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VWV mass

Mw: key observable in NP searches through EWV precision measurements
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WV mass determination

¢ current PDG value: My, = (80.403%+ 0.029)GeV determined from
combination of continuum W-pair production at LEP |l and single-W
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Some history of WW (before '05)

[ lowest order amplitudes for an onshell W-pair

[ electroweak correction to onshell W
[Lemione -

[ electroweak corre-

[4 inclusion of hard phe CM on
[Beenar . ctal. O91anaka et al. 091, Kolodziej et al. 091, Fleischer et al. 093

1 improved Born approximation: include universal corrections (running coupling, ISR,

Coulomb singularities)
[Dittmaier et al. 093, Koda et al. 097]

[ various DPA approximations: leading term around the poles of the W propagators
[Beenakker et al. 098, Jadach et al. O01. Denner et al. 099, Kurihara et al. O0

[ Monte-Carlo generators: DPA+universal corrections
[e.g. YFSWW O00, RacoonWWw O99]
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| accuracy of DPA degrades near threshold (highest sensitivity region)

| accuracy of DPA in the continuum is !

» improved accuracy of ILC requires to go beyond

* want a systematic way to go beyond the DPA

e want treatment which does not break down at threshold

Two approaches available with accuracy better than |%:

| full O() €' e ! 4f calculation in the complex-mass scheme
[Denner et. al O05]

| effective theory designed to exploit the hierarchy between the physical

scales (M, 1,v) )
[Beneke et. al O07]




The ee4f calculation

[Denner Dittmaier Roth & Wieders O05]
Essential ingredients:

(1) extension of the complex mass scheme to one-loop

split bare mass into complex renormalized mass (= resummed) and

complex counterterms (= not resummed) in the Lagrangian

use complex masses everywhere (e.g. in cos’ ! w ) (= spurious terms)

unitarity violations, but only at the next order in PT
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[Denner Dittmaier Roth & Wieders O05]
Essential ingredients:

(1) extension of the complex mass scheme to one-loop

split bare mass into complex renormalized mass (= resummed) and

complex counterterms (= not resummed) in the Lagrangian

use complex masses everywhere (e.g. in cos’ ! w ) (= spurious terms)

unitarity violations, but only at the next order in PT

(2) three external fermion pairs = non-trivial spinor structure

- algorithm to reduce O(10°) spinor chains to only O(10) independent
spinor structures




The ee4f calculation

Essential ingredients:

(3) develop new numerical techniques to compute one-
loop six-point tensor integrals with complex masses
in the loop

- based on numerical Passarino-Veltman reduction
- need rescue systems do deal with vanishing inverse Gram determinants
- general techniques can be used for other processes

[e.g.usedfor H" 4fand pp " ttj]




Effective theory calculation

. [Beneke, Falgari, Schwinn, Signer & GZ O07]
Investigate

e (p)e"(p2) — u g ud+ X
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. [Beneke, Falgari, Schwinn, Signer & GZ O07]
Investigate

e (p)e"(p2) — u g ud+ X

near the W-pair production threshold, i.e.for S = (p1 + P2)¢ ~ 4M 5‘/

Process primarily mediated by two resonant, non-relativistic VW bosons with

virtualities
k!l My " Mg Vv:" MwDw # My,

Perform a systematic expansion in

, , 1 collectively called ! .

 for power-counting ;

A NLOmeans |O(): O w/Mw)! O(".y) !




Effective theory calculation

Split physical modes into

hard: ko ! My, |E| L My = integrated out
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soft: ko! Mw!,[k|! My!

collinear: k+ ! Mw.,k ' Mwo, k! My 0 » = dynamical modes
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Effective theory calculation

Split physical modes into

hard: ko ! My, |E| L My = integrated out

(matching coefs.)

soft: ko! Mw!,[k|! My!

collinear: k+ ! Mw.,k ' Mwo, k! My 0 » = dynamical modes

potential: kO M W ' , |'|l<| | M W |_ (effeCtlve Operators)

Concretely:

e dynamical modes: resonant Ws, soft and potential photons, high energy
external fermions

* hard modes: non-resonant Ws, heavy states (Z, Higgs, top), massless states
(fermions, photons) with large virtualities




Effective theory calculation

Split physical modes into

hard: ko ! My, |E| L My = integrated out

(matching coefs.)

soft: ko! Mw!,[k|! My!

collinear: k+ ! Mw.,k ' Mwo, k! My 0 » = dynamical modes

(A S ff .
potential: ko! Mw!,lk|! My ! (effective operators)
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Effective theory calculation

