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W and Z production at the LHC via Drell-Yan Processes

Charged Current

T1C1N1

Neutral Current

T1C1N1 T1C2N2 .



University at Buffalo
College of Arts and Sciences Motivation

s 2

W and Z production at the LHC

 Big cross section and clean experimental signature; which allows precise
test of SM interactions.

 Allows to determine important parameters in electroweak sector, eg. W
boson mass and sinzeéff. Together with top and Higgs masses, it
provides constraint for the validity of SM.

« Important in search for new physics, eg. W’ and Z’ resonances.

 Important for constraining Parton Distribution Function (PDF), for detector
calibration and determination of collider luminosity.



University at Buffalo
College of Arts and Sciences Motivation

pS i3

ATLAS Report on W mass (January 2017)

Currently at the LHC M,,, is extracted from M, and P; of the v in W boson production.

my = 80370+ 7 (stat.) £ 11 (exp. syst.) + 14 (mod. syst.) MeV
= 80370 £ 19 MeV,

L L ) L L L L L B B LB
ALEPH ATLAS °
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[ATLAS Collaboration. arXiv preprint arXiv:1701.07240 (2017)]



University at Buffalo
College of Arts and Sciences Motivation

s 2

W mass (Theory)

» W mass can be extracted from combining EW precision observables with
accurate theoretical predictions.

» Given precise values of fine structure constant, Fermi constant, Z mass,

recent measured values of top and Higgs, SM prediction of W mass (as a
result of global electroweak fit) is:

M. Baak et al. my = 80358 + 8 MeV
GFITTER

80362 + 8 MeV

J. de Blas et al. mw
HEPFIT



pS i3

University at Buffalo
College of Arts and Sciences Motivation

Why O(aa,) corrections ?

Including NLO (Next to Leading order) QED final state radiative effects to
W production cross sections makes W mass to shift about 100 MeV - 200
MeV.

Including final state multiple photon radiation to all orders includes an
additional shift of order -10% of the O(«).

Fixed order QCD effects are known up to NNLO.

Given that QED effects are so large one also needs to control Mixed EW-
QCD corrections at 0(aa,) when aiming for 10 MeV precision.

Different subsets of corrections became available in the past years in
codes that simulate QCD or purely EW effects.

Combination of QCD and EW effect is important step to develop next MC
programs for DY processes at the LHC. Preliminary studies of
approximation to O(aa) has shown that these effects are not negligible.
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Mixed QCD-EW correction in pole approximation

pp = WH — ufu, V& = 14TeV
20 T | | T T | T |
0 = bare muons
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Mixed QCD-EW correction enhancement at higher energy
[Campbell, John M., Doreen Wackeroth, and Jia Zhou. "Study of weak corrections to Drell-Yan, top-quark
pair, and dijet production at high energies with MCFM." Physical Review D 94.9 (2016): 093009]
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Examples of O(aa,) calculations for W and Z production

NNLO QCD and QED corrections [Hamberg et al '91],[Anastasiou et al
‘03,’04],[Melnikov,Petriello ‘06],[Stefano et al '07]

NNLO Mixed QCD-EW corrections to decay of W & Z boson. [Kuhn et al ‘96],[Kara
“13]

NNLO Mixed QCD-EW corrections to Z production form factors [Kotikov et al ‘08]
NNLO QCD-QED virtual corrections to lepton pair production. [Kilgore et al “12]
NNLO Mixed QCD-EW virtual corrections to DY production of W and Z bosons
[Bonciani ‘“11]

Double real contribution to total cross section for on-shell single gauge boson
production. [Bonciani et al 2016]

NNLO Mixed QCD-EW corrections adopting pole approximation. [Dittmaier, Huss,
Schwinn ‘14,'16]

QCDxQED [O(aa,)] mixed and QED2 [O(a?)] corrections to the production of an
on-shell Z boson [Florian, Ignacio 2018]

To do: Complete NNLO Mixed QCD-EW corrections for W and Z production in a
fully flexible Monte Carlo program.
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Structure of the fixed order predic@‘n

| 2 2 N 2 ,
do = doro+ado,+a’doy+. .. +agdo,, +a dosz+. .. +aadoga, +ac do.: +. ..

