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28 Introduction 1

W-pair production

Success story at LEP2:

g 21ep
® oW 1%-level agreement 3 VS and oo -
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with NLO theory
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= test of EW-sector of SM at W
quantum level |
e measurement of branching 0
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e bounds on anomalous triple oo oy 0T eeoms
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kinematic reconstruction
(+ oww at threshold)
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22 Introduction 2

Future ete~ colliders 80,60 T T

I experimental errors 68% CL:
LEP2/Tevatron: today

several concepts:

: —— LHC: future

| — ILC/Gigaz
e LEP3/TLEP (240-350 GeV)
>
e ILC (500 GeV-1TeV), >
e CLIC (<3 TeV)
SM|M,, =127 GeV MSSM, M, = 123..127 GeV
Projected accuracy Of mW L IH(-:‘ilner:u-:‘y:-zr, }I—|0II:k,?toclkin?er,IWTiglein,IZI ¥
168 170 172 174 176 178
measurement: m, [GeV]
LHC LHC | ILC/GigaZ ILC ILC ILC TLEP | SM prediction
Vs [TeV] 14 14 0.091 0.161 0.161  0.250 0.161 -
L[fo™ Y] 300 3000 100 480 500 | 3000x4 -
AMyw [MeV] 8 5 - 41-45 2329 3.6 1.2 4.2(3.0)
A sin? Gﬁﬁ 1079 36 21 1.3 - - - 0.3 3.0(2.6)

(Snowmass EW report 13)

C. Schwinn W-pair threshold scan 6th TLEP Workshop CERN



2% Introduction 3

Theory requirements:

o ILC AMy <4 MeV from threshold scan
& Aoww < 1% prediction for /s ~ 160 — 170 GeV

e TLEP goal AMy <1 MeV
theory uncertainty dominant!

oMy +6My)/oc(Mw )
WW(f 5 Mevh.
0500,*( ” 102 | 45'\/'9\/
: . C30MeV
400} 1.01
; < =ISMeV Tl et
3001 160 162 164 ___166 168 -~ 170 Vs[Gev]
: - 415MeV - eI
i 099 | T
2001 . +30MeV

100- 0.98 [ 445 MeV

TSI e A e e 1o VS GV)
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W-pair production

4-fermion production at tree level, e.g. e7et — p 7,ud

Double resonant ('signal’) diagrams (CC3):

But 10 diagrams in total:

U U [
e wo e W no e u
CC3+ + + +
e/ v/ Z X 7 e/ /2 Dy e/ V/Z T d
d d Vp

Only sum gauge invariant

Need consistent scheme for finite width effects:

(Beenakker et al. 96)

NE] ‘ 200 GeV 500 GeV 1 TeV 5 TeV
Running width 672.96(3) 225.45(3) 62.17(1) 123.76(1)
Constant width 673.08(4) 224.05(3) 56.90(1) 2.212(6)
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22 W-pair production 5

NLO calculations in double pole approximation

e Factorizable corrections to production,

decay of on-shell Ws
e Nonfactorizable soft photon corrections

(Berends et al. 98; Denner et al. 99)

e Implemented in Monte-Carlo programs c Y-
used at LEP2: RacoonWW (Denner et al. 99), ¢
YFSWW (Jadach et al. 99) v

Theory developments after LEP2:

e Complete NLO calculation for charged current ete™ — 4f

(Denner et al. 05)

e Log-enhanced NNLO corrections for 5 > My,
= CLIC (Kiihn et al. 07)

e NLO and leading NNLO correction in threshold expansion
= I\/IegaW/TLEP (Beneke et al. 07, Actis et al. 08)
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2% W-pair production 6

Full NLO calculation for ete= — 4f (Denner, Dittmaier, Roth, Wieders 05)
e More than 1000 1-loop diagrams
5-point, 6-point loop integrals

v/Z

= new methods for six-point diagrams e
e fully differential calculation

e complex mass scheme: replace M? — M? —iMT,

everywhere,e.g. cosf, = 1~

e

| | | | | . 20 | T T T 1711
3% efe” —» vty 3[%] efe”™ v "y,

—10
—15

20 |
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V5] GeV] Vs[GeV]
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x-J Beyond NLO at threshold 7

4M?2
— —* = 0:

Enhanced corrections in threshold limit s =4/1

S

soft threshold logarithms ~ (alog” 8)”, Coulomb correction ~ (a/8)"

