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Outline

Introduction & Status of o(ete™ — ttH)

Region of large Higgs energie < ¢t threshold

e Effective Theory — VNRQCD

d
(—J> at NLL order
dEH EH%EH,maaz

Preliminary: oyos(eTe™ — ttH) at NLL order for the ILCpase 1

Summary & Outlook
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Top Yukawa Coupling

e Massgeneration < SSB < Higgsmechanism

m; = \; (H) — top quark physics
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o(ete »ttH) (fb)

Top Yukawa Coupling

Massgeneration < SSB < Higgsmechanism

m; = \; (H) — top quark physics

ILC:
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— 5)\15/)\15 ~ 5% (mH = 120 GeV)
[Gay; Besson; Winter]
— 2nd phase (/s > 500 GeV)

mpyg = 120 GeV
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Top Yukawa Coupling

e Massgeneration < SSB < Higgsmechanism

m; = \; (H) — top quark physics

o ILC.: eTe  — ttH

25
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E 15 |
o o — OA¢/ At =~ 5% (mpy = 120 GeV)
v T F
I Gay; Besson; Winter
* s my = 120 GeV [Gay: ]
00 b b — 2nd phase (/s > 500 GeV)
400 500 600 700 800 900 1000
Vs (GeV)
e Theory Status: oior(eTe™ — ttH)
Born v [Gaemers et al., Djouadi et al.]
Oas) Vv [Dittmaier et al., Dawson et al.]
l-loopew. v [Denner et al., Belanger et al., You et al.]
fully differential partonic O(as): v [Denner et al.]
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Large Higge Energy Region

— region of large Higgs energy

t —s tt collinear

t
% — QCD effects localized in tt system
e+ e

= tt dynamics non-relativistic
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Large Higge Energy Region

— region of large Higgs energy

do/dEy (fb/GeV)

t — tt collinear
f
— QCD effects localized in tt system
e+ e- _ 0 . " .
G ) = tt dynamics non-relativistic
/// t
H v g g g g g g
’ /\/\/\/\/C gy AAAN<§ g /\/\/\/\/<§ g g
004 ——F—+— o 8 8 3 8 8 3
| mS=180 GeV, my=140 GeV 1 t ,
0o | V/5=600Gev ] ! oV (@s/v) (ag/v)’
. N 0(0’32)sing
002 - 7 CEREE N - 0wy — singularities: ~ (as/v)"™,
/4 ~ ]
001 | £ U~ ] ~ (aslnv)™
L \ _
B . .
O] — fixed order expansion breaks down
oo0 Lo v v iyt Ll N IR IR
140 160 180 200 220 . .
Ey (GeV) = summation of singular terms
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Large Higge Energy Region

— region of large Higgs energy

t — tt collinear

—+l

— QCD effects localized in ¢t system

G ) = tt dynamics non-relativistic
/// t
H v g g g g g g
‘ MMC £ WN<§ : Mw( =2
0.04 g g g g g 8
 miS=180Gev, ] ! ,
L _ 1 ag/v (ag/v) a 3
S 003 V's=600 GeV B (ag/v)
() L
Q
2 i 1 . .
02 ] — singularities: ~ (as/v)™,
L /” S O(as) i
o 4 ~
5 om |/ ~ , ~ (asInv)™
[ \ _
B . .
O] — fixed order expansion breaks down
0.00 SN W
140 160 180 200 220 . .
Ey (GeV) = summation of singular terms

(A) impose cut: by > Egax = control of singular QCD effects desired
(B) summation via VYNRQCD — computation at NLL order
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VNRQCD in a Nutshell

mg > p~mpu > E~mpu*~Ty > Aqop

(hard) (soft) (ultrasoft)

e scale hierarchy — factorization

e non-perturbative effects suppressed
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VNRQCD in a Nutshell

mg > p~mpu > E~mpu*~Ty > Aqop

(hard) (soft) (ultrasoft)

e scale hierarchy — factorization

e non-perturbative effects suppressed

L = Lusott + Lpotential + Lsoft Luke, Manohar, Rothstein, Stewart, A.H.

1090999

(@) {iD0 — BZPL L sy} g ()

2m

£usoft .

