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* Motivations for first-order electroweak phase transition
» Relativistic bubble wall velocity calculations: 1-to-1

* Relativistic bubble wall velocity calculations: 1-to-2

* Relativistic bubble wall velocity to all orders

e Summary
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First order electroweak phase transition

Within the Standard Model the EWPT Is a crossover  ponofrio & Rummukainen (2015)

Minimal new physics — first order PT

Anderson & Hall (1992)

® M atter—antl matter asym met ry Kuzmin, Rubakov & Shaposhnikov (1985)
® TO pOIOg |Ca| defeCtS Achucarro & Vachaspati (2000)
* Primordial magnetic fields Vachaspati (1991)

» Stochastic gravitational wave background  kamionkowski, kosowsky &

Turner (1993)
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https://arxiv.org/abs/1508.07161
https://lib-extopc.kek.jp/preprints/PDF/1991/9110/9110342.pdf
https://www.sciencedirect.com/science/article/abs/pii/0370269385910287
https://www.sciencedirect.com/science/article/pii/055032139190395E?via=ihub
https://arxiv.org/abs/hep-ph/9904229
https://www.sciencedirect.com/science/article/pii/037026939190051Q
https://arxiv.org/abs/astro-ph/9310044
https://arxiv.org/abs/astro-ph/9310044
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Thermal pressure,
resulting from
interactions of wall with
the plasma particles

—

Model independent(ish)
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Electroweak Baryogenesis

sphaleron
unsuppressed

\IJL \IJR

o Uy Vg
sphaleron U, U
suppressed Sl

VW Wr @ —— Baryon asymmetry
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Gravitational waves generated from 1st order PT

GW sourced from three contributions:

* Collision bubble walls  {2¢,y

» Sound waves as bubble push through plasma 2.,

* Turbulence ¢, .

From David Weir’s website

 bubbles “runaway” (v,, — c) latent heat of PT — KE of the bubble walls
e bubble wall slow — more energy goes into sound waves and turbulence
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https://arxiv.org/abs/1508.07161
https://lib-extopc.kek.jp/preprints/PDF/1991/9110/9110342.pdf
https://saoghal.net/

Gravitational waves generated from 1st order PT

10~°
- QSW
- Qturb
10_10 — Total
LISA sensitivity
-
= 10-12 .
G \
RS
10—14
o : David Weir's review: 1705.01783
1072 10~ 1073 102 1071

f (Hz)
* \elocity affects SGWB spectrum

« EWBG and SGWB in tension
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https://arxiv.org/pdf/1705.01783.pdf

1-to-1 pressure calculation for relativistic bubble walls
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1-to-1 calculation handwaving argument

Friction — scattering particles that couple to Higgs condensate Amold (1999

Bodeker & Moore (2009)

B 1
K V1 — v2

Lorentz factor of the wall

_ B > > 5 > > i
ADwall = Pa,z, s — Pbz, h = \/Ea —Mg ¢~ Py — \/Eb — My , — Dy

2 2 2 2
my n = Mg, s

2 —5 ~ _
mb, h?pa,J_ ; prall ~ —

EQN 2 N 2T2 2
Paz, s ~ 7L > 2B, 2T

a a, S?

P11 ~ force | ~ Al momentl.lm | ~ | flux | x A| momentum |
"area | | area | x | time |

Am?

02 2
= ~"T°A
T v m

~ ~T? X
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https://arxiv.org/abs/0903.4099
https://arxiv.org/abs/hep-ph/9302258

1-to-1 calculation Armold (1993)

Bodeker & Moore (2009)
 1-to-1: no flavour change

Pra=Y [dRY [ dBeutp. (145
a b

dgﬁb 1 3 2
P, _., = 27)362 (P L — v 1) 6 (Ey — Ey) (2pp... h) 6,
d —b (27_‘_)3 2Eb X ( 7T) (p L pbaJ—) ( b)( Db, ) b
: 3 2 =
. Integrate over phase space of “b” noting that __ ¢"Po _ d"Pv,1 dbyp Ly

(2m)32E,  (27)3 2E} py..
T2 2 2
P11 & E Vay 3 (mb,h — ma,s)
e P~ x YAMT?

