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0 Goal: NLL description of eTe™ — 1 at threshold
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0 mSugra scenario with
relatively light scalar top quark

myg ~ 250 GeV FE ~ 40 MeV

o SPSla

my ~ 400 GeV Fg ~ 2GeV
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Qutline

0 Goal: NLL description of eTe™ — 1 at threshold

Threshold scan

w 35 Fit to total cross section
% 30l : lineshape
251 &€t _/ Amg ~ 2GeV
20 -
15  Mit)=220.7 Gev Improve theoretical uncertainty
10 |
5f —> Precise determinations of

stop width, couplings, ...
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cms

talk by H.Nowak at ECFA Durham 2004

N. Fabiano
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Qutline

0 Goal: NLL description of eTe™ — 1 at threshold

Q Theoretical set-up

o « Im [/ T i <0|T Jg(O)pr (z) [0) | o< Im [CS(U) G (0, 0;’0)]
This talk

QCD effects - 77 is a non-relativistic system
- EFT methods — VNRQCD for scalar fields
- consistent matching, running...

Electroweak (SUSY) effects - finite width 1';
- phase space effects ...
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Stop Physics at Threshold

In the threshold region stop quarks move at small velocities

mv? = /s — 2m v S 0.2 ~ag Eep, =~ 2m; £ 10 GeV

as n
PQCD series has terms (—‘

i Qg
r v count — ~ 1 as LO
= /dp? v
[ . .
| v’ perform expansion in v, o

a/v = a/v?

v resummation of leading
terms achieved by means of

I
M@ s E a Schrodinger field theory
/ K g
|
(a/v)* =

|:> NRQCD Caswell, Lepage

Bodwin, Braaten

v X alv x ofv’
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Learning from Top Physics at Threshold

Hoang,Teubner; Penin et al; Melnikov et al.
Beneke et al; Sumino et al; Yakovlev et al

fixed order scheme 1.6

._L_ 1 T T T | I T T T T T 1 __

14 | -

o LO ~ (ﬁ) bt [ ST 5 e e
S 1 v ].O ."-"'- e AL e s e B e |

— N as T = .'.; ,, =
v NLO ~ {Q{S,U} 8 (_> Nm‘- 0.8 F / ""Ea==s£s:::::
v o S ' e :

NNLO ~ {a?2,asv,v?} X (—S) g2

v 04 | , e ]

0.2 l-ﬂ-'_" LO ,NLO , NNLO

x large NNLO correction 00 F— o v ]
346 347 348 349 350 351 352 353 354

Vs(GeV)
x scale dependence — large uncertainty in normalization of cross section

my ~ 175 GeV p ~ 25 GeV E ~ 4GeV

— NRQCD matrix elements, /17

. m;
For example: as(my) In ( 2 ) ~ (.8
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Learning from Top Physics at Threshold

Hoang, Manohar, Stewart, Teubner

RG improved computations 16 ————————

—_ Y 1 i 1k i ]
- aslnv ~ 1 ol AR .

O/R
)
Co
T

ag\" - -
LL ~ (_> S (as Inw) -

v ' .o

a5\ oz i LL ,NLL ,NNLL
NLL ~ (—) Y (as Inv)™ x {as, v} - |

v/ m oo o+ . 1 . 1 . 1 . 1 . | . 7
346 347 348 349 350 351 352 353 354

Vs(GeV)

v log terms summed into coefficients e Manohar Rothetein.
through RGE ::> VNRQCD v g Stowart

v EFT for NR heavy quark pairs

v’ consistent power counting in v

v reduced scale dependence

For heavy g pairs we need the scalar version
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Effective Theory Framework

Scales in the non-relativistic ¢¢ system

m > p~mv > E~mv? > Agep
hard soft ultrasoft
Split heavy squark 4-momentum
P = (m,0) + (0,p) + (k°, k) G
~ TV ~ va (E,p) ) (E + ko, p)

Y — 3 e TP Xyp(x) (E=P)><(E""> Voo p X

p (E _p)

r ~ 1/mov?
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Effective Theory Framework

- mv —

\ o

Recall HQET:

hard modes (kg, k)~ (m,m)