£potentia1 : >< {% + - } w:;/prT_p/X—p

£soft :
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VNRQCD in a Nutshell

Currents: — production & annihilation of ¢¢ pairs
Op™ =Ci(w) - (Who X p)+-  (5) Sy
Op"® = Co(p) - (hx* )+ (*50)

— ¢t production rate:  R;; o Im [/d4x e 14X <O ‘ TOZ(0) Oy (x)‘ 0 >]

o C(p)* Im [G(0,0, v, )]
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VNRQCD in a Nutshell

Currents: — production & annihilation of ¢t pairs
Op™ =Ci(w) - (Who X p)+-  (5) Sy
Op"® = Co(p) - (hx* )+ (*50)

— ¢t production rate:  R;; o Im [/d4x e 14X <0 ‘ TOZ(0) Oy (x)‘ 0 >]

o C(p)* Im [G(0,0, v, )]

— known from o(eTe™ — tt):

e NLL zero-distance Green function [Manohar et al., Teubner, AHH]
[Beneke et al., Penin et al.]

e NLL running of Ct(p) and C%() v [Luke et al.; Pineda; Manohar et al., AHH]

e matching conditions C'!(m;) and C°(m;) — new computation needed
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NLL Result

“Factorization Formula”

do
<—> ~ [Cg(lu“a \/Ea mtamH) + 012(:“7 \/57 mt7mH):| Im[G(O7O7'U7:U“)]
EH%EgaX

dE g
A
M .
i
/ + hard QCD
e g corrections

Ep = Emax

>
>
7
7/
7/
7
/
a
H 7
7
7/

soft & ultrasoft
QCD corrections

e (1 (0L

1 ag/v (ag/v)® (ag/v)?
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NLL Result

d
<—0> ~ [Cg(,u, Vs, me, mp) + C2 (1, /s, mt,mH)] Im[G(0, 0, v, u)]
AdEH ) py~Emax

— matching computation: (u = my+)

EFT result at NLL (expanded to O(as))
} = Co,1(m¢, /s, m¢, mpr)

= O(as) result (full theory) for Eg ~ E}2*

— virtual corrections
sufficient

Dittmaier, Roth, et al.
[Dawson et al.]
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Numerics

0-035 I I I I I I I I I I I I I I I I I I I I I I I I I
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0.025 Usoft = 18 — 72 GeV

LL
0.020

0.015

0.010 NLL

do/dEy (fb/GeV)

/=600 GeV
my °=180 GeV/, my =140 GeV

198 200 202 204 206 208 210 212 214
En (GeV)

0.005

0.000

e significant reduction of scale variation: LL —  NLL

e generic feature for all cases
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0.020

0.015

0.010

do/dEy (fb/GeV)

0.005

0.000

140 160

Numerics

V/s=700 GeV
m->=180 GeV, my =140 GeV

180

200
Ey (GeV)

220

240

260

e good matching of NLL VNRQCD and O(«a) full theory results

matching at v ~ 0.2
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Numerics

0.030 I I I ‘ I I I ‘
mt 5=180 GeV, my =140 GeV

0.025 \/s=600 GeV

R T
0.020
0.015

0.010

do/dEy (fb/GeV)

0.005

1 1 1 ‘ 1 1 1 ‘ 1 1 1 1 | 1
140 160 180 200 220
En (GeV)

0.000

e good matching of NLL VNRQCD and O(«a) full theory results

e matching atv ~ 0.2
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Numerics

0.035

T T ‘ I I I I ‘
S=180 GeV, my =140 GeV
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0030 ~
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e good matching of NLL VNRQCD and O(«a) full theory results

e matching atv ~ 0.2
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0.050

0.040
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do/dEy (fb/GeV)

0.010

0.000

Numerics

v=0.3 v=0.2
N | ]
- mS=180GeV | . n ]
- mpyg =120GeV |- o :
1 1 1 ‘ 1 1 ‘ 1 \‘ 1 1 ]
120 125 130 135 140
En (GeV)

e good matching of NLL VNRQCD and O(«a) full theory results

e matching atv ~ 0.2

e large £} endpoint dominates for /s < 500 GeV !
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Numerics

my = 120 GeV o(NLL) = o(as)[v > 0.2] + o(NLL)[v < 0.2]
Vs [GeV] | o(Born) [fb] | o(as) [fb] | o(NLL) [fb] %
500 0.151 0.263 0.357(20) 1.359
550 0.984 1.251 1.342(37) 1.073
600 1.691 1.939 2.005(30) 1.034
700 2.348 2.454 2.485(13) 1.012
300 2.428 2.427 2.442(5) 1.006
900 2.290 2.229 2.237(6) 1.004
1000 2.087 1.997 2.002(8) 1.003

