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Motivation:

In many SUSY models stop pair production is possible at the ILC:
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Motivation:

Threshold scan:
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Outline:

e 1-loop calculation

e KT framework and factorization

e PS matching

e Comparison to Monte Carlo simulation, Results
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1-Loop calculation

Diagrams contributing to o(eTe™ — #1£1) at 1-loop order (neglecting electroweak corrections):

Tree level diagram:

Virtual corrections:

Real radiation:
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Effect of the vertex correction

Tree level vertex:

o,
v
TRV = —’ieon/Z(P{l — Py )

: 1
N
.

1-loop level vertex:

't = _iEOQv/Z(ptl —ptzl)’uF(Q’Q) = ,jw
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Virtual correction to the cross-section:
IF|? = [1+0F)* =1+ 2Re(6F) + O(a%)

g (€+€_ — flt‘vl) = O'(tree) —+ 60-(Virtual) — (1 -+ ZReéF)a(tree)R O(G) term needed'

includes IR divergences

Peter Poier- Teilchenphysik Seminar 2012



[.R. divergences in o(e™ t tzl) = (1 + 2Red F)g(tree)

2Re 6 F Cp

%
(1 + 3?)  log(w)
2€rR

- %lug;( ) log (,um> + Lig(w)

TI'L

4

1 HIR 1-3
- 103(?}1)_2} ,8: ——Qandw:m

——log (w) 4 log(1 — w) log(w) — log(w) + %)

o (e+e_ — t~1t~1) + o (e*e_ — t}t}gsoft) is free of I.R. divergences!
virtual real (Lee-Nauenberg theorem)

Bremsstrahlung diagrams:
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1-Loop calculation result

—_

o (1-loop) _ (e+€_ — t}tzl) + 0 (€+€_ — Nlt: g)

o b= - i—? and w = %
) (140225
T
1+p8%7 3 . .
f(B) = 3 [25 + log(w) log(1 + w) + 2log(w) log(1 — w) + 4Lig(w) + 2L12(—w)]
—4log(1 —w) — 2log(1 + w) + [3 + % (2 — Z(l + 52)2)] log(w)
~95 +O(5)

) g100) (14 25 4 O(as)
no convergence for ag ~ 3
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Motivation for applying vNRQCD

Problem of Coulomb singularities: ag ~ UV — NRQCD

Problem of large logarithms:

3scales | m (hard) > p'~ mu (soft) > E ~ T" ~mv? (usoft) (> Aqep)

2 2 2
In (m2) , In (m) , In (p)
P E? E?

— two correlated renormalization scales: -

9 v'NRQCD
ps = mv, y = mv-, V~v
— RGEs resum [agInv]”, ag[agno]”, af [aslnv]”, ... terms

LL NLL NNLL
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Expansion of the Gluon propagator in the potential regime:

—+5+ P —3+D
Tk=p'—p
—d—p -4y

potential: (%, k) ~ (mv?, mv)

{

—1 _ —1 N ~ V /
(p—p)2+ic (" —p°)’—(p-p)?+ic (P—P)?—ie c(lp = Pl)
~———’
<(p—p’)?
a
% = ——
olr) =—-

Expansion for the Gluon propagator in the potential regime gives the Fourier
transform of the Coulomb potential
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Summing up ladder diagrams:

—_— e o e = = = = —

— e e m —m e . = —— —— — — — _ —- - - - = = _ === = = = =

Green'’s function of the Schrodinger equation
a

Vol(r) = -

2
(—% +Ve(d') — (B + féF{l)) Go(x',x,E) = 63 (x' — X)

GC’(p,7 D, E) — /dSdeSXG—ip’.foC(X/’ X, E)eip.x

Connection between Green’s function and the sum of ladder diagrams

Gp(p,p, E) =~ f(p')(—i)Gc (P, p. E) f(p)

f(p) = i — + Z T

E o_p* 6 E__ o0_ P .l
5 TD om T 173 5 — D t15

2m
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Factorization:

t]tzl production vertex

7 _521_’_27 7
A A g
\h et \\ i N\
§ %_N
p-wave Green’s function
RN =N R d3pl d3p |~ § ~ 5l]€
f@\x@k -+ ]®\M§/@k + l®§§§®L +r AU ] (271-)3 (Zﬂ)gp, Gc(p’,p, E)p = Gg?