Resonant modes in the EFT

soft modes
potential modes

ultrasoft modes

P = mut +@

~ ANgep

W — > ey ()

v

Ag
7/)p » XP
AH

VAVAVAVL VAVAVE

CEEEE

—— integrated out

~ (mv, mv)

2

~ (mv*, mv)

2

~ (mv?, mv?)
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vNRQCD

Luke, Manohar, Rothstein; Hoang, Stewart

L =Lsoft T [’pot + Lsoft

(p—iD)’ s 2(1y) Ky
. p—1 p :
Lus = 5 | iD° — + —=+.. ] Q
us ; wp [ 2'm 8m3 wp — %
D" = 0" +iugg(uy)A*
), V(v) |J~S28
2€ C * *
Epot — _/J’*S' [ (p — p’)Q + .. ] 'pr’pr—p’X—p ><
P,p’
i [e(ks) s 1°
Looft = —H5 g5 (1) Z [5 (0 [Agf,A;]Ufg)?,bp + .. } ﬁ
P.p’,q,q9",0
q ~ muv
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velocity Renormalization Group

Two kinds of a4in vVNRQCD Correlation of scales

st S - 2
(ns) s — (ns)*as(ps) Eig S5 e =
() *‘as — (uy)*os(uy) velO, 1]

4-D d"k
ultrasoft loops: i ~ In (/J,U/E)

(2m)"
wp [ dPk e
potential and soft loops: 1¢ / om)D ~ In ( MQS' /p2) — In s 8 e

Choosing the renorm. point  ~ v all logs are simultaneously small

—> logs resumed in the Wilson coefficients of the EFT
Ci(v) ~ as Y [as In(v)]*

’I{:




VNRQCD - Matching

Coefficients in L, Nrqcp are functions of renorm. parameter 1/

Matching with OCD at the hard scale (ng = py = m)

N

= V(m) x >< v Only assumes that

as(m) is small

e v No large logs in

[ r(U ) 1
(ﬂ £ “6-_9,_?5:2:_I$3;3€0°' o X k2 . "y
l " matching conditions

-

—> NNLO matching for v’ Coulomb potential to O(cxf) Peter, Schroder
scalar quarks 5 _
v v°, asv suppressed potentials at tree level

v’ soft vertices at NNLO
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VNRQCD - Running

Running couplings

B
) compute anomalous dimensions % %
of the EFT operators | "a@ﬁé
soft loops
HS

Matrix elements of the EFT ~ In (uz/p?)

Correlation of scales Hy = u%/m = mv?

v Running from » = 1 to » ~ v sums large logs

v The scaling of the C;() obtained using the VRGE | squark potentials

Talk at EFCA ILC Vienna, Nov 2005

:jj%iﬁ%i::
ultrasoft loops
KU

~1In (pir/E?)

This work:
1-loop running of
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Running Potentials: An Example

S5 i02(s) germa o ma [11Ca — 4Teny 1
3 $ = — k2 l,LS T X 7 { 3 ; == s ]
~
Bo 1
VO Ve = —a;;(us)Bo Py
iLpot = —i(T4 ®T4) 7% ok s —> + e =finite!
relation between renormalized and bare Wilson coef.: V(? = ,LLS (V + 0V, )
d 150 d 2
vRGE (pug = mv) : I/d—V = = I/d—V (V) = —2Bpa; (mv)
14 v

boundary condition

k
Vc(i'/) = 4’}1'043(?7’?,1/) ~ as(m) Z {aﬁ(m) ln(u)}
k:

Ve(m) = drag(m) —

RG improved Coulomb pot. given by choosing ¥ = |k|/m , as = as(|k|)
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Running Potentials

V. w2 , .
k potential VNRQCD running
mk i
Vi(v) = —-(Cp —2Cy) of(mw)
' 2 2
e Vk(y) i 80§04 (Ca+ 2CF) a2(mv) In s me)
3060 a2(mv)
;2 014 0.6 0.8 1
\ »
\_“_‘“————__
~0.04| e

,
Match potential at 4 = ™M

-0.08+ C
| | Vi(m) = 2(Cp — 20 4) a2(m)
'naive’ as(u) running < 2 l

Vi) = (O — 204) 03 ()