PV&CUU_IH > 7)the]rmal or — A‘/T:() — VT:O‘ — VT:O‘in > 731—>1

out

 Bubble can “runaway”
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https://arxiv.org/abs/0903.4099
https://arxiv.org/abs/hep-ph/9302258
https://arxiv.org/abs/hep-ph/9302258
https://arxiv.org/abs/0903.4099
https://arxiv.org/abs/hep-ph/9302258

Jessica Turner

Some eight years later ....

1-to-2 pressure calculation for relativistic bubble walls
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1-t0-2 calculation Bodeker & Moore (2017)

Sorry!

C

Pb

Incident particle’s energy — mass second particle + transverse momentum
Ap,_1 < Ap,_,unless pr,=0and m.= 0

Jessica Turner Institute of Particle Physics Phenomenology 13


https://arxiv.org/abs/1703.08215

Kinematics

ﬁa — ﬁa,J_ _|_pa,,z,32 and Ea — \/‘pa,J_

— — ~ ~ 2 2 2
Pb = Pp, L + Pb,2sz and Ey = \/\Pb,ﬂ Py o s T T,

— —

Pc — Pe, L _|_pc,z,s2 and b, = \/‘pc,J_

The transverse component of momentum is conserved, implying

Pa,l = Pb, 1 T Pec, L

Energy is also conserved during the scattering

Ea:Eb_l_Ec

Jessica Turner Institute of Particle Physics Phenomenology
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1-t0-2 calculation Bodeker & Moore (2017)

P12 = Zva/ dpa) [dpy) [dpe] f (Pas Po, De) Ap=(27)°0° (Pa, L. — Pe,t — Db, 1) 0 (Pa — Do — p) |M]

a,bc

. d°p, dz?b,L dp; pp
Integrate over p,, using =

(271-)32]?[(9) (271-)3 Zp[(g) pb,z Combination of PS + “observable”

R dp? 1 pe 2
— a , - a 1 = C 1 a,z,8s z.h — FMe,z = M

abc

B&M region of interest:

Ingoing hard Pqg 1 ™~ T Pa,z,s ™ Yol Eg ~ Yod Ma,sy Ma,h < Yl
Outgoing hard Py, | ~ MaX :Ta mc: Pb,zs ~ Ywl', By ~ Yyl My, s, My p <K Yl
Outgoing soft P. | ~ MaXx T; mc: Pec,z,s ™~ M, E. ~ max [T, mc] Me s, Me h K VoL
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https://arxiv.org/abs/1703.08215

1-t0-2 calculation Bodeker & Moore (2017)

s d°pe, - dp. L pe
P a - a |1 =L el |1 a,z,8 z,h — Mec,z —|M ’

abc

B&M region of interest:

U PR (2) + D01 P21 — ¢ € parametrises colllnearlty “c” also the
C,z 2 0 P — C
\ Jﬁ)—/e reglonofPSpcl~m6S<<pczs
X parametrises softness “c”
2
Pb,z = \/pg _Zﬁ,b_m%(z) ~ Py (1 — ) X _pc/pa

Jessica Turner Institute of Particle Physics Phenomenology 10


https://arxiv.org/abs/1703.08215

(pa,z,s

— Pec,z,h — pb,Z,h)

B&M 1-to-2 master equation:

P12 = Ve /
1—2 Z 271' 2]?

Jessica Turner

84

K

1 pg,zN 1 m()_l_ch_

2pb,z Pec,z zpa

N————

~ XL E

d*pe,.  dp]

or)? o
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2pc

O(e?x)+...

[1 -+ fpc] [1

Bodeker & Moore (2017)

Still need to

determine matrix element
squared

17


https://arxiv.org/abs/1703.08215

Bodeker & Moore (2017)

Differential probabillity:

d*p, 1 dp. 1
(27)3 2E), (2m)3 2E.

dPy—spe = (Pope| Tla (Pa)) [

The bubble wall i1s invariant in time and the transverse directions

(pepp|T |Pa) = /d4$ (pepb | Hint| Pa) = (27)°6% (Pa,L — Pe,t — b)) 0 (p° — k° — ¢”) M
M= [ dag (0, )V (20 2)

Mode functions are treated in the WKB approximation:

pCZS . © / /
Xc(z)ﬁ\/ — eXp(Z/ pc,z(Z)dZ)
P pc,z(z) 0

Jessica Turner Institute of Particle Physics Phenomenology
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https://arxiv.org/abs/1703.08215

Mode function quick summary

scalar interacting with wall [ — Z

KG field equation

solve with an homogeneous mass parameter,

—

solutions can be can labeled by a 3-vector p

\(7,2) = e EsPIPE  ith (7

Qr(x)