Practically:

# compute inclusive cross-section via the imaginary part of the forward
scattering amplitude

# split loop-integrals via the strategy of regions, i.e. expand integrands
before doing the integration = power-counting available, e.g.

| soft; ko ~ Mw !, [k| ~ My ! L dk " 1My

! potentiaI: Ko! Mw o, I My 6 1 d?k " !S/ZMG,V

At LO: A =1 i1




Examples

Born AN ! !gw- 'q;r@/(ﬁM V\}Z!)2
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EFT: Born approximation

Leading order forward scattering ampliude:

A©) = /d4 (€] er|T[IOD) (0)i0Q) (x)|e] e )

s-channel diags.

higher order | annihilation/production
| operator of resonant W-pair |
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Expansion of EFT Born at higher orders

Comparison with numerical results for the unpolarized cross-section:

Input parameters: My = 80.377GeV, Mz = 91.188GeV, m; = 174.2GeV
al ag, = 2G M3 sy /m 1 = 20448:GeV

O-#‘b$ €¢ b B
600 | exact” Born: all 10 tree

500 . — — EFT# NLO$ level diagrams with fixed-

| EFTANLOS T width prescription
400 | exact Born >

EFT: expand directly the

| forward amplitude, include
200 | / all NLO corrections

100 b except loops

300 |

7 — _I' | | | | | | !Illl
156 158 160 162 164 166 168 170 S70cV¥

= corvergnce of successive EFTaajppations teardsOexacbrn

| 4



Radiative corrections in EFT

Classification of genuine loop corrections to four-fermion production:

e O(aew) electro-weak corrections to W-pair production operator

O(ctew), O(cewars), O(agy) to W-decay operator

potential photon exchange due to Coulomb force between slow Ws

soft photon corrections

initial state radiation




Production/decay vertices at NLO

e O(! ew)correction to production vertex Cy, :

A T T

At NLO need only on-shell corrections (p7,p5 = 0, ki« , kiy: =My )
= only t-channel diagrams survive & reduced number of scales




Production/decay vertices at NLO

e O(! ew)correction to production vertex Cy, :

A T T

At NLO need only on-shell corrections (pf,p5 = 0,k - , ki, =MyG)
= only t-channel diagrams survive & reduced number of scales

o O(' ew), O(' s), O(' %) virtual and real corrections to decay vertex Cq :

u u u
W \W W
d W 1/z
d d d

QCD corrections taken into account by multiplying the Born cross-

section with " n 2

| =14+ -2 11.409-2
QCD I #2

NB:all comentional PT calculatjsh&t expansion in the couplings
16




Coulomb and soft corrections at NLO

* Coulomb effects: ! !
>/ /Yé» \é >/§ §\<
Exchange of n Coulomb photons scales as " (My /! w)" ?! "¢ ™2

= no resummation needed (unlike top), need only 2 photon exchange
= at threshold one (two)-photon exchange amounts to 5% (few %:o)




Coulomb and soft corrections at NLO

* Coulomb effects: ! !
>/ 75’ \é >/§ E\é
Exchange of n Coulomb photons scales as " (My /! w)" ?! "¢ ™2

= no resummation needed (unlike top), need only 2 photon exchange
= at threshold one (two)-photon exchange amounts to 5% (few %:o)

* Soft-photon corrections (q2 ~ | %,V)

! !
‘ ,§>< 2 Various cancellations:
. N A * soft photon corrections to final
(ii2) state cancel in inclusive quantities
* diagrams (im) cancel pairwise
* diagram (ii2) scaleless
* (ii3) o p7, p; = O
= only diagram (iil) survives




ISR and (intermediate) summary

* |nitial state radiation (collinear and soft photons):

! !
e ,-=<_ e .-~
\ S\ e ' \ N\ e
e\\_’/ \\_’,
! !
Scaleless diagrams for massless on-shell initial state fermions
A vanishing contribution

 Summary of radiative corrections:

1) I(O):}-_2|n- %
RS Moy

bg-f){: I !}Ei-r)d + I Is(g-fz + l !((E%lzlo mb + I !d(ecay

A Partonic cross-section not finite. IR safety recovered after convolution
with e*/e” distribution functions containing collinear effects




ISR and finite cross-section

After convolution the physical cross-section is

L (s) = / ds / Az TS (1)1 ™S (22) B (21225)

However, ! S5 (X) in the literature uses mass regularization and sums only
leading Iogarlthms 1" In"(Q%/m 2)
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After convolution the physical cross-section is