\
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Production of Heavy Scalars

P-wave current (NLL)

Jp =cp(V)YSPX p+ . ete” —tt (lPl)

Matching with sQCD at NLO

= cp(1) x N<’< = cp(l) = l—CFaSSTm)

Evolution of cp(v) at NLL

_|_

v" anomalous dim at two-loops v" solve the renormalization group eq.
NLL RN TN U d Cp(l/) p— ,YN LL CP(U)
’}’C P ®\~-...__ __/!\...__ __./n\\\ 4+ ... dv P
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NLL Running of Wilson Coeficients

1
Mstop = 220 GeV J("P1) =cp(v) tﬂ;pxip—l—
Mstop — 500 GeV oo s &3 (1P1)
1 . * ok
J("S0) = es(W) U X"p + -
1.07 ‘ vy — tt (150)
1.06 +— - _
i 7T TS S — wave |
1.05 |- L, R N
s i /' N |
= 1.04 - S —
‘-S-’l i ’/ N |
= 103 |/ o P — wave \\ N
< ;T T~ * i
-7 - To- \\._ ~
1.02 = , LT N -
-/ T~ N .
1.01 —~ “_:\.‘\ \\ _|
/ YN N\
]'00 I | I I | | I I | I ff“‘\
0.05 0.1 0.2 0.5 1.0
V4




QOutlook

0 VNRQCD allows for RG-improved computations
of bound state energies and o(ee™, vy — ¢q)

0 Complete NLL analysis of o(eTe™ — tt) at threshold

on the way
o « Im [/ d*re 1" <0|T J1(0)Jp (z) |0)] o< Im [ ¢§(v) G*(0,0,v) ]

Wilson coefficient co() ~ Y [as In(W)]F x {as, v}
k

Coulomb Green'’s function G(0,0,v) ~ (%)n

(%

O Next step: EW effects ...
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Building up the Effective Theory - yYNRQCD

Luke, Manohar, Rothstein; Hoang, Stewart

Lqop = D,¢*DFo —m*g* ¢

Example: tree-level 2-point function in momentum space

b= _2_ %w*(ﬁ_mz)w:w*(ko_lﬁ_P'k+ p* n >¢

i 2m m 8m3

p=(m+k’ p+k)

(p — iD) N p*

+...}¢p(a:)+(¢%x)

2m 8m>3
p
1 (K°, p)
—ZG’UJVG’UJV—F..., glk —
1
B k5o Al S 3 .
D o' +igA E.p) (E+ o p) KO — B2 4 e
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Interactions with Soft Gluons

soft gluons : g ~ mv Off-shell modes
¥ ¢ c

. L v177(o
Loop = {soft kin. terms} — g° Z [§ Vo [Agrs Ay Uy +
P.p’,q,q’
ng
+7’D;;" [EQ’v cq]Y(U)qvbP + Z(@OE’TBZE)TPD) (@i,q”Y“TB%,Q) +..
i=1

[la) yie) fo) ... functions of (p,p’,q, q") of order v

JIZ8

Talk at EFCA ILC Vienna, Nov 2005 P. Ruiz-Femenia, MPI Miinchen - 20



Potentials in vNRQCD

Squark-antisquark scattering interactions

. R ‘ 1 B 1 )
. g . >mom@< = g/mim (p' — p)? - (P —p)? e
Loot = = 3 V(b bitiox o X+ ... >< >@

p.p’

(T) Y (T) 2 (F)g_ 9 2 (T)
N _ (A o Ay | Ve kT Vi (P*+P7) | Vs

(1) (1), 2 (1)
+ (1®1)|— Ve ®° L V2 e s e Vi (m) = dma(m)
k* ~ mlk|] = m? (1)
Vs (m) = —mas(m)
—_— / —_
k=p —-p Vi (m) = dmag(m)
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1-loop Potentials

potential is first generated at 1-loop

T - N Vi
N«\@; + g % + 1:, + ... = >’3< >< I — Vk.(?’n) ><<
B E| g £ .
5C a2(m) 1 CrC
VD) =a2m) (X2 - o) D) = I (CEEcp)
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Power counting in the Lagrangian

velocity scaling of the fields
SO — /d%ﬁkm(x) e = /d4:1: (zp: 5 () (?}DU - ;’—m)¢p(x)