{b) Real QCD x virtual EW corrections

[Alexander Huss ‘14]
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Structure of the fixed order predic@‘n

| 2 2 N 2 ,
do = doro+ado,+a’doy+. .. +agdo,, +a dosz+. .. +aadoga, +ac do.: +. ..

(b) Real QCD x virtual EW corrections

[Alexander Huss ‘14]
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Born interfered double virtual corrections at O(aay)

(c) Factorizable “initial-final” corrections (d) Non-factorizable corrections

[Alexander Huss ‘14]
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Born interfered double virtual corrections at O(aay)

(c) Factorizable “initial-final” corrections (d) Non-factorizable corrections

[Alexander Huss ‘14]
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Double virtual corrections to W and Z boson production at
O(aay)

v Z W u

28]

(d)

[Bonciani '11]
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Double virtual corrections to W and Z boson production at
O(aag)
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Double virtual corrections to W and Z boson production at

O(aag)
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Double virtual corrections to W and Z boson production at
O(aag)
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_ﬂ
s
—
Most general Matrix element of the vector and axial vector current
between spin Y2 fermions:
1 1
(af|Mylai) = az(p2) {Fl(t)f}’,u - Q—Fz(f)%uf—“-v + —F3(1)A,
m m
i L1
+75 (Gl(t)’}’u — 5 G2(t) 0w A" + HGSU)&#)] ui(p1)
with A = p; — pg and t = A2
Q\
[Czarnecki, Krause ‘96] 19 y
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Matrix Element for . U
vertex type diagram: A = V1" u Ep
. / 1
Vertex function: M = F()Y — 5 -Fa(a))o" ay + - F(¢))d" +
m m
2 i 2 v 1 2 U
G ——G o —G
}’5( 1(4)Y = 5-Ga(d")0" ay + —Gs(q7)q )
where, q=pi+pr s=(p +p2)2.
filpi—p)" filpi+ )"
o LY S B
Projector for Pri=(m+m) (fl”yp 2m m (m=pp)

form factors :

(r o\ | u
P;f:(erlfl)Ys (gl*i}ﬂ_gz.;(l’l p>) 8P+ po) )(m—zfz)

2m m
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Form Factors
Vertex for massless
fermions: 1—1;1 = Fl (qz)}"u + '}’SGI (f]z)'}’u
_ H U _ H U
Fy =Tr(P¢,T*") and G, = Tr(P},T")
Fo= 2m®
Condition to L1 (D—2)s(4m” —s) g11=
extract F; : 5 4 5 2m2
2(Dm"s+4m” —2m"s) gy =
faa = > 2 %1 5(4m2 — S
(D—2)s(4m™ — )
f3,l —0 83,1 —
Q\
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A sample extraction of form factor
Numerator:
(ignoring color ™ 3 (Pl —k2) + mpy ™y (—KL —k2 + ply+ m)y ™y (p1 —k2) + My -(-k2 + 2Pl + 2p2py -
factor and (y-(-k2 - p1 — 2y .ty -(p1 — k2) + mpy™ ™. iy (—k1 — k2 + p1) + Ay ™.y -(p1 —k2) + myy™ oy —
coupling @k2 - pl —p2y™ y¥8 57 (y-(pL —k2) + M)y ™0 (=k1 — k2 + pl) + Py .y - (p1 - k2) + m)y ¥y
constant)
» l mu
o ::-:E(f)(;(pl -p2) ) g3(i) (pl + p2)™
Projector: (m +y-pl)el() y™ - - (m - y-p2)
n m
Q\
22 @ 3
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A sample extraction of form factor

After taking the trace we will be left with sum of numerous Lorentz invariant functions.

Each of them have to be integrated over the loop momenta. The number of integrals
can easily exceed hundreds.

