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Measurements of the W decay width

12

* PDG 2026:
FW == 2.14(5) GeV

FCCee W-pair threshold
L —m,=80.385GeV T,,=2.085GeV
m,,=79.385-81.835 GeV, I',,=2.085 GeV

10

o(WW) (pb)

® Projected uncertainties at
FCC-ee:

(stat)

or ~ 0.27 MeV,
w

o) ~ 0.2Mev,

[FCC Feasibility Study, 2025,
arXiv:2505.00272] Vs (Geé)m
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Standard Model prediction of the W decay width

Current status: LO: v
NLO: as Vv a v
NNLO: a2 /o aas V a? X
N3LO: ad v e X
N4LO: ad v e X
Our Work:

Contribution to a? correction from W — 4f and W — 2f 2y (tree level),
—— —_———

complete in progress
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Standard Model prediction of the W decay width

Current status: LO: v
NLO: as Vv a v
NNLO: a2 /o aas V o X
N3LO: ad v e X
N4LO: ol v/ X
Our Work:

Contribution to a? correction from W — 4f and W — 2f 2y (tree level),
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complete in progress

1
Ar(oﬂ7 double-real) _ /dq) 2
W ;—WW s | M|

® Massless fermions except top quark

® Analytical evaluation of infrared divergence structure in D = 4 — 2¢
dimensions
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Kinoshita—Lee—Nauenberg theorem

a? correction contains:

2 2
double-real ‘ % -
¥
¥

+
real-virtual -«
3
+
2
double-virtual <

= infrared-finite
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Infrared divergences in real-emission corrections

NLO real corrections:

Collinear singularity for <t(p1, p2) — 0 if mf =0

i
k -
77 Collinear singularity for <((p, k) — 0 if mx =0
N Soft singularity for E;, — 0
4 X
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Infrared divergences in real-emission corrections

NLO real corrections:

M Collinear singularity for <t(p1, p2) — 0 if mf =0

i

;@ k/< Y Collinear singularity for <t(p, E) —0ifmyxy =0
Soft singularity for E;, — 0

NNLO
W — 4f W — 2f 2y

W <
w :‘f 5 p
? iz w . ¥ bt
Wt 1< VJ" ¥ v ¥
- e
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Four-particle phase-space parameterization

Integrate over final-state momenta pf’,...,p} in D = 4—2¢ dimensions

In rest frame of decaying W: 5 non-trivial integrations
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Four-particle phase-space parameterization

Integrate over final-state momenta pf’,...,p} in D = 4—2¢ dimensions
In rest frame of decaying W: 5 non-trivial integrations

Parameterization from [G. Heinrich, 2008, arXiv:0803.4177]

> t371/27e(1 _ t3)71/27e t4172e(1 _ t4)172e t576(1 _ t5)76
Simple form for most invariants s; = (pi + p;)*:

S3a =1t Ma/, S14 = t4(1 — tl)(l — tg) Ma/.
S13 = t4(1 — tl)tg Ma/, S10 = (1 — t4)(]. — t5)(1 — tl) Ma/

But not all: sp3 = (1 — ta) [t1(1 — t2)(1 — t5) + tots + (2t — 1) /72| M.
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Four-particle phase-space integration

1 1
I = / dt;- / dts (1 — 1) 72 6551 — 1)~ t; /27 (1 — 15) V2
0 0

— — — — f(t1 R - 'e)
1—2¢ 1—2¢ € € ) ) 85,
4 ( 4) 5 ( 5) g(tl,.u,ts)

f,g polynomials

\
J(=n) J(=1)
I I

0)

+ ... I

en € ~—
numerical eval.

