Hyperon decays: the next frontier for CPV studies (?)
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hyperon CP violation and new physics

Why CPV? -- QCD conserves CP. QCD processes, in & of themselves, don’t produce CPV asymmetries

-- Baryon Asymmetry of the Universe means there must be non-SM CPV processes

Why hyperons? -- SM CPV processes are expected to be small
b-sector: SM CPV effects are 0(1)
c-sector: “ " “ 0(103)
-sector: 0(10-
s-sector ( )\

3 orders of magnitude of NP reach

-- Current limits are not severe: 0(102)

Why BESIII? - Bf(J/w > BB)=103 = 100 J/y: 0(5x108) AA & O(108) == pairs fully reconstructed
-- Polarized, quantum correlated, nearly zero background
-- Large acceptance; good control of systematics.

-- ~102-3 x larger data samples possible at a dedicated e*e- = J/y factory



Roadmap of CPV

« In 1964, the first CPV was discovered in Kaon;

« In 2001, CPV in B was established by two B-factories:

« In 2019, CPV wasdiscovered in D meson: 104, 108reconstructed D mesons.
« All are consistent with CKM theory in the Standard model

« But no evidence was found in baryon system?



Why e*e>J/y > hyperon-hyperon ?

high signal rates
- guantum correlated
- well defined 4-momentum
- substantial polarization

—
conveniently boosted %

- decays with neutrals/invisibles e

well controlled systematics



BESIII A results with a 1.3B J/\y event sample

(now BESIII has 10B J/vy events)

Parameters This work Previous results
Olyy 0.461 +0.006 +0.007 0.46940.027 4 € 1) substantial polarization
Pr=/1— o ?sin sinBp cosBy: <Py> = 0.

AD (42.4+0.640.5)° - V1T o AR sacost e = 03
Ol_ 0.750+0.009 +0.004 0.64240.013

€ 2) ~76 upward shift from all
ol —0.758 +£0.010+0.007 —0.71+£0.08 previous measurements
0l —0.692+0.016+=0.006 —
Acp —0.006+0.012+0.007  0.006+0.021 € 3) best measurement to date

-with 8x more data on disc-

Ol /0L 0.913+0.028 £0.012 -




BEPCII luminosity optimized for y(3770) running

factor of ~2 gain for lattice optimized for J/y running

peak at 3.77 GeV =10x10*2cm2s"!
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another factor of ~2 from “topup” running

2019 running
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factor of 10 from reduction in e*e- CM energy spread (?)

IR
2 T T T 8E,=0: o= 90,000 nb
© 80000 -
— E < ) B
3 E b 60000}
SE 209 MoV SE, ~0.7’MeV [
s - W 8E,m=57 keV: G,/ = 41,000 nb
only e*e” pairs with E_,=3096 * 0.14 MeV 400001
can produce a J/y, ~1/30% of the total -
introduce dispersion 20000~
4 lower energy 094 3.096 3.098
X
lower energy higher energy Alexander Zholents*
— £ — CERN SL/92-27 (AP)

more e*e” pairs with E_,=3096 + 0.14 MeV



Road Map?

BEPCII/BESIII 2019
with “current” technology W ~10%° J/y/year .
~5 x 10!t J/y/year B 5A_ <5x103 § g
8Ac < 7 x 10 — e s

v, gy
bk

- s :
T

7 someday

~5 years at dedicated facility
OA.p < 104€= SM territory

Rl + “improved” technology
>5 x 10*2 J/y/year
OAp <2 x10%




CPV with hyperons



Classic paper

Phys. Rev. D34, 833 (1986)

Hyperon decays and CP nonconservation

John F. Donoghue o\
pnt of Physics and Astronomy, University of Massachusetts, Amherst, Massachusetts 01003

Xiao-Gang He and Sandip Pakvasa
% ment of Physics and Astronomy, University of Hawaii at Manoa, Honolulu, Hawaii §
" p (Received 7 March 1986)