Optical theorem

Im(Mde. scatter)
2FcmPem

Ttot (K1, ko — anything) =

— Factorization formula

Otot ~ Im [>:< + >§< + >§§< 4+ .. ] ~ Im [(0‘2/ + C’i)ég}
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PS divergences in ImGE(FE)

A ‘ ‘ s ,:

E(E) 2% {?:“US — av? [111 (%) —14+n24+~vg+ Vv (1 — %)}

2 3 . |

va a —1iv 7 in
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+@4 4[11(11) 4—|—Il +vE + ( 2@)]}

N m* /1 N 9 2t 3

— |- t3 via + — ||
16m \e 3 ] /I

, L+l
V4= , G~ Qg ~ U
2m

We assume a finite width T' ~ E ~ muv?

° % divergence in the imaginary part appears at LO
e Even at LO we need additional matching information to compute oy

e Divergence is a PS divergence

Comparison to ete™ — tt

GE(E) = [ 53k pp)Ge(P,p. E) | ImGS(E) is finite!
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Invariant mass cut-off:

Possible stop decays (Electroweak decay):

ty = bx;, tX)

Kinematic Cut:

2 2 2
Mg =pi; = (o +pg;)
m— M| < AM

60

t~1 propagator resonant

40+

Meaning of Cutkosky cut with invariant mass cutoff: |

2

s

S o double-resonant

ey

20/
A =vV2mAM '4°’ -
t, propagator resonant
p is restricted to the double-resonant integration domain _g| | |
which is adequately described in vNRQCD ’ * e = o
Pl (GeV)
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Power Counting:

Scale of AM and A:
AM ~ muv
A = V2MAM ~ moyt/?

e A in between hard (m) and soft (muv) scale

e Physics at p ~ A is hard compared to the Physics at the soft (muv) scale
— PS5 Matching — sum up In (Az)

Definition of LI, and NLL:

I:A n agl;
LI = { il ,ﬁ(%) 2514 (aslnv)”...}
m2 7\ m )

O(U5/2) OEZP’)

NLL = { r* o asly asly (as)” }
mA mA A2 A2 v/

0(v7/2) o)

vy
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PS matching:

Result for PS Integral with kinematic cut at O(a2):

1 TpA|l 3 EBEL;, 1 T%

3arsinh(1) r

V2m2 m? B V272 mA B mA

V23

mA

2
t1 + O(UQ/Q)]

7

-

We match the effect of the kinematic cut into local operators -4 sum up In (2—;)

Corresponding expression in EFT with PS matching:

2Im

+ Z C"V/A bare (A)
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O(al),|AM = 21GeV, m = 400GeV, 'y, = 1.2GeV

O 0 e (aBarn) LO PS corrections

1 IgA 3 Er; 1 TE 3arsinh(1) I
Vor2 m? 272 mA mmA V2rd mA

40

+O(’u9/2)

4Nem?

NLO PS corrections

without cut-off

‘ : E(GeV)
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PS matching:
Result for PS Integral with kinematic cut at O(ag):

ANcam’Ty [1 N N | A - Em
J— I’l -
T 3 A2
We match the effect of the kinemWrators — sum up In ( 2—;)
Corresponding expressioy with PS matc

DNy

(1,n
Z CV/A bare A)

2Im | —1

RGE running due to the PS divergence:

dCy/a(v) _Z.CV/A(V)QNCG(V)mSFt}
dln(v) 37
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ANcam®Ty

T

L
3

O(as)| AM = 21GeV, m = 400GeV, I'x = 1.2GeV

O Tinc1(aBarn)

+0(v?)

