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World o, determination

m Determined today by comparing 6 experimental observables to pQCD
NNLO,N3LO predictions, plus global average at the Z pole scale:

[Bethke/Dissertori/Salam]
April 2016

(1) lattice v T decays (N3LO)

a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
o ¢'e jets & shapes (res. NNLO)
® c.w. precision fits (N3LO)
v pp—> jets (NLO)
v pp —> tt (NNLO)
(3) PDFs

(4) e*e jets (shapes, rates)
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o from hadronic Z decays: W? future?

m Determined today by comparing 6 experimental observables to pQCD

NNLO,N®LO predictions, plus global average at the Z pole scale:

[Bethke/Dissertori/Salam]

o (Q%
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(1) lattice

April 2016
v T decays (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
o ¢'e jets & shapes (res. NNLO)
® c.w. precision fits (N3LO)
v pp'—> jets (NLO)
v pp —> tt (NNLO)
(3) PDFs

(4) e*e jets (shapes, rates)

QCD o, (M,) = 0.1181 +0.0011
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o, from hadronic Z decays

3 1 5 Tt
» Computed at N°LO:  Rr¢ = % =REWNc(1+) cn (a?) + O(a) + dum + dup)

» Extraction from fits to all LEP data (mostly 3 Z—|5eak pseudo-observables):

Tha 127 TeTha 127 T2
[, = 2.4952£0.0023 GeV (£0.1%) R} = 7= ohg= 750 of = 7 od

o, (M) =0.1221 + 0.0031 (+2.5%, PDG, LEP alone)

After Higgs discovery, o can be also directly determined from full fit of SM:

5

M 0.0 ! A =
" = = =
M,, -1.5 <] £ =
o o1 4.5 - ]

M, 0.3 4 —20
r, -0.2 = -
., 1.5 35 —
RS, 1.0 = 3
Ary 0.9 30 =
A(LEP) 01 = =
A(SLD) 2.1 25 = =
smz@:'m(qps) 0.7 2 f_ _.‘E
sin?@ ' (Tevt.) 0.1 - -
A%E 0.8 1.5 —
Aca 2.4 - -

A, 0.0 15 S 1o
A, 0.6 c =
Re 0.0 05 . S -
R: -0.7 ey i 1 P O L 1 .

o m, | 0.5 8.11 0.12 0.125 0.13
Acl? (M2) 5 0.2 2
ar (ME) 1.3 0f's(Mz)
[ NN FETNE FEENE EE RS NN N S
gy o, (M) = 0.1196  0.0030 (+2.5%)

(oﬁt - orneas) / S meas
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o_ from hadronic Z decays (future)

» Extraction from N3LO fits to 3 e*e — Z pseudo-observables:

. 12 =71
Giga-Z at LHC (10° Z's) FCC-ee (10%* Z's)
o 5 5 L L L N L B L S B I T T 1 L — 5 Fits |nclud|ng F and RU theory uncertalntles for FCC-ee scaled by 1/4.
= = ' : L ! ' - T I T T 1 T T T -
< ~ A : 1 : &,. - - 2]
45 [ Present suic | . 45E " | FCC-ee prospect f|tter sMlz
= |:| Prospectsfor IL lGlgaZ : . E e No theo. unc. =
e R . e - 20 . [ EERONTE ORISR TSI SRR x|
- ** Prospects for IL GlgaZ preseni theo unc = T — 1/4today's theo. unc. - Y
35 F , 1 rdecaysatNSL  [PDG zms] 4 35F [ Present predision =
3 = g E -8 World average [PDG 2017] .
25 T 25F —
2F e =
15 1 155 =
] T e S o A = ENG———— A1
05 F- 4 05F B
0 Fi g5 LTS ELSE g PN > L3 L igopli@ e 0 E ! I
0.112  0.114 0.116 0.118 0.12 0.122 0.124 0.126 0. 116 0.118 0.122
from Roman Kogler S(M ) 0 (M2)

— Huge FCC-ee Z stats (X10° LEP) will lead to: éa_lor, < 0.2%

— Compare to full SM-fit extraction (BSM?): Parallel reduction of parametric
uncertainties (sin®6_,,m,,,m ) will be achieved too.
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o, from hadronic W width

» Width known at N°LO. Small sensitivity to o_ (only beyond Born):

4
o k
Z H/ri,jl2 |:1 =4 Z (?S) -+ 5electroweak(a) s §n1ixed(aas)
k=1

quarks 1,j

q q

q (1-4)
aS

» The hadronic W-boson decay width has not been used so far for as extraction because:

m a complete N3LO/NNLO formula with all computed corrections [1] was not available until
recently [2] (albeit with a few approximations),

m the 2% relative experimental uncertainty on 'y (hadronic) was significantly large compared
to 0.1% of I'z(hadronic).