We study all modes of hyperon nonleptonic decay and consider the CP-odd observables
sult. Explicit calculations are provided in the Kobayashi-Maskawa, Weinberg-Higgs, and left-
right-symmetric models of CP nonconservation.



primer on CP

10 0 0 00 0 -l .
P: multiply by vy, = 010 g] C: multiply by iy,y, - 8 _01 é 8] & take charge conjugate
00 0 -1 1 0 0 O

_g/ q’
q s

some basic process



primer on CP

g] & take charge conjugate

0

0 0

0 0] C: multiply by i'Yz'Yo =

Il o o

P: multiply by vy, =
-1 0
0 -1

p—
S O = O

- o o o

(= e R
S O = O
o

g 4
o —

some basic process ]’Vf'*

mirror




primer on CP

0
0 ] C: multiply by iy,y, -
1

0

P: multiply by vy, =

|l o o o©

S O O =
S O = O
—

“coupling”

!/ Q' —
q \I;V‘A CP

N
~
some basic process ]’VTA

mirror

CP Violation: coupling has a complex phase



two kinds of phases in QFT

“strong” "“CP"
phase phase

I B I ei65+ i(l)cp



“strong”
phase

two kinds of phases in QFT

\\CPI' \\Same'l “opposite"
phase sign sign




two kinds of phases in QFT

“strong” “CcP” “same”  “opposite”
phase phase sign sign

example of a strong phase:
7t p scattering phase shift

A N /s// \/
NS \ N
N TN
N \
Tc h n+
N p N

particle-antiparticle phase shifts are the same




QM phase measurements require interference

e |
A=|A|e*0CP mmmmm A=|A|e P — (CPT requires that |A| = |A])

|A]%2=|A|]2=> no CPV asymmetry




QM phase measurements require interference

e |
A=|A|e*0CP mmmmm A=|A|e P — (CPT requires that |A| = |A])

include B=|B|e* s

B: non-CPV process to the same final state
d,; B and A+A strong phase difference




QM phase measurements require interference

CP

A=|A|e*0CP mmmmm A=|A|e P — (CPT requires that |A| = |A])

include B=|B|e* s

B: non-CPV process to the same final state
d,; B and A+A strong phase difference

| A+B|-|A+B|=4|A| |B|sind,sindcs




QM phase measurements require interference

CP

A=|A|e*0CP mmmmm A=|A|e P — (CPT requires that |A| = |A])

include B=|B]|e* s

B: non-CPV process to the same final state
d,; B and A+A strong phase difference

| A+B|-|A+B|=4|A| |B|sind,sindcs

measureable CPV asymmetry
requires:
1) non-zero ¢¢p
2) interfering amplitude
3) non-zero J,




QM phase measurements require interference

CP

A=|A|e*0CP mmmmm A=|A|e P — (CPT requires that |A| = |A])

include B=|B|e* s

B: non-CPV process to the same final state
d,; B and A+A strong phase difference

| A+B|-|A+B|=4|A| |B|sind,sindcs

measureable CPV asymmetry
requires:
1) non-zero ¢¢p
2) interfering amplitude
3) non-zero J,

non-zero (p is not enoughl!




Asymmetry A,

It doesn’t have to a S.l. scattering phase shift

N, (1)~ N ()

N—O(T)_N O(T) A —
A = K K +_(T) -
.(7) N (O+N (1) N (T)+ N ,(T)
Wy p— ~1atl/Te
_ ny |ez( [7s=7/7) cos{ AmT b+) _€ 5 (1—£&5q(1—2w) sin 2¢), Si
1+ ’77+_’26(T/M | B
0.5 2005- B - JKs | "o Q=+t
CPLEAR : '

In these experiments
the "strong” phase is
exp(iAmt) from mixing

Entries /0.5 ps

Asymmetry

2 4 6 8 10 12 14 16 18 20
Neulral-kaon decay time [1,]

Phys. Lett. B458, 545 (1999) Phys. Rev. Lett. 108, 171802 (2012)



Example CPV in A2 pm (A2 pr)

