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Present and future of hyperon physics

 LHCDb A Alveset. al. Prospects for Measurements with Strange Hadrons at LHCb JHEP 05 (2019) 048
_¥* - putu~ already measured, BR ~ 2.4 x 1075, for run Il expects > 150 events
20 5 pz~ (AS = 2) BRof 1077 — 107! possible with LHCb upgrade
— semileptonic modes, €2 decays, and others, improving current limits by orders of magnitude

° BES' ” M.Ablikim et. al. for BESIII, Future Physics Programme of BESIII Chin.Phys.C 44 (2020) 4, 040001, Hai-Bo Li Prospects for
rare and forbidden hyperon decays at BESIII

_Cancollect 106-108 A, ¥, =, Q andtestBRin 107> — 1078 range
_Expect ~ 10° fully reconstructed J/w — AA — pa~px™ and other two body chains

* Super tau-charm faCtOry M. Achasov et. al. STCF Conceptual Design Report: Volume | - Physics & Detector e-Print:
2303.15790

_Whereas BESIII could get ~ 10'° J/y, the super tau-charm factory ~ 3.4 x 10'% J/w



Outline of the talk

. Physics: AS = 1 and AS = 2 decays

— Rare decays

. X7 = puTu~ - anomalies?

_complementary to K* — ztutu~, K, - ptu"

—long distance dominated, very difficult to calculate precisely

. X1 — pe®u™ - charged lepton flavour violation
_complementary to K; — u~e*, KT - gty e™
— AS = 2 beyond kaon mixing

— CP violation beyond € and ¢’



yIP1 at leading order

» Strong interactions:

(s T K (5+% T
fy% w7t 5 U ﬂzﬁ " —%ﬂo_:%ng “ B=l > _%jL\A@ "
L, =Ty (()MU() U ) +TrBG & — M)B + iTrBy [Vﬂ, B] s E 2 L= T on
+Tr (DE}’“}/S{Q[G,B}‘FFE}/G}/S[QQYG, B]) Ty, = AT, Ty = %AjL Tioe = %AO Toey = A”
. . Ty3 = %E o, Tig3 = LGZ*O Tops = %Z*_
+€klncg [( nvw) (A wl)ank T Bkv(‘Q[lw)a(Tnvw)a] ’ Ty = 5= Ty = 5= They = 7
. . = U=¢
. D, F from semileptonic decay and € from strong TB¢ decay A =G0, — 100

. . . . K= A+ i1,)/2
_corrections ~ 30 % if decuplet is included o

 Weak Interactions
25,2 Tr (1, B{E ke, B}+h, BEREB] )+ ()" (£'3),, (T,

. Ny, hp, hsfrom fits to weak non-leptonic hyperon decay (S or P wave usual
problem) and P waves of 2 — B¢ decay

—order of magnitude estimate



XT = puTpT



>T — puTu~ - experiment

e HyperCP (2005) B(X* — putu™) = (8.61%£5.5) x 1078

e LHCb (2018) BEt — putu™) = (2.2 x 107® with no structure

.y (b)
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tributions for (a) %7, , MC events (arbitrary normalization) with %’ OF paee RAMARARAR AR Sad 4 4 g
a form-factor decay (solid histogram) and uniform phase-space I T B BT L1

decay (dashed histogram) model, and (b) E;P# . MC events I220 230 240 250 ~ 260I_
normalized to match the data. m,.,,- [MeV/c?]
+ 0 +,, - -8
Mpy = 2143 + 0.5 MeV B(X™ - pP” — puTp7) < 1.4 X 107 at 90 %

i 0 +,,-) — +2.4 4 102
B(X" — pP" — pu™p™) (3'1—1.9 + 1.5) x 10 LHCb Collaboration: R. Aaij et al.