But these integrals are not independent. Most of them can be written as a linear
combination of a few integrals, which we call Master Integrals. By using the
Integration by Parts (IBP) identity we can figure out these relations.
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Formfactor F;

Preliminary Result

After taking the trace and performing IBP reduction, we are left with handful of Master Integrals

which are taken from available literature. [Bonciani et al ‘03,’04],
[Bonciani, Di Vita, Mastrolia, Schubert ’16]. Finally the F; Formfactor is following:

g (WA - SR a5 - R ) -k nas
(X—2—-Y H(-r,—r,2)+(Z - 2)H(0,—r,—r,2)+(2 — %) H(—r,—4, —r,2)+
3¢(2) |, 11, 19
—2 T3 T 16

- 2
2 zegcwCng

Prefactor: C.= N202 L

D D Q\
in21(3-3) AN s "
WhereN=—D, Cz=(—2),D=4—2€,x=——2 .
(2m) Mz, M2, 4 o .
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Numerical Evaluation

Master integrals for diagrams with maximum

1 internal mass can be written in terms of

HPLs (Harmonic Polylogarithms). Many packages
or Libraries are available to evaluate them.

Master integrals for diagrams with 2 internal mass
are written in terms of GHPLs (Generalized Harmonic
Polylogarithms). One way to evaluate them is

to convert them to GPLs (Goncharov Polylogs)

with linear weights [Bonciani et al “10].
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GPL, HPL, GHPL
¢ dr
GPL G(al:aza"':an;z):/ —G(QZ:"':QH;Z)
0o I—a
G(z) = G(;z) = 1 and g; € C are some chosen constants and z is a complex variable.
- 1 n
G(0,,2) = ~log'(2)
HPL H(d;z) = (—1)'G(a;z) a; € —1,0,1
(=g
G(-risz) = [ ———Glan) P
GHPL , d; o Jia o RV
Va+z+./2
: —n)> !
Replacing 1 by (1— 1)’/ G(-raa) =~ [ M@ =10
Lo n 26 # >
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Software Tools

Graph Generation: QGRAF (P. Nogueira), FeynArt (Thomas Hahn et al.), DIANA (M.

Tentiyukov) etc

Amplitude and Trace Calculation: FORM (Jos Vermaseren), FormCalc (Thomas
Hahn), FeynCalc (R. Mertig et al.) etc

IBP Reduction: FIRE (Smirnov), LiteRed (R. Lee), REDUZE2 (von Manteuffel et. al),
AIR, CRUSHER, Kira, Finred etc

Numerical Evaluation of HPL & GPL: Chaplin (Duhr et al.), GiNaC C++ Library
(Vollinga et al.), HPL Mathematica Package (Maitre) etc
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Behavior of the finite part of F; in physical region
Preliminary Result .
1 A= C’c[f_;(x) N f—€33($) N f—;(ﬂ?) N f—le(ﬂ‘?) —I—f(a:)]
Relf(0)] | o=—t
. 2
| Ce=-N203E 004, 1+ V)
il 1000 points
ol Runtime: 43.26 s
br(s-2) <
_in2(3—5 (w2 s <3.70 GHz Single Core *,
Where N = Gmop 2= (@) y D=4-2¢,x= T M2, Xenon Processor . :

31.3 GiB> -

N4
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Behavior of the finite part of F; in physical region

Preliminary Result

10} 1000 points
Runtime: 4.52 s

-15 | 1 1 | 1 1 | |

-100 -90 -B0 -70 -60 -50 -40 =30 20 -10 0
4
Q
D \\
im2T(3—= 2\€ s N
Where N = (DZ), Cz=(“—2> , D=4—2¢e,x = —— \
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Total Z boson Production form factor (QCDXEW)

250 T T T T T T 1 J
Preliminary Result Two loop O(aas) corrections to uu — Z

200

Falw) | Jool) | foale) | Jal@) gy

€ €

150

Re[f(x)]