-- assume CPV is in P-wave --

e

s
““““ A S-wave: Seb

P-wave: P ei® +ocp
/

e (5+Pp el Hier)
or  (AF-5)

e-iSS( S+ P eiAs+ i(I)cp)

e'iss( S + P eifs—ifcp)



o, B & vy parameters for hyperon decay

Phys. Rev. 108 1645 (1957) 2 RC(S sk P)
General Partial Wave Analysis of the — > >
Decay of a Hyperon of Spin } ‘ ‘ + ‘ P‘
T. D. LEg* axp C. N. Yaxc S
Institule for Advanced Study, Princeton, New Jersey
(Received October 22, 1957) \ 2 Im(S * P)
,B _ 2 2
S|+ A
7’ 2 2
™\ S| -|P)
a-P,cos @ Y = > >
« S| +|P)
2 2 2
AT o +pB +y =1
<1+ aP, cost
dcos6
V4 V4 Y4
P (a+ P, cos@)z +BP X +yPy

P 1+oaP, cosf



hep-ph/991023v1

CPV observables in A decay: hep-ph/0002210

decay rate
' A= 1o Lo 5/ lsinas :
difference = = ~\2| T, sinAgsing,, € Ty/p1/2)" Ispin=3/2 (1/2) ampl & A= 83/5-8,,,
decay N _+2Re(S*P)_+2|S||P\COS(AS i%)
asymmetry TN T ol el
difference o +o sin A sin
Ao= ——+= S—— =tanAgtan(),, € for A>pn, need measurement of A= 35-3p
o_—o, cosAgcos(.,
g _p2imis=p)_ 2S|Asin(a,xQ,)
: S lsA S +|A
final-state AB= Bh. _cosaysin | tical
e = B +B, _cosAgsin, only practica
z;:‘:‘aerrlezsf:fn ;—; cosAgcos, € strong phase cancels out in BESIIT for
— [, sinAgcosQ., — _
oo cosAjcosf, S € measures the strong phase E>Arm or (r>AK
yl
=/
p/o. v

By (= tand) is commonly used |
--Q-i--b x’

N



Constraints from Kaon decays

He & Valencia PRD 52, 5257
W Re(g’/e)=(1.6+0.3)x103

& W d A>pm Ay "
! P S-wave <6x107°| Parity violating S a> o
A<u J parity conserving o W u

P-wave <3x10*

d

.d

~10-5
S- and P-waves Agy 10 S-wave only
(parity violating (parity violating)
& conserving)

g’/e strongly constrains NP in S-waves, but not P-waves. Thus,
hyperon NP searches are complementary to those with Kaons.



Measurements



Measuring o, B & vy in the 20" century

Oliver Overseth

James Cronin 1928-2008
1931-2016 =

PHYSICAL REVIEW VOLUME 129, NUMBER ¢4 15 FEBRUARY

Measurement of the Decay Parameters of the A° Particle*

JamEes W. CrONIN AND OLIVER E. OVERSETHT
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received 26 September 1962)

The decay parameters of A° — z~+p have been measured by observing the polarization of the decay
protons by scattering in a carbon-plate spark chamber. The experimental procedure is discussed in some
detail. A total of 1156 decays with useful proton scatters was obtained. The results are expressed in terms
of polarization parameters, «, 8, and v given below:

a=2Resp*/(|s|2+|p|?) =+0.62+0.07,
B=2Imsp*/(|s|2+|p|?)=40.1840.24,
v=Is|*—|p[*/(|s|*+|p]?)=+0.78+0.06,
where s and p are the s- and p-wave decay amplitudes in an effective Hamiltonian s+ pe-p/|p|, where p is
the momentum of the decay proton in the center-of-mass system of the A% and o is the Pauli spin operator.
The helicity of the decay proton is positive. The ratio | p|/|s| is 0.36_0.0s7°%% which supports the conclusion

that the KAN parity is odd. The result 8=0.184-0.24 is consistent with the value 3=0.08 expected on the
basis of time-reversal invariance.