PRL 120 (2018) 221803
HyperCP Collaboration: HyangKyu Park et al. PRL 94 (2005) 021801 Evidence for the rare decay =+ — pu*u-
Evidence for the decay 2" — pu™u~



sm calculation

» short distance: (Flavio wet basis at 1GeV) Z =) CO+H.c.

w_ 0r *ez_ﬂ 7 w _ 30r *ez_ﬂ 7
Oh = EVHVM o dry'sy) (ay,p), O, = ﬁVmVM o (dry"sp) (fy,ysp)
7.,K +\ — 5 4K
(pldy*s|XT) = Uy Us — BSD(Z-I_ N p//t-l_/’t_) - @(10—12)
o,V + = .U My M mp 7 v
(pldy'yss|Z7)= (D= F)| i,y ysus + 72— i,y Us q
. 2
: . %LD__leGF— b K,y 7 )V 2G— d = K
» Long distance: M= T3 it,(a + by)o,.,q us ity v, — e“Gpil,y(c + dyJug i,y
iImaginary part
71 - T N /y
. a(q?), c(g?) are parity conserving /// | R \/{Hj
. b(g?), d(g?) are parity violating . L | ‘
. + 2 L N\ P
o * a(0), b(0) contribute to 2™ — py |
z__ « All four are complex exp xPT

there is a new BESIII measurement
Phys.Rev.Lett. 130 (2023) 21, 211901



Long distance BR ~ O(107°)

* Imaginary parts from cut
incorporating theory uncertainty

He, Tandean, G.V JHEP10(2018)040

: . using Ima(0), Imb(0) extract
°| the real part from X7 — py, use
02 6 20 range (four-fold ambiguity)
’ . Real parts of ¢(g?), d(g*)from a
°f | | ERR vector meson dominance model
7 —-1.8 —1.6 —ll.;l;lb—(é.)Z/M—el\}O -0.8 0.6 1.2 5 % X 108 5 10.2
10 e red lines LHCb central value
5| and 20 upper limit
S e another recent estimate
1.6 S B x10° < 8.9
i Geng, Camalich, Shi, JHEP 02 (2022) 178
27
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new physics at high scale

. constrain the dsZ ¢~ sector

Oy = 4GFV Ve ‘. (dir'sy) Gy p)  OF = —4GFV Vi e (d,v*s;) (it ) 0, = 4GFV Vi e’ (d o"s;) F
9~ 5V 1d | 622 Ly sL) \HY M 10 5V 1d ] .02 LY sp) (uy,ysp 1= = VsV smya 06" sg) by,
Zeff=ZCi@i+H.c. V2 d V2 & V2 2
i o = 2CEy e Ao Gy 6 = “CEy y e’ dor'se) Gy i) O = 2Py s e’ (docts,) F
’ — < \) / - Ry \) ) — < mS (0NN U
also Ogg pp 9 \/5 15V 1d T 02 RUOR) HEuH 10 \/5 sV 1d gz ORYSR) (Y Tsh 7 \/5 5V 1 6.2 RO Sp) I,

» Relevant modes are long-distance dominated
_B(K; —» utu )y~ (2x1.5)x 10719 (exp — abs) - below SD in SM
_B(K* = ztutu7),,, ~ (9.15 £0.08) X 10~° NA62 - fits a new parameter in yPT
~B(K, - n’7°%utu") < 9.2 x 107! KTeV at 90 % - very small phase space volume available

—there is room for NP but calculations are not precise
* hyperon decays can provide additional observables (polarization)

» complementary coverage of parameter space, some directions are well tested,
some can still be very large



additional observables: forward-backward asymmetry

» forward-backward asymmetry

(binned by q2 or integrated) o
- based on the angle in the dimuon e % i
rest frame T /
 very small in SM Pr:
-14 <A %x10° <0.6
- LD-SD interference so sensitive to Ay, = flljﬁi di(Fe) s d2F(z;q;df;+M_)

NP

— Similar AFB — (OO + 07) X 10_2 N K+ — 7Z'+//t+ll/t_ has been recently measured nas2 JHep 11, 011 2022)



additional observables: muon polarisation

» If the muon polarisation can be

measured
» Pr sensitive to P-violation In 5.
leptonic current (BSM)
* Py IS naive T odd (BSM)
60—
4@\§:::::‘\~\\\
+ Pr sensitive to P-violation. e S N
(large in SM) N
10 \\:Qﬁ
gliol B 12501 N 123XOX N 122101 B 123;




observables beyond the decay rate

He, Tandean, G.V JHEP10(2018)040

0.141 i
- LHCb Data .
VN |
Q\Q 0.12¢ PS model |
) —— - ﬁ_ ] : :
- 1004 N ] | XPT x eff -
A

