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First order electroweak phase transition

Within the Standard Model the EWPT is a crossover

D'Onofrio & Rummukainen (2015)

Minimal new physics — first order PT  anderson & Hai (1992)

See overview by Caprini

® 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)
See talks by Weir, Lewicki, de Vis & Pol
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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

First order electroweak phase transition
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* Velocity affects gravitational wave spectrum
* \elocity affects efficiency of electroweak baryogenesis. But EWBG still
viable with fast walls Cline & Kainulainen (2007.10935)
see also Dorsch et al (2106.06547)
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https://arxiv.org/abs/1508.07161
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| will discuss relativistic bubble walls so the following calculations would not be valid for
subsonic bubble wall

Thermal pressure,
resulting from

Vacuum pressure from interactions of wall with
symmetry breaking Higgs = the plasma particles
potential — ——

Scales J,O Non-trivial y-dependence

Terminal velocity determined from balancing the force
which drives the bubble expansion with the
frictional pressure from the plasma on the wall
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Kinematics and Assumptions

z-translation invariance broken by bubble wall L

2 _ :
pa,,z,S — \/Eg — |pa,J_‘ — m?L,S S = SymmetrlC phﬁS@
h = broken phase Throughout we assume

Pa,z,h = \/ FE2 — |pa1|” - m; infinitely thin walls:
L.,, — 0

Transverse momentum conserved:

Pa,l — Pb, L

Energy conserved:

g = L
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1-to-1 pressure calculation for relativistic bubble walls
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1-to-1 calculation argument

o | | | Arnold (1993)
Friction — scattering particles that couple to Higgs condensate

Bodeker & Moore (2009)
b

1 o
7 V1 — 02

Lorentz factor of the wall

— _ 2 2 2 2 2 2
prall = Pa,z,s — Pb,z,h — \/Ea o ma,s o pa,J_ o \/Eb o mb,h o pb,J_

2 2 2 2

m —m
2 2 22 2 2 2 - o b,h a,s
Ea ~ pa,z,s ~ 7y T > ma,S, mb,h,pa’L —> prall ~ 2Ea — nyT

A momentum |

[ area | x [ time ] = | flux | x A| momentum |

Am?  ~AYT?Am?

~J T3 X p—
K 2T >
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https://arxiv.org/abs/0903.4099
https://arxiv.org/abs/hep-ph/9302258

| Bodeker & Moore (2009)
 1-to-1: no flavour change. Assume no particles reflected

Flux incoming

— E a (2 )3 (2 )3 E a pCL,Z,S p s Z pCL, p ] a

d>py  d°py, 1 dE, E
(27‘(’)32Eb B (27’(’)3 2Eb pb,z,s

— fb) prall ~ 70T2AW2
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https://arxiv.org/abs/hep-ph/9302258
https://arxiv.org/abs/0903.4099

1-to-2 pressure calculation for relativistic bubble walls
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1-to-2 calculation

Bodeker & Moore (2017)

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

Jessica Turner Institute of Particle Physics Phenomenology 10


https://arxiv.org/abs/1703.08215

1-to-2 calculation

Bodeker & Moore (2017)
Flux incoming
particle
731—>2 — Z Va,b, c/ [dpa] [dpb] [dpc] f (paapbypc) Apz(Zﬂ-)BéQ (pa,J_ — Pec, 1 — pb,J_) 0 (Ea — Ec — Eb) ‘M‘Z
wanster |
“observable”
Combination of PS +
“observable”
dgpa d2pc 1 dEc 1 b
7) — ’ Qa » I7C A z M ’
12 = ) / on)32E, / (27)2 (zw)zch(p Pb, Pe) AP 2625 Dess M|

abc

B&M region of interest:

Ingoing hard

Pa,1l ™ 1 Pa,z,.s ™ Ea ™ ﬁYwT Mag. sy Ma h << V’wT
Outgoinghard |~ max [T, me|  Pozs ~ Ep ~ Yl Mps,Mpn K YT
Pc,1 ™~ 1llaX T mc Pc,z,s ™~ 1laX [T, mc] Mec sy e h < VwT