~ (a + P, _cos 9)2’ +BP X' +yPy
P 1+ aP cos6
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Use p C elastic scattering to measure p spin
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Measuring these in the 215 century

e'e” = J/y — AA
s prt

—> pn'“ 11\

entangled }_) ( n) &Y 5 , :
//_ \\‘ | : -y 3 /;
tates f AN & A Z
AR e
+ | B
e | SN :

Lalt

] v | .
' ‘ ) \
A ! N \

\ A , V
AN TT Qe

\\\\ K? 'II"’ T | L 3 A 50 Cm .

AP



Production: 2 independent helicity amplitudes: A, ., A, .,

parity: A,, ., =A,, ,

A= complex phase between A,,,, and A,, .,

AIM]?

A1sa 122 —2|A 22
X (1 + T/ COSQ 9)* with U Jfopy = | 1/2, 1/2| | 1/2a1/2| _

= 2
dcos |A1/2.—1/2|% + 2| A1/2.1/2|?



if A#0, A and A are transversely polarized

9 Polarization is:
perpendicular to the production plane

0 ,-dependent

same direction for A and A




Correlated 5-dim. angular distribution

W (E; Oy, AP, 01—, 0Ly ) =1 + Olycos O

ﬂﬂﬂﬂﬂ

+ 0_ 0ty q/ 1 — Oty ? cos(AD)sinOp cosOp (11 112,z + 11 202 1)

N ’ +1/ 1 — 02 sin(AP) sinBp cosBp (0_nyy+0tinay),
polarization-term
independent o._ and o, dependence




BESIII results

Nature Physics May 2019
arXiv:1808.08917

Parameters This work Previous results I have comments on these 3 items:
a0y 0.461+£0.006 £0.007  0.469 +0.027 ' € 1) 4x precision improvement
-same data sample-

AD (42.440.640.5)° _

ol 0.750 £0.009 £ 0.004 0.6424+0.013 ° € 2) ~706 upward shift from all
previous measurements

Ol —0.758 +0.010+0.007 —0.71+0.08 1°

0N —0.69240.016 £0.006 -

Acp —0.00640.012£0.007 0.006+0.021 '®

Ol /0Ly 0.9134+0.028 +0.012 — € 3) ~3c difference from 1.

Is this reasonable?



2)

from: Kiyoshi Tanida
JAEA Japan

Why the big change in a?
Why different?

* Multiple scattering:

* E.g., at 95 MeV with 3 cm scatterer (target),
0, becomes as large as 1.5 degree.
- 5 degree multiple scattering occurs with a probability
of 1 % order and dominates over single scattering

» Actual scatterer thickness is even larger
* Of course, analyzing power for multiple Coulomb
scattering is almost O
— Can explain the difference
* Note: effective A, depends on target thickness

* This is why target thickness is explicit in the new data.
* We have to be careful!!



3) a,/d,#1: Al=1/2 law violation

lifetime=12 ns

Al=1/2 law: K*->m*n® (Al=3/2 transition) : T'(K*>n*n®)= |T;/,|%= Bf (K*>7*n°)/7ys
Ks2>7ntn™ (Al=1/2 transition) :  T'(K;27tn7)= | Ty, |%= Bf (Ks> 7w )/
lifetime=0.21 ns

T JBI(K sy, \/0.21><O.1ns 1

7| Bk, >xr)r,, V0.69xI2ns 22

,2(1+ﬁ(T%/T%)):>a+:aN:%(HJ—(T//T/)) \
(1—\/—(7’ /T%)):&Oz%z%@ \/_(T//T/))
good agreement

o 1+5\T,/T, ;
a1 j_((///T“//))~1+( 0 (AEMEES L /

(A|pm)

<1_\’ﬁ7t0>=T

Il
\’ﬂ

S

a——1—0087+0030:

&,

ﬁlw




T;,,# 0: decay rate asymmetry in BESIII?

use partial reconstruction of J/y=>AA?

