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W mass from W+ W~ threshold cross section {"5

Statistical precision

Cross section accuracy

and the W mass accuracy [CERN YR Phys at LEP2 vol. 1 p. 161]

AMW=AUWW|d W\—F\ dMW]m

At the WW thresh. the sensitivity factor is estimated to be

\/7’de |~ 0.91GeV/y/pb

The physics goals are set to 10/ab and 3 x 107 events at WW threshold
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Experimental precision

With the oy = 3pb we obtain

GeV /3 pb _6
AMy =091——-—Y=E_ —0.3MeV=236x10"°M
w /b v/3 x 107 W

whereas the accuracy of the total cross section is

Aoww 1
= = 0.02%
oww V3 x 107 ’
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Theoretical precision — Status at LEP2 ‘;'5
y

O(a) EW corrections

» LPA (Leading Pole Appr.) of YFSWWa3: only terms with two
W-bosons

» DPA (Double Pole Appr.) of RacoonWW: LPA plus full 4f 4 ~ real
Corrs.

» IBA (Improved Born Appr.): only universal corrs. to CC03
(Coulomb etc.)

» At the WW thresh. the DPA/LPA provide 25% corrs. to the Born

» Complete O(«) corrs. to et e~ — 4f calculated for selected final
states [Denner et al. arXiv:0502063] with the following conclusions:

» At 161 GeV difference DPA/LPA vs. full 4f O(«) is ~ 2% of Born.

Above the threshold this difference drops to below 0.5%.
The difference DPA/LPA vs. IBA is ~ 0.2% of Born at 161 GeV.
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Missing corrections

Missing corrs. according to [Denner et al. arXiv:0502063]
» Higher order ISR — feasible in YFS exponentiation approx.

» Higher order EW corrs. dominated by o? log(m?2/s) estimated at
<0.1%

» Higher order Coulomb effect ~ 0.2%

Finally, the QCD effects must be also included: O(ag) corrs. including
matching with PS, B—E and colour reconnection.

Overall EW precision of O(«) result

total cross section: few x 0.1% [Denner et al. arXiv:0502063]
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NNLO corrections

» With the method of unstable particle effective theory the
dominant NNLO corrections to four fermion process (u~ 7, ud)
were calculated in [Actis et al. arXiv:0807.0102].

» They are nick-named N3/2LOEFT because in EFT a different
expansion parameter is used to count the strength of particular
corrections.

» The effect of these N3/2LOEFT corrections on W mass is 3 MeV
and on total cross-section 0.2 % at the threshold.

» The drawback of the EFT method is that it provides inclusive
results only.

M. Skrzypek (IFJ PAN, Krakéw, Poland ) Precision predictions of WW process ... CERN, 9 Jan 2018 7128



O(a) WW Monte Carlo codes ‘;'5
>

» RacoonWW [Denner et al. hepph/0104057] Contains et e~ — 4fermions
Born-level process, complete real correction
ete~ — 4fermions + v and O(«) EW virtual corrections in Double
Pole Approx. ISR radiation is based on LL QED structure
functions to second order with soft photon exponentiation.

» YFSWW3 v.1.16 [Jadach et al. hepph/0103163] generates signal process
ete” — WTW~ — 4fermions up to O(«) in production and decay
separately. It includes multiphotonic radiation from the production
part in the YFS framework. The hard ISR is corrected to third
order in the LO approximation. The FSR in W-decay is handled by
PHOTOS.

» The difference between the two implementations (DPA vs. LPA) of
the virtual plus soft O(«) corrections to W-pair production is below
0.01% for the total cross section, whereas, the overall agreement
of these two codes, including all physical effects is of the order of
0.3% for the total cross section at 200 GeV.
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4-fermion Monte Carlo codes ofe
'y

» KoralW 1.42 [Jadach et al. hepph/9906277] contains complete four
fermion background to the process et e~ — 4fermions at the Born
level. Radiation is limited to multiphoton YFS-type ISR corrected
to third order in the LO approximation. FSR is done by PHOTOS.

» KandY = KoralW+YFSWW combined 4-fermion and O(a) WW

» WPHACT [E. Accomando et al. hep-ph/0204052 ] all 4fermion final states
with imaginary Fermion Loop gauge restoring scheme.