+ O(e)

analytical eval.
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Four-particle phase-space integration

1 1
I = / dty- - / dts (1 — 1) 72 6551 — 1)~ t; /27 (1 — 15) V2
0 0

5 o e f(t1,... ts; €
X 21— ) (1 — 15) f(ty, ..., t57€)
g(tl,...,ts)
f, g polynomials 1
:
\
1 1
/ dz;- / dzs z; ™7z T h(z, ..., 257 €)
0 0 ’
regular

l pole extraction

J(=n) J(=1)
+ ...+

1+ 0@

numerical eval.

analytical eval.
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Extraction of poles

Extract poles via endpoint subtraction. Simplest example:

I = /01 dx x 172 (x)
1 1
— £(0) /0 dxxl‘“—i-/o G 1 F(x) — £(0)]

= xf'(0) + O(x2)

f
= ——(0) + finite.
ae

— Recursive application. . .
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Four-particle phase-space integration
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Four-particle phase-space integration

1 1
I = / dty- - / dts (1 — 1) 72 6551 — 1)~ t; /27 (1 — 15) V2
0 0
f(t1, ..o, ts; 6)

1—2e 1—2¢ ,—e€ —c
X t, 1—t¢t t 1—t
4 ( 4) 5 ( 5) g(t1,...,t5)

f,g polynomials
l sector decomposition

1 1
/ dzl.../ dzs z; ™7 zg T h(z, ..., 25, €)
0 0 N

regular

l pole extraction

J(=n) J(=1)
+ ...+

1+ 0@

numerical eval.

analytical eval.
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Sector decomposition

RATES = a

overlapping singularity
for x,y — 0
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Sector decomposition

RATES = a

—<f( ! . ey ef(x,
/dy/ dXX y (x.¥) + /dx/ dy X ¥y TXY) (><2y)
(x+y)? Jo Jo (x+y)

overlapping singularity
for x,y — 0
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Sector decomposition

/dx/ Xy “f(x.y)
(><+y)2
“f( : °f
A N
26t ffyty ’261‘ °f(x, xt)

y y t
substitute
y=xt

substitute
x=yt

factorizing overlapping singularity factorizing
singularity for x,y — 0 singularity
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Four-particle phase-space integration

1 1
I = / dty- - / dts (1 — 1) 72 6551 — 1)~ t; /27 (1 — 15) V2
0 0

f(t1, cey t5;€)

1—2e 1—2¢ ,—e€ —c
X t, 1—t¢t t 1—t
4 ( 4) 5 ( 5) g(t1,...,t5)

f,g polynomials

l sector decomposition

1 1
| = E / dz;- / dzs z; ™7 zg T h(z, ..., 25, €)

regular

l pole extraction

J(=n) J(=1)
+ ...+

1+ 0@

numerical eval.

analytical eval.
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Results for W — 4f

Infrared-divergent contributions

2
w w w
it v
analytical treatment of
divergence structure
Result:
Ar(vldﬂ_‘?f, ew) o 702 (4l 2¢ r(1+e)2 l+ 188
ricor — 36m2 \ My, e ' 27e?

— 428674 x 107°,

The rest:

infrared-finite

|

numerical integration with
custom Monte-Carlo program

Input parameters:
a(Mz) "t =128.93,
My, = 80.385 GeV,
Mz = 91.1876 GeV,
my = 173.34 GeV.

197881 — 976272 + 2760 (3)
4536¢
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Conclusion and outlook

® EW NNLO correction to W decay width needed to contend with

expected precision at future (circular) et e~ collider.

® Analytical evaluation of divergence structure provides full control over

cancellation of divergences.

® Computed double-real NNLO EW correction from W — 4f.
W — 2f 2~ in progress.
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Backup



World average for the W decay width — PDG 2026

LEP2 — @ 2195:0.083

x2/dof = 37/33

Tevatron —m— | 2,046+ 0.049

¥2ldof = 1.4/4

ATLAS | 2.202:0.047

World Avg —a— 2.14x0.05

Error scaled by 1.7

1 1 1 | 1 1 : 1 | 1 1 1 | 1

2.2 2.4
T, [GeV]
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LO, NLO «, NNLO a? — example diagrams
W N
NLO W’(&w '@”
., repd

o(l\j\'lk'

e e

KL/ do\kb(g-\,e,out 0(7_, oo -vin e , AOQo\L-v:d—
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Kinoshita—Lee—Nauenberg theorem

Infrared divergences cancel in observables that are sufficiently inclusive over
degenerate initial and final states.