Outgoing soft
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1-to-2 calculation Bodeker & Moore (2017)

d>p d*p dE 1 E.
- = : a C A z °
Pl—)Q Z / 27_‘_ 32E / (27T)2 (27T)2ch(p y Pby P ) P 2pb 2 s De.n s ‘M|

abc

B&M region of interest:

mC 2 _I_ C . .
Pe,z(2) = E. |1 ’ E2p = ~ E, (1 ; - O(e2) + - - ) Collinearity: €
\ *e

E

C

B \/Eg B pi,b B m%(z) ~ Eq (1 — ) Softness: X = o

A
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Bodeker & Moore (2017)

From PS
“Observable” 1 EC N 1 mg (Z) pg,
(pa,z,s — Pc.z.h — pb,z,h) 2pb,z,s Des o ~ 2Ea QEC
~xe+O(e?x)+...

B&M 1-to-2 master equation:

d*p, d*p... dE, m?2 ,,(2) + p2, )
Pl—)Q — Z / 27_‘_ 32E / (27_‘_)2 (27T)2ch(pa7pb7p6) |M|

Still need to

determine matrix
element squared

Jessica Turner Institute of Particle Physics Phenomenology 13



The bubble wall is invariant in time and the transverse directions  Bodeker & Moore (2017)

<pcpb|T‘pa> — /dllaj <pcpb ‘Hint‘pa> — (27‘-)352 (pa,J_ — Pb, 1L — pc,J_) 0 (Ea — Eb — EC) M

M = /dz X;C(Z)X;b(z)V(z)Xpa(z)

Mode functions are treated using the WKB approximation:

pCZS . © / /
Xp.(2) =~ = eXp z/ De.z (2 dz)
p () \/pc,z(z) ( . ( )

Jessica Turner Institute of Particle Physics Phenomenology 14



. . Bodeker & Moore (2017)
M = / 02 (Pos0r ) Xe (Dos 02 2) Xa (Pas.er2) V(2)

0 o0
A, A | V] V
M :VS/ dz exp |1z —I—Vh/ dzexp |1z ke :22Ea< " )
0

- "“oF, "“oF, A, A,
ml,, <1 > = 4 oD
>
AS — Ea (pa,z,s — Pb.z.s — pc,z,s)
Ah — Ea (pa,z,h — Pb.z,h — pc,z,h)
7= —pO 2=0
<

1/A terms resemble propagators, but they only propagate in the z-direction!

Jessica Turner Institute of Particle Physics Phenomenology 15



Vertex Function

Bodeker & Moore (2017)
2
MP? ~ ag2|yve i — A
- A2 A2
hs—s
a(p) — b(k)c(p — k) Ve _
S & VS k1 = Pec., 1
F — VpF 19°Cy[R] 5 k7
V — VpV
S — VLS
5 — KL‘F/ 49*Cs[R] zzm? These are splitting functions up to the
SV . B 2 1 27.2
FS 57 R (4 ) normalisation P,_ (x) = | V|"x(1 — x)/16x°k;
V - FF 2g°T[R]= (k3 +mj)
S — SVp _492CQ R]/{?Z
F— SF y? (k7 + 4m?)
TS A2 2

Jessica Turner Institute of Particle Physics Phenomenology 10



Jessica Turner

‘pC,J_ ‘2+m2,3

2 2 2 2
2. % ( Da,L|"+m, o Db, L|"+my

2F, | 2F, 2F.
I % pa, L I4ms 5 e, L7 Amy Do, L PAmE L
a 25, | 2 2F .
)
2 (As _ Ah)
M|* = 4E; |V
2 A2
A2A?
2 > \°
|‘/v8|2 (mc,h o mc,s)

)N

Institute of Particle Physics Phenomenology

17



L ets keep track of what cancels where...

M? = 4B V| 2

= 169°C5[R]

= 16¢°C5[R]E2

c,h
2
2
pe ! (Ipe, L ]” +m2,)
|pc,ﬂ mg,h
7z ;

2
2 2
Pe, 1| (lpc,ﬂ +m§,h)

Combine matrix element squared with momentum transfer observable:

\./\/l|2 X Ap, = 16E29202[R]

_8¢°E,

X

Co| R

4

mc,h

4

2
2 2
pet | (Ipe.i” +m2,,)

mc,h

e,

2
 (|pe,

>
"+ mZh)

2 2
mc,h T pc,J_

X

28,

Me s < Mec h
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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

B&M assume g°T% <« m?