» Other 4fermion codes (not used at LEP)

» No MC code for O(«) 4fermion process

Single W Monte Carlo code

» WINHAC [Jadach et al. hepph/0302065] generates single W process
qq — W* — fi£ up to first order. The multiphotonic radiation in
YFS scheme is included in the decay of the W-boson. This
radiation can be adapted to the YFSWW3 code.
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Towards high precision MC for W’s ﬂ";

» MC code with O(«) 4fermion process — feasible, calculations exist
» MC code with O(a?) 4f processes — calculation out of reach ??

» Continue LEP2 strategy: MC with O(a?) separate corrections in
WW production and in W decays, i.e. Double Pole approx.
Calculations feasible ?7?

» How precise it could be? Lets do naive math

O(a)sp ~ (0(a)4f - O(a)op) ~ 2% Born ~ 8% O(a)pp
If O(a?) <0.2% and O(a?)gp ~ 8% O(a?)
then O(a®)sp ~ 0.016%
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Towards high precision MC for W’s ﬂ?

There is one more contribution that we can include

» The missing interferences P-D and D-D to the WW graphs
can be included to all orders in soft approximation within
extended YFS scheme. It was done in KKMC for Z resonance

» How much of the 4f loop corrections is due to interferences
Production-Decay and Decay-Decay in the signal graphs ?

» W’s can emit photons — complication w.r.t. Z-boson.

» Does it make sense to exponentiate W’s as there is no IR
singularities for them? Yes! W’s are almost stable particles!
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Exponentiation for charged resonances ‘iﬁ
An unfinished LEP2 project ... M

All virtual and real emissions, in soft limit

The above is our aim! How to get there?
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Factoring photon emission

Single emission from the internal W line:
Ky
Q, Q,

Noticing that Q2 — Q2 = 2k; Qy — k? = 2k; Qi + k? we may write:
1 1 1

(G8 — MB)(QE — MB) — (2kiQy + K?)(Q2 — MB) ' (~2kiQy + K2)( QG — MP)

where M is complex mass of W.

It looks like sum of two on-shell emission factors times pole term.
LHS: IR-finite!

RHS: Difference of two IR-divergent terms!
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Multiple emission from the internal W line

ki ky 000 k King g 0 o Knm Kn
Qo 1 Q, Qi1 HQj Qi 1 Q,
T

In the soft photon limit we find general formula

1 —
> (QB—MB)(QP—MP). . (QB—MP) —

permut.
1 1 1
= X X ——
p:(;o)anP (Qptk)Z—Q2 = Q22 MH:D (Qp—k)Z—Q2°
where
Qp=Q— > ki=Q,+ > k.
pi=P pi=D

It looks like sum of 2" on-shell emission factors times pole term!
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Notation: EM real and virtual current iﬁ

éiu(p)

. . 2pk
j'u’(k) = le E QX@X 2pxk
X=a,b,c,d,e,f

JUk) = > Jx(k),
X=a,b,c,d,e,f

o _ 2py +kH0x

Jx (k) = QxOx tz 35 ka1

Virtual lines are pair-contracted giving S-factors:
Sk)y=Jd(k)odk)= > Jx(k)ody(k),

X=a,b,c,d,e,f
Y=a,b,c,d,e,f

where Qx is charge, § = +1, —1 for initial, final state and
Jx(k) o Jy(k) = Jx(k) - Jy(=k), for X # Y,
JIx (k) o Jx(k) = Jx (k) - Ix (k). ( Exactly as in YFS61)
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Standard Yennie-Frautschi-Suura-1961, 6 external legs ﬂi

T

o7 el
. el

Mrkzim (K Ky Ky) =

[ S / LR o d(k)
e Sl it) @n)3 kRN it T
m
= [ (k) &%,
=1
i a*k
Bs = / 2 e 0o k)
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NEW!!! 6 external legs + 2 internal lines (resonaces)

