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Top Quark

High precision
» Standard Model ‘ New Physics?

» The heaviest fundamental particle in SM: Top Quark m, = 172.69 + 0.30GeV

Particle Data Group. (2022)
» Relevant physical problems:

* The origin of Higgs mass
* The quark mixing

* CP violation-

» Precision test of SM, and probes for BSM physics

» m; > Agcp, allows us to use perturbative QCD

» Unique decay phenomenon:
€ QUARKS @@ LEPTONS @@ BOSONS @@ HIGGS BOSON
* Heavy mass: dominantly decay to W boson and b-quark

* Before hadronization: the information about its spin state is preserved in distributions of top-quark decay products
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Experimental Measurements for Mass and Decay Width

» Top quark mass m; (PDG average)

my = 172.69 + 0.30GeV

Particle Data Group. (2022)
» Current best measurement for [}

I, = 1.36 + 0.02(stat. )T 017 (syst.)GeV  cuis. (2010

» Expected experimental precision at future colliders:

20~26MeV CLIC. (2019)

ILC. (2013)
CEPC. (2023)
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ATLAS+CMS

............ ATLAS+CMS combined

o stat uncertain
total uncertainty
ATLAS
dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+jets 8 TeV
all-jets 8 TeV
combined
CMS
dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+jets 8 TeV
all-jets 8 TeV
single top 8 TeV
Jiy 8 TeV
secondary vertex 8 TeV
combined
ATLAS+CMS LHClopWG

s=7.8TeV

total
—_—

stat
m, + total { stat = syst) [GeV]

17379+ 1.42 (+ 0.54 £ 1.31)
17233+ 1.28 (= 0.75+ 1.04)
17506+ 1.82 (+ 1.35+ 1.21)
17299+ 084 (+ 041+ 0.74)
172,08+ 0.91 (= 0.39+ 0.82)
173.72+ 1.15 (= 0.55+ 1.02)
172.71+ 0.48 (+ 0.25+ 0.41)

172.50+ 1.58 (£ 0.43% 1.52)
173.49+ 1.06 (£ 0.43£ 0.97)
173.49+ 1.41 £ 0.69+ 1.23)
17222+ 095 £ 0.18+ 0.94)
17235+ 0.48 (+ 0.16+ 0.45)
17232+ 0.62 (= 0.25+ 0.57)
17295+ 1.20 (= 0.77 £ 0.93)
17350+ 3.14 (= 3.00+ 0.94)
173688+ 1.12 (= 0.20+ 1.11)
172.52+ 0.42 (£ 0.14 £ 0.39)
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dilepton 172.30 £ 0.59 (+ 0.20+ 0.51)
lepton+jets 17245+ 0.36 (+ 017+ 0.32)
all-jets 172,60 + 0.45 (+ 0.26+ 0.36)
other 17353+ 0.77 (£ 0.43+ 0.64)
combined 172.52+ 0.33 (£ 0.14 £ 0.30)
I R I B R R
165 170 175 180 185
m, [GeV]

From ATLAS, CMS. (2024)
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Experimental Measurements for W -Helicity Fractions

