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Motivation

Sakharov: C and CP violation, the baryon number violation are
needed to explain the matter-antimatter asymmetry in the
Universe.

Experimentally, baryon number violation couplings are searched

p - e*n’: Super Kamiokande, proton lifetime 7 > 8.2X 1033y
p - K*v:  Juno exp., proton lifetime 7 > 5.9X 10334
D° — pe~: BESIII col, Br(D° - pe )<2.2X 107

B° - Ae~: BaBar col, Br(D° - pe™)<1.2X 1078
Accelerator

B-opu : LHCb col, Br(B-pu )<2.6X 107° exp

Ay, - K*u~: LHCb col, Br(A, - Ktu=)<1.95X 107°
B* - yYpp: BaBar col, Br(BT - ¢¥pp)<10-7~107>



Model of baryon number violation

SU(5) grand unification, Supersymmetry, B -Mesogenesis. ...

Proton decay p — e*n® Lagrangian:

1, » _
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*N .‘.—" .v'_;/‘;_‘_,./ - . . . 0 -
wen™ Effective Hamiltonian at m, scale after integration of new

physics

ok

IM(diTs;)((Lby,)
O5 = 9% (d;T'd;)({Tby,)
Or7 = €% (@STu;) (b5T0),

where

Oy = €9%(5Tb;)((0dy,),
Oy = €7¥(d;Tb;)({Tdy,).
Og = €7*(w;Tb;)(agle),



Model independent Leptoquark operators

L RS
" Effective Hamiltonian at m, scale after integration of new

physics
Oy =€ (dSTb;)(ITsy,). Oy = €9%(5Tb;)((0dy,),
O3 = e%(d5T's;)({Tby,). Oy = €7%(d5Th;) (T dy,),
O5 = €9%(dSTd;)(fTby),  Og = 7% (aTb;)(agle),
O7 = €% (ST u;) (b5IY)
; A(B-L) =2
7ﬂmw==§:C%wma0a: Ap > K17 0;~04
= Ap = tl": 0,4~ Os
Leptoquark operators of A(B-L) =0 (GUT)

Ap,— P, P=n, K decay
Ab - 7T_l+ : O6N 07



b decays: The multi-scale problem

NP EW Heavy Intermediate ~ Hadronization
scale scale quark scale  scale scale
VO my (me) m, 4, m, 4
beyond
Low energy
+ . C:0;+
Lyp Lsm %‘_ c'o' SCET-I QCD
LD>4_ L1~ HQET,

A SCET-II
<f|}[eff|B> = ‘AF + 0 (Fb; as)

* Perturbation: matching, resummation, evolution

* Nonperturbation: Lattice simulation, sum rules...



Parametrization of form factors

Hadronic Form factor definition of Leptoquark operators O,

AB-L)=2: (P (p)|OalAs(pa,)) =[AT + BT p+ CF glun, (pa,)- a=1n~25,
AB-L)y=0: (P~ (p)|OalAs(pa,)) =up,(pa,) CIA” + B p+C¢], a=6~T

Eque.ltlon of pAbu(pAb) = mp,u(py,) Momentum | pA, = P+ ¢
motion conservation

A term can be expressed as combination of B and C terms

pAhuAb (pAb) — (7) + g)u/\b (pAb) = A, UA, (pAb)

A* A*
ma, pAbU’Ab (pAb) = ma,

Aiul\b (pAb) —

(# + dun, (Pa,)



Form factors at leading order

Equation of — 0
motion Que(Q)

At leading order, there is only one Lorentz structure
contributing to A — Pl decay

(P () (@)|0alBo(p,)) ~ oy Hela) B unfion,). @ =15,
(P~ ()0 (@I0alAson,)) ~ Caporwhy (2, O B wala), =67

Leading-twist wave function of Ay baryon:
(O [ui(t1n)] 4 [0, tin] [dj(t2n)] B [0, t2n] [Py 1 (0)]c [Ap(v))

—Z{,"”,f (1) [un, (0)]e V;% CT]BA/ dww/ dy e~ IR 4 (y. w)
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Hadron wave function

LCDA of A, baryon: Exponential model

1 —WwW /W
¢2(y>w)=y(1—y)w2ye feo
0

Leading-twist wave function of pseudo-scalar meson

/

. -1
¢ ' wtn-p |
(P() (1)) 4 7. 0] [g(0)]310) = T2 72 [5%] [ et g o,
BA J0

LCDA of pseudo-scalar meson P=7z, K :

op(a) =02z | 143 aln) (20— 1) |

n=1
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Form factors calculated in QCD
factorization

-1 00 -1
) 2 ) / /
CApspt = fpfﬁb)/ d@l‘/ dww/ dy C4(x,y,w, 1) TL(x, y, w, ) op(x, o) (y, w).
J0 0 J0

Toas(p)T* 1 Tas(p) T 1

Jet function: jﬁ( jf(;lf,;;/,u’./t) _

Ty, W, L) =

4in-p xyw?’ 4in-p xyw?’

SU(3) flavor symmetry at heavy quark limit:

1 1
/(lyjﬁ(:t-:qu-u)w2(y,w)~/ dyy /
0 0 0

There is only one independent form factor

for A(B—L) =0 and A(B—L) =2 decays

1 1
dy J2(z,y,w, 1) Y2y, w) ~/ dy y
0

beﬁp — C/C{bﬁpi )
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di—quark behavior in

QCD factorization baryon decay
Leptoquark \\\\\j,/’/
operator =
Jet function at endpoint: <> <>
03, Os, O+

Tz, y,w, p) ~ 1/ (zyw?)
T (x,y,w,p) ~ 1/(xjw?)

