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* CP Violation searches: . Fi .
0 . irst observations:
A opn T . A% S premte
* A} > pn KTK"™ ¢ A0 o prKHK-
*A) > pK K*tm™ e A0 o Kt
. A% - pK_K+K_ . A% N A-é-pﬁn-—
0 — —
. A(I)) ~ pK ,U+,Ll * A(l)? - )(clpK_r A(l)o - XchK—
* Ap = pK™ « A - x,,1(3872)pK~
* Ay - pr” « A0 > Ay
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CP Violating observables

Two complementary approaches!
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_ T(05~H)-T@Ep=P)
CP ™= (A F)+T (A0 >7)

* AAcp = Acp — Acp,c

« Sensitive to interference of T-even
amplitudes

* Dependent on presence of strong phases

* Acp sensitive to production and detector
induced charge asymmetries

T - motion reversal operator. Reverses momenta and
helicities

7/31/19

N(C#>0)-N(C=<0)
N(C7>0)+N(C7<0)’
N(-C7+>0)—-N(-C4+<0)

+ = Py (Pn-XPpi), Cr =
)

Ar(C7) = NCE S0)in(=Cr<0)

1 —_
Acp =3 (A; — Ag)
amplitudes.
differences.

induced charge asymmetries.

* Does not need non-zero strong phase

« Sensitive to interference of T-even & T-odd

e Largely insensitive to production and detector

DPF 2019



46 CPVinA) »prrntrn™, A) > pn KYK™

arXiv:1609.05216 Run1-3fbl

« A) s pnntmT
e A) > pn KTK~

d(s) | _— (j- d (s)
. . - T (K7) B
* First observation of these decay modes. g v } g v

A7 4
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e So far, CP violation has not been observed in W
the baryonic sector.

* Charmless A% decays predicted to have as
much as 20% CPV in some models. arXiv:1412.1899

e Study asymmetries in T using scalar triple
products
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https://arxiv.org/abs/1609.05216
https://arxiv.org/abs/1412.1899
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* CP asymmetries vary over phase space, may
cancel out when integrated

* Measure integrated and well as in different regions
Rich resonant structure in final states

A(1232)*t - prt
p(770)° - wtm~

* Two binning schemes

* Scheme A - isolate phase space according to dominant

* Scheme B - exploit interference of resonant
contributions as function of angle ®

resonant contributions

7/31/19

Events/(9 MeV/c?)

Asymmetries [%]
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LHCb — Full fit
- (b) — Ay— prK*K~ |

Part-rec. bkg. |

---B'— K K*mr|
- A)— pK*K K™
- A= pK ]

l ‘544 - 5. 6 581 ‘ 6 J
m(prnK*K") [GeV/c?]

1030 + 56 signal events
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; @ ,:
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¢  CPViInA) »prn rmtm™ AO - p K+K_

LHCb — Full fit

< LHCb —Full f1t RS
0 Tt p—
% 1500 " (a) — A= pr T ] % - (b) — A= pT KK |
E - Part-rec. bkg. - 2 400 Part-rec. bkg. |
<) N I | Comb. bkg. < I S C(())mb. bk%. L
Z B> K'mrat & ""‘BO_> K'K'K"7]
= 1000 o ] = ---By— K K*'nrn*
q>) ...Ab—)pK VAV g AO_) KRR
. . UJ ] LU 200 Ag pK— + ——
* Integrated measurements consistent with no N, ) i KT ]

T" _ 0_‘_ PR ‘-'(-I‘ . O g e g g "_ "‘."_14-»4...1.._... ‘ v |
. Odd(AO - pn ntn*)=1.15+ 1.45 + 0.32 520 54 56 58 6 52 54 56 58 6

S - m(pr ) [GeV/c?] m(prnK*K") [GeV/c?]
. aCP (Ap > pn KTK")=-0.93 + 4.54 £+ 0.42 6646 + 105 signal events 1030 + 56 signal events
* Localized CPV — deviation from CP symmetry : . — : . .

- LHCb Scheme A — LHCb Scheme B
* Scheme A-by 2.00 < 204 5§ 20f -
* Scheme B—-by 3.40 PR D‘"@'"@"E"'.‘j‘"é""@""@""@ """"" 5 g OpEreteggeow =
* Overall 3.30 deviation. First evidence in baryon g 20 ] g-op G : ;
verall 3.30 deviation. FIrst evidence in baryo S Lodld yndf=27.9/12 12 Lodw xndf=207/10 E
sector!! £ 3 = 1 £ a | = 5
ci‘ 20 E 5;' 20F @ .