» The W boson from decay processt = W + b is ATLAS+CMS Preliminary November 2022 ——
LHCtopWG total  stat
olarized even If the top quark is unpolarized. Theory (NNLO QCD
p p q p - Pﬂgg?fm{umuﬂsua{ﬁg Data {fnffofﬂ}
ATLAS 2011, = 1 lepton, {5=7 TeV, L —1 04 fo” JHEP 1206 (2012) 088 —
CMS 2011 single lepton, Ys=7 TeV, L _5mb‘ JHEP 10 (2013) 167 —_——
LHC combination, {s=7 TeV  ATLAS-CONF-2013-033, CMS-PAS.TOP-12.025  —eee
CMS 2012 single top, {s=8 TeV, L _19?fb' JHEP 01 (2015) 053 S —
F/l CMS 2012 dilepton, Ys=8 TeV, L —19?fb‘ PLB 762 (2016) 512 +
= = CMS 2012 single lepton, 15=8 TeV, L =19810" CMS-PAS-TOP-14-017 ~ ——d—
> The Current beSt measurements for f/l( Ft) ATLAS 2012, single lepton, Vs=8 Te"«f L =202’ EPJC 77 (2017) 264 —_——
LHC combination, {s=8 TeV JHEP 08 (2020) 051 —_—
ATLAS 2022, di-leptan, {s =13 TeV, Lim=139 b arkiv:2209.14903
fo = 0.684 + 0.005(stat.) + 0.014(syst.) £ s
fi = 0.318 + 0.003(stat.) + 0.008(syst.) —t—i
eH 7 TeV
fr = —0.002 £+ 0.002(stat.) + 0.014(syst.) i
b
ATLAS. (2022) F;TH 8 TaV
HeHd
1+l
[ 13 TeV
b b b v b b b
0 0.1 0.2 . 0.5 0.6 0.7

W boson helicity fractions
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Theoretical Efforts Iin Literature

» Improvement of experimental accuracy

» Total decay width T}

- NLO(QCD) M. Jezabek, J. H. Kuhn. (1988)

A. Czarnecki. (1990)
C.-S. Li, R. J. Oakes, T. C. Yuan. (1990)

° NN LO(QCD) A. Czarnecki, K. Melnikov. (1998)
K. G. Chetyrkin, R. Harlander, T. Seidensticker, M. Steinhauser. (1999)

M. Fischer, S. Groote, J. G. Korner, M. C. Mauser. (2001)

I. Blokland, A. Czarnecki, M. Slusarczyk, F. Tkachov. (2004)

I. Blokland, A. Czarnecki, M. Slusarczyk, F. Tkachov. (2005)

A. Czarnecki, J. G. Korner, J. H. Piclum. (2010)

J. Gao. C.-S. Li. H.-X. Zhu. (2012)
M. Brucherseifer, F. Caola, K. Melnikov. (2013)
R.-Q. Meng, S.-Q. Wang, T. Sun. C.-Q. Luo, J.-M. Shen, X.-G. Wu. (2022)

L.-C. Chen, H.-T. Li, J. Wang Y.-F. Wang. (2022)

* NLO(EW) A. Denner, T. Sack. (1990)

» Need more precise theoretical prediction
t-W+b

w

> W -helicity fractions f g b
A. Czarnecki, J. G. Korner, J. H. Piclum. (2010)

J. Gao. C.-S. Li. H.-X. Zhu. (2012)
M. Brucherseifer, F. Caola, K. Melnikov. (2013)

- NNLO(QCD)

* NLO(EW) H. S. Do, S. Groote, J. G. Korner, M. C. Mauser. (2002)

> Differential distributions

« N LO(QCD) M. Fischer, S. Groote, J. G. Korner, M. C. Mauser. (2001)

J. Gao. C.-S. Li. H.-X. Zhu. (2012)

* NN I—O(QCD) M. Brucherseifer, F. Caola, K. Melnikov. (2013)

Theoretical uncertainty of I is about 1% (13MeV) at NNLO!

From L.-C. Chen, H.-T. Li, J. Wang Y.-F. Wang. (2022)
Full computation of NNNLO QCD correction is still indispensable!
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Challenges for Perturbation Theory

» Challenges in high-order perturbative calculations:
* The number of Feynman diagrams increases rapidly
Loops
External legs
 The number of loops of the Feynman integrals increases *Require systematic approach

1-loop: has been solved analytically * Difficult to calculate analytically,

. . . . calculate numericall
Beyond 1-loop: no systematic and analytic method for all situations 4
* The number of mass scales increases

Mass of particles in SM (W, Z, Higgs, etc)

Mandelstam variables

Equipped with the-state-of-art techniques, the high-order corrections are available now!!
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Work-flow