Can BESIII measure this with low systematic errors?

tag side Bf(A - nno) Bf(/_\ - ﬁno) B N(z_xtag + 750) N(Atalg + 7r°)

Bf(A—pr) Bf(A>pr') N(A,+7) N(A,+7)

- - - -2 uceon Detect a A= pn or A= prn* accompanied by a ntt or ©t°
Infer presence of the recoil nucleon by missing mass

Egpe:
recoil| ‘o

side | 4

the 1019 J/y data sample has >1M events in
each category = statistical precision #10-3



7° must be distinguished from n annihilation debris
-- not so easy --

use machine-learning algorithms?

under study by
Zhang Jian-Lu

XY View




Decay rate asymmetry in BESIII

-- using partially reconstructed J/y—=> AA events --
ThiS As=83/2'81/2

Bf (A—nn )_Bf(z_\%ﬁno): r. r, r.r.-r.r_ ~2(1+\5) T// sinlA o
ST AT v v o I ) W9 s |
\ ]
sensitivity isY nominally
reduced by a factor of ~5
here | used:

+\/_| ” ‘COS(AS+(/§CP)

‘COS(A +0.p)

same data would be useful for
an o,,+0,/0,-0, measurement

~~
~

;_m

T_.~4T,

An 217 Y

1 +\/—| ” ‘COS(A (DCP

‘COS(A Op)




CPV with =2 Ar decays

= € Greek letter ”Xi” “cascade” €English word for multi-tier waterfall
sounds like “psi” () K p— K=x*n~
mtred L 700

Y ced L, TP




CPV with J/y2E(>Arn) é*(e]\aﬁ): plusses and minuses

Minuses: Pluses:

complicated topology: 9-dimensions A(j_\) polarizations are measureable via
0:,0,,0,,05,9057,0,,9,,05,9; their parity-violating pmt (prt*) decays;
72 terms, 8 parameters to determine B_and B, parameters can be determined.

BESIII internal only
from Ma XinXin

(((((((

Low rate compared to AA

1.3B J/y: 420K A(pm)A(pr*) evts Preliminary results indicate that the

61K E‘.(Aln') :;'.({_\11:') Hs are even more polarized than the As.
pnt- pntevts



CPV observables in =~ decay

decay rate I € Ar final states are purely Ispin=1, only Al=1/2 transitions
difference T allowed, no Al=3/2 transition possible

- +2Re(S*P) _ +2|S||P|COS(AS T cp)

decay o =t—r—— =% PR
asymmetry S|+ P S| +|P
difference a_+o, sinAgsinQ, — tan A tan € in this case, the strong phase (A= 85-5p)
o_—o, COSA . Cos - S cp is measureable (see bClOW)
5 _+21m(S*P) _+2‘S||P‘sin(AS i¢cp)
¥ 2 2 = 2 2
, s +[P s +[P
final-state B +B. _cosAgsing,
polarization a_-a, - cosA cos(, — e € Strong phase cancels out big OdVOﬂTGge
difference B~ P, _sinAgcos for E over A

L =tanAg
o -0, cosAgcos € measures the strong phase



Bonus from = CPV studies

experimental sensitivity for Ap(A):

5(AY) <IN,
5(45) |

forJ/Jy>AA: <P,> = 0.13

for J/y> E(>nA) E(>A) : <P,>=1

these As are 100% polarized and,
event-by-event, the P, direction

although N, (J/y>EE) < N,,(T/y>AA),

A, sensitivities for the 2 modes are similar

is well known.



How about other weakly decaying hyperons?

