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Introduction

Heavy quark pair production @ lepton colliders:

eTe” — tt ete™ = bb

Otot in the threshold region (qualitative):

Large [ Small I

Ttot
Ttot

AV

Vs Vs

. Vs — 2m
heavy quark velocity (CMS): | v = - ~ oy K 1

(neglect nonperturbative effects for the moment)
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Motivation to study heavy quark threshold/resonances:
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Heavy Quarkonium: spectrum, decays
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Theory

Heavy quark threshold: |v ~ as << 1| “nonrelativistic bound state”

multiscale problem:

m > 5va > EkinNmV2‘ (> Aqcp)

hard soft ultrasoft

< 5

 “Coulomb singularities” ~v (Oés/V)n

 Large logarithms ~ [045 ln(v)] ’

= Resummation using Effective Field Theory




Theory

Problem of Coulomb singularities:

@Threshold:

22.10.2012
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~ Qg /v

Voo L1

q
~ (as/v)? ~ (as/v)?

q q

= breakdown of perturbation theory
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Theory

Problem of Coulomb singularities:

C (L, AL, L,

-~ ~ Qg /v ~ (as/v)? ~ (as/v)?

@Threshold: |v ~ a¢ << 1| = breakdown of perturbation theory

Solution:

Nonrelativistic EFT: [ vNRQCD

— Use Schrodinger Equation to resum  (as/v)" terms !




Theory

Constructing vNRQCD:

“Expansion in v <& 1“

Integrate out nonresonant degrees of freedom, e.g.:

QCD vNRQCD
q
“potential gluon”
kt ~ (mv2, mv) +
q
2 2 /2
= Lnr = Liin + [%4_ — Vf(zpmji:;’ ) + 25+ 5874 ot xtx + ...




Theory

Constructing vNRQCD: “Expansion in v <& 1“

* Integrate out nonresonant degrees of freedom, e.g.:

QCD vNRQCD

q

“potential gluon”

kt ~ (mv2, mv)

q

2 2 /2
= Lnr = Liin + [%_eri _|_Vf(2pmji{132’ )+%+$Sz+---}¢T¢XTX+

* Separate center-of-mass motion

= Schrodinger equation: EV = [k—2 +V + }\U

m




Theory

WC L, @ (T,

~ as/v OZS/V as/V

vNRQCD (leading order)

O OO OO
I V. V. V, V. V. V.

effective production current




Theory

Green function: {— %% + V(r) — E} G(r,v" E) = 6@ (F -7

008~ & prd X P X X >

Cross section:

~ Im [G(0,0,E)]

2
o[98 | (O OO

Unstable quark:

' \Un 0 2 & l
G(0,0,E+ily) ~ Wn )| + continuum J

En— E—il,




Theory

Leading order: [ — c(r) — E} GOF, v E) = 6@ (F—7)
Analytic solution: G(0,0,E,v) = m2{|v Cras [ <l> . —|—1n2+VE+\U<1 — ICFaS)}}—F mlé:;?s

P K X X

Higher orders: 6GN-©(0,0,E) = /d3" GO (0,7, E) sVNEO(v) GHO(, 0, E)

t

O(as, V)

Renormalization: % = V=V(u) = G(0,0,E)=G(0,0,E, )

GNNLL known v [Hoang, Manohar, Stewart, Teubner; 2002]
[Pineda, Signer; 2006]
GN'LO Kknown v/ [Beneke, Kiyo, Schuller; 2007]
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Theory

Problem of large logarithms:

‘ m > p~mv > E.,~mv’

hard soft ultrasoft

E> as In(E?/m?), asIn(p?/m?), asIn(E?/p?) ~ aslnv ~ 1
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Theory

Problem of large logarithms:

‘ m > p~mv > E.,~mv’

hard soft ultrasoft

E> as In(E?/m?), asln(p?/m?), asIn(E?/p?) ~ aslnv ~ 1

Solution:

Two renormalization scales: | lbs = MV, [, = mu? —  “v"NRQCD

I “subtraction velocity”

— RGE'sresum [as Inv]", agas Inv]", a2 [as Inv]" ... terms

LL NLL NNLL




Theory

» Nonresonant dof’s integrated out, e.qg.:

QCD vNRQCD

s — + O(v)
¢ V.