» Work-flow for high-order computation:

Generating Integrands Integrals Reduction Evaluating master integrals
(O(few minutes to hours)) (O(hours to days)) (O(days) typically in frontier)
4 2
0(10 ) 0(10 ) 2 lel leh
c/q — Z ﬁ X Il Il —_ 2 CUM] I (pl p]; ) J leVZ . N
i=1 =1 Dy
Feynman diagrams Integrate-By-Part(IBP) method Differential equations
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Formula

» To calculate the semi-inclusive distribution, I is expressed as

L,R,0
1 dP-1k

_ uv .
T = 50 | Goyperag W Z e (k, )&y (k, )

* Hadronic tensor w;,;” can be decomposed to 5 linearly-independent Lorentz-tensor structures:

WE (p, k) = Wygh” + WopHp¥ + WakHkY + W, (pHk” + kHp¥) + WsiekVPop, k,

I directly The energy distribution of W boson
. WH
Wi )
gy (k, Dey(k, 1) - ]PAV, - : : _
L and [ dE ... manually Total decay width I and partial width I(A = L, R, 0)
k*kY
— DUV — _ MUV
P g+ m2, _ PV = (P¥ — PLY — PLY)/2
' ' v m%v 1 U p.k U y p.k Y [ngz(PHV_PIgV+PgV)/2
* Projectors for polarized W boson = Po =Wr—2(P 7 kK" — k)
t |k w w
1
W _ _ = = : _uvpo k
- — L€
F m, |k| Ppio
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Computational Details for W/;"

» Generating integrands: .
reverse unitarity

* Phase-space integrals Loop integrals

6(x) -

1 1 1
2Tl (x —i0 x + iO) C. Anastasiou, K. Melnikov. (2002)

¢ Complexity of Feynman amplitudes:
v The number of integral families: 245
v" The number of Feynman integrals: ~7 x 10*

» Integrals reduction: K. G. Chetyrkin, F. V. Tkachov. (1981)
. . ; S. Laporta. (2000)
* Package: Blade (Integration-By-Parts relations + Block-Triangular form) A. V. Manteuffel, R. M. Schabinger. (2015)

* The number of master integrals: 2988 X. Guan, X. Liu, Y.-Q. Ma. (2020)

« Computing resources: ~1.1 X 10*CPU - h

. : o ~ R.N. Lee, V. A. Smirnov. §2018

> Evaluatlng master integ rals: R. Bonciani. G. Degrassi, P. P. Giardino, R. Grober. (2019
_ ) _ _ o H. Frellesvig, M. Hidding, L. Maestri, F. Moriello, G. Salvatori. (2020)

* Package: AMFlow (Numerical differential equations + Auxiliary mass flow method) L. Chen, M. Czakon, M. Niggetiedt. (2021)

. : Martijin Hidding. (2021)
Expressed as deeply expanded power-log series X. Liw, Y.-Q. Ma. (2021)

. Computing resources: ~1.5 X 104CPU - h M. Fael, F. Lange, K. Schonwald, M. Steinhauser. (2022)
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Total Decay Width

» The QCD corrections to I} can be parameterized as

I, =Ty(c + 85 +<&)zc +(%)3c)
t =loCot—Cr+{—) ¢+ ()¢

2 2 r .
where Ty = GFmVIV;"'”‘J%'th' | 135; o  Top Decay Width I\

— NNO - NNLO(p=my/2)

> ' Gr = 1.166379 X 10™°>GeV 2 = 2) = '—
Input values: Gg eV~=% a,(u=m;/2) 1340 — NNNLO NNNLO(2my2)
0.1189, m; = 172.69GeV, my, = 80.377GeV, ;1 = m, /2 % '

133 B
motivated by kinematic energy my — my, — my % | ]
I, = 1.48642 — 0.140877 — 0.023306 — 0.007240 GeV 1321 R —

= 1.31500 GeV e ]
> The pure 0(a2) correction reduces the NNLO results of I} by i ]