/‘TTLQ dpg,J_ 1
™ 2
g>T? (277)2 |p%‘2 (\pC,L\Z +m? h) 24mmy The thermal mas,s would cut of thg
’ integral and you’d get some (possibly
large) log <m§h/m§S> see Azatov et al
/ dE .. 1 (2010.02590)
Eg Mec h
1 1
3 4
791—)2 i fYT > T
= Trn
Transverse momentum Energy

integration integration

Jessica Turner Institute of Particle Physics Phenomenology 19


https://arxiv.org/pdf/2010.02590.pdf

Jessica Turner

P12 ~ m7T3

P _» x ywhile P, ;| ;/O. Since, vacuum pressure does not grow in 4, a
terminal velocity will be reached.

P xm’> => no phase change pressure goes to zero. This comes from
integrating over the mode functions

A WKB and vertex. The vertex part is dominated in the soft regime.

B&M cut off the k; and kY integration 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
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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 Hoche

Incoming fast on-shell
particle
(in wall rest frame)

—

Jonathan Kozaczuk Andrew Long Yikun Wang

B&M investigated 1-to-1

/ which we will treat as leading order

Process.

Jessica Turner

Institute of Particle Physics Phenomenology
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Stefan Hoche

Incoming fast on-shell
particle
(in wall rest frame)

—>

Jonathan Kozaczuk Andrew Long Yikun Wang

Treat 1-to-2 as quantum correction

= to 1-to-1 process.

Jessica Turner
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Stefan Hoche

Incoming fast on-shell

particle OU_tgoing
(in wall rest frame) Particle with

Jonathan Kozaczuk

virtuality “t”

Jessica Turner

Andrew Long Yikun Wang

If 1-to-2 I1s important, will 1-to-n be
even more important?

Institute of Particle Physics Phenomenology
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Reformulation of matrix element

B&M JT & co
Ultrarelativistic
incoming
As — _2Ea (pa,z,s — pr’Z’S — pQC’Z’S) ? : particle As — _Zpa,s ] pc,s
~ pczz,J_ + mi,s ’ - ; = ~ kJ— T mCaS 2
Eb/Ea EC/ECL —~ xma,s
k'z _|_ m2 k2 _|_ 2 Thermal mass incomin aj(l o x)
A b,s 1 me ¢ . . 9
— ) ) partlcl? negll_glble. FI:ame_ kQ _I_ )
(1 . CB) T where incoming particle is | mC,S
“headon” ~ €r << 1
k1 +mg x
S " (x 1) softiimit Ap = —2Dph - Pen
Ah — _2Ea (pa,z,h — DPb.z,h — pc,z,h) ]Ci 1l — x 9
2 2 2 2 ~ m
~ p2 - m2 pb’J‘ T mbah kJ— T mcah x(]‘ o ZE) L ol
~ 1 h
a, a, Eb/ECL EC/EG, k‘Q 1 — 7
k‘2 2 ]{2 2 ~ = m2
M +my 1 Tmg g, r(1 — ) . c,h
(1 —x) T 2 2
k2 +m?2, oo
~ 22 (x k1) X

X

Two expressions same In the soft-limit but
not same outside of soft imit.

Jessica Turner Institute of Particle Physics Phenomenology
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Why the redefinition of A’s?

Treat A’'s as covariant propagators. Wall provides spatial discontinuity off of which
Incoming particle scatters.

Pc Pc

Pa,s Pa,s

2 2 2 2 2 2
~ pa,L+ma,s kJ__l_mc,s :U<<% kJ__|_mc,s
As = —2pa,s * De,s = 2Pa,1 - k1 E./E. E./E. ’ 7
2 2 2 2 2 2
o - Py 1 TMy p kl4+me, 1 k3 +mg,
Ah - —2pb7h " Pe,h zpva— . kJ— Ey/E. E./Ey ’ x

Jessica Turner Institute of Particle Physics Phenomenology
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Reformulation of the Matrix Element

Our matrix element has the following form:

y 2 m? ms?
O p ’ pb,h 9 b7h
‘ZMCE—)H?C — 4E2|g\2 - = > >
pa,spcpb,hpc (pa,spc) (pb,hpc)

This Is a gauge invariant squared matrix element that corresponds to decelerated
charges emitting soft gauge field quanta.