1

5 (au¢f)2

Jessica Turner Institute of Particle Physics Phenomenology

) = /1912 + m3

d3
/( L6

Bodeker & Moore (2017)

Mass varying in z
parametrises spatial
iInhomegenity

19


https://arxiv.org/abs/1703.08215

Mode function quick summary Bodeker & Moore (2017

But we have inhomogeneous mass term, make
ansatz for solution to KG equation

dzﬁJ_ dp -~ -E — . — —
— <) S ~ —1 f(pJ_vpza S)t P L |
Of(T) / 2 (27) O (PL,Dz, s) Xf (D=, s12) € e

Sub — KG — WKB solution for a particle with inhomogeneous mass

Pz s - - / ~ /
v (po m\/ 5 exp (/ a2 ,z<z>)
/ p-(2) , 4

Amplitude ~ 1 Phase

Analogous 1D scattering off a potential well. Normally there would be a wave function
with a negative phase (reflected) Here all particles transmitted

Jessica Turner Institute of Particle Physics Phenomenology 20


https://arxiv.org/abs/1703.08215

Bodeker & Moore (2017)

Mode functions don’t tell us anything about the nature of the interaction

V(z) the contraction of the interaction Hamiltonian density with all other state information =
interaction matrix element if we were considering simple plane wave states.

M = / doxE ()X (2)V(2)x(2)

0 _ _ 50 - - mL,, <1
A Ay | % ” o
M = V/ dzexp |iz— +Vh/ dz exp |iz—= | = 2ip’ ( ) =
" - 2p0 0 - 2pY A, Al >
AS — EA (pa,z,s — Pb,z,s — pc,z,s) Ah — Ea (pa,z,h — Pb,z,h — pc,z,h) 2= —p0O 2=0
%

A’s resemble propagators, but they only propagate in the z-direction!

Jessica Turner Institute of Particle Physics Phenomenology 24


https://arxiv.org/abs/1703.08215

Vertex Function

Bodeker & Moore (2017)

These are splitting functions up to the

normalisation P, (x) = | V|*x(1 — x)/ 1677k

2
M = apg|y 2t
Ar Az
a(p) — b(k)c(p — k) & _
S Vs k1 = Pe,lL
F — VpF 1g*°Cy[R] =5 k3
V= VrV
S — VLS
F— V. F 4g°Cy|R]-5m?
VsV V
F — FVT 29202 [R]% (ki -+ m%)
V - FF 2¢°T|R] < (k1 + mj)
S — SVr 49202 [R]ki
F— SF y? (k7 + 4m2)
S — S8 A2 2

Jessica Turner
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https://arxiv.org/abs/1703.08215

Quick Recap on splitting functions

Altarelli & Parisi (1977)

D D
[ f
B B
A C
.Q. .b.
Fig. 1. (a) Contribution of the B intermediate state to the process A + D — C + f, (b) The pro-
cess B+ D—f.

dO‘a — dPBA(Z)dZ dO‘b

ka= (P, P,0)
1 |VA \BIC"Z vo = (20 2ZJP?ZP7PQJ_>
PBA(Z): 52(1—Z>Z 2 I ko = (1_Z)P | 2(1p_Lz)p7(1_Z)P7_pJ_)
Spins Pl
_ 1 = .
> WVasssrol? = SCo(R)Tr(keybam) D €™ e, )
spin pol Treat z as (9) 5 ¢
, , Small parameter
- 9 1 1 _ : : :
Z |VA—>B+C\2 _ 27 + (1 — 2) Co(R) Light like Axial gauge A o)
el z(1—2) z C

Jessica Turner Institute of Particle Physics Phenomenology
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https://arxiv.org/abs/1703.08215
https://www.sciencedirect.com/science/article/pii/0550321377903844?via=ihub
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< E ‘ﬁfa ‘2 _I_ m?, S
pf7Z7 s f 2Ef
— 2
E Py +m?‘, h
pfaza h f 2Ef
A 0 ‘pa,J_| _l_ma S |pb,J—‘ _I_mb, S |pC,J-‘ _I_mc, S
° ‘ OF, | 2F, | 2F,
Pa, L | +m y |pe | +mi oy (Pe, LT +mE oy
Ah 2Ea X | |
25, 2FE, 2F,
2
2 (AS — Ah)
‘M|2 %4E62L|‘/S‘ AQA%
2 2 :
AE? V|’ (mc, h — e, S)
~ a —2 2 2
(Ee/Eq) (|ﬁc,J_|2 + mg S) (\ﬁc,ﬂz + mg h)

Institute of Particle Physics Phenomenology
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L ets keep track of what cancels where...