I DJ E PN ] :; _ S :
R O 2 o008 | T :
& -3 13 0.06| :
' N L 006 :
z{ _ 1() : | | | | _
0 T T 37 T 571 37 T 0.04 . :
* ’ 4 4 2 4 : SSPPPrEEs £ 7Y - _:j:g,_.e__g-_,.f“'“'"“‘ “.“L.-"; ."-'..:“i o |
0.02f gt el | N ]
Dr e - =SS S T

oooL°*¢ . . . . . A R . W

210 220 230 240 250

° BSM M, (MeV)
_keep rate unchanged: NP such that B(EZ" — putu™) ~ 2 x 107°

—modify only SD (combination of C;, and C;, can be very large, effectively removing 4, suppression)

— also affect kaon modes but complementary  ces camichshinee 02 2022 176



complementarity in parameter space

2 4G 2

4GF e - _ F e - _
Oh ) = ﬁvm‘ﬁ; = dry¥sp) (Ayysm), Oy = E‘GSV;; = (dry"sg) (fy,ysi)
e’ 4G e’
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(dysp) Gaysp), O, = —=V, VE——(dgs;) (jiysp)

\/5 15" td 1672
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9 - BKg—putu)=0<1.1x107°
= I
X 04 ;}*"{1 -
O,
7 -
-1 -
- l L] I I ] ]
-4 -2 0 2 ]
(.'1() X l“‘

Arg (%)

LHCb : BE* - pu*u™) = 2.2718) x 1078

—1.3
Rea Reb ~
MeV | MeV 10°B | App (%)
13.3 —6.0 1.8 12
—13.3 6.0 3.7 —1
6.0 —13.3 5.3 3
—0.0 13.3 9.3 0.2
11.1 —7.3 2.9 12
—11.1 7.3 4.8 1
7.3 —11.1 4.2 6
—7.3 11.1 7.6 1
| 8- JIREENEE
L5t 6 T RN
10f— S /// \\ |
50 38? 20 7 {,ﬁfﬁ—;f"‘::::tk\\i
| - 0kD >
0:\ —2; T ]
o 20 230 a0 a5 210 20 230 240 250
M, (MeV)

M, (MeV)




What about the light new particle? - probably ruled out

Mpo =214.3 £ 0.5 MeV B(Q™ - EP%) ~ (2.079) x 107°
B(Z* — pP’ - putu~) = (3.1775 = 1.5) x 10~° HyperCP B(Q~ - 27 PY% < 6.1 x 107° HyperCP
BT - pP’ - putu™) < 1.4 x 1078 LHCb at 90 % PO . PO

O .
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t BK; — atn~PY) ~ (1.83:2) X 107

B(K; — n'n°P%) ~ (8.37/2)x 107°.

90% cl B(K —» 1 X°)
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B(K; —» n°72°X° = 2%7% ™) < 1 x 10719 KTeV at 90 %



C
L
FV
B —
B/
ot
hi



CLFV

At dimension six, NP operators with CLFV take the form (SMEFT)

1 2 1JXy AljX 1IXY fAljX
Lrp = AT(Z QY + (¢ y@guH.c.))
NP k=1

jxy __ gxy — yxy — e.
N
o = Tpdln, @ = Trqgne, O = Teig

* Matching at low scales to forms such as
] _ k _ k
@9(9 ) (SL(R)VﬂdL(R))(”ﬂ 7y, O 10(10 ) (SL(R)yudL(R))(”ﬂ Y5t

. Leading order yP1 including octet and decuplet baryons coupled to external

SOources.