* Resonant dof’'s — fields in the vNRQCD Lagrangian:

nonrel. quark:  (E,p) ~ (mvZ, mv) Yp(x)

soft gluon: (9o0,q) ~ (mv,mv) Aq (x) N\ '\ '\ N\
ultrasoft gluon: (qo,q) ~ (mv3,mv?)  A(x) 0000000

» Systematic expansion in v = consistent power counting in v ~ a;
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Theory

[Luke, Manohar, Rothstein, ‘00]
LVNRQCD — Lusoft + »Cpot + ['soft DV — HH —I—igA“(x)

o w00~ @ 4 Tyt g

'Cpot: T V wz)/prip/X_p + ...

Ve Vk7T2 Vr(p2-|-p’2) Vo
VNP+mk+ 2m2k? —1—?4—_

S
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Theory

£VNRQCD — ['usoft + »Cpot + ['soft

Lysoft ’ng)(x)[iDo — % + ...}@bp(x) + ...

['pot: T V w:)/prip/X_p + ...

2 /12

Production/annihilation current (3S,):

®< ~ @)+
N——

hE(io2)x*

[Luke, Manohar, Rothstein, ‘00]

DH = O 4+ ight (x)

:

+ ...

(CMS)

22.10.2012 Maximilian Stahlhofen
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Theory

e ] e O O OO -
C1 Ci1 C1 V Ci C1 V \V/ C1
Y V"0 o v—",

~ Im[cl(u)2 .G(0,0, E, u)} v

l

GNNLL known v~ [Hoang, Manohar, Stewart, Teubner, ‘02]
[Pineda, Signer, ‘06]

GNNNLO phowny”  [Beneke, Kiyo, Schuller, ‘07]
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Theory

Otot ~ Im[cl(y)2 - G(0,0, E, V)}

current

renormalization m ‘%
)
v <
\ P4
[0 = gt e e+

N~
° X
[Luke, Manohar, Rothstein, ‘00]

[Pineda, ‘02] [Hoang, ‘03]
[Hoang, Stewart, ‘03] v

NEW

[Hoang, MS, ‘11]
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Theory

| 0 B VC(V) VC(V)
NLL: V@ln[cl(y)] T 1672 4

+Vo(v) + V() + 8% Vs(v) | + %Vk(u)

soft ultrasoft
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Theory

0 Ve(v) [ Ve(v) ) 1
NLL: Valn[ | = — 62 | a4 +Wa(v) + Vi(v) + S Vs(v) | + EVk(V)
corrections
soft ultrasoft
* known soft e dominant: as(mv?) > as(mv)
corrections small NNLL

* large contribution to &

500000
5600 900,
= “ O

nonmix

[Hoang, ‘03]
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Theory

N

NLL: V%ln[cl V)] = —);%(:2 [VCiV) S? Vs(u)] + %Vk(u)

renormalize

N

* Feynman gauge
« MS, dim. reg.
* O(103) diagrams

A 24 A
RUX A
LR

2loop RGE NLL
= 5Vr,2 Vr,2 (V)
[Hoang, MS, ‘06]
[Pineda, ‘11]

8 PRI A
24 R XA
KXE AR

28 4
XX
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Theory

e 3 loops:
2 x usoft

1 x potential (finite)

Feynman gauge
MS, dim. reg.

<> 0(10%) 2-loop
diagrams

Generation:
own Mathematica
code

2 loo NLL [Hoang, MS, 11] Integrals:
= |0V, °P —= V- (V) | [pineda, 11] ®

IBP & partial frac.

22.10.2012 Maximilian Stahlhofen DESY Theory Seminar- 25



Theory

14,

12

00"

NLL+NNLL

nonmix

o1 02 03 04 05




Theory

m=m,

[Hoang, MS, ‘11]

NLL+NNLL

nonmix

NLL +NNLL

nonmix mix,usoft

1.08F

1.06"

1.04°

1.02-

1000
0.1 0.2 0.3 0.4 0.5

* |large ultrasoft NNLL contributions compensate each other

e known soft NNLL contributions are small




Applications

_|_

e — tt

€

Top-antitop threshold @ ILC
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Applications

tt threshold scan @ ILC:

_ [s—2ome . [\s—2myHil.
[ =~ 1.5GeV > Aqcp Veff = m¢ ' \/ m¢ A

\

‘Veff| z 0.1 “IR cutoff” 2”

t b! t

[Fadin, Khoz'e, ‘87]
> Nonpert. effects suppressed!