Jessica Turner Institute of Particle Physics Phenomenology
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Here, consider massless radiation with radiator acquiring mass across wall

Pa

2 2
O g TR i 2 < k2 <, Smallk, T
1 / d’pe o 2 )or) K2 TUCUTRR2 a,s = BL TR
2 3 a—bc
0 2m)°2 k2
|M£”_)>b ( ) . —J_Cabc if mi,s,mah < ki Large kl —>

2T ki

Jessica Turner Institute of Particle Physics Phenomenology
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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.

¢

R(v) = / dk] | M2(K)| OV ({p}, k) — V () = kz(/l(i%)

>
d°p. ( 2Db,hPa,s

Rupe(V) = Capel \2/ o Mas Mo\ ) o v )~ V) O (06) © (es)
abc — Uabceld (27’(’)32EC PasPePb hDe | ki ] ki PasPby Pe Pb .z h Pec,z,h

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

L qv’ 1 V'
— 2
Rape (V) Cabc o / dz2z6 ( v x) © (x T V’)

Rape(V) = % abc (L + 2log (1 -+ €_L)) where [ = log%

Jessica Turner Institute of Particle Physics Phenomenology 29


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

Sudakov
form factor \

AQ(V) — €XP { Z Rab(V)} . Where Rab(V) — Z Rabc(V)

Average momentum

/ transfer from all

Banfi, Salam & Zanderighi (2005)

Apz > /1 d branchings
— [ avv— [T A.(V
< oA 0 dV algg V)
Apz> = /OO ape-rloQz e’ 1 eXp{ OC)2 (L4 210g (14 ¢ 1)) b~ Cllogd - 1) (= 2O
YT [ we Jo 2 et +1 27 , 27

Jessica Turner Institute of Particle Physics Phenomenology 30


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

1/N dN/dlog,y(Ap./(1T))
o
|

Jessica Turner

Numerical Resummation

vyl

—T ¥ = 10
—T ¥ = 10
—T ¥ = 10*
v = 10°
—— 4 =10'°
kio=10""9T

T =100 GeV, full SM

— — — I B — ]
— | | | | ] | | | | | _| | | | | | | | | | | | | | | — /Q 102 ?_
= i 5 = -
- e < -
?_—I:I_ = S 10t Hf
B _%‘— _ o) —
. 2 = i
- v =10 u o 1 =
E— L ’)’ — 104 = E E —
- —10° g & — EE
= 9= 10'° g 10 E
Lk g=10"9T _ -
- T =100 GeV, full SM - 0%
E_I | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | I—E = | | | | | | | |
3 -2.5 -2 -1.5 -1 -0.5 O 0 0.1 0.2
log,,(Ap,/(¥T))
ApZ

=0.89(17) % — 0.14(3) % log, .y = P « y°T*

Institute of Particle Physics Phenomenology
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Good agreement between analytics and numerics. Largest pressure contribution

Comparing analytic and numerics

From QCD processes

Jessica Turner

Institute of Particle Physics Phenomenology

Particle  ny Ve analytic ((Ap./(VT))pe) numeric ((Ap./(VT))we)
[~ 2 X3 2 0.17% 0.17%
U 2x3 2x3 0.46% 0.44%
d 2x3 2x3 0.46% 0.44%
W= 2 2 0.52% 0.52%
A 1 2 0.41% 0.40%
h 1 ' 0.22% 0.21%
Gz 1 0.22% 0.21%
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Jessica Turner

Summary

1st order EWPT has many interesting physical conseguences such as
baryogenesis & GW production. Both quantitatively depend on the velocity of the
bubble wall.

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. This has a physical correspondence with a
charged particle decelerating and emitting a soft radiation pattern.