® We recalculated Iy (hadronic) through the O(a?) or N3LO formula using [2]:

, V2Grm3 L [as\* . i 1 2
[w (hadronic) :% Z |V;,j|2 1+ Z (f) + 0pw + OMixed | = Z r(Q)CDJFrgalvarrg\d)ixed
i k=1 i=0
where
o Fg)CD is the leading order decay width and QCD corrections of order O(ai‘) and k =1,...,4,

b F{EllN electroweak corrections of order O(«),
1] - A. Denner, B. Kniehl, J. Kiihn, K. Chetyrkin, ...

2 . .
u rg\d)ixed mixed corrections of order O(Q‘Q"S)- 2] - D. Kara, Nucl. Phys. B 877, 3 (2013)
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Hadronic W width at N3LO

» Width known at N°LO. Small sensitivity to o_ (only beyond Born):
4
V2 N K
F‘W’,had — %GFmi‘ Z Hf‘ile |:1 - Z (%) 6 X éelectroweak(a) =t §mixed(aa’s)]
quarks 1,j k=1

V 2 q q (1-4) q q q
I ij I o (010 5%
w w + w W + 1%
o g’ q’ q' q'

® The hadronic W-boson decay width has not been used so far for a5 extraction because:

m a complete N>LO/NNLO formula with all computed corrections [1] was not available until
recently [2] (albeit with a few approximations),

m the 2% relative experimental uncertainty on I'yy/(hadronic) was significantly large compared
to 0.1% of I'z(hadronic).

® In our calculations we carry out the following improvements compared to previous works:

implement finite quark masses in the dominant 'y (hadronic) terms: Born and
first-order QCD corrections

use N3LO as running instead of LO (between my and my)
use current PDG world average values for parameters of the Standard Model

(aQED, Gr, mq, mg, my, mz, ma, CKM matrix elements |V; j|)

determination of associated theoretical and parametric uncertainties.
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Hadronic W width at N3LO

» Width known at N*LO. Small sensitivity to o, (only beyond Born):
V2
FW Jhad iGFm'?V Z |V1_]| |:1 i Z ( ) -+ éelectrov;eak(a) -1 51111}:6(1(05&’5)]

[EWK: -0.35%)]

IVIII2 4 ol (1-4)
/\A/\N<9660%%} NW@ 3.78% \/\m@ Wm<§-005%

» Derivation of partial and total hadronic W widths:

quarks 1,j

Partial widths (MeV) ro Fo To Ton  Tob Tewk  Tmied Tpig
W — qq’ (exp. V) 1379851 52931 2857 -0992 —0238 —5002 —0.755 1428.65 %2240, + 0.044

W —qq (ViVi=68) 1363197 52291 2822 —0980 —0235 —4942 —0746 1411.40+0.96ps + 0.04,

W —qq (exp. V) [5] 1408980 54087 2927 —1018 —0245 —5132 —0779 1458.820 +0.006,
W — qq' (V§Vi=8) [5] 1363640 52346 2833 —0985 —0237 —4940 —0748 1411.910+0.006¢,

» Careful evaluation of parametric (Vi'j, m, ) & theoretical uncertainties:

— Parametric uncertainty: +22.40 MeV (dominated by V)
+0.96 MeV (CKM unitarity, dominated by m, )
— Higher-order QCD corrections: +0.019 MeV (diffs. N°LO vs N*LO for I

— Higher-order EWK, mixed corrections: +=0.035 MeV (from D.Kara NPB877(2013)683)
— Others (non-pQCD (A,.,/m,)* finite g masses above LO, ren. scheme,...): negligible
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Hadronic W width: Data vs. N°LO

» Evolution of the PDG world average value of 3" (hadronic) (current value is (1405 + 29) MeV)

by year compared to theoretically predicted decay widths.
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1460 - _ ﬁ + of [2]
T o T
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o —_
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o, from hadronic W width at N°LO

®» Using the O(a‘;) W-boson decay width formula we can extract as by comparing it to the experimental
value TS (hadronic) = (1405 4 29) MeV.

0.14 — EXP a\2 - - -EXP CKM
: —UnitCKM = Current large parametric (£ 23 MeV)
0.13 and experimental (£29 MeV) uncertainties
: <> on Nyw(hadronic) propagate into a huge «
0.12 R uncertainty ~ 60%.
0114 a(mwz) =0.107 +0.068 PR Experimental priorities should be:
o 1 - . .
= - m measure |V | with better precision
€ 010+ -7 0
= _ - (current 1.6%),
0.09 4 7 m significantly reduce uncertainty of
1 -7 I'w (hadronic) measurement to a few
0.08 - s MeV,
0074 -7 o(m,)=00691%01157 = reduce my uncertainty (now it
1 L7 propagates to 0.8 MeV on
0.06 +—=~ , , : : , I'w (hadronic)).
1400 1405 1410 1415 1420 1425 1430
r,,(hadronic)
o extraction method os(me) os(m32)
de (experimental CKM) 0.069 £ 0.065¢xp £ 0.0504, 0.068 £ 0.064¢xp == 0.050p;

W, (CKM unitarity)

0.107 = 0.0664xp % 0.002p5; = 0.001 4,

0.105 = 0.065¢xp & 0.002p,; = 0.001y,
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Hadronic W branching ratio at N°LO

» [w(hadronic) has a 2% experimental uncertainty, BRy (hadronic) has an uncertainy of 0.4%.