100

50

-100 1 | 1 | | 1 | 1 |
-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0

Where N = iﬁr(g_g), C, = (”—

(2m)P
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O
Total Z boson Production form factor (QCDXEW)
0 ! ) J '. l_
Preliminary Result Two loop O(aa,) corrections to utt — Z
. Cc[f—;(ﬂ?) N f_je,($) N f—;(l‘) n f—lE(I) +f(a:)]
Re[f-1(z)]
.40
60 I
-80 -
-100 |-
12?100 9IO 810 7I0 -6l0 SIO 410 3IO 710 ]TO 0
D ’ 0\
lrﬁI‘(S——) 2\€ \\
Where N = — 52, ¢, (A‘;—%) , D =4-2¢ 1
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Total Z boson Production form factor (QCDXEW)
5 I T T T 1 I T T T
Preliminary Result Two loop O(aas) corrections to uu — Z
Re[f-2(z)]
_—2100 —QID —BIO —‘:’0 —'5|0 —E:D —;LU —3:0 —2ID —iU 0
D " 0\
_ lrﬁI‘(S——) u2\€ B \\
Where N = b C; (M—%> , D=4-2¢ T
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Total Z boson Production form factor (QCDXEW)

0.85 - T T T T T T T

Two loop O(aa) corrections to utt — Z

Preliminary Result

Rel|f-3(z)]

0.75

0.7 F

0.65 |-

0.6 ] | ] ] I | 1 | ]
-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0

Where N = mir(s_g), C, = (”—

(2m)P
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Total Z boson Production form factor (QCDXEW)

-0.0235

Preliminary Result -0.02355
-0.0236
-0.02365
Re[f_4 ($)] -0.0237
-0.02375

-0.0238

-0.02385

-0.0239

-0.02395

-0.024

-100

Two loop O(aas) corrections to uu — Z

f-1(z)

- + /()]

€ €
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Total Z boson Production form factor (QCDXQED)

6 1 I L ] T T ) I T
Preliminary Result Two loop O(a(QED)ay) corrections to uts — Z

5 L FSels — C, foa(z) N f-s(x) n f-a(x) n foi(x) + )] -

4 €3 €2 €

€




University at Buffalo
College of Arts and Sciences ~ Mixed QCD-EW corrections to DY Processes

pS i3

Initial Final type corrections at O(aay)

(d) Non-factorizable corrections

[Alexander Huss ‘14]
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Master integrals for Initial Final type corrections at O(aay)
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Real Virtual Corrections

[Alexander Huss ‘14]
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qc? channel Feynman diagrams for Real-Virtual Corrections
to W/Z production at 0 (aay)
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qc? channel Feynman diagrams for Real-Virtual Corrections
to W/Z production at 0 (aay)
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qq' channel Feynman diagrams for Real-Virtual Corrections °
to W/Z production at O (aay)

i — . a2\ 0.000646274
7 £

Input Pgrameters: 0.0030 633£+0'00137741)
s =2Mj 5 - a2\ © 0.0000442685
t pr— _(8 - Mz) ERE (=%EO'-%”00P)M(JT—>W’]/: (M—sz) (00000790054 _.8—2
My = 80.379GeV 001031
Mz = 91.1876GeV " o

1
& = 137.036 ERE(//{* P ) (ax?uR\” o0psus g 0000646274
as — 0.118 L0 1loop m]—>Zg_ M% . 82

_ Mw
cos Oy = e 00 4123288+0.009328.25)

My, 2

E
x % T 0.0000739862
ZRE (‘%LO‘%lloop%“{_)Wg — ( 3 1.62495 — g

R 0.0659907) §
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qc? channel Feynman diagrams for Real-Virtual Corrections
to W/Z production at 0 (aay)

Preliminary Result

2 £
N * O 4my N 2 2
ZRE? (=%LO°%”00P)uﬂ(a’)_;Z(er)}f_ EC‘F ( M% ) (Zl/flLOlO —?—F
1 S — 22 0
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My, €
MWy olP= | M ple+e| My oo+ O(€F
M o|"= | 1olo+E| A Lole+0O(€7)
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ZI‘%LOIO_ 7 tu (t + U +2MVS) Cz = 3653‘6'3'
v 2 8(4ma)°Cy o o 2 (2w’
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Master Integrals for Real-Virtual Corrections to W/Z
production at 0 (aay)

family1 family2 family3 familyd
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Master Integrals for Real-Virtual Corrections to W/Z
production at 0 (aay)
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QCD QED Correction to Z boson production
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2 loop photon-quark-antiquark QCD vertex form factor