< j @ s 1 < i @
Ofp-#-d-g-2 2 g b g OB e B J
-20 i ® . —20F ® @
Cealp y¥ndf=21.1/12 - - e ali? y%/ndf=30.5/10
5 10 1 2 3
Phase space bin |D| [rad]
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@ Search for CPV in charmless 4 body A% decays

Run 1 -3 fb1

e Potential CPV from interference between
charged b — u and neutral b — s, d

* AAP = ALS o — AL
e Cancel production and detection asym. to first
order using charmed control channel
* No CPV expected in control channel in SM
e Correct for residual differences.

* Rich 2 and 3 body resonance structures can

arXiv:1903.06792

enhance CPV due to strong phase differences

* Total of 16 CP asymmetries measured

« AACP integrated over full phase space
» Specific kinematic regions also explored

7/31/19
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Charmless mode Control channel

A) = pr T A) = (AF = pr )™
A) = pK ntn A) = (AT — pK 7)™
A) = pK Kt~ A) = (AF = pr )™
A) — pK KtK~ A) = (AT — pK 7)™

arXiv:1711.05490
B(A} » prmtn™) = (1.90 £ 0.21) - 107>
B(A) - pK m*n~) = (4.554 0.48) - 107>
B(A}, - pK~K*rn~) = (0.37 £ 0.06) - 107>
B(AY > pK~K*K™) = (1.14 £ 0.14) - 1075



https://arxiv.org/abs/1711.05490
https://arxiv.org/abs/1903.06792

@ Search for CPV in charmless 4 body AO decays

—~ 350

; 300 - LHCb t N(1520) =
% 250%— ++++\ - E
. Z 200f t 3
* Rich 2 and 3 body resonance structures can P I W,
enhance CPV due to strong phase differences E wng—m:#*” W
* Low-mass two body baryon resonances e
_ _ + m(pr) [MeV/c?]
(pK™,pm™,p1™) (a)
* Two body non-baryonic resonances Tawf T | :
(ntn~,K*nt, KtK™) a9 3
* Potential CPV difficult to relate to CKM weak P L TR T
2 mp b, e
phase :
* Non-predictable strong phases K Mevie)
(c)
* Total of 16 CP asymmetries measured o | ;
« AACP integrated over full phase space 200F | a0 o
Specific kinematic regions also explored ;
0 1000 1200 ”124(;)\?.1(7) [Mlc(::r)".(f']c-l]
(e)
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Candidates / ( 15 MeV/¢?)

Candidates / ( 30 MeV/¢?)

Candidates / ( 30 MeV/¢?)
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% Search for CPV in charmless 4 body A(,), decays

* No significant CPV observed.
* Quest for first observation of baryonic CPV
continues!

Quasi two body AACP results:

1.5+42+0.6)%
+2.04+49+04)%
+0.14+3.24+0.6) %
+4.7+35+0.8)%

AAYY(A) = pay (1260) )
AACP (A9 = N(1520)°p(770)°)
AAC(N) — A(1232) r77)

)
)

AAP(A) — pK,(1410)~
AAP (A — A(1520)p(770)°)
7)

AA(A) — N(1520)°K*(892)°
AAP(A) — A(1232) K n
AAP(AY — A(1520)¢(1020))

AAP(N) = (K 7 )yimnmae@(1020))

7/31/19

+5.5+2.5+0.5

g\‘“'

+4.4+2.6+£0.6) %
+4.3£5.6£0.4) %
0.7+3.3+£0.7)%
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Integrated AACP results:
AAY(A) — pr—mtn)
AAP(A) — pK—ntn™)
m")
)

(+1.14+254+0.6)%.
(+3.2+1.1+0.6) %.
(—6.9+4.9+08)%
(+0.2 4+ 1.8+ 0.6) %

AAP(A) - pK~ K™
AAP (N - pK-KTK~

Two body low mass AA? results:

AAYC(N) - pratr) = (+3.7+4.1+£0.5) %
AAP(AN) — pK—7nrn7) = (+3.5+£ 1.5+ 0.5) %
AAPC(N) - pK- K ™) = (42.7+23£0.6) %



@ Search for CPVin A} = pK~put U™ wewmes 7=

Run 1 -3 fb1

* First observation of decay mode

e b > su*u~ transition
* Expected CPV < 1% in SM
* Susceptible to NP in loops
 BSM models predict CPV in this transition