EFT approach: (Beneke/Falgari/CS/Signer/Zanderighi 07)

I i ~ LTw kyy — My
expansion In « Ny Az

Leading NNLO corrections
e 2nd Coulomb correction ~ o?/8% ~ « (Fadin et al. 95)

e Coulomb-enhanced corrections ~ o?/38 ~ o?/? (Actis et al. 08)

ole" et — M_Duuc{)(fb)

Vs [GeV] NLOgrt NLOesr [DDRW] Annco(a?/8%) | Annco(a?/B)
161 117.38(4) 118.77 0.44 0.15
170 399.9(2) 404.5(2) 0.2 1.6

e non-resonant NLO corrections
included in NLO s but not in NLOggt: Aoww ~ 1%

e leading NNLO corrections: Aoy ~ O(%o0) = [6My]cr < 4 MeV
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ISR 8

ISR: resum leading logs
5 20 (210g (QMW) B 1)
T Me

in electron structure functions:

ONLO S)—/ da;l/ dCIZQFLL )FlgeL(SIJQ)(O'tree—i—Aa'NLo)

(Skrzypek 92)

-6————F———————
I e'e - v, ud

NL Ogrr+ANNL Opren

Estimate missing NLL O(ag.): W = NLQerr+aNNL Oves P
ISR for tree only < also for NLO \ 2
Uncertainty ~ 2% at threshold

o[%]

1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
158 160 162 164 166 168 170
Vs [GeV]
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ISR

ISR: resum leading logs

2a

T

Be

in electron structure functions:

oo

(Skrzypek 92)

ONLO S) /dx1/ deFLL FLL( )(O-tree_i_Aa-NLO)

Estimate missing NLL O(ag.):
ISR for tree only < also for NLO

Uncertainty ~ 2% at threshold
= [5MW]|SR ~ 30 MeV

= NLL resummation important

oc(Mw +6My )/c(Mw)

102 | .

101 [

—25 Me\)

—30 MeV

0.99

0.98 [~

—15MeV \:::\:\:_‘: ____________
160—162cp 164 166~ 16§r—_ ---- =0 VsIGev]
15 Mey ST

+30MeV -7
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%E Sensitivity to W-width 9

tt threshold scan

e bound-state peak sensitive to I'; Sensitivity to top width
" I N A N A
Q04 B o Q R I -
e AT, =32 MeV (300 fb—! ILC) s L f F :
(Martinez/Miquel 02) % 02 X i E
S b s & E
AT, =11 MeV (TLEP est.) R
g 25 ,31‘%6 3J¥7 3;8 34;-9 3;0 35‘31 35‘52 3;3 3.‘54,
e Interpretation as V,;, measure- = | 5 2 ]
| r & N i o
ment (Fujii et al. 94) 5 5r e L o -
0 | ’ ° i —
- 02 P
g 346 347 348 349 350 351 352 353 354
2015 | ]
g’] #
Lll_ o 6 % A A E
0.05 |- ° . s 5 o
0 | | | | | C\) | | Ll
346 347 348 349 350 351 352 353 354
Ecm (GeV)

(Martinez/Miquel 02, AT, = 400 MeV)
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%% Sensitivity to W-width 10

tt threshold scan

e bound-state peak sensitive to I';

e AT, =32 MeV (300 fb—! ILC)
(Martinez/Miquel 02)
AT = 11 MeV (TLEP est.)

e Interpretation as V;, measure-
aoWW(fb)
ment (Fujii et al. 94) 400

WWw threshold scan 300

e no bound-state peak, sensitivity 20
to I'yy below threshold ’

e ATy =3 MeV (PDG: 4.2 MeV)

1001

-

-
g e
Do =

R TR e T ieA ke 1en1vn VS (GeV)
est. for 100 fb—! ILC (Wilson 01) 156 158160 16z 164 166 168 170

) . (preliminary, NLO EFT, no ISR,
e interpretation as «, measure-

ATyw = 20 MeV. Bry,_ ¢ fixed.)
ment
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2% Summary and outlook 11

W-pair production crucial process at any future ete~ collider
e My measurement from threshold or direct reconstruction

e anomalous couplings

W mass measurement from threshold scan:

o error <5 MeV needs o(ete” — 4f) with accuracy < 1%
Full NLO corrections to ete™ — 4f (Denner et al. 05)
Coulomb-enhanced NNLO corrections AMy < 4 MeV (Actis et al. 08)

Largest remaining uncertainty:

e NLL treatment of ISR

Outlook

e Updated comparison of EFT /4f results planned
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2% Summary and outlook 12

Future improvements of theory predictions?