[/ (hadronic)

= We try BRyy (hadronic) = o (ot ! RW = BRy (had)/BRy (lep) = BRw (had)/(1 — BRw (had))

# For the total decay width Iy (total) we use the ZFitter NNLO (includes up to O(a) QCD, O(a)
electroweak and O(wa) mixed corrections) fitted result by [3] parametrized as

My (total) = Gpymyy, and Gy = 4.0279 x 10 °(1 4 0.00095x;, — 0.0024xp; + 0.0016x;, + 000065x) GeV

where x; = f(ag), xy = f(my). [3] - G. C. Cho, K. Hagiwara, Y. Matsumoto, D. Nomura, JHEP 111, 068 (2011)

» We also computed the associated parametric uncertainties as done for I'y(hadronic).

Observable  (Full calculation) (VijVik = dik) Experimental value
F,‘:‘;d (MeV)  1428.65 +22.40p,; £ 0.04y, 1411.40 £ 0.96p,; £ 0.04y, 1405 £ 29

F;ﬁ"t (MeV)  2093.4 £1.2p,; = 0.8¢p - 2085 £ 42

Bﬁd 0.682 4 0.011p, (£0.0002¢,)  0.6742 +0.0002¢, £ 0.0001,,;  0.6741 & 0.0027
Rw 2.15£0.11p, (£ 0.002¢,) 2.069 £ 0.002¢, £ 0.0015 2.068 £ 0.025
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Hadronic W branching ratio: Data vs. N°LO

» Evolution of the PDG world average value of BRyy/(hadronic) (current value is 0.6741 4 0.0027)
by year compared to theoretically predicted decay widths.
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o, from hadronic W branching ratio at N°LO

® Extract ces by comparing the theoretical hadronic branching ratio formula to the experimental world average value

Iy (hadronic)(as)

= BRyy (hadron it:)EXP .

M (total)(es)
014 EXP < .
o (M. ) = 0.119 & 0.042¢y, /Y = Setting the CKM matrix to unit matrix
0.124 S — instead of using experimental values, we can
P extract as with 35% uncertainy.
0.10 4
- ”
0.08 - ;7 To extract as with a higher precision:
= ] R m reduce the uncertainty of | V| as
ém 0.06 - ,7 mentioned earlier,
S R
0.04 P m reduce the uncertainty of my
o R (measured to 0.02%) which becomes
000 - - -EXP CKM e dominant once the | V.| uncertainty is
' ——— Unit CKM ,° reduced below 0.05%,
] , ,
0004 ________________ Jij_____CIE(_n:IEV_}__=_-_O_'E)_0_3_O__i_(?_?is_§§}_____ m measure BRyy(hadronic) with a better
— A ————— precision than today (0.4% now).
0.670 0672  0.674 0676 0678  0.680  0.682
BR,, (hadronic)

o extraction method as(m) s (m3)

B, (experimental CKM) 0.0 £ 0.04exp =+ 0.16p4 0.0 == 0.04exp == 0.16p,;

BY ., (CKM unitarity) 0.119 = 0.042¢yp =+ 0.004g, == 0.001 5y 0.117 = 0.042exp + 0.004, = 0.001 oy
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o, from hadronic W had./lep. BR at N°LO

® Extract ag by comparing the theoretical hadronic branching ratio formula to the experimental world average value

Rw = Bhad/ Blep had/ (1 - had)
_ = CKM unitarity
R, e = 2:068 £ 0.025\ == ==Experimental CKM ) . . .