* Probe CPV in 2 different ways: AA -p, ag;’,dd
* AAcp = Acp(Ay = pK~utu™) — Acp(A) —
PK~ /)
Todd

* Cp = ﬁu"'- (ﬁpxﬁl{_)r Acp

7/31/19 DPF 2019 10


https://arxiv.org/abs/1703.00256

R Search for CPVin A} —» pK utu~

T100f - '9531;*;""5‘?*; aa ] Tioof - 'g;';n'?',;,(;/;,;: an
> [ = Full fit > [ = Full fit } ]
S o Signal S onf Signal 1
AAqp = (—3.5+ 5.0 + 0.2)x1072 = SO Buckaroun 2 o | HHCD
CP = . o . T . % 60: g 60:— -
A~ < <
Todd -2 = | =
Acp = (1.2 +£ 5.0+ 0.7)x10 g 40f g 40p )
O . O ++ .
. . . 20 20 } .
Dominant systematics: : 7 ]
* Signal-control channel differences s4 55 56 57 58 54 55 56 57 58
* Selection & detector tan m(pK p*u) [GeV/e?] m(PK ) [GeV/c?]
electio etector acceptance §60?';'Q'531§("'é7"*;"l“'“‘;‘ ey §60";';3;};{5:5#%@!?"c}'< —
550? SBilz%crngmund * LHCb 3 550- SBiLellgcnl:iround LHCb ]
> 40F 2 40F
Results are compatible with SM CPV
d. . d b + —_ e, . B_ © 20k © 20
preaictions an — Sy u  transitions in o

T
and B° decays. s e T A

m(p K u) [GeV/e?) m(pK pu) [GeV/e?]

;‘,: o T T T E g\,‘: o ! i T T E
= 60F , A, = PK*ppt data —CT>0 S 60F . A, = pK*uut data _CT<0
§ 50 = Full fit § 50 = Full fit
% Signal LHCb { % Signal LHCb
= Background = Background
> 40 2 40F
] ]
-'S 30 'S 30F
3 =)
! E
© 20 O 20F

10 10

11
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54 5.5 5.6 5.7 5.8 54 5.5 5.6 5.7 5.8
m@PK* u-p*) [GeV/c?] m@PK*u-u*) [GeV/e?
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Search for CPV in A% — pK ™ and A% — PTT~

B(AY - pm).1076 4.20 + 0.75 4661222 4.3 + 0.8 o ! d .
— _d P
B(AY - pK).107° 4.80 + 0.77 1.82%755 5.1+ 0.9 b - . -
Rk (Ap) 0.84 + 0.09 2.6%18 0.86 + 0.1 . " b -
Acp (A - pm). 1072 —3.90 + 0.20 —3217° —10 4+ 91 d m d u %
T)
Acp(A) - pK).1072 5.80 + 0.22 —3%25 6 + 812! ) )
Xiv:1412.1899  arXiv:0906.1479 CDF LHCb : ! _
e [arXiv:0812.4271 4 ' ] d | /,,/”
2larXiv:1403.5586 " S
%"f/ U u 5‘
: : d d d
* CPV well established in charmless 2 body B meson (E) (B)
decays (similar b — u transition) iy
e Acp(B® > K*n™) =—-0.083 + 0.004 ’ f ‘
e Acp(B > K n*t)=-0.2214+0.015 | _—
[ \i' — U
g
d 1 J d
u ) i

RS DPF 2019 5
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https://arxiv.org/abs/1807.06544
https://arxiv.org/abs/1412.1899
https://arxiv.org/abs/0906.1479
https://arxiv.org/abs/1403.5586
https://arxiv.org/abs/0812.4271

Search for CPVin A} - pK~and A} - pr~

_ _ 0
. gbPh™ _ aph™ D ah” L
CACII.} _‘Araw ‘AD Ap c’qPID c’qP
D
c’qtrigger
. APR — N(Ab=f)-NBb=f) . obtained from fits

raw " N(AY—f)+N(@A-F) 7

h h
- E —€
. u‘lﬁ = —<—==, from charm control samples for K, 7, from

) €rect€rec
5|m.forp
E’PLID_GEID . .

o AP = —=—= from calibration samples

PID h L oh

PID "*=PID

A9 o(Ap)-o(AD) : .
e A, = —==, production asymmetry, external input

P = (8o P Y y P

p _ .

. c/lmgger trigger asymmetry

AcpP* =(-2.0+13+1.9)%
AcpP™ = (-35+1.7+2.0%
AAcp = AcpPX —ApPT = (144224 1.0)%

7/31/19
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Candidates / ( 10 MeV/c?)