We find pressure yz also massless GB contribute the largest pressure of all

SM. NB phase change is still required by fermion across wall. Numerical and
analytic resumption agree to 10% level.

Still many interesting avenues to explore.

Institute of Particle Physics Phenomenology

33



ey (N

' 7

» 4 5 v e ...‘.v
£ 51 ERANET Ty

3t
5 Yy




Mode functions




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 Es PP ith (7

Qr(x)

1

5 (au¢f)2

Jessica Turner Institute of Particle Physics Phenomenology

) = /1912 + m3

d3
/( L6

Bodeker & Moore (2017)

Z-varying mass
parametrises spatial
Inhomogeneity

36


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

p— <55 o~ —1 f(pJ_apzas)t tp| X |

Substitute into Klein Gordon — WKB solution for a particle with
INhomogeneous mass

Pz.s [ / /

Xp(2) = — exp @/p(Z)dZ
g p=(2) 0 ’
Amplitude Phase

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

Jessica Turner Institute of Particle Physics Phenomenology 37
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Splitting function



Quick Recap on splitting functions Gribov & Liatov (1972)

Dokshitzer (1977)
Altarelli & Parisi (1977)

P, is probability that A emits (collinear) C

which carries x = £/ E, energy fraction of
parent particle

Sudakov parametrisation
used in Altarelli & Parisi’s paper

1 Vasspicl _
Ppa(2) = 52(1 - 2) 9 | Apgs c| ka = (P, P,0) 2
spins L kp = ((1—:13)P | (111L$)P,(1—ZIZ)P, —pJ_)

1
> WVassiol 5 C2(1) Tr (Kl hfayw) > €te,

_ . P
spin pol kC — (CUP | 2:CP7ZEP7PL)
Z 2 2p7 1+ (1 —2)°
|VA—>B—|—C‘ — 213(1 _J_aj) CQ(R)

. X
spin Calculated in light-like Axial gauge

in Altarelli Parisi (AP) paper

Jessica Turner Institute of Particle Physics Phenomenology 39
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Matrix element reformulation



Reformulation of the Matrix Element

Fc*
Vts — (_ig)ﬂs (pb,s) /Y'ug;i (pC,S) Us (pa,S) '\>°\
Vi = (—ig)un (pv,n) "€}, (Pe,n) Un (Pa,n)
?L
2 o p U Voo L UV
ZEG*:_QMV+C npcpc2 | npc+npc
> (n - pe) n - Pe
V*V, _292 ((1 | ig) k:i —2(1 —C)m%,S—I—Zszl_Qx)
2
ViV, = 2((1 | 2<> k1 — (1 =) (my s +mj )+2Cm21_x) (=1 = ‘V‘zcxk_l
s Vh g 2 1 b,s b,h ¢ .2 2
9 1 _ from A&P and same as
vive=2g (14 25) 1~ -0 (. +mi) +2m? 55) pang

Jessica Turner Institute of Particle Physics Phenomenology
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Reformulation of the Matrix Element

Feynman gauge: { = 0

’ VIV,
VAV, = 292k2 Our A’s = O(1)

* 2 (1.2 2 I ViV _ _ 9,2 _1 2
VeV =2g ('Zﬂ — mb,h) Soft and A A, — %Y N2kZ 224k2 /m |
" " Taal Vi Vs _ 2 1 2
ViV, =247 (K3 — mgh) zollmez;{llmlt A = —2g R TR

* 0.2 (1.2 2 —> , VIV,
Vi Vi = 297 (k1 — 2my ) xl_) . L = —2g° Azmzzmg - (CE2_|_]€2 m
2
5 5 1 72
M|? = 4g + O(1/A)

A2k \ 22 + ki/m%h

Jessica Turner Institute of Particle Physics Phenomenology



Reformulation of the Matrix Element

Axial gauge: ¢ = 1 and choose auxiliary vectorn = p,,

Vil? = T (o — o) 7 (o — ) 7] (—gv + PePos T PePas
Vs =0 — hl = o, = M) 7" (o = map) VL | =g+ =
PePa s T Pl s
_ 8p,u pl/ <_g,uy | ) ) )
b,h =70, Da,sPe
Da.sP
:8<2pbhpc ) ol gh)
V 2 2 m2 1 2 2
Z ‘ h‘ L pCL,Spb,h b,h \ 4 2 L -+ O(l/)\)
A2 — 2 ) A2 k2 T2 4 L2 /mz
h Pa,sPcPb,hPe  (Db.nDe) 1 1/ My g