Tot

Vs

[Hoang, Reisser, Ruiz-Femenia, ‘10]
[Beneke, Jantzen Ruiz-Femenia, ‘10]

* EW effects known up to NNLL

Experiment (simulation): [Martinez, Miquel, ‘02]

Am, ~ 20MeV, AT, ~ 30MeV, Aas ~ 0.0012, Ay, /y: ~ 35%

C> | Theory goal: Aciot/0tor S 3%

~Y
Maximilian Stahlhofen
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Applications

" 01<v<04

1.5

OO ! ! ! \ ! ! ! \ ! ! ! \ ! ! !
340 342 344 346 348

Vs (GeV)

Theory status  Am, ~ 100MeV v/
until 2011:

Aot /oot ~ 6% | < 3% needed for precise ['t, Y, Qs

22.10.2012 Maximilian Stahlhofen DESY Theory Seminar- 30



Applications

1.5+ | | | | | | -
- 01l<v<04
: [Hoang, MS, ‘11] -
Y ” NNLL (new)
o)
a I
o} i
0.5
— Ao0iot /010t decreases to 2-3% |
(preliminary);

0QL
340 342 344 346 348

Vs (GeV)
* LO EW effects included by G--(0,0,E, ) — G"-(0,0, E+il", ) [Fadin, khoze, ‘87]

* Combination with NNLL EW effects and detailed error analysis — W.I.P
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Applications

eTe”"— bb

Bottom mass from nonrelativistic

22.10.2012

sum rules

Maximilian Stahlhofen
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Applications

m, from bb production near threshold:

olete” - ~* — “bB”)

Opt = 47T04(2=_,m /(3s)

R-ratio: RbB(S) —
O-pt
o0
ds

Moments: P, :/ ) Ry;(s)

0 S

: exp __ pth :
Sum rule: (hadronic) P P (partonic)

large n (nonrelativistic): n = 4
'Pineda, Signer, ‘06] <= NNLO + NLL

[Beneke, Signer, ‘99]
NNLO

[Hoang, '98/99]

[Novikov, Okun, Shifman,
Vainshtein, Voloshin,
Zakharov; 1977]

small n (relativistic): n < 3
[Bodenstein et al., ‘11]
[Chetyrkin et al., "09/’10]
[Kihn et al., ‘07]

[Melnikov,Yelkhovsky, ‘98]
Maximilian Stahlhofen
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Applications

R-Ratio in the bb threshold region:

T(15)

067

05F

04f

03F

Ry(s)

02f

0.1fF

00 = :
94 95 96

NONPERTURBATIVE

22.10.2012 Maximilian Stahlhofen DESY Theory Seminar- 34



Applications

> ds

Large nsumrule: P, = / ] Ry;(s) 4<n<10
0
“smearing” over AE~m/n
T(1S) )
T L A e R
T I |
: # E iiiﬂ E pQC E)
04] PO S I ;
s P B gl ]
= 03f Eﬁﬂﬂ}ﬂ $ EE E% E;]qﬂ }EEE% ﬁ
02 ¥ i I E
‘ B}H i :
O R 2009
: i
0'%.4 95 9‘.6 917 B ‘10‘7‘ 1 ‘10‘8‘ - ‘10‘.9‘ - ‘11‘0‘ - ‘11‘1‘ - ‘11‘2‘ - ‘11‘3
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Applications