1
_ZGWG”’” all- Z |q‘“‘A;' o qug|2 ) o iaD
q

gluon kin. term: " ~v? /d4xwv_8 — AM(z) ~v?

scalar kin. term: /d%z ~v 2073 s oy~ 032
5 |

k

P|vYp, xp| Ay | DV | D | A¥ AMAAAAA ~ 1T vertices ~ v
3/2 2 2] .2
v v v v v v N -5 3 .
U wpf"rbpx_er—p - "Ir;l
—8 — n/\2 £
CEEE ~ v (p-P)
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Power counting — Loops in the EFT

ultrasoft loops (K, k)
E —

/d4k 1 1 1 §68500070
E — k9 —p?/2m (k9)? —k? E — kO —p'2/2m (E—K,p) e (E—K,p)

K~E,k~nEk — /d4k~v8

potential loops

(B,p) (E+d’q) (E.p)

/d4 1 1 1 1
T -2 O+E—q?/2m —O+ E — 2/2m (p/ — q)2 ><><

qONE, q~vVvmbk — /d4q~v5 (E-q°,—q)

soft loops

(E,p) (E,p")

/d4q 1 1

(@9)2 —a? (¢°)? = (a+p—-P)? A . ,
(¢".a)1 l(@".a+p-p)
¢ ~q~myv — /d4q~v4
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Power counting — General formula

general diagram is of order v

505”

S

Luke, Manohar, Rothstein

F=5+Y [(k 8V 4 (k- 5V + (k- 4)1/;55)] ~ Ng
k

0 =0-5

Some examples:

Coulomb potential

Qg

w;”ppmxtpf}(_p — ) ==

Qg 0

_NU

(%

must be summed up
to all orders in &s!

each Coulomb pot. gives

Qg ~ U p—

1

&

00000

QED Lamb shift

(P) _ (P) _
—eYpp- Ay Vo '=2,V, =2

o>

(8 = 3

O(av?) ~ O(a?) correction

Talk at EFCA ILC Vienna, Nov 2005
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The vNRQCD Lagrangian in D dimensions

Regularize the EFT In D =4 — 2¢
"f)p ~ (mv)3/2—e

SO = [PaLgu@) b~ = A B
Al ~ (mu)te
= D!~ mv®’ — gA* must be multiplied by (uy)¢ ~ (mv?)¢

= 4-squark operators — (115)*° Z V(p,p) YV VpX_p' X—p [ ~ T
p,p’

Y [AL, ALUS (7))

1
= Interactions with soft fields — (,UJS)QGQQ Z 5

P.:P’",q,q’
Two kinds of «4in VNRQCD

Correlation of scales
(pg)*as — (mg)*as(ug)

2 _ 2
(p)*as — (uy)*as(uy) Ly = ps/m = mu
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Running Potentials: Mixing

G@Gﬁﬁudﬁaﬁ SGCG
R
2 12
p°+p’” # 1 #
= Xy (;,LU)[(TA@TA)W?+(1®1)—T§?+...
v? - suppressed potentials 5V 5V
7 2

. . . VO (p? + p?) ’ (
_ A A 7

+(1®1)[ +V—2+ ]

d
ud—VVT?g(u) = 2#V.(v) as(mr?) +...
Vo(v) vanishes at the hard scale (¥ = 1) , but is generated by mixing

Other operators generated by usoft renormalization —» g& >'7<

(T)f ( )Og? V,f. ( )OI\;
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NLL Running of Wilson Coeficients

LL values of 4-squark potentials needed for cp(v) at NLL

Vr
0 VW) [VE®) | e
VRGE: 5 In[ep(v)] = - 182 [ 1 + V?@)(r/)jl
(s)
+ X 2 [Vé‘?(v) + %Vé?(v)]
=18 zi?ﬁ = do mas(m) (1 — 2) + doy as(m) [z —1—w! ln(w)]
L as(mu) o — as(mu?)
as(m) as(mv)
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