A N Em  T'gm
A2 27A2

S -~

without cut-off

80 —
LO PS corrections
ol //
NLO PS corrections

40 —

r

' : ! : E(GeV)
—4 -2 2 4
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Full theory expression for a cut propagator:

2mai

2
>—21m(( m

2E£p)?-—m?+11

(4 £p)?2 —m2+11

2mi (
(% +p)2 —m? + 11

2ImlITI corresponds to a sum of PS integrals:

2ImII(k?) = ZQIm
_f@

1
—Z . /‘\

@i

We can restrict us to a specific final state:

2ImII (k%) — 2ImII(k?) = 2Im [(—z)
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Double-resonant diagrams:
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Non-resonant background diagrams:

) 4
e- b

a ~

6
ye+
x1- 5
a
/e-'/ x1+

1 3
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Non-resonant background diagrams:

~ 100 non-resonant background diagrams
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Contributions to oiue(A)

Uincl(A) — UNRQCD(A) + Orem (A)

Validation of our method

We approximate oi,; with onrgep
— it has to be checked that we can find a value for AM such that
e Double-resonant contributions are described well in vINRQCD

Em Ft~1m
A A

e Expansion of the effect of the kinematic cut in converges
e The contribution of the background (e ) is small

— we check this with Monte Carlo simulations in Madgraph for
o ete™ = {16, — bx{ bx] (only double-resonant diagrams)

e cte” — by by, (includes background)

Our Monte Carlo simulation is a tree level computation
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Comparison of our results with a Monte Carlo simulation for ete™ — £, — bxi b, X1

O(al),|AM = 21GeV, m = 400GeV, T (f; = bx{) = 1.2GeV

without cutoff
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b il

1T T 1 ‘

|
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o

T T T
Ll b

T
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[1.)
o
S}
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Comparison of our results with a Monte Carlo simulation for ete™ — £, — bxi b, x]

O(al), AM = 21GeV, m = 400GeV, T (f; = bx{) = 1.2GeV

2 | _
i relativ. corr.
~ 0
e | _ _
@ i N\ _
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5 R a
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—4 _
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—4 -2 0 2 4
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Comparison of our results with a Monte Carlo simulation for eTe™ — bx7 b, x|

O(asg).
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Comparison of our results with a Monte Carlo simulation for eTe™ — bx7 b, x|

O(ay), AM =21GeV, m = 400GeV, I ({; — bx{) = 1.2GeV

8

N

Ao, c(aBarn)
)

relativ. corr.

NLO PS corr.

LO PS corr.
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Comparison of our results with a Monte Carlo simulation for ete™ — bx7 b, x|

G-incl(aBam)

P R RS S S RN S A
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LL result for eTe™ — bx{ b, x|

2

e Match to vNRQCD at » =1 — sum up In (?

e PS Matching at v = % — sum up In (g—;)

e Apply EFT for v =
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LL result for eTe™ — bx{ b, x|

AM = 21GeV, m =400GeV, T (f; — bx{) = 1.2GeV

200

150

[a—
o
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T

with PS Matching at Vyaien = 2

1'\2
— sum up In i

with cut-off but without PS matching

without cutoff, O(a2)




LL result for ete™ — b\, b, x;

AM = 21GeV, m = 400GeV, T ({; = bx{) = 1.2GeV

250

200

150

[
S
O

Oincl (aB am)

50

T T [ T T T T [ I T T T [ T I I T | T T T T [
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with PS Matching at vpaten = 1
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with cut-off but without PS matching
with cut-off but without PS matching

without cutoff, O(aQ)
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Summary/Outlook:

Calculation of o(ete™ — t~1t:1) close to threshold
For v ~ ag no convergence in expansion in orders of ag
PS divergences appear already at LO

We avoid PS divergences by introducing a kinematic cut on the final states

We apply PS-matching to sum up logs of the form In (2—;)

Compare to O(a2) Monte Carlo simulation for: ete™ — by bx;

Corrections to the Coulomb potential as well as effects of single resonant-diagrams are needed
for a full NLL result
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