1.30 |
about 10MeV (exceeding NNLO scale variation). o2 o4 o os o

» The NNLO green curve can never cover the NNNLO red curve i
at any scales less than £ =06,
mg

Studying the u dependence at NNLO = Underestimate the theoretical error!!
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Other Effects

- . L Qg as\? A,
» Similar perturbative parametrization: Iy = Iy(co + — + (?> Cy + (?) C3)

* Off-shell W effects (effective mass of W is the invariant-mass of the lepton pair produced from W -decay)

~ ~ ~

Co— C i —C C C C C
0 90— 1540, ——1=_-153%, =—2=-139%, —3=-123%
Co C1 C2 C3

* Finite b-quark mass effects, m;, = 4.78GeV

mp

C1 Co

* NLO electroweak corrections: gy = 1.68%

» Final results for decay width I}:

I, = 1.314870903 X |Vy|% + 0.027(m, — 172.69)GeV

¢ Conservative estimate of the QCD scale uncertainty (mi € [0.1,1])
t

* Input t-quark mass value 172.69 £+ 0.30GeV

» The error of which meets the request by future colliders.
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W -Helicity Fractions

» Partial width for a polarized W:

1 d° 'k,
n F[n]
» W -helicity fractions: f/l["] = 1—0—/1[
n il
1=0"¢t

£3 = 0.697706 — 0.008401 — 0.001954 — 0.000613

= 0.686737

£ = 0.302294 + 0.007254 + 0.001799 + 0.000586
= 0.311933

¥ = 0.40.001147 + 0.000155 + 0.000027
= 0.001330

» After incorporating the NLO electroweak correction and my, effects, the final results:

3 3 3
A7 =oesegsR, A= 03120808 A = 0.001577388883

LHC top WG meeting (April, 2024) Xiang Chen, Peking University 15/19



cos 0* Angular Distribution

» cos 0" angular distribution (6" is the anger between the momentum direction of the charged lepton from
the W-decay in the W -rest frame and the W-momentum direction in the t-quark rest frame)

07| Angular Distribution (y=m/2)
"’Ff___‘_‘_‘_hh_“‘“-«-%
T
0.6 \
<)
W
3
B 05 LO
%‘ ----- NLO
<. /S - 2 (sin0)fy + (1 - cos0°)f, + = (1 + cos 072
- 04- p— = —(SIn — (1 —cos — cos
o4 NNNLO [,dcosf* 4 °"g LT R
0.3
S 1010 :
o 1.005
¢ 1.000:
2 0995
& 0.990 .
4 3r/8 /2 5r/8 3rr/4

9*
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W -Energy Distribution

» W -energy distribution

1 [

LI

W Energy Distribution (cutoff=104GeV)

— LO
0.100 |
w NLO - | » In the continuous region, the QCD corrections
‘“-?:. NNLO
'§ 0.010 NNNLO | are positive and quite sizable. The pure
Ty |
= O(a3?) correction modifies the lowest order
0.001
result by about 7~14% for E € [94,104]GeV.
__107%!
£ 15 > In the rightmost end, the QCD corrections up
I 1.4 |
3 - !
g 1 —— | to O(a3) decrease the Born-level result.
E 1.1 E
w 1.0 =
Soo =
X 80 85 90 95 100 105
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Summary and Outlook

» We have provided the to-date most-precise high-precision theoretical prediction for top-quark

decay width, the error of which meets the request by future colliders.

I = 1.3148%2002 x |V |? + 0.027(m; — 172.69)GeV

> We determined W -helicity fractions, cos 8* angular distribution and W -energy distribution at O(a3)

for the first time.
» To achieve a real sub-percent level, we also need the NNLO mixed QCD-EW corrections.

> The approach can be readily applied to the decay of polarized t-quark at 0(a?).

Thanks for your attention!
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