Candidates / ( 10 MeV/c?)
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F NB 5 7t
- :Comb. bkg.

.....
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N(A)
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arXiv:1807.06544
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i Z;HﬁKJ'
1000 - WA, — 5t
"B’ > K*n
800 po_ gog-
L 7"iComb. bkg.
600 -

Candidates / ( 10 MeV/c?)

:Part. reco. bkg.

3 ZZ—);?K*
- VB’ > k
E NBY = 4

.....

400 £ tPart. reco. bkg.

~
()]
Q
S~
>
O
=
=
— 500 ":Comb. bkg.
S~
7]
8
<
i)
o
=
<
O

454

56

5.8

m__. [GeV/c?]
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https://arxiv.org/abs/1807.06544

zzzzzzz
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@ CPV summary + implications
Mode  JResut

Ay~ prmtnT AA p- no CPV a?l‘ﬁdd - 3.30 evidence
Ay = PKTT' T Adcp-no CPV a 9% - no CPV * Results highlight importance of measuring
A - pK K*tn~  AAcp-no CPV CPV using complementary experimental
Ap > PK"K'K™  AAp-no CPV acgdd - no CPV approaches
A) - pK~utyu~ AA p- no CPV * AAcp & aCOdd
I * Integrated & Localized CPV
A) - Kdpm~ AAp- no CPV
A0 > ARt AAp- no CPV * Will help direct theoretical approaches

(factorization vs. perturbative QCD) to CPV in

A) > AK"K* AA;p- no CPV
b-hadron decays.

A% > Ag Triple products - no CPV
A) » AK~ 1t AAcp- no CPV
A) > AK"K* AA;p- no CPV
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% AO —_ A ppT[ arXiv:1804.09617 Run 1 -3 fb

) S5 .:“-\
DEp AV

e At 5 pKmt § 2001 He } Data E
() B (a) .
. . . . . = - — Total ]
 Maiani et. al. suggested in 2015 possible di- S/ Y | (R :
baryons and pentaquarks in this decay channel ;3 0] S/ S =
. A% > 9+ [cd][ud][ud] =5 + D} arXiv:1508.04459 é 505_ —f
« D5 - p (P (alcd][ud]) - Af + ™) (String - L B il
breaking) 05550 T se00 ;s'éioL T 5700
0 + m(App7 -) [MeV/c?]
e DI - p (E7 - Afn™) (Quark rearrangement) N( A9 Atppr) = 926 + 43
* No pAfm~ resonances found. ~ T & ]
_ OO LHCb 1 = 7l — Data
* No pentaquark A~ resonances observed z o |z ] E -(L;)ICb B HH ;
E * Data ] L 1mulation |
* Two resonant structures observed in < ¥F I I A U’JL LIW‘_
AT~ spectrum 5 ] & MH * ’ ]
+ 2:(2455)°,2:(2520)° £ of A. a #’ﬁﬁm | T
B(Ab—ﬂ\ ppm) I e wﬁ’%ﬂ% H 4
o = (5.40 + 0.23 + 0.32)¢9 - : N
B(Ab SAFm) ( _ _ ) /0 md:z) [MeVic] 3500 4000 4500

m(A 7 p) [MeV/c2]
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https://arxiv.org/abs/1804.09617
https://arxiv.org/abs/1508.04459

A(l)9 — XclpK— &A(l)?

Factorization approach predicts y ., is

suppressed w.r.t. Y1 in b decays arxiv:0810.3575

. B(BO—>Xc2K*0) — (171 + 054) . 10—1

arXiv:1305.6511

B(B%-xc1K*?)
« A) decays will be an important test of factorization

* Xcj ™ J /by

* Photons consistent with 7% — yy¥ removed.
B(Ap=Xc1PK")
B(Ap—J/YPK™)

B(Ap—=Xc2PK ™)
B(Ap—J /YPK™)
B(Ap—=Xc2PK ™)
B(Ap—Xc1PK™)
No suppression of y ., relative to y.; seen.

= 0.242 + 0.014 + 0.016

= 0.248 + 0.020 + 0.017

=1.02 £ 0.10 £ 0.02 £ 0.05

New comb. measurement of AY mass = 5619.62 +
0.16 + 0.13 MeV/c?.