Explicit mechanism: cancellation between interference diagrams that are the
same up to the placement of the unitarity cut.

Example 1
W4 L @ wee-level w228+ (@ 4-loop W 2 @ 2-l00p
Example 2
W4 L @ tee-level W 2+ 0§ @ wee-level W24+ (@ 4-loop w2 @ 2-lo0p
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Contributions to the amplitude for W — 4f

cowsidy NQ‘C"?'L'FI‘/ ‘Ft‘(l"(:l

COoOwoWRoW) 4o o\wxv\}rmou :
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-‘_\ Wt W"; E-,,
“’w@é& s
T {_ %

I
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Infrared-divergent interference contributions

two closed
_QorMO\\ (VAN
n 0“'&- oU\M
Cowrlounkow)

one closeol
{le/vv\XUV\ ung:
W De—%‘ OL‘:O\%UM'Q’
cowAR WA oW
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Divergent contributions to W — 4f

Two closed fermion loops
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Contributions to W — 2f 2y

40 topologically distinct interfer

M@W%M@W@%— o Dy
G B S G BB B B
AP L L Ly B R
A - Ly B
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Four-particle phase-space parameterization

S12 = y1027 S13 = yzQz, 23 = }/3Q2, S14 = y4Q2, S24 = yst, S34 = Y6QZ~

3(4—D) Q 3D/2—4
d®(p1, p2, p3, pa; Q) = W(—AU 2 Hd)’: O(yi)

i=1

X dD ZQ C|D 3912dD 4913 @ (I—Zy,),

Gram determinant:

Ay = Nyrys, yoys, ysya),  Mx,y,2) = x* +y* + 2° — 2xy — 2yz — 2zx.
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Why 5 non-trivial integrations?

d® . (pn, P2, 0)
3(4-b)

= (2“)30'4

x g ( O~ pimPe-P2” ParB

J 4% S(pF- ) .. [dTpa S(pa-wid)

Totad # iwcgatows = 4 (D-1) —D = 3p-4

Qont  frome N '
D\Q > 2 aviol wka$ ]V\K%JQJWOV\M .
P " P ; stadion
&S \./ t0 %V\/\ww UMY SV ouALou ¥ O
l,/\i;l 0‘ adh  wacUALE U
Ps

+ A Rviok MMOJ ivd'(%lcdﬁcw chue +o
I s
symmerYY s Shmustaneous ¥ otakion

Q) 4hRe naouaumta osouuel 4l olechion

ob rla fowtl.
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Four-particle phase-space parameterization

Yo = taty,

ya = ta(1 — t1)to,

ya = ta(1—t1)(1 - 1),
yi=(1-t)(1-t)(1-t1),
vs=ys +t:(y5 —y3),

=(1—1t) [tl(l —t)(1 —t5) + tats £ 2¢/t1(1 — o) t2(1 — t5)t5] .

o7,,3(4=D) ( (72)3D/2—4 -
[ d0er.pprpi @) = 22 (%)(3‘?,)4 [ ds (0= e - )

x [t3(1 — t3) [t1t2(1 —t)ts(1 — t5)] 7

/dD ZQ /dD 3Q /dD 913,
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Extraction of higher-order poles
1
I:/ dx x~ " f(x)
Taylor expansion: 0

n—1 1
F(x) =)+ F(O)x+- =3 —fP0)x"+ R(x)
; k! EB(JH)

i 0 /dxxk e /dxx T R(x)
N —

regular for x,e — 0

n—1

k=0

Trivial integration:

—l, m+1=0,
1 S 1 ae
dx x :m: mG{—n,...,—l}.
— ae€
0 E (m+1)k+1’ m+1<0,
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