> d
S
Large nsumrule: P, = / ] Ry;(s) 4<n<10
0
“smearing” over AE~m/n
T(1S) )
0.6 g Ty .
T I |
ﬁi By } pQCD
Tt 1p b P I y
5 L B ikt
E 03} ﬁ]@[ﬂ @}{ E}f ﬁ' Es}ﬁ{ iﬁ}l}% ﬁ
02 I t bgt
; %ﬁ ﬁ?i }%E
: [RABAR 2009]
i t
0'%.4 95 9‘.6 9‘.7 .6‘ 1 ‘10‘.7‘ 3 ‘10‘.8‘ - ‘10‘.9‘ - ‘11‘.0‘ - ‘11‘.1‘ - ‘ll‘.2‘ - ‘11“3

* Nonperturbative effects suppressed for | AE~ mv? ~ m/n>>Aqcp

« Average (relative) b-quark velocity |v~1/v/n< 1| — vNRQCD

22.10.2012 Maximilian Stahlhofen DESY Theory Seminar- 36



Applications

Ryz(s) ~ Im[cl(u)z - Gi0,0, E,y)} 4

GNNLL known ¢ [Hoang, Manohar, Stewart, Teubner, ‘02]
[Pineda, Signer, ‘06]

[Luke, Manohar, Rothstein ‘00]

NLL
C known
1 v [Pineda ‘02] [Hoang, Stewart, ‘03]

1.30;
125

NNLL

120
Cl(l/) I
Cl(l) 1.15

1.10

cNEENEW v
[Hoang, MS, ‘11]

1.05

1.00

03 04 05 06 07 08
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Applications

Integration overs ©> P, :/
0

> ds
gn+1 RbB(S)

3N Q2 /7

th __
P =

4n—|—1(ME°|e)2n n3/2

(1+2\F¢+4\FZ¢P

2 A

(pT)

o)

¢ := Cg/2 as(v)y/n

* Higher order logarithms ~ In(r+/n)

> Renormalization parameter:

Short distance mass I\/Itl)S

Mpole

M15{1+ALL+ANLL

v~ve 14/n

Coulomb resummation: ~ Z(Ozs/v)m

m

resums nonrel. logs!

to avoid renormalon ambiguity:

[(ALL)2 —I—ACNNLL +A1n\INLL]}




Results

Fit for n=10: PeXp Pt (I\/I%S) = Mt1>S
matching scale: 2.0t

Uhard = hm

renormalization scales: y 155

[soft = hmuy V_*

2 1.0}
Husofe = hmuv 4

default choice:

scale variation: 0.75 < h <1/0.75




Results

Comparison with (previous) fixed order results: [Hoang, Ruiz-Femenia, MS, ‘12]
Fixed order New RGI result
n=10 n=10
50 50 50, 150
: INNLO i INNLL
8 S 1810 Ve |
§ 46¢ 46 E 46° 146
S 2 LNLL
Z 445 44 2 44t 144
g o : : o g of : : o
, 1 NLO , |
42¢ 142 421 142
40" | | | 10 40" | | | 40
0.116 0.117 0.118 0.119 0.120 0.116 0.117 0.118 0.119 0.120
a’s(MZ) as(MZ)

RGI result (n=10): | M{> = 4.755 + 0.057 et + 0.009,,, & 0.003,,, GeV
as = 0.1183 £ 0.0010

MS:  fp(mp) = 4.235 £ 0.055 ¢ & 0.003ex, GeV




Results

Comparison of n-th

moment fits: [Hoang, Ruiz-Femenia, MS, ‘12]

4.90

M"' (GeV)

470

4.85
4.80

475

465"

RGI result (n=10):
as = 0.1183 % 0.0010

s 10 15 20
N

ME> = 4.755 & 0.057 pere £ 0.009,,, = 0.003¢,, GeV

Finite charm mass correction ~ —(20—30) MeV (fixed order) [Hoang, Manohar, “00]

22.10.2012

[Hoang, '00]
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Summary

Precise prediction of heavy quark threshold production in vNRQCD:

\/Utotwlm{ °G(0,0,E,I/>}—|—...
v' G(0,0,E, ) known to NNLL, New: to NNLL

v" RG improvement important!

Applications:

e tt threshold production @ ILC — Mg, Vi, O, [ ¢

Aot /0ot ~ 2—3 % detailed error analysis — W.I.P

* Bottom mass from T sumrules: | M{> = 4.755 4 0.058 GeV

e efe” S tiH, ete —if, ..