Same as Feynman gauge

Jessica Turner Institute of Particle Physics Phenomenology
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Reformulation of the Matrix Element

See R Field’s “Application of

Perturbative QCD” Chp 3 Feynman gauge
Sll = BR : X @
'H\Q Sao = |AR|® =
K* ] S12 = 2ARBr o §
%% Axial gauge
511 — ‘BR|2 X %
> S12 = S22 = 0
¥ T
/\/\/\@ Total matrix element gauge invariant
CT But certain gauge choices can

make subamplitudes differ between
gauges.

Jessica Turner Institute of Particle Physics Phenomenology
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Phase change dependence



Points for discussion and future work

Where does the dependence in the phase change enter?

To perform a resummation or even define what the quantum correction is, we need to
define what the leading order process is (aka Born-level process/hard function)

Lets consider our hard function to be a scalar interacting with the wall (fermions
follow analogously). Leading order process is calculated from VEV-insertion:

< (pw) < (p)

Jessica Turner Institute of Particle Physics Phenomenology
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A
< (pw) < (pu) ./\/lgzb :@'Z <pb T/dlle(a?,t)Qgp(x,t)Z pa>

/\

< 4 CQ> Fourier transform
step function profile of the wall

. . Perform
_ %/ dk’ (katk) (5 (;fz) 2; PV%) (5 (;f,/z) 27;T PV%/) integrations 1 1
i ? 473 Ap,
Scalar
quantised
73 | usual way , |
S(x,t) = / : (4,0~ + ale?s) —— (po |[S(2,8)%| pa) = (pb]S(z,1)]0) (0[S(2,t)[pa) = ' PeP2)
(2m)3 \/2F, P
Put it all together
E? > m? 2 ) >
)\90(2) 5 1 a My — My My
Pa—)b — wd (Ea — Eb) 0 (pa,J_ N pb,J_) Apz e > Ap. = 2oF, ~ 2F. (Ma,s < mp,1)
2 | my, > m, 5
Po—sb = g5 (Eo = Ep) 6% (pa, 1 — po,1) N g}g(s (Eo — Eb) 0% (pa.i — pb.1)

2
”%h
A7
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Recall the B&M 1-to-1 calculation L

7
dpy, 1
dPq—p = (2:)[?3 o8, (27)°0% (Pa, 1 — P, 1) 0 (Ea — Eb) (2pp,2,1) dab
3
P11 = ZVa/ ’ pa 1 £ fp) Apwal %VOTQAWQ

Mass dependence comes from

observable not from matrix element

Summary: treat 1-to-1 as leading order process using infinitely thin wall
approximation. As long as the ingoing particles gains a mass it will interact with a
probability of 1 following from VEV-insertion method. This hard function/LO
process normalises our NLO process. This procedure of defining LO process that
normalises NLO process is tried and tested (> 30 years of collider data) and

follows from the universal factorisation properties of gauge theories in the soft
limit.
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Resummation




Radiative corrections as branching processes

Marchesini & Webber (1983)
Sjostrand (1985)

| P +P, =1
@66@ Observed no em em
Unobserved processes captured by
Virtual Unresolved Sudakov factor
correction Emission

Expression for change in population:
N = 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 “v”’ (Sudakov)
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https://linkinghub.elsevier.com/retrieve/pii/0550321384904632
http://Marchesini%20&%20Webber%20(1983)

Kinematics

2
ph = (Bas 0, /EZ = m2) ~ (B, 0., (1- 33 ) )
pgb — (1 o .CL‘)Ea, _EJ_a \/(1 o x)QECQL o ]23_ - m%) ~ ((1 - Q?)Ea, _EJ_a (1 - w)Ea (1 Q(ﬁi—;)@%g))

b= (zE k \/xQEQ—EQ —mZ)N(xE ki.xE (1 Eieri))
Pe as vl a 1L c | as vl a 202 2