Jys & =12 WA —PrEt 414/~ By E0 — —— % =0 4 T &

}/ﬂS 2 n }/;7 p }/;7 2 }/;7 \/5 }/;7‘—‘ }/;7‘—‘

_ 3 my—m My — m 3 mg—my ms —my [ 2020 _

ds < 2 VaA +—= sz++\/7 = AAR0 4 = 2( —205—)

2 m—m m — m, m, — m m — my \/5

i ~D—-3F _ . D-3F_ _ D+F = _, o o
dy,Yss < iy, ysI\ + (D — F)py,ys" — VA 2,755 + (D + F)X%,ysE” + CE°Q,

V6 V6 V2



measurements with hyperons complement those with kaons

—1 _ _ . - _ . -
Lyp D X [dst Zr (Vv A )+ Ay sPrV,, + 1A, )+ dsZ(S,, +1.P,, )¢ +drs?(S,, +1.P, f,)f’]
NP L

B (B0 - Ae ) |24 ( 1V, 17+ | Ay, |2) +75 ( 1S,,>+ P, |2> +6.5 Re (A;;Peﬂ _ VjﬂSeﬂ)

_ 4
025 (17 P14 P)+0.07 (15 P15 P) - 0.08Re (4 5. — 75 )| x 10-5 [ LTV
+ U. e e y ey e y ¢ e’ ey e ey ANP

: ] 4
B (K = eu7) = 38 17,4 7 419 (5, = 58 ) Pt 14, + 42— 19 (5,4 52 ) 1] x 107 [ 122V2) <7510
I e ,l/l — . eu He eu ue eu ue eu ue ANP .

4
| ' 1 Tev*
B (Kt = nrep*) = 8.7 [IV, | + 14,17+ 10 (lSﬂe|2+ |Pﬂe|2) + 3.6 Re (AjePﬂe+V;<eSﬂe> ><1o—2< . ) < 13x10-!
) NP

. kaon constraints on cz(yﬂ)ySS are more sensitive than those on cz(yﬂ)s

* hyperons are complementary, and sensitive to all the couplings but need to
reach very low BR to be fully competitive with kaon modes



comparison of hyperon modes

» Possible constraints for different hyperon modes

e Ao neut, Tt 5 peut, B 5 Ae ut, Q7 - Ee ]

. taking Ayp = 1 TeV and assuming branching rations are probed at order 10-10.

. {2 decays are the most sensitive when the branching ratios are probed at the
same level but only to some couplings



current kaon constraints vs 8, ~ O(10~

10° (ci” —c;” )

. current constraints placed by K, — e*u™, K™ — nfe "y and u~ — e~
conversion compared to what can be achieved if sensitivity at the level of
RB(Q~ — Z e u") < 1077 is reached

. QY =g, it QF = Qe C iy, QF = €udg, -




| AS | = 2 hyperon decays



| AS | = 2 decays within SM

» Within the SM look at kaon mixing
KO____.____ 740,

S W d 3 net d /
— U - - -
I<0 u)cat A ! ll,C,t Ko Ko \\Y% W Ko 2 2
g g r]ccGFm

SM _ ¢ 2 .0 7.
T s = = (VEV,)* dy*P.s dy,P,s

d W S d u,c,t S

» But the matrix element is only sensitive to parity even part of the operators
 Hyperon decay Is sensitive to both P odd and P even operators

| _

I T strong vertex
I

I




yIP1 matching

. the SM operator is part of the (27;,1 ) so its coefficient can be related to
Al = 3/2 non-leptonic hyperon decay amplitudes

. Difficult due to Al = 1/2 dominance but slightly better for S-wave X7 — nz™
(octet matrix element vanishes at leading order in yP1)

@ = Jy“PLS J}/aPLS = tkl,m) ka“ W, Wl;/aPLl/JO
- A)( f 7% tkl,no lﬁ 2’7 (§E5T> nk (ngT) ol T 827 5nx‘foz5§k5$z (_rvw>a(Trxz)a] ’
_ A A AI=3/2 AI=32 _ 7 — —
H SAn}=3/2,AS=1 — \/§((; 1T CZ)Gijqus@ASzl » Qrs=1” = LoV Prvpiv L1,