2 2 2 mc, h
MP ~AE2 Ve 2 s N\ Vi g
‘ch_| (|ch_‘ —I_mz,h — ga
— 2 4
T
oot | (7, [*+m2 )
mél h

~ 4E%4 g°Cy|R] : . .
‘ﬁc,ﬂ (‘ﬁc,L‘ _l_mg, h)

In the pressure expression, there is the “observable” which is the momentum
transfer (from plasma to wall) in the z-direction:

4 2 2
mC mC —I_pC
M% x Ap, ~ 16E2 g2Cs|R] & . ’hz —
— 2 — 2
Pe, 1| (‘pc,ﬂ + mg, h) Pe
4
m? 1
~ SECZL gQCQ [R] , B X )

D, 1| (lﬁc,L\Q +mg h) Pe



Two pieces left: the integration of PS of incoming “a” gives the flux. We also need
to integrate over phase space of particle “c” our soft emission

/m2 dpg, | 1 B&M assume ng2 < m’ie.
- 01> (2 ( L2 > ) T 9247mm?2 supercooled PT. Drop this assumption
o212 (27)% P, LI {[Pe, L™+ g the thermal mass would cut of the
integral and you’d get some (possibly
2
mc,h
dpg 1 large) log ( - )
02 - m,
C
1 1
3 4
P1oo ~ 1 T

Jessica Turner Institute of Particle Physics Phenomenology 20
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P12 ~ m7T3

Py X y* while P, _, «x 7. Since, vacuum pressure does not grow in 4, a
terminal velocity will be reached.

P xm?> = no phase change pressure goes to zero.
A WKB and vertex. The vertex part is dominated in the soft regime.

B&M cut off the ? | and kY iIntegration by gauge boson mass.

This interaction looks like a collider/scattering experiment where the collision
occurs between the ingoing particle and the wall =— the centre of mass energy

will be large = many soft emission.

Institute of Particle Physics Phenomenology

27



1-to-n pressure calculation for relativistic bubble walls

2007.10343 (JCAP 2103 (2021) 009)

Institute of Particle Physics Phenomenology
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https://arxiv.org/abs/2007.10343

Stefan Héche Jonathan Kozaczuk Andrew Long Yikun Wang

Incoming fast on-shell Outgoing

/ e /T Splitting functions typically

(in wall rest frame) virtuality “t” used to resum soft radiation.

Only have a few scale in the
problem. Incoming particle

// / 7 / / / o dt energy y1 (UV scale) and

2t bare mass/thermal mass
pY2% particles in the bubble (IR
scale).

Jessica Turner Institute of Particle Physics Phenomenology



Reformulation of matrix element

Recall B&M used the mode functions from solving KG equation:

Pe < K

k2 +m3

—2 2 2 2 2
. Pp. +Mys  Piy TMeg a1 KL T Mg
~ =2 2 , ; ; )
As — _2Ea (pa,z,s B pb,z,s o pc,z,s) ~ pa,J_ T ma,s Eb/Ea CE /E T :
T My, pJ__I_mha:<<1 ki +mgy
A, — —2E' B B ~ ) 4 m2 b, L : C C C,
h (pa z,h — Pb,z,h — Pe,z h) pa,J_ a,h Eb/Ea E /E T
We inStead use: Sudakov parametrisation
— e — m2
- — pc%,J_ + mg,s pc 1 + mc s <] JQ_ T mg,s Pa (Ea’ Vo B ( 2E2)>
AS — _2pa,spc,s ~ zpa,J_ ' Pe, L I3 /E E /E' ’
a C 3 X p'gz ((lx)Ea,EL,(lx)Ea (12
—2 2 2 2
A = 2Dy Pep ~ 2 1 fio s — sk P T Men sy KL A, B2+ m?
_— — ~ . / [Ty T 1 mc
h b,hPc.,h b, L c, L Eb/Ec E /Eb T Pe ~ <$Ea7k‘J_7$Ea (1 — 21‘2E§ ))

Note that they are identical in the soft-limit.