7/31/19

Candidates / (5 MeV/c?)

|

m()( pK_) [MeV/('2

DPF 2019

arXiv:1704.07900

— XchK—

Run1-3fb1l
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S 1000 E
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Significance: 290 and 170

5650 5700
m(J/ypK") [MeV/c?]

- 0
5600 5650 5700 5550

m(x_pK") [MeV/c?]
N(A) - xc1pK~) = 453 + 25
N(AY > x2pK~) = 285 + 23

5500 5550 5600

N(A) - J/YpK~) = 29815 + 178

LHCb

T

3

(a)

Am +my,, [MeV/c?]

s 2 8 5 3
Candidates / (100 MeV?%/¢*)

=)
=]

) L L T 4
T F LHCb |
S 100f(b) + ]
[ ]
= sof Ay K
S oF + 4 + Ax pK
g . f \S f

s 401 + —
<

o r +

T OF e ik 4*“ b -
B ojgRadkk ”‘"‘“ﬂﬂ*ﬁ
3 3450 3500 3550 3600 3650 3700
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https://arxiv.org/abs/1704.07900
https://arxiv.org/abs/1305.6511
https://arxiv.org/abs/0810.3575

SE | Ny
Moo ovls

A - x1(3872)pK™

arXiv:1907.00954 Run 2 - 1.9 fb-! o
Nature of y.1(3872) is ambiguous (JP¢=1**) %g 350¢ / ]
_ o E3.62<m,, 4+ - <372GeV/c? EREN Eo5.61<my, 4+ — x- <563GeV/c? E
* Molecular state ? (Mass is close to D*°D? threshold) = 180F / LHCh 7 = 300; — A Z“ LHCH
® Tetraquark? % :285_ + —E i 250;_ ~== A)— JWprtr pK~ (NR) _;
* ¢Cg hybrid meson? 7 120F /A ER et i E
E :_ _: *—' [ s===== combinatorial bkg. [
* Vector glueball? = lg(o);_ 4 TR0 1 E
* Mixed state? S 60 ++¥ \ —§ & 100; f1 E
40F - : - “'
Xcl(3872) — ]/l/)T[+7T_ 20&*&%&*@@4“ “++ ++++ **w#‘wﬁﬂ : “

- - 2 62 3. . . 737
Observation allows comparison of decay rates to s 5§ 30 s oy S
conventional charmonium sk 09 mare (G

* Help provide some more insight into nature of state ]40:"'"""""',}""'- o I
120-_ 380 <my, 4— <395 GeV/e” ] 70F 561 <my, 4 —pp- < 5.63 GeV/c* -

O > (W (2S) - J/YrTrT)pK ™ used for ok LHCb § % (F LHCb
: 1 2 s0b —f

normalization. o

I I
——
+—-§—‘
e

|

« b

30E Jr 3

60F

B(AY>xc1(3872)pK™) _ B(xc1(3872)—)/Yyntn™)
X 4 +1.2)0
B(AY - (25)pK™) B (28)~]/Pprtmn™) = 6. )%

Candidates/(2 MeV/c?)
Candidates/ (5 MeV/c?)

40'

: 4 18 0 A TRNTI
; et 1) A g

200 WMM& --------------- o +“+++++ m{ log_ﬁ%ﬁf’,ﬁ ----- ﬁ#ﬁé
h—;SE_LASfﬁJ—‘ l5.62 5.64 5.66 (3}.8 T 3.18—5 T 31.9 T ‘3.95
Myprtn-pk- | GeV/E?] Ly — [GeV/c?]
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https://arxiv.org/abs/1907.00954
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HCQ Aob % A’}/ arXiv:1904.06697

Run 2 -1.7 fb! e

 First observation of radiative decay of b-baryon

* Previous CDF Upper Limit B(A% - Ay) < 1.3x1073 at 90%
CL arXiv:0208035

L e e e B

----- Signal
[ ---Combinatorial
A) = An

[\
N
T

\®]
)

* SM prediction B(A}, —» Ay) = (6 — 100)x10~7

* Variation due to different computations of form factor for
A) — A at photon pole  arXiv:0804.0648 arXiv:1212.4671
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* Important step towards measurement of photon polarization m(pz"y) (MeV)

in radiative b-baryon decays.
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e Concluding remarks

* LHCb has made new advances in measurements of CPV in A, decays.

* Besides 3.30 evidence seenin A, » pt—w , all other modes are consistent
with CP symmetry.

* First observations of 8 new A, decay modes!

* Moving forward, with ever increasing datasets, LHCb will be shedding
new light on baryonic CPV. Stay tuned!
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