(Sven-Olaf
Moch et al.
2005)
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2 loop photon-quark-antiquark QCD vertex form factor
1 71 53 356 7
Expected: S = CF{ 2 2 + ?(_ o Cﬁ) < —CE - —CS
(Sven-Olaf
Moch et al. +e 2281 _ ”_3@ _ ECS . r—Cz
2005) 16
14299 355 424 399 272
2 _ L (a— — E——
e ( o = G — Gy — G+ oy cs.)}
| 7 %— ”? 355 7mr il
Calculated -+ + +|-10Z(3) + —- + +0(eps ')
(ignoring eps®  2eps? eps 8 12 3
coupling terms):
Polygamma : Uy (2) = (~1)"*! n! [{ (n + IF—Hf’iT”I
Q
. L 1 %
Harmonic H, = - .
Number: g 47 .S
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2 loop photon-quark-antiquark QCD vertex form factor
11 141 1/353 1 7541 14
Expected: QL = OF”f{EE_g + 9 &2 + —(5—4 + —CE) + 304 —§2 - —g:z.
150125 353 = 364

E( Toad T BLr T 33T 30@)

o[ 2877653 7541 4a89 27,5, 26, . 242

) ( e G = G — = G = 2 ks —@)}

Calculated 2 28 353+3m 1 ;
(ignoring color + + + —— (~864 £(3) + 7541 + 84 11> + 36 @I (1)) + O(eps ')
factors): Jeps’ 9eps®  27eps 162
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2 loop photon-quark antiquark QCD vertex form factor
QV = Cp(Crp - ){—— - i(% - 2C2) + %(—% +10¢2 +2g3) —

Expected: 911 91 3
-5 tget —Ca + ggzz +
6957 689 296 129
+E(— 6 Tt 3Gt I{Jg ——C2C3+6C5)+
49639 4843 1307 1267 293
+62(— t Gt Gt oG - GG+
32 8
407 281
(A B
Calculated nlo1l 109 . 5m
S 1 S5 2403)-77 911 911 2 @
(ignoring color 2, —— i |1973)- —+ + Ry + O(eps ')
factors): eps®  eps? eps 8 12 45 3
Q\
49 4 b ke
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2 loop photon-quark-antiquark QCD vertex form factor
_ C, 1 4 1 122
Expected: C =Cp(Cpr— T){_ + =3 + —(16 —7¢) + (58 —16¢ — —(,'3)
+ 204 — 58z — @gg - —(;2 -
164 402 2 42
+ 6(697 — 181¢(2 — 0 6(,'3 — ng ﬁ@(a — S—CE:)
4631 1141 6293 1744 836
62( R S e E e Gl O
2708 1399 4274
o
Calculated 1 4 16- ?ﬁi ~40 £ (3) + 58 - 1= wt_:“ 292 53mt 4¢P
(ignoring color 4 +e q;* ons 2 + ops +|-124 {(3) + 204 - T T, +O(eps ')
factors): P P .
Q\
50 « ™
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2 loop photon-quark-antiquark QCD vertex form factor
1 2 17 101
L=02{—+—+ ( ) —(——2 - )+

Expected: d e €2 T 4 2t Ca

631 35 152 . 103 ,

+T——§2 3C3+1—0§2
3941 335 439 159
E( 6 ;CEJF 3 G+ 3 (s ——C2§3 )Jr
24495 2573 2065 1839 152
52( > R G2+ 5 Cz - —CQC:*,
1976 2847 1318
o, __gg)}
Calculated 1 2 5l+m? 1922(3)+303 -4t + 4 ¢P(1)
- - + + + +
]Efcrggg)‘? color epst  eps®  Geps? 12 eps
631 35> 1037t 29P(1)
522(3) + _ + + +O(eps ') Q
8 12 360 3 R
51 « s
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Outlook
£y
Full DY [
QCD-EW (a) Factorizable “initial-initial” corrections (b) Factorizable “final-final” corrections
Virtual
Corrections £
—
Matthias
[ Heller, Andreas von

Manteuffel, Robert M.