Jessica Turner

Institute of Particle Physics Phenomenology
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A __2 N2—» = ﬁa?,J__Fmg,,S pcj__|_mcs .CC<<1 JQ__I_mg,S
S Pa,sPc,s Pa,l * Pc, L Ea,/Ec EC/Ea ? -
0y +mg +m? e 2 4 m?
An = —2pp hPeh = 2Pb, 1 - Pe, L oL o Pel LS ch
h ,nr’c, ; C, Eb/Ec Ec/Eb -
Vs Vi
Po
Pa,s
T pb) ~ As
| Pe.h

Using the full propagator expression (same as B&M in soft limit) we get a gauge
Invariant expression.

Jessica Turner Institute of Particle Physics Phenomenology
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If you choose a different gauge (such as Feynman gauge ¢ = 0) in the previous “A”
expressions you will find that the matrix element doesn’t match axial gauge. The
gauge choice comes Iin the polarisation sum of the gauge boson.

d e(p)ies(p)* = —guv + (YupGuo n-n

K=—1

In our expressions, lightlike axial gauge ({ = 1) with n = Dy, Simplifies the matrix
element”

VAP =WV =V Vh =0
2 a,s a,slMc ; a,st’c :
%2492( (PasPon)(PasPe) _ Phin(Paspe) pi,s)

Db hPe (Pb,uPe)”

*analogue of y* — ggg LLA
gauge switches off interference
term. Total amplitude Gl but
sub amplitude need not be Ultracollinear limit

2
Lo [k + x(mi 1 —x)m? . m?2  &Km; k2
~ 492kJ2_< ( b,h ( ) ,)) bh4\g\2 an |
k <<:1:m b h

2
kL+$W%h

Jessica Turner Institute of Particle Physics Phenomenology
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- 2
2 V m? <k m? 2 k2 —I—me
(O) 2 | ‘ a, s 15", h 2 9 X | b, h
|Ma—>bc T 4Ea A2 — 8Ea’|g| E—2 (EQ 2.2
S lnpp=pt I L Ty,
2 V 2 m?2 | < k2 2 2
0 2 | ‘ a, s’''"b, h 1 D) 9 XL
|M£L—)>bc _ 4Ea AQ — 8Ea‘g| E—z
’ nk=py L
dki() I m%’ D if ° < ki < mi Small k
9 bc 106 —=,— 1L 1L STy 1
1 / Che |0 P )T ki TR . ’ —
2 3 a—bc|
(0) (27‘(‘) 2F dk’z
|Ma—>b ) 5 > L Cupe it mg < ml%, h << k‘i Large k, —p
1

* In IR regime, logarithms can be large — invalidate fixed order calculation

One thing to note, our ME squared does not have the Am? suppression factor.
As phase change is required but this can come from the hard outgoing fermion leg. 3
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Our gauge invariant matrix element:

y 9 m?2 m?
/\/lgibc = 4E2|g|° Pa,stb.h 5 ! >
Pa,sPcPbhPe (paspe)”  (Po.npe)

First need to cancel poles: allows for the meaningful resummation. IR divergent
parts in the real and virtual diagrams computed using dim reg

1 1 (2papb)2 1 2 (2papb)2 1 2 2papb
a2 _ S 141 “ 1o “ 1o -
/ a—sbe + —abe | 575 T 50 + 10g 12p? T A S 12p? 9 S D2

Jessica Turner Institute of Particle Physics Phenomenology
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Radiative corrections as branching processes

Marchesini & Webber (1983)
Sjostrand (1985)

6@563 Observed

N Pnoem+Pem

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

|
ek

Q00N ynobserved

Virtual Unresolved
correction Emission

Sudakov factor — no-emission probability N ot
— population

dN = —ANdt A = decay constant

~* where t < energy scale (log(1/V))

Survival probability at time “t”; e
Change in population analogous to boson emission probability

ANdt = / dk|M?(k)O(v — V({p}, k)) sl [ virt. + unres. | = o~ JIARIMER)SV ({7} k) —v)

Probability of
not emitting

bosons above Vv
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https://linkinghub.elsevier.com/retrieve/pii/0550321384904632
http://Marchesini%20&%20Webber%20(1983)

Analytic Resummation

Banfi, Salam & Zanderighi (2005)

R(v) probability for decay a — bc. For this splitting to produce momentum transfer of v
we require that it did not produce a large momentum transfer before.