018 p—rd——d— gt oL Lo Ll = Setting the CKM matrix to unit matrix
—_ l : [ instead of using experimental values, we can
o extract as with 35% uncertainy.
0,14 =
0,12 ] =019 2008z, 20004, 20001, BEA o extract &, with a higher precision:

g ] /s’ m reduce the uncertainty of |V | as

o™ ’ . .

c 0,104 ot - mentioned earlier,

3 0,084 L ‘." - m reduce the uncertainty of my,
— 4 (measured to 0.02%) which becomes
T - dominant once the | V| uncertainty is
0,04 S _ reduced below 0.05%,

- ;'
0,02 e i = measure BRw (hadronic) ;Nith a better
200 ] :I"a(mi]—ﬂ{ltﬂw £0.04, precision than today (0.4% now).
' 198 200 202 204 206 208 210 212 214 2,16
Rw
a extraction method as(m,) os(m32)

Rw (experimental CKM)
Rw (CKM unitarity)

0.0 :I: 0.04exp :I: 0.1 ﬁpar
0.119 £ 0.042¢xp £ 0.004, = 0.001 py;

0.0 = 0.04¢xp = 0.16p,¢
0.117 £ 0.042¢xp £ 0.004;, 3= 0.001 ¢

o_(2019) Workshop, ECT* Trento, Feb. 2019

14/16

David d'Enterria (CERN)



Summary: o from hadronic W decays

» Computed at N°LO: Ty, = - Gemy, D [yl

quarks i.j

4
a\k
i E: (?S) T 6electroweak(a) r §n1ixed(aas)
k=1

#» LEP: I, = 1405+29 MeV (#2%), BR,, = 0.6741+0.0027 (+0.4%)
Extraction with large exp. & parametric

(CKM V_) uncertainties today:

—— CKM unitarity
= = = =Experimental CKM
! | 1 | 1 | 1

Ry op = 2.069 +0.013

o, (M)=0.117 £ 0.040 (+35%)

Rl o =2.089 (1£1x107)

— CKM unitarity

N

1

a(mf) = 0.1197 £ 0.0003,,
A

N 0,424 - L
Y
Y A
0,14 - ; Y I ;\’-—-\FCC ;
______ ’_ ] hheahe
()= 0.120 £0.021__ +0,003, £0.001  ohmm """ o -
0.12 = 3 FCC-ee estimate
“o. I 0,120 |
. 0,10 i - = -
NE§ : ~~~~~ | NEB
]
0,06 | ; =
| P R 0,119 -
i .
0,04 | i - T
0 oz- : T
1 ’ ‘“s
. ) | ~.
s ofmi)=00%0.16  +0.02 S
0,00 — 1T r T T T 1 ¥ L WI 1 - U : 0,118+ !
198 200 202 204 206 208 210 212 214 216 2,0680 2,0685

Ry

1
2,0690 2,0695

R

W

2,0700

» FCC-ee: — Huge W stats (X10* LEP) will lead to: éa_lor_ < 0.3%
— TH (param.) uncertainty: [6V_| to be significantly improved (10+)
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Summary: Future o with permille precision

m World-average QCD m ~0.1% uncertainty, combining Z,W
coupling at N3LO: hadronic decays ONLY possible with
— Determined today from machine like FCC-ee with 1028 Z W:

6 observables with e i i e U0

~19 uncertainty em. 1y T

(least well-known coupling). 25F Wrmemmre B | {*
— Impacts all LHC (& FCC-hh) el i |

QCD x-sections & decays.
— Role beyond SM: GUT,

EWK vacuum stability _ = i
New colored sectors? E e
m New NNLO extractions/updates: TS St
PDF fits, e-p jets, pp — ttbar, jets N S R
P PP J | &
m Reduction of hadronization & FCC-os sstimate
resummation uncertainties: =0
— New TH developments needed = | I 7 OTET % 070
— New precise e*e data needed 0,110 ‘
m Other NLO® extraction methods _
proposed. Need TH work towards 1 |
NNLO accuracy_ " 2,0680 20685 2,&2590 20695 2,070
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Backup slides
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o, from hadronic W decays

[D.d'E, M.Srebre, arXiv:1603.06501]
» Width (BR) known at N°LO (NNLO). Small sensitivity to o_ (beyond Born)

V2 4 Vaine
F‘W',had — EGFmif Z H/ri,le 17 Z (?S) + éelectroweak(ai) -1 6mixed(aas)
k=1 [EWK: -0.35%]

quarks 1,j

Ivijlz q q as(1_4) q q aas q
MG.GO% W@ +W€ 3.78% %ﬁ +M§ -0.05%

» TH improvements: finite quark-mass effects included (LO), updated PDG
parameters, careful evaluation of parametric (Vi’j, m, ) & theoretical uncert.

*» Calculation dominated by +1.5% parametric (mostly V_) uncertainty:

I,(MeV)  =142867 +22.40  +0.04,  (exp. CKM)
1411.40 + 0.96, +0.04,  (CKM=1)
BR,,= I, /T, = 0.6820 + 0.0110,_ + 0.0002, (exp. CKM)

0.6742 +0.0001,_ +0.0002,,, (CKM=1)

*» TH uncertainty (missing a.° terms, non-pQCD (A,,/m,,)* power corrs.,
finite quark masses beyond LO, CKM matrix renorm. scheme): +0.03%
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