(c) Factorizable “initial-final” corrections (d) Non-factorizable corrections Schabinger, 2019

- Matrix elements of Real-Virtual, Double Real and double virtual pieces for the on
shell vector boson production via DY mechanism are collected. They are ready to
be implemented in an in-house Monte Carlo.

- Master integrals keeping the lepton mass in the final state up to logarithmic terms
can play an important role for the full calculation . With our available technology we
can evaluate them in terms of GPLs. The work is in progress.



https://arxiv.org/search/hep-th?searchtype=author&query=Heller,+M
https://arxiv.org/search/hep-th?searchtype=author&query=von+Manteuffel,+A
https://arxiv.org/search/hep-th?searchtype=author&query=Schabinger,+R+M
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Consistency Checks:

Fy =G,
Fo =F3=0Gys=G3=0

W < "
5. E» z é “% z
v Shoud 1
be equal
& other
u w
1: ﬁ"‘ 2 3 %«» Z
u : W

All the Master Integrals are checked against SecDec
both in Eucledian and physical regions.
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GHPL
(riz) =
1 : |
glw;z) = — withw € {—4,—1,0} .
G(0:z) = log(x),
. f dt | (\/—H-—ﬁ)
—riz) = [ ———==—log .
o t(t+4) Vr+4+/x
Glw;r) = fr t dat =log (r —w) — log (—w), withw e {—4,—1},
0o t—Ww
Gla,w;z) = /I dt g(a;t) G(w;t),
0
1 :
G(0,; ) = —Tlc-g”‘ (z). %
] .
57 « 5 <
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(1-¢)? gzm—ﬁ
£ VT +ad+x’

* ¢ 1 —1
/ dt:/ (n + }2?? }d?j.
0 1 n
1

"
—rit) = ————=-— :
9(=r3t) Vit +4) (m+1)(n—1)
4 o L m
g(—4:1) ol
AR R Pk
P |
90:t) = T=G -2
1+ivV3 = 1-i/3 .
C = = €3 C = =€
2 2

GHPL
T £ 1
G(—r,w;x) = fo dt g(—r;t) G(w;t) = —l d?}T—}G(W:i{?;)).
* ¢ 1 2
G(—4,w;zr) = ]0 dtg{—4;f)(}‘{w;t)=/l dn (_?_I +'?F+1) G(w;t(n))

G(0;x) = log (z) = 2log (1 = &) — log (§) = 2G(1;£) — G(0: &)

S dn B

G(—-rmz) = — [ —=-G(0;¢),
1 W
G(—4;7) = ]&dr (—1+ 2 )——210 (2) + 2G(—1;€) — G(0;€)
= Ty ) T : '

p—

& 1 1
G(—1,z) = dn | ——+ + -] .
1 n n—c¢ mn—=¢

= —G(c1) - G(E1) +G(c:§) + GG §) - G(0:6).
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ATLAS Report on W mass

I | I F B T T T | T T T T T T | T T T T | T T T T | T i

ATLAS *m, Q 80,5 ATLAS —m,, =80.370 £ 0.019 Gav__

- Stat. Uncertainty ) N Bl m = 17284 £0.70 GeV

— Full Uncertainty EZ - - m, = 125.09 + 0.24 GeV

80.45— e 68/95% CL of m,, and m, ]

LEP Comb. @-50376:33 MeV N "]
Tevatron Comb. - 20387416 MeV 30.4:— —:
LEP+Tevatron 020385415 MeV 80.355 """""""""""""""""""""""""""""""" E
ATLAS @=L0370£19 MeV B 7
80.3 . e 68/95% CL of Electroweak™

Electroweak Fit 8035618 MeV - Fit wio m,, and m, ]
| | | | - (Eur. Phys. J. C 74 (2014) 3046)

80320 80340 80380 80380 80400 80420 80.25 B 1 | 1 1 11 L ' | 1 ' 1 1 | 1 i

m,, [MeV] 165 170 175 180 185

m, [GeV]
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Motivation

Events / 0.5 GeV

Data / Pred.

b

10°

Lepton transverse momenta distribution

ATLAS
Ys=7TeV, 411’

o Data

W - u'v
[ ] Background
ye/dof = 20/39

1.01F

2 11 F

Events / 0.5 GeV

Data / Pred.