029 05’ 06
Endpoint behavior of pseudo— (j

di — quark

scalar and baryon wave ”

function: \\\\] e
z—0 y—0,w—0 9 y—=1l,w—0 _ o 01, 04, 06 U,

¢P ~ T, ¢2 ~ yw -, Q/)Q ~ yw

No endpoint divergence in baryon decays
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m— hard

— = hard — collinear
= collinear

— soft

Decay amplitude of Feynman diagram (a)

.AZ(A(, — P+€_) — Gnew‘a CX yp+ X ﬂg(q) ]\f’[a uAb(v). = ey,
Ag(/\b —> P_€+)

Gneu,aCA _ P XUAb( )]\[a l’( ) o =Dl

Definition of matrix

1/: | ] a 7 a O = 1 2 . ’/
M= —M§ = —M§/2=—27i-pm),'T % r, Mg =Mg§=27-pmy, Tl{F 5} L,

Mg =4n - pm\/ FTC;F M =2n- pm\ Tl{ /}
diagram (b) and (¢) are suppressed by order Agcp/my comparing
with diagram (a)



AZ?’ e

Form factor and decay rate

SRR :
0.0035}
_0.0030f
Parameter dependence of > 0005k
o v r
form factors < 0.0020}
" 0.0015F
Decay rate as function of 0.0010k
new physics parameters 0.0005 ]
0.15 0.20 0.25 0.30 0.35
X wo (GeV)
mA 0
FX - . |Gnew,a CAb—>K|2, a =1~ 2,
7T
4mi
FX - - : |Gnew,a CAb—>K|2, o = 3,
4m§\
Fc\x/ - - : |Gnew,a CAb—>7r|2, oa=4~7,
3
1 ma
FE B Fg Z Fg - 4_7: ‘Gnew,a CAb—>KP7 a=1n~ 27
S p_ 1A M}, 2
I'o=1,= Zra = - ‘Gnew,a CAb—m‘ ) a =4, 6.
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Input parameters

ma, = 5.6196 GeV TA, = 1.471 ps
wo = 0.280 t3:947 GeV £2 (10) = 0.030 =+ 0.005 GeV?

~ = 0.1304 & 0.0002 GeV  fx = 0.1562 & 0.0007 GeV

a’f(,uo) =) ag(,uo) =429 2008

aX (o) = —0.07 & 0.04 aXf (110) = 0.24 & 0.08
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Numerical results

Numerical results Cays i = 1.091938 5 1072 GeV,
of A, —» P form factors: Cayse =9.00 7292 % 1074 GeV.
_ _ 3.1 x 1076

Upper limit of LHCb By = Kp) + B(Ay = KT p7)) X e s

. A Ktu:
exp. for 4, > K™ <1.95x 10~ at CL=90%.

Constraint for new physics couplings from LHCDb exp.

|G'7lff'll/’~0|2 [Gev_ﬂ I'=1or 5 I' = Y I' = Y5 I'= Oy
a=1,2 <52x107Y7 <13x10717 <«13x 10717 .
a =3 - <3.92x%x 10718 - _

There are only vector current contributions from 03, Oz and O, operator



Extend study to B-Mesogenesis model

B-Mesogenesis model was proposed to simultaneously explain
the origins of DM and baryon asymmetry by assuming that
dark matter is charged under baryon number

— . (iC 45 \ (,7C 3k
The visible baryon Oﬁadb’dc = Eijk (uLa dLb) ('/’ dRC) ?
number is violated but _ e —
the total baryon Ofadb,dc = €ijk (ﬁ'La dis ) (lﬁ dp. ) ’
number is conserved.
e AN (3
dark fermion y with Ofad,,,dc = €ijk (uRa d;eb) (‘/’C dfec) ,
baryon number B =—1
_ Ny e
Ofadb d. = €ijk (uRa drp ) (w dy; )

Lucd 18



Extend study to B-Mesogenesis

Decay A) = P, E5 = P, A =y, A — &0

Try to

explain dark R <

matter at the o

universe

(a)
Y.Zheng, (d)

| °
J.N.Ding, D.H.Li,

L.Y.Li, C.D.Lu >__ ;
and F.S.Yu, Chin. ’

Phys. C48 (2024)
n0.8, 083109

(g) (h) (i)
Lucd 19



Extend study to B-Mesogenesis

factors calculated
as semi—leptonic
decay

The same form ‘X\D \E/ ‘\

Semi—invisible decay for 0%, ; Semi—invisible decay for 0%, ,
Possible wl i |
Constraints ¢ o 3
can be o] 12
derived 3 R E
from future [ nevew | [ wewew
pn . . ) ) 105l ) .

experiments " meteev “ -



Radiative semi-invisible decay of A, — v vy

R Ok 11

ey T, k2
3 9L
0 - 3
Pk, Do ey Lot 4
'.:-.- iy "’.‘\,::../
¥

The decay amplitude is given as

M=l @R (2577 E B P ),

The hadronic matrix elements can be parameterized in terms of two

form factors: 5 oo N 2
<7(p)|0uadb,dC|Ab(p )) = Pg ({1 (q )—210'”
my,
— q - v AP
+{§b y(qz)—zla-ﬂ uAb(p )E,upv'
my, v
& (q)
V(p)
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Fully invisible decay for A,

In B-Mesogenesis model, the dark fermion  should decay
into a dark Majorana fermion & and a dark scalar baryon ¢

In this case, we can have Fully invisible decay for 4, ,
unfortunately this decay is difficult for exp. to identify.

. ¢(q) N &(q)
e = / @ - /
o(p)
(a) (b)

N

¢(p)
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Summary/Challenges

= Rich physics, b baryon decays, especially in the
search for new physics signal

s Factorization works well in b baryon decays even in
collinear factorization.

m Precision study needed in both experimental and
theoretical researches

Lucd 23
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