L (s) = / ds / Az TS (1)1 ™S (22) B (21225)

However, ! S5 (X) in the literature uses mass regularization and sums only
leading Iogarlthms 1" In"(Q%/m 3)

Introducing finite 111, and including hard- and soft-collinear modes gives a
finite partonic cross-section

: 1—r
(1) 4043 E + iF(O)

BIR wno(S) = 27SC‘VSIm (11) ! MWW 2In
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ISR and finite cross-section

After convolution the physical cross-section is

L (s) = / ds / Az TS (1)1 ™S (22) B (21225)

However, ! S5 (X) in the literature uses mass regularization and sums only
leading Iogarlthms 1" In"(Q%/m 3)

Introducing finite 111, and including hard- and soft-collinear modes gives a
finite partonic cross-section

: 1—r
(1) 4043 E + iF(O)

BIR wno(S) = 27S€Vslm (11) ! MWW 2In

7 1,b & ’ 1 1
+Re C[g,l_’Rn) | T AO-C(:oglo mb T AO-( )

deca y

Physical cross-section is then

~

I’\COHV

Feony (x1x28)
J




Input:

Results

m. = 0.510MeV, ! ¢, =

3G,M2,82, " 1, =
My = 80.377GeV, M, = 91.188GeV, My = 115GeV, m; = 1742 GeV

l (¢ e !

1 g,udX)(fb)

" s[GeV]

Born

Born(1SR)

NLO

NLO(ISR-tree)

158

61.67(2)

45.64(2)
[-26.0%)]

49.19(2)
[-20.2%]

50.02(2)
[-18.9%]

161

154.19(6)

108.60(4)

[-29.6%]

117.81(5)
[-23.6%]

120.00(5)
[-22.29%]

164

303.0(1)

219.7(1)
[-27.5%]

234.9(1)
[-22.5%]

236.8(1)
[-21.8%]

408.8(2)

310.2(1)
[-24.1%)

328.2(1)
[-19.7%]

329.1(1)
[-19.5%)]

481.7(2)

378.4(2)
[-21.4%]

398.0(2)
[-17.4%]

398.3(2)
[-17.3%]

| (80.4GeV) = 0.119¢




Input:

m. = 0.510MeV, ! ¢, =

Results

3G,M2,82," 1, =

| (80.4GeV) = 0.119¢

My, = 80.37/GeV, Mz = 91.188GeV, My = 115GeV, m; = 1742GeV

l (¢ e !

1 g,udX)(fb)

" s[GeV]

Born

Born(I1SR)

NLO

NLO(ISR-tree)

158

61.67(2)

45.64(2)
[-26.0%)]

49.19(2)
[-20.2%]

50.02(2)
[-18.9%]

161

154.19(6)

108.60(4)
[-29.6%]

117.81(5)
[-23.6%)]

120.00(5)
[-22.29%]

164

303.0(1)

219.7(1)
[-27.5%]

234.9(1)
[-22.5%)]

236.8(1)
[-21.8%]

408.8(2)

310.2(1)
[-24.1%)

328.2(1)
[-19.7%]

329.1(1)
[-19.5%)]

481.7(2)

378.4(2)
[-21.4%]

398.0(2)
[-17.4%)]

398.3(2)
[-17.3%]

A NB: need to perform convolution at  s" 2M : use ISR-improved
Born below ~ 155 GeV. Cut-off dependence negligible (~ 0.05%)




Results

lnput: m. = 0.510MeV, ! ¢, = 2G,M%s% /", 1, =1,80.4GeV) = 0.119¢
My = 80.377GeV, I\/IZ = 91.188GeV, My = 115GeV, m, = 1742GeV

L (e et | p gudX)(fb)
Born Born(1SR) NLO

" s[GeV] NLO(ISR-tree)

A NB: need to perform convolution at S

A ISR results in large negative correction (:

158

61.67(2)

45.64(2)
[-26.0%)]

49.19(2)
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50.02(2)
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108.60(4)
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[-23.6%)]

120.00(5)
[-22.29%]
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303.0(1)

T2I9T(T)

[-27.5%)]

234.9(1)
[-22.5%)]

236.8(1)
[-21.8%]

408.8(2)

310.2(1)
[-24.1%)

328.2(1)
[-19.7%]

329.1(1)
[-19.5%]

481.7(2)

378.4(2)
[-21.4%]

398.0(2)
[-17.4%)]

398.3(2)
[-17.3%]

\/

2M; : use ISR-improved
Born below ~ 155 GeV. Cut-off dependence negligible (~ 0.05%)

-25%)




Input:

A NB: need to perform convolution at S

m. = 0.510MeV,

My, = 80.377GeV, I\/IZ = 91.188GeV, My = 115GeV, m,; =

Results

- 2G,M3s% 1",

= 1 ,(80.4GeV) = 0.119¢
1742 GeV

l (¢ e !