For a given assignment (permutation)
of real photons to P, Dy and D,
we find for matrix element:

n1 n2 n3
P . N .
1 n. r y iy
Moyrgny 0D =10 | [ o) T | o2 ) T 4,2 )%
iy =14 =1y i3=13
a* k
Zm H & T k) Z P H e ,_zmiu,% (kg) © o ()
ng=! =0 /4 1 ng =! 0 15 1 5
Jp,, (k; Jp, (ki ki Jp, (k;
Zne H/ (2m)3 k2 +/s DZ( '6)0 D2 ’6)§ n7y | | / (27-r)3 kz 7m2 e (/7)0 D1( :7)
ng=>0 ig=1 n7=0 i7=1
E H J<k>J<k>§ H Mo o ke oo )
© o
ng! (277)3 k2 —m2 Fie 78l 72 ng! (27r)3 k2 m + ie D13%g 7 © “Da
ng=0 ig=1 ng=0 ig=1

]
(Pcd + Kz*K7 + Kg)2 — M2 (pgr + Kg—Kg — Kg) — M2’
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Sum up for P, D; and D; as in YFS61 ffi

=My H/P (k) H/ (ky) H/“'3

=1 =13 3=13
eaBP eozBD1 eaBD2

o]

;;H/ kzd“kVJP( ) do, (Ky)
i1H/ e e o) oty
2t LL | @ e
i;H/ (2n)3 k2d4_7kmzdo1(k ) © Jp, (Ky)
5 |

(Up — K7 4 Kg)? — M2 (V3 — Kg — Kg) — M2’

where aBy = [ ;s =Sk Jx(k) o Jx(k), X = P, D1, Dy.

- m?
m,y+le
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Now tricky point:

In the soft photon limit:
1 N 1
(U27K7+Kg)2*M2 - U22 —M2—2U2K7+2U2Kg
_ 1 1
TR _ MR 2U,k; 20Uk
2 1= Ziy Ugfl\;z +E/9 UZ—Mm2 M2
1

1 1
U22 — M2 H 2Uzky, H 2U2

iz 1_U27M2 ) 1+

M2

Il H
M2 (Uz—‘ - M2 1L (U, + k)2 — M2

I

leading to final result CEEX result, see next slide...
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CEEX for narrow resonances

MHA b (ky Ko, ... kn) =

= S Mo H i(kj) e X (Up, V) ’
oe(PDyD) i< 7 Ve
where

Up = Pea + Z ki, Vo = Per + Z ki,
=D o=D2

OLBCEEX(U V) =aBp+ l)lBD1 + OzBD2 + aBp®D1 (U) + O‘BP®D1 (U) + DZBD1®DZ(U, V),

2
aBpap, (U) = [ (271')3 K2 d,:21<+’ Jp(k) o Jp, (k)(uuk)iyw’
d“k

w2
aBpgp, (V) = IW m Jp(k) OJDz(k)m7

2_ a2 2 g2
aBp,gp,(U, V) = [ Jp, (K) o Jp, (k) (ui k>2“{ 7 (VK k)g"{ -

(27\-)3 k2 — m2+ls
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Closer look at 1-real-photon case

MO (k) ~

2pt 2p 2pt
; b _ h
p —M2 p —M2 Qa 2Pak + Qozp 2ppk Qg 2ng = Ohop 2ppk

2pk! 2pl

Jr(pmk)§ [ ? {Qg 2pgk = Qogper — Qdm}

1 1 2y
+P§d*M2 (Per+H)2—M2 {Qh 2pyk ~ Qogpie 2pck - Qg 2prk

M2
— 1 1 JE+ Pl Js Po— j
p2y—M2 p2,—M2 ) P T (peg+k)2—M? IDy * Gorrr?—2 Io,

For k° < T': Normal YFS small limit, Emission from W’s cancels out!
For k° > T': Each Intermediade W is present twice (4+3+3=10 sources),
Energy shift in W propagator proprly coherently accounted for,

Three gauge-invariant currects for production and 2 decays.
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Summary of new exponentiation scheme {"5

Interferences between production and two decays of W’s can be
implemented to infinite order in diffrential distributions
It is extension of YFS61 scheme at the amplitude level (CEEX)

It is exact in the soft photon limit

Recoil in W propagators is properly described

O(«) corrs. can be added to the g functions

EEX-type scheme (ready for YFSWWS3) without P-D, D-D
interferences can be derived from general formula by dropping
non-diagonal products of currents

» Works for single-W as well

» The CEEX case of Z-boson is already implemented in KKMC
(as reweighted EEX)

vV v v vY
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Conclusions and outlook ‘ﬂ?