@2{?131/2 = Ny ; Lt no LBA 27 (ﬂ? H)nk (fB CET)ol T 3275%‘505&5;1 (T” VW) H(T” 2 ]

. B,7 = 0.076 = 0.015 but 5,, not known yet - assume similar size for estimate



Short distance SM results

. AS = 2 hyperon decay rates from short-distance SM are very small

. Even though AM only constrains the P-even part of the operator, the P-odd
part is not independent in the SM

 There are also long-distance contributions which turn out to be much larger

—7/]CC — 187 + 076 Brod and Gorbahn PRL 108 (2012) 121801

EE

En
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r AM - measured value
o

&
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AMEP <10™ (GeV) AMZ" x10"* (GeV)



Pole diagrams with

WO weak

Interactions

Long distance SM results

S-waves
-waves

B(Q > n K )x10"

o
oo
.I_.

o
®

—
.

-
o

02 03 04
B(Q - n K )spx10'"°

04

0.0

0

0 01 02 03 04 05 06 0.7
B(="->p rt)x10"

. AS = 2 hyperon decay rates from long distance SM can be much larger, but still
too small for observation. Uncertainty is large, order of magnitude estimate



« SM estimates

Sample decays

Mode

Branching fractions

SD

SD + LD (3)

SD + LD (B)

=0 DT

—()

=T = T
(0~ > nkK~
()~ — An—

(0.03,1) x 10~
=) — nn! (0.03,1) x 1071
(0.07,2.6) x 10~ 1¢
(0.1,6.5) x 1017
(0.2,7.1) x 10717

Q- — X0~

(0.04,1.7) x 10717

(0.01,2.6) x 10~ 14
(0.,0.9) x 1071
(0.01,1.3) x 10714
(0.2,0.6) x 10~ 12
(0.4,1.5) x 10~ 1?
(0.5,3.1) x 10~

(0.7,8.2) x 10~ 13
(0.03,0.4) x 10713
(0.03,0.3) x 10712
(0.2,2.1) x 10712
(0.2,4.2) x 10713
(0.05,2.2) x 10~ 14

. EY > pz7 BRof 107 — 107!V possible with LHCb upgrade

* Window to new physics constrained by kaon mixing

HyperCP 90% c.|
8 x 107°

1.9%x 107

2.9% 107°



| AS | = 2 decays beyond SM

- effective Hamiltonian at dimension six: (example)

LRM QCD
N
Q,, =dy*Psdy,P, = dy°P dea
Q,,= dy“PLS dy, P S @LR = dP sdP s

@LL,RR @2? B

a) fine-tuned using KO---}F---B° # K'------K°

b) or (Q;; — @rpp) ~ dy®sdy,yss which is parity odd (difficult to construct a

mOdel (see Tandean, He, GV 2304.02559)



small contribution to AM; by fine-tuning

. consider Z' FCNC couplings Z i dy” (gLPL + gRPR)SZé
 then after QCD corrections
, 2
AMy = 4mKom2,m (”LL (g,% T gl%) <@LL> +28, 8, (”LR<@LR> T ’7iR<@,LR>))

» using lattice input’ and values from2the last 2
terms are negative, the first two positive

. allowing —1 < AM%/AMZ® < 0.5 which is the
20 range of AM}?XP — AM}@M

. assuming g;, gp real there are regions of
parameters with large | AS| = 2 hyperon rates.

1 FLAG Eur.Phys.J.C 80 (2020) 2, 113
2. J. Aebischer et. al JHEP 12 (2020) 187

(see Tandean, He, GV 2304.02559)

3.385 3.390 3.395 3.400
3
10 gR/gL



CP violation in Hyperon non-leptonic decay



Hyperon non-leptonic decay - observables

y
T ,7% dl—‘%l_}%fﬂ F%l—)%fﬂ <1 + P A )
A : - = aP: -
X\\\ :; VA //» de 472_ l pf

_ > *Z

,37’\\“ -
= . ‘ - a+P~cosH

® . . .
- b _ @+ Beby) B+ ARy + 7 Brx (RxDy)
A =

1+ aP;-p;