1 g,udX)(fb)

" s[GeV]

Born

Born(I1SR)

NLO

NLO(ISR-tree)

158

61.67(2)

45.64(2)
[-26.0%)]

49.19(2)
[-20.2%]

50.02(2)
[-18.9%]

161

154.19(6)

108.60(4)
[-29.6%]

117.81(5)
[-23.6%)]

120.00(5)
[-22.2%]

164

303.0(1)

219.7(1)
[-27.5%]

234.9(1)
[-22.5%)]

23681

[-21.8%0]

408.8(2)

310.2(1)
[-24.1%)

328.2(1)
[-19.7%]

329.1(1)
[-19.5%)]

481.7(2)

378.4(2)
[-21.4%]

398.0(2)
[-17.4%)]

398.3(2
[-17.3%]

\/

2M; : use ISR-improved

Born below ~ 155 GeV. Cut-off dependence negligible (~ 0.05%)
-25%)

target accuracy

A ISR results in large negative correction (:

A genuine NLO: additionalt +7% !

20




Comparison between ee4f and EFT in theory

| fullO(! )e* e ! 4f calculation in the complex-mass scheme

. , , [Denner et. al O05]
= technically challenging calculation

[involves one-loop hexagons to with complex masses in the loop]
4+ flexible treatment of final state
4 valid in all phase space (no matching needed)




Comparison between ee4f and EFT in theory

| fullO(! )e* e ! 4f calculation in the complex-mass scheme

. , , [Denner et. al O05]
= technically challenging calculation

[involves one-loop hexagons to with complex masses in the loop]
4+ flexible treatment of final state
4 valid in all phase space (no matching needed)

| effective theory approach Beneke et. al 07]

= currently inclusive cross-section only
4 technically simpler, compact analytical formulae
[most complicated loop calculation are on-shell boxes]

4 formalism can be extended to higher orders (systematization of DPA)

Also: proof of principle of the effective theory method to treat unstable particles

[Beneke et. al 003-004]




Comparison between ee4f and EFT in practice

Using same input, handling ambiguities in the same way and removing

double Coulomb exchange from EFT one gets:

L (ete! ) p "pud+ X

fb)

/S [GeV]

Born+ISR

DPA

NLO [EFT]

NLO [ee4f]

161

107.06(4)

| 15.48(7)

117.38(4)

118.12(8)

170

381.0(2)

402.1(2)

399.9(2)

401.8(2)

~

A agreement between EFT and ee4f up to 0.6% at threshold




ISR treatment & uncertainty

NLO results presented before based on

. 1 . 1 TT
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V2

| NLO
*v2

\/g [GeV] |6 | 12.0:
NLO (vI) [fb] | 117.81(5) o

My !GeV!

NLO (V2) [fb] IZOOO(S) 80.37 80.38 80.39 80.4 80.41 80.42

(vI-v2)iv] -1.9% @Mev effect forl\/l)
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Uncertainty study

Define:

| O; ! NLOJ[EFT] withM\, = 80.377GeVat si = {160,161 162 163 164, 170}GeV

| Ei(!Mw ) = other TH calculation with My, = 80.377GeV + !y,

6

O_ 11 E llM 2

| 12("My) ! Z (O 2';2 w)) (assume e.g. flat weights ! ;
] i

| My at which ! © is minimum gives the best estimate of the difference
between true and measured mass due to missing higher orders




I (S,MW + "MV\/)

Uncertainty study

! (S,M\N)

. +30MeVv

“+45MeV

single Coulomb + soft
or hard photon

main uncertainties

remedy?

ISR-treatment

NLL resummation

coupling scheme

make best choice (G,,?)

non-resonant

already in ee4f

single Coulomb +
soft or hard photon

not needed




Conclusions

Mw measurement at ILC with an error* 6 MeV needs! at threshold to
an accuracy of '+ 0.6%

Two independent NLO calculations of

# full EW e" e~ — 4f in the complex mass scheme

# effective theory calculation

= results age up to 0.6% at tBshold

However large (+ 2%) ambiguities from ISR treatment

= resummation of NLO collinegaithms mandatgrto educe the ar
belav 30 MeV




