields

JHEP 05 (2016) 081
e Evidence of Ay — Ant7~, control model A) — (An ), +m~

selected from A} — AxT 7~ phase space.
e No evidence of any =0 — ALTH -

Neontrol(AF 77 )=471£22 Nsig(AT" 77 )=64+14, 4.70

v 3 5 | —
NS [~ . S -
= 180 % LHCb 3§ =100 comb. LHCb S
S 160F | 12 | :
S 140 F == 80T
T 120 comb. controlmodel § =+
3 100 /\ = -
= — b . =
S Sop T 1 2 4
S 40F S 2of
20 i
O : 0 ‘‘‘‘‘‘‘‘‘‘‘‘‘ '~,~“_ AT .. R K ]
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artial  cross-feed m(Az" ") [MeV/c? partial/  cross-feed  M(AmTTmT) [MeV/c?]
P recon.
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Asymmetry measurements

corr corr
raw __ Nf _Nf

C’P N;;orr +N%orr

N (N -+ efficiency-corrected yield for A} (KS) decays, since

efficiencies various across phase space.
Phys. Rev. D90 (2014) 112004

Acp = Agp — (Ap + Ap)
= AEB(A) = ARTh ™) — AZE(AY — (Amt) p7)

Use A} — (An "), +7~ as control model:
negligible CPV effect, production asymmetry Ap and most

detection asymmetry Ap cancel
.Acp(/lg — AK+7T_) = —0.03+0.23+0.11
Acp(A) - AKTK™) = —0.28£0.10 £0.07

Consistent with CP symmetry
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Search for CPV in AY — K9%r~

e [irst observation
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Asymmetry measurements

ABAW NNy
Nf—I—Nf

Ny (Ny) : yield for AY(R,) decays

Acp = raw (.AP -+ AD)
— ARV (A pEOr) — ABAV(AY -5 AF (- pK)n)

UseA} — Af (— pK?)r~ as control model:

negligible CPV effect, production asymmetry Ap and most
detection asymmetry A, cancel

Acp =0.224+0.13 = 0.03

Consistent with CP symmetry
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Search for CPV INAY — J/ypr— and A) — J/vpK~

JHEP07(2014)103
2102+01 111/79+109
~ 1400 N L
§ : +- D § I <
B ata Data
) 1200_LHCb A %J/TPPTC- O [ LHCb t i
> i b _ > 3 A, —JppK
To) I 1 A,—JppK To) 10 E_ _____ B reflect;
w 1000_— + ----- B reflections w N refiections
8 I | | Combinatorial 8_ Y Combinatorial
— — Total u — Total
g 800 : 2
© : ®© 10%F
O 600 e, 10 -
© B O] n
C i - n
S 400;,«‘»"2‘\Qj S b
200__, ...................... 10 g* PR
R e o o o T
5500 600 5700 5500 5600 5700
2 2
Myp (MEV/CT] Mok (MeV/cT]
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Asymmetry measurements

Avaw (Ap = J/1bph™) = Acp(A) = J/Pph™) +|Aproa (A)

_Areco(h+) H Areco (p)

AAcp = ACP(Ag — J/YprnT) — Acp(Ag — J/YpK ™)

— AraW(Ag — J/¢pﬂ_)

T AraW(Ag — J/¢pK_)

_I_Areco (7T+) — Areco(K+)

production asymmetry

Aprod (Ag)

and proton reconstruction

asymmetry| A,eco(p) cancel in the difference of two asymmtries

Areco (7T+) B AI‘GCO(K—I_)

to be determined
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K*, TT" reconstruction asymmetry measurements

K+ and 11" reconstruction asymmetry can be determined using
B’ — J/YK (892)°decay, with K (892)° — K+

Avaw (B” — JJWEK " (892)0) =

Avaw(B° — J/WEK " (892)°) =

~ Areco (7-‘-—'_) o Areco(K+)

Assumption:

N(B)-NB) _ (1 10+0.32+0.06)%

N(B")+N(BY)

Acp(B — J/YEK (892)°)

— KJAprod (BO)

A

_|_Areco (7T+) — Areco(K+)

dilution factor
due to B® mixing

no CP asymmetry| and | negligible production asymmetry

The combined Kt reconstruction asymmetry consistent with

measurement in the other decay modes.

Phys.Rev.Lett. 110 (2013) 221601

JHEP 07 (2014) 041
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Results

JHEP07(2014)103
AAAC’P — AraW(Ag — J/@bpﬂ'_) o AT&W(Ag — J/ZD]?K_)
A (BT — J/E (892)0)

= (5.7+24+1.2)%
Consistent with CP symmetry at the 2.20 level

Local CP asymmetries in the Dalitz plane are also searched using

Miranda procedure 1, no significant local asymmetries are found.
[1]: Phys. Rev. D86 (2012) 036005,Phys. Rev. D80 (2009) 096006

g 22: . é 22_
<\1> 20-_ 02 07 06 16 05 00 06 m 20;—LHCb
T OF - - 18E | o S
S| 0 . O H 16 + Tt statistical significances of
5_ Foz s os a3 07 0 08 05 14 10 14E /H \
B el e e e 12F the CP asymmetry
g
14 E 8 '
6F
B R i
-l Lich ok W%/ L
! | 1 ! ! | ! ! ! | clodl ri S IR N R N BT W !
10 2 4 6 R N N
m2, [GeV?/c*] Alo,
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Run 2 perspectives

LHCDb Integrated Luminosity in pp collisions 2010-2016

g€ E e 2016 (6.5 TeV): 1.30 /fb 2012

E 2 ....... 2015 (6.5 Tev): 0'32 /fb \ ....................................... , ................................
(7] " : :

8 1.8 e RN Y 2012 (40 TeV) 2.08 /fb ....................................... P SERIIRRRRREE
5 1ef 2011(35Tevy:111/o | oo el
-

o)

7

o

Q

j=

R e cectccsscestnccnncssscertcenssssceraatteatscenteeanscssscestccsassssses
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8 400Ne00Ess008I008000880008E00Ie0Nss0eereee00esssteReeessesssettReseseesBeetIROusOOES S cccnccssssscrcandtocscacrcscofiliiecercccassscssearsscnsehescassssensessssesscassscsssssescansee
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................................................................................................................................................................................