Doable in principle:
e NNLO log 3, log(s/m?) terms

e NNLO Coulomb corrections near threshold for distributions

Major effort, several years:
e NNLO EW corrections to on-shell ete — W+w-

(current frontier: first NNLO QCD 2 — 2 processes)

= Input to full NNLO EFT calculation
Naive estimate for remaining uncertainty from
cross-section calculation
Ao ~ 0(0.1%0), AMy <1 MeV
ISR uncertainty?

Completely new methods needed:

e NNLO EW corrections to ete — 4f
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Bonus slides

13
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22 Estimate of remaining uncertainties 14

Estimate impact on mass measurement:
e Assume measurements O; at /s = 160, 161,...164,170 GeV

e Minimize

Eont) =Y 9 %SMW)) .

where E;(6Myw ): theoretical calculation for My = M;ﬁf+5MW

e take O;;: NLO EFT |, E;: Estimate of error
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=l NLO results 15

Resum leading logs

2 s () )

in electron structure functions:

ONLO S) /d$1/ d:ng‘LL FLL( )<0tree‘|’A5'NLO)

1
with AonLo () = AonLo(s) — 2% / deP(z)o'% (x5)
0

5o /oaan [%] Born(ISR)
777777 Born(ISR)+Coulomb

ReSUItS: —16 <. _ NLO ' T
18 S, T

e ~ —25% corrections from ISR -2
—22

o ~ 1+8% Coulomb correction ‘Z‘

-28

e 3% soft+hard corrections

170 Vsicevi
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] Beyond NLO—high energy 16

Enhanced Sudakov logarithms for high energies s > M2,
(Fadin et al. 00; Melles 01; Denner et al. 03; Beccaria et al. 03)

(arlog®(s/Myy))" ;" log™ ' (s/My,)) ,  alog™ (s/My,)) ...

\

~"

LL NLL NNLL
e NNLO-NNLL corrections for on-shell Ww-pair production:
~5%(s=1 TeV) — 15%(s = 3 TeV) (Kiihn/Penin/Metzler 07)

= need to be taken into account at CLIC and 2nd phase of ILC

07— T T 04— T T 1
A | -
0.1F ™ 0-3F
0.2F ™
0.05 0.1"
0 0
-0.05 —0.1_
i -0.2
—0.1_ 03
-0.15 -0.4%—
(transverse polarization)j 1 TeV 3 TeV
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] Beyond NLO—threshold 17

Enhanced corrections in threshold Iimit g =14/1 — 4M5V — 0:

soft threshold logarithms ~ (alog” 8)”, Coulomb correction ~ (a/8)"

EFT approach: (Beneke/Falgari/CS/Signer/Zanderighi 07)

2 2
I'w kw — My,

e expansion in a ~ T~ s
1%%

e EFT for non-relativistic Ws, soft and Coulomb photons

e Coulomb correction cut off by finite W-width:

S—4M5VNMWrW :>BN \/Fw/MW

= Coulomb corrections ~ o™ (My /Ty )"? ~ a™/?
enhanced but resummation not necessary

e 09" from imaginary part of forward- scatterlng amplitude:

pSd - ¥ K X X KK

nonresonant Coulomb soft hard
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] Beyond NLO—threshold 18

Leading NNLO corrections
e 2nd Coulomb correction ~ o?/5% ~ « (Fadin et al. 95)

e Coulomb-enhanced corrections ~ o?/8 ~ a3/? (Actis et al. 08)

JOU B 0 e

2nd Coulomb soft/Coqumb hard/Coqumb NLO- Coulomb

ole” et = u~o,ud)(fb)

Vs [GeV] NLOgpr NLOcessr [DDRW] || Annro(e?/8%) | Annco(®/8)
161 117.38(4) 118.77 0.44 0.15
170 309.9(2) 404.5(2) 0.2 1.6

e non-resonant NLO corrections
included in NLO s but not in NLOggt: Aoww ~ 1%

e leading NNLO corrections: Aoww ~ O(%0) = [6My]cor < 4 MeV
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