Backup
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Backup

_|_

e — tt

€

Top-antitop threshold: EW effects
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Backup

®* Power counting: rt/mt ~ EW " Ozf ~v? <1

* Physical final state: eTe™ — WTWbb

. Apply loose invariant mass cuts on reconstructed tops/antitops:

2 2 2 2
pre = (Me £ AM)? = mg + A mele < A2 < mé
—> no effect on resonant contributions! e rry“"

—» hon-resonant background suppressed: >v5dgv
<
LO: E=+1s—2m; — E+il; (replacementrule) "

I 1
t b, t

E/2+p0 —p?/(2m) +il/2 « [Fadin, Khoze, ‘87]

unstable top propagator:




Backup

Beyond LO:

®* QED: “Coulomb photon” — trivial extension of QCD corrections \
®* Gluon exchange with final state — negligible at NLO and NNLO

[Fadin, Khoze, Martin ‘94] [Hoang, Reisser ‘05] !
[Melnikov, Yakovlev ‘94] [Beneke, Jantzen, Ruiz-Femenia ‘10]

® Corrections to current matching:

__ _born QCD QCD . bW, abs EW
= CLLL TSN T SO NN T 1S N T ConneL e

[Kuhn, Guth 92]
complex matching

et

[Hoang, Reisser ‘06]

/
-
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Backup

Beyond LO:

®* QED: “Coulomb photon” — trivial extension of QCD corrections \

®* Gluon exchange with final state — negligible at NLO and NNLO @>
[Fadin, Khoze, Martin ‘94] [Hoang, Reisser ‘05] :

1

[Melnikov, Yakovlev ‘94] [Beneke, Jantzen, Ruiz-Femenia ‘10]

® Corrections to current matching:

__ _born QCD QCD . bW, abs EW
= CLLL TSN T SO NN T 1S N T ConneL e
. asl .
) Oiot ™~ Im[ G(0,0,E +il, V)] ~ —° 4 finite
€

phase space lsums phase space logs in C(y) at NLL v/

divergence . ;
e e
1C)- >< |
e et [Hoang, Reisser,

Ruiz-Femenia “10]

® “Phase space matching” for C(v)to allow for /A cuts: NLO, NNLO, N3LO v/

22.10.2012 Maximilian Stahlhofen DESY Theory Seminar- 47



o (pb)

- dashed line: NNLL pure QCD prediction
' (add step by step)
_ = + NNLL QED effects
"+ NNLL EW current matching (real)
~5—-10% -
psm 7 '+ NNLL EW current matching (absorbtive)
-+ NLL+NNLL+N3LL phase space

matching contributions (psm)

0.8 |

0.6 |

0.4 |

Y e S R HP S R

336 338 340 342 344 346
I 0.8}
s (GeV) .
large psm correction due to unphysical L 06
phase space in pure QCD prediction S
0.4 |

0 [Hoang, Reisser,

Ruiz-Femenia “10]

—> Shift in peak position: 30-50 MeV
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Backup

eTe — ttH

Associated Higgs production

22.10.2012 Maximilian Stahlhofen DESY Theory Seminar- 49



Backup

0-030 B T 1 L] ' T T T 1 ' T T T T !

0025 - m,| S=180 GeV, my=120 GeV ._4;;:;};';\:};/,' [Farrell, Hoang; 2006]
< - V§=500Gev _— — \resummed#LL (QCD)
@ 0.020 - | T N
s L\~ NLO z

o015 & |7 -

ow N /& o 3
% 0010 -/ |~ .
B N _

S s & Vs &~ 500 GeV LO AN §
' (ILC phase 1) .

0'000 | 1 1 I 1 1 1 ! L 1 1 1 1 l‘i 1 1 1 |

120 125 130 135 140
Ey (GeV)

e For light Higgs (my &~ 120 GeV): full t t phase space nonrelativistic!
— must sum (as/v)", (asInv)"terms — recycle tt results (VYNRQCD)

— factor 2 enhancement over tree level (+ factor 2 from polarized beams)

+ realistic studies: (dy;/yt)bogcey ~ 30% — 10 —15%?  [luste, '02,06]
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