e non-relativistic effects relevant up to /s < 700 GeV

e larger for smaller /s and larger myg
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Cross Section for ILC (Phase 1)

e relative velocity of ¢t pair always small

e singularities (as/v)"™, (asInv)™ need to be always resummed
e fixed-order perturbation always inappropriate

e entire process ete~ — ttH nonrelativistic

large Higgs energy endpoint dominates full phase space

d
(45-) ~ [, V3, mes ) + C2(1, 5, meymr) | IM{G (0,0, v, )
EH%Ega’X

dE g
( do )NLL ( do >Born/
- ~U - v
dEH Phase 1 dEH

x| C3 (/5 mesmu) + C3(11,/5, me, mar) | I[G(0,0, v, 1)
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Cross Section for ILC (Phase 1)

e Cross check: (dd—">

E cm= 482 GeV

o
o000 OO
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Egy

O(ay) fixed order

Monte Carlo

E cm= 484 GeV
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do O\ O(as) fixed order
VS. —
dEpg thresh approx
E cm= 486 GeV
0.012
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0. 008 Monte Carlo
0. 006 thresh approx
0. 004
0. 002 Born
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0.0175
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0.0125
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Cross Section for ILC (Phase 1)

o Cross check: o(O(as))Nshoder,  vs. o(O(as)) gt omaer

015 — h
- (%) | mlS =180 GeV
010 / S 4 ma=120GeV
: U(as)th.app._a(as)MC :
0.05 o(as)mc —
0.00 - — —‘ i
i | | F +
_0.05 ; | | | | ‘ | | | | ‘ | | | | ‘ | | | | ;
480 485 490 495 500

Vs (GeV)

ILCWS 05, Snowmass, August 14-27 2005 A. H. Hoang — p.12



Cross Section for ILC (Phase 1)

. do — significant enhancement from
e Predictions: (d—>

Epy summation of v-singularities
E cm= 482 GeV — E cm= 486 GeV
0. 012 - E cm= 484 GeV 0. 02 |
0.01 0,932 0.015
0. 008 0.912% ' O(as)
0. ooe 0,005 v NLL
0. 002 0.0025 0.005 Born
Doar o2 a 2576 20 122 124 126 128 o012 124126 128
E _cm= 488 GeV E_cm= 490 GeV E cm= 492 GeV
0. 02 0. 025
’ 0.02 0. 02
0. 015 0. 015 0. 015
0.01 0.01 0.01
0. 005 0. 005 0. 005
0122124126128130 LV LRI PLELVEY, Ooarasara2a303234
E_cm= 494 GeV E_cm= 496 GeV E_cm = 498 GeV
0. 025 0. 025 0. 025 m;S = 180 Ge\
0.02 0.02 0. 02
0. 015 0. 015 0. 015 mpyg = 120 GeV
0.01 0.01 0.01
0. 005 0. 005 0. 005
Domps BR7 BIB2 B35 Dop s 17 151082 195 Crar1am7186218587 5
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Cross Section for ILC (Phase 1)

Predictions:  o.t(eTe™ — ttH)

— significant enhancement from summation of v-singularities

o(ete >ttH) (fb)
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Cross Section for ILC (Phase 1)

Predictions:  o.t(eTe™ — ttH)

— significant enhancement from summation of v-singularities

o(e"e »ttH) (fb)
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(NLL)
S o(as)
o(Born)
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Summary

large Fuiges region < tt system non-relativistic

Summation of (as/v)™ and (o, Inv)™ singularities relevant

for /s < 700 GeV — probably negligible for LHC: (1/5)cg ~ TeV
tt are always nonrelativistic for /s < 500 GeV (ILC - phase |)

NLL order computation using VYNRQCD

Outlook:

— smooth combination: EFT (NLL) & fixed order O(«y) for
Vs > 500 GeV  (w.i.p.)

— NLL e.w. corrections and exp. cuts for /s < 500 GeV  (w.i.p.)

— fully differential treatment ?

... still many conceptual problems to solve
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Colors

This is blue

This is red

This is brown

This is magenta
This is Dark Green
This is Dark Blue
This is Green

Test how this color looks
Test how this color looks
Test how this color looks
Test how this color looks
Test how this color looks
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