............................................

Date

For Run 2, bb production rate is approximately twice that of Run 1

Naive estimation for 2017, assume 3fb"at 7-8 TeV + 3fb'at
13-14 TeV
v uncertainty on CPV asymmetries <1% for several A} decays

v possibility to observe CPV in A} — pr~ 77~ >5.00 level
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Summary

o | HCb opens a new window to search CP violation in

paryon decays. Many b-baryon decays are observed
for the first time.

e Evidence for CP violation is found in A} — pr~w 7w~
decays with a statistical significance of 3.30. This
represents the first evidence for CP violation in baryon
Sector.

e CP violation is searched for in many A} decays using

Run 1 data. With the data collected in Run 2, these

analysis will be updated to increased sensitivity.

e Theoretical predictions for CPV in b-baryon decays are
needed to confront with precision measurements.
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BACK UP
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Observation of the annihilation B> K*K- decay

~ 150
T : - v
5d < u > LHCDb
u s, d =
g 100 M 8% K'K
@ : iRl KK
_ - 3 708°- K'x
s, d § AS—) pK
S, d d, s > u 3 182 kKX
. _:Comb. bkg.
. Partlcular class of decays that can proceed

only through so-called annihilation diagrams
—\Very useful to test QCD calculations .

« BY>K*K" decay observed for the first time
after many years of searches

— Significance 5.80

m,. [GeV/c’]

5
0 ’- ’q*-n"'-n‘f-'*-”-rr'w lerjnrp-'r-lp“r-»-‘r-‘-.—k-fw
sEL_

) 52 5.4 s.s s.s

BB’ KTK™) = (7.80+£1.27+0.814+0.21) x 107%
B(B?— nrr™) = (6.914+0.5440.63 £0.19 £ 0.40) x 1077

* The B°—=K*K" is the rarest B-meson decay into a

fully hadronic final state ever observed
LHCb-PAPER-2016-036 in preparation
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AY — pr—rt 7~ phase spase distributions

arXiv:1609.05216, submitted to Nature Physics
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background-subtracted using the sPlot method

J. FU (UNIMI & INFN)

: LHCb . AS(CT>O) : : LHCb .ZZ(_6T>()) :
3 o ANC,<0) 3 F 0 AN-Tp<0) 3
AN LN
= ¥+ b t
3 < JE % 3
iﬁi*:m*% g e
-:.-. N 1 1 'e":%'tes_ E:. N L 1 .""'P'.a._-
1 2 3 41 2 3
m(pyr‘slow) [GeV/c?] m(p:r*slow) [GeV/c?]
- LHCb . AS(CT>0) - - LHCb .Zg(_ET>0) -
C 1 F —_0  —
3 oAC<)TF 4 0 A, (-Cp<0)
= ¥p(770) it 1p(770) _;
e 1F 4+ E
E + E T # ]
= ¥ iF  * ;
. I :
S T *:6: - 1 ?iﬂm
1 2 3 2 3
m(aa ) [GeVic?] m(a ) [GeVic]
2016.09.27 062

CPV in baryon decays at LHCb



Ag polarisation

e Polarisation measurements from LHCb are consistent with zero:

P(Ag) = 0.06 £ 0.07 £ 0.02 Phys.Lett.B 724 (2013) 27

P(Ag) =(-02+23)% Phys.Rev.Lett 115 (2015) 072001

e Published measurements from LHCb estimated A} polarisation
affect in CPV is negligible. e o4 2014y 087 sHEP 1207 2014) 103

e (Checks using MC sample polarised at generation level.

e Do not expect any effect on triple product asymmetries due to
polarisation.
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Cross-checks

Cross-checks are made to investigate the stability of the results

e Different periods of recording data

e Different polarities of the spectrometer magnet

* [he choice made in selection of multiple candidates

e The effect of the trigger and selection criteria.
e Alternative binning schemes are studied as a cross-check after unblinding

8 or 12 binning schemes in |®| for AY) — pr~ 77~ decays

significance of CPV measurements of the alternative binning
schemes reduced to below 3.30

the overall significance of the combination of the these two
additional schemes with scheme A and B remains 3.10,
consistent with 3.30 in the baseline analysis.
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First observation of CPV using triple product asymmetries

Phys. Rev. Lett. 84, 408 (2000)

K} — ntm~eTe™ | sin ¢ cos ¢ given by (fee X fixr) - 2(Pee = Tir )

@ angle between (rt*1r) plane and (e*e’) plane in K. rest frame
n’ unit normals

Z unit vector in the direction of the (i) plane in K. rest frame

CP-violating observable:

T-odd__ IN(sin ¢ cos ¢)>0— N (sin ¢ cos ¢)<0 _
“ep = N (sin ¢ cos ¢) >0+ N (sin ¢ cos ¢) <0 =(13.6+2.5+1.2)%
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