» Monte Carlo scheme for W-pair production is proposed
based on extension of YFS61 method.
It includes NF interferences P-D and D-D.

» Important question: how much of the complete corrs. is
reproduced by these NF exponentiated interferences?

» O(ca?) calculations for the Double-Pole production and decay parts
are needed ! Feasible ?7?

» O(a') for e~ et — 4f must be implemented in MC with explicit
split into DP+SP.

» Exponentiated ISR with O(a®) LL mandatory

The overall precision tag ~ 104 1?

YFSWW3+KoralW look like a good starting point
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Backup
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O(a) ey With incomplete O(al'y/My) ‘iﬁ
>

NN o
ME’ : n(k17k23'°~7kn) - Z ean (Up, Vo)
pe{P,Dy,Dz}"

N n LN ”
x {ﬁé” (Uo Vo) Ly, (i) + 3 Bl (Up, Vi i) I /g;;,}m-)}
i= /= 17

IR-finite 3’s from O(a') Feynman diagram calculations (without
NF):

U V) = e B OIMDW,Y)| = M (U V) - BRI, V),
\{vhere Bfgd(& R 32) = aBp + aB[)1 + OzBD27

B (U, Ve, k) = MDA (U, Ve, ) — (KM (Un, Vi), 7= P, Dy, Ds.
IR cancellation occur automaticaly after phase space integration:

o= L [ dPapn(ki ... kn) > |€*B0IN, (k.. ka) [

n=0 m, spin
Non-Factorisable (NF) included in the soft-photon approximation (as in all
existing calculations in the literature); good enough for differential
distributions (disregarding normalization).
This is Double-Pole (DP) part, Single-Pole (SP) O(I'w /M) next slide
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O(T'w/Mw) Single-Pole O(a®)

MO (e kg k) =

~ n

= xS B0 () 1T, (k)
pe{P>D1 }n i=1 '

Here Béo)(U) is Single-Pole component of Born.

DP at O(a'),,., and SP at O(a?)..., to be added coherently!
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Derivation of EEX ready for YFSWW3 from new CEEX  §ffg

Essential step: Neglect interference between production and decays in

CEEX 1 oo 1 H .
oCFEX = o S o o J ALipSatn(Pa + Pb; Pe, Pd, Pe, Pt ki ... Kn)
« ) B (U, Vo) « 3 eaB%EEX*(U@/,V@/)
pe{P,Dy,D2}" p'e{P,Dy,Do}"

A (1 " LN "
{ ) W Vo) 11 060 + 35 305 (U Vo) T pr,}(ki)}

s

i

X noo = Ay i )
X{ " (U, Vo) T Jiyy (k) + 35 B (U, Vo ) I g (ki) }
i= = 7

; .
’ 3
'
i
PR d
.

N —

b

3 N,
Neglect iterference terms p # ¢’ and in aB{EEX — o BEEX
g £ 10 10
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Derivation of EEX ready for YFSWWS3 from new CEEX
il,

o EEX  gBEX = L S~ L [ aLipSain(Pa + Poi Pes Pds Pes Pty K ..Kn)

n=0
% eZa?RBp-i-za?RB[H +20¢§RBD2 H |l{p/ (kl)‘z
pE{P,D1,D2}"
(1) * 53(1) 2
a) (ﬁw}(u@,vwk,mg,.}(k/) )HIBL L (Up Ve k)]
<3 165" (Up, Vo) P+ Z : |j{;j}(k‘)\2 =
Usmg Bose symmetry it can be brought to usual EEX (YFS1961) form:

Z Z Z f dLIpS4+f70+’71+I72 (pa + Pb; Pe; Pd, Pe; Pt ky.. knz)

ny=0 ny=0 N, =0

Lrl:[SPk/o ! HSD1 k/1 nv H802 klz

=1 b=

Xezaéresp+2a§)eso1 +2aRBp, {Bé” (U, V)

o B, (U V.K) B Wik 2 B (UK
1(P) 1{01} Vol 1{Dy}
LDy w7 Jr; o, () +/:Z1 su2<k> ’

j=1
where U = peg + Z, o ki, and V = per + Z, " ok
Three mdependend EEX one for production and two decays.
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