(61,9:) . CPtests: A=

I —
C+T
L
A,=——, B,

® 9 _
P a—a  a—-0

Figures from BESIII collaboration:

Ablikim, M., Achasov, M. N., Adlarson, P., Cetin, H. O., Kolcu, O. B. (2022). Probing CP symmetry and weak phases with entangled double-strange baryons. Nature, 606(7912), 64.
And fron https://doi.org/10.1007/s00601-022-01762-0



Not all are the same size

» The matrix element receives contributions from different isospin and different
parity amplitudes

[ S=A-> Slei‘SlS + S3€i5§

M = G.m2ii.(A — By:) u. 1| | |
. I 7Z'f< }/5) l P =B / —>P1€l5f)+P3€lé§
S3 : ,
Acp =~ \/5 5_1 sm(535 — 515) sm(§35 — 515)
One finds IR strong phases  weak phases

A, = —tan(op — 9g) tan(Sp — ¢y)
B ., ~ tan(Sp — S)



CP violation beyond SM - illustrative example

S (or D) waves P waves Prp D CyOg + Cy Oy
- ! Onisy = 2Ly, v B T T, G
' | 368) =~ o i id g 2 MApr0" 1 SRV
A, E, @) : D, A’ = K (P even) | \/5

 o(P 0dd) 10 -

ImC's

K----.:\ 20 -

@8 — @8, N T[ —30 -

ConStraint frOm 8, ’ Tc m—\

—40 - T -
—20 —10 0 10 20

RCC-'S

constraint from ¢

/

le] = (2228 +0.011)x 1073,  Re <5> — (1.66 + 0.23) x 1073
€

Theory error at this level



BSM possible range

4G

72
then (Sp—&s) ~ (C' (iI) +C 6BSM>
¢/ Bsm

J. Tandean PHYSICAL REVIEW D 69, 076008 [2)2004[2], N Salone et.al. PHYSICAL REVIEW D 105, 116022 (2022)

N uva a
1671-2 deL(R)a T SR(L)GMV

- € 8L HyperCP T __ 18
using |[—| <1x1073 |e|,. <2x107 YPET _
o BSM
€ 4- SM 4
BSM
. . . - BSM | | 1] ]

+ (theoretical uncertainty in SM) 0 * - t 0
J. Aebischer, A. J. Buras, and J. Kumar, J. High Energy Phys. 12 (2020) 097. -4 - =4
-8 -8

HyperCP result

Phys.Rev.Lett.93:262001,2004.



x 10*

-
)
[

BES Ill results vs BSM scenarios

Tandean, He, G.V. Sci.Bull. 67 (2022) 1840

6

‘

SM

CP

_6_ | . . . | . . . | . . . . . .
—4 —2 0 2 4

(& — &) x 10°
BESIII also has a new result from 448 x 10°
ete™ = w(3686) —» E'EY - 7970AA events

measure

=0

c» = —0.007 £ 0.082 % 0.025

BESIII, Phys.Rev.D 108 (2023) 1, LO11101

projections
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Number of J/v

sensitivity to A% P

BESIII (current)
BESIII (future)

tau-charm factory

1.3 x 10°
1 x 1010

3.4 x 1012

1.3 x 1072
4.8 x 1073
2.6 x 1074

Salone et. al., PHYSICAL REVIEW D 105, 116022 (2022)




Summary and conclusions

. Hyperon decays can play a role in probing BSM physics in the s — d sector,
complementing kaon decays, but need much higher sensitivity

- Decay modes allowed in the SM receive large long distance contributions that

are difficult to estimate reliably, the lattice community has started to look at
some of these modes

. Near future LHCb ™ — pu™u~ can definitively rule out the “hyperCP’
particle. It will also accurately measure the rate and spectrum.

—form factors

—new exotic particle searches

. expected sensitivity to AS = 2 modes at LHCb can begin to probe exotic BSM
scenarios

- Upcoming BESIII measurements will add to our picture of CP violation in
hyperons