S=-3
Q>AK
=0, need y'>Q Q*data
SNT : . =T rates are low
final state baryon polarization N

measurements impractical with
BESIII



ag FOR X+ — pn0
VALUE EVTS DOCUMENT ID

-0.9801 017 OUR FIT

—0.980192:017 5yR AVERAGE

—-0.013
—0.945+0-095 1250 15 LIPMAN 73
—0.940+0.045 16k BELLAMY 72
—0.98 1525 1335 16 HARRIS 70
—0.999+0.022 32k BANGERTER 69
¥+ DECAY MODES
Mode Fraction (I';/T)
r, pnd (51.57+0.30) %
L, nnt (48.31+0.30) %

Nt - nety)/TI(E~> nt" D
Test of AS = AQ rule.
VALUE EVTS DOCL

<0.043 OUR LIMIT Our 90% CL limit,

50 year-old measurements,

probably wrong for the same reason
the A measurements were wrong

0,=1 =» S-wave = P-wave
interference is maximum
well suited for o +o,/0,-0

No measurements of a,, or o._

AT will be suppressed

PDG 2018 AS=AQ limit is not severe,

BESIII can probably improve on this
by a large factor



40~50 year-old measurements,

a_FOR X~ — nn— probably wrong for the same reason
VALUE EVTS DOCUMENT ID the A measurements were wrong
—0.0681+0.008 OUR AVERAGE
—0.062:+0.024 28k HANSL 8 0,=0 =» 1 partial wave dominates
—0.06740.011 60k BOGERT 70 ok , I
—0.07140.012 51k BANGERTER 69 interference Is small not
well suited for a_+o.,/a_— o,
measurements
= DECAY MODES
Mode Fraction (';/T) no measurements of o,

M nm (99.848-0.005) %

single dominant decay mode
no suitable for A" measurements



2~ DECAY MODES

aFOR 2= - AK™ Mode Fraction (I';/T)
Some early results have been omitted. —
VALUE EVTS DOCUMENT ID M AK (67.8+0.7) %
0.0180+:0.0024 OUR AVERAGE , =07- (23.640.7) %
7 —_
+0.0207:0.0051:£0.0081 960k CHEN 05 , =0 ( 8.640.4) %
+0.0178+0.0019+0.0016  4.5M LU 05A
aFOR 2~ —» =07~ —0,.—- _
VALUE EVTS DOCUMENT ID F(:. T ) =(2.74 + 0.15) x I'(E=O)
+0.09:£0.14 1030 BOURQUIN 84 Al=1/2 rule expectation: =2 : €T;,=0.15 T,,,
aFOR2~ —» =70 AT” will be enhanced (compared to As)
VALUE EVTS DOCUMENT ID
+0.051+0.21 614 BOURQUIN 84

ThiS AS=83/2'81/2
/

o=0 = 1 partial wave dominates all modes . N

. Y . ) Bf(& »=7m’) Bf(Q —E 7[0)22(14_\/5) I, sinX_sing
interference is small, not well suited Bf(Q —='7) BfQ —E7) T, s Fep
for o + 0/oo—0. measurements C y

sensitivity is¥'educed but
BESIII should check all these measurements only by a factor of ~0.7



Implications for a J/\y factory for CPV measurements



Minimize inner detector material

7P - K'p| huge differences between
» K'p | particle & antiparticle nuclear

interaction lengths.

+ + pp

A TP

w
o
o
[ ] I I
|
| | I ‘ I ‘ I

gms/cm? is the relevant measure
not radiation length

IR

no vertex detectorsl!
no GEMs!




SND: ete” = nn at threshold

nn event

A>nn® & A>nn°
backgrounds are
totally different




Y-ray microscope?

need very high-Z
“pre-radiator”

trick is to develop a highly
granular system that preserves
y-ray energy resolution

tantalum preradiator
multi-layer?



summary and some random questions

Hyperon polarization in J/y (y’) decays & new way to study CPV
- complementary to CPV studies with Kaons
—> BESIII as already rewritten the PDG book for A decays

- about to do the same for = decays
= good opportunities for Ao measurements with X+
= X and Q CPV measurements are probably hopeless

Can partial reconstruction techniques be exploited with BESIII data
-> extracting 7% from n debris is essential for Ao, & AT measurements
- Q- 2 En measurements are severely rate limited

Questions:
-> can BESIIl measure 7N scattering phases at E_,=m, & my precisely?
- how does the material of the inner detector and the B-field?



thank you