2

R() = [di)[M (k)| €1V ({p}R) Y onnn) = 222 ~ ELLCED

Additional constraints on
kKinematics

Rewrite phase space and matrix element squared in terms of observable V

Ly 1 v’
abc — Uabe 2
Rape(V) Cb27r ’ / do x@( TR x)@(m 1+V’>

@ 1 Single log as we focus on

—L
Rope (V) = 5 Cabe (L +2log (1+e ")) where L = log v K2 3> m?, regior

Jessica Turner Institute of Particle Physics Phenomenology


https://iopscience.iop.org/article/10.1088/1126-6708/2005/03/073

Ay (V) =exp { Z Rab(V)} ., where Ry (V)= Z Rape(V)

Ap, > / ! d
= [ avv— [[ A.(V)
Average mom transfer per < ’yT 0 dV acS

incoming particle @ fixed coupling

- exD <
2 el +1 b 27T

/OodLe_L(OéC)E €L—: ( (&C)z
0

/\
2| P
~|F
\/
Fr

®

|

(L+210g (1 —I—eL))} ~ ((log4 — 1)

Importantly: (Apz) ~ T

Jessica Turner Institute of Particle Physics Phenomenology




Numerical Resummation

2 — b 0 ‘ T 0 0 0 —
~
s = -
~ - -
N —1 [ N
= o[ | ==l -
%D 10 2 % ’)/ p— d_O =8 %
y— — 4 N2 — _
R v = 10 .
E 10 7 £ ~ = 10* =
A . —10° -
E 10 4 = — = 1016 .
— - =
0S5 kig=10"T —
- T =100 GeV, full SM .
10 % —
— [ [ 1 | | I R | I R | I R | I R | | [ [ —
-3 -2.5 -2 -1.5 -1 -0.5 0
logqo(Ap,/(7T))

Apz . 274
)= 0.89(17) % — 0.14(3) %o log,ny = P x y“T
/

Jessica Turner Institute of Particle Physics Phenomenology
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Summary

1st order EWPT Is plausible and has many interesting physical consequences
such as baryogenesis & GW production. Both quantitatively depend on the

velocity of the bubble wall. Faster walls — bigger waves!

Bubble wall velocity is a force balancing exercise: pressure from Higgs potential
versus frictional pressure from plasma.

We reformulated the calculation of the latter in a Gl way and calculated the
average pressure to all orders.

Pressure y2 also massless GB contribute the largest pressure of all SM.
Numerical and analytic resumption agree to 10% level.

Prokopec et al found the same scaling using an entropy argument, it would be
interest to connect parton shower <> entropy

Institute of Particle Physics Phenomenology
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Backup slide: kinematics : 2 Do me 2 m
‘M| k ’ ka ’ 5 ’ 5
(kpa,s) (kpe,n) (kpa.s) (kpe.n)
dgk 2 (pa sPc, h) Mg, s e h
R(v) = kp. ’ ’ ©(k,) O (p..) OV —wv
w)=g / (27)32k, ( (pae) T g P (hpe? ) O O e O 0
de da: 2 pCL SpC h) mCL,S S mC,h - @ (kz) @ (pc Z) @(V - U)
167T kpa S kpc,h) (kpa,s) (kpc,h)
dx 2 (pa sPc h) Mg, s e h
2:131—:1de/ — ’ ’ ©(k,)O (p.,) OV —w

2 1 1
2 a.sr’c a.s C V ]_
— 92 a/ dV/ 2(1 — x)dx (PasPe.n) m’2 m’h2 @(az )@(—a?
1o v 0 (kpa,,s) (kpc,h) (kpa,s) (kpc,h) 1+V I+

V=8 n s = dk} = 20(1 — 2)E2dV V=242~ i — i = 22(1 — 2)E2dV
€T €T L th v
e =log (7577 ) = Llog (&) by = 2Ba (1- 555 ) >0 = o= 125 >0

k, =zF (1 kf+mg>>():>a: — > 0 =(1—a)F (1 ki )>O:>x' 5
z = a 2022 Pc,z = a 2(1—x)2E2



k k k

e N

Pas  pas—k ‘oon—Fk Don  Pas Pa,s — Kk o Pasippn pon—k Pb,h
/ d”k Pa,sPb.h / dPk Di s / Ak Pi
(2m)P k% (pa,s — k)*(po,n — k)? (2m)P k2(pa,s — k)2 (2m)P k2 (pp,p, — k)2
Vs Vi
pC pC / A"k zpa,spb,h
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