160
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40
20

I|III|III|III|III ﬁ

03 T

ATLAS - Data
Ys=7TeV, 4.1 b’ W v

[ ] Background
2ldof = 29/39
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o
Missing transverse momenta distribution
- x10° . . . . . _ - . . . . .
3 120 ATLAS -e- Data = 8 S0000E- ATLAS -e- Data
o Vs=7TeV,4.1 0! W p*v - {s=7TeV, 4.1’ W uv
o 100 [JBackground o 70000 []Background
-..{}’__ ffduf = 69/59 _: -.;; 60000 xgirdﬂf = 47/59
£ ] £ 50000
g — Q 40000
L _: L
-g _'ﬁ'ﬁ"ﬁfﬁfﬁfﬁfﬁﬂﬁﬁﬁf:ﬁfﬁ'"'""'ﬁfﬁf:ﬁfﬁfﬁﬁ,;:ﬁﬁﬁfﬁﬁfﬁﬁﬁfﬁfﬂfﬂfﬂﬁﬁﬁfﬁﬂﬁﬁﬁﬁﬁﬂfﬁffﬁfﬁﬁfﬁfﬁ"fﬁﬁffﬁer"_ 8 1'02E'Z'IIHﬁﬁﬁ:ﬁﬁﬁﬁﬁfﬁ"ﬁﬁfﬁfﬁfﬁﬁfﬁfﬁﬁﬁﬁfﬁfﬁﬁﬁﬁfﬂfﬁﬁfﬁfﬁﬂ'ﬁfﬁﬂﬁﬁfﬁ:ﬁf'fﬂﬁfﬁﬁfﬁﬁ"'ﬂfﬁ:ﬁﬁﬁﬁ"“"ﬁﬁffﬁﬁﬁt
c gt pbebe o © 0T g e ey
S g A T R R TR
g 45 50 5'5 60 g 30 35 40 a5 50 5'5 60
priss [GeV] pTes [GeV]
(e) (f)
Q\
61 A o ks
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Parameter Input value Free Fit Result w/o e xP- nput . W/ o ex_p. input
in fit in line in line, no theo. unc
My [GeV]©) 125144024 yes  125.1440.24 93+% 93%20
My, [GeV] 80.385 + 0.015 - 80.364 + 0.007 80.358 + 0.008 80.358 + 0.006
Ty [GeV] 2.085 =+ 0.042 - 2.091 4 0.001 2.091 =+ 0.001 2.091 =+ 0.001
My [GeV] 91.1875 £ 0.0021  yes  91.188040.0021  91.200 £ 0.011 91.2000 + 0.010
L'y [GeV] 2.4952 + 0.0023 - 2.4950 +0.0014  2.4946 + 0.0016 2.4945 4 0.0016
o0 [nb] 41.540 + 0.037 - 41.484 4+ 0.015 41.475 £ 0.016 41.474 4+ 0.015
RY 20.767 £ 0.025 = 20.743 + 0.017 20.722 4+ 0.026 20.721 4 0.026
AL 0.0171 = 0.0010 ~0.01626 £ 0.0001  0.01625 + 0.0001  0.01625 = 0.0001
Ay 0.1499 + 0.0018 - 0.1472 £0.0005  0.1472 + 0.0005 0.1472 + 0.0004
sin?0%4 (QrB) 0.2324 + 0.0012 ~0.23150 £ 0.00006  0.23149 4 0.00007  0.23150 £ 0.00005
A, 0.670 & 0.027 ~0.6680 £ 0.00022  0.6680 £ 0.00022  0.6680 £ 0.00016
Ay 0.923 =+ 0.020 —0.93463 4+ 0.00004 0.93463 4 0.00004  0.93463 & 0.00003
AYS 0.0707 =+ 0.0035 - 0.0738 £0.0003  0.0738 + 0.0003 0.0738 4 0.0002
AR 0.0992 + 0.0016 - 0.1032 4+ 0.0004  0.1034 £ 0.0004 0.1033 4 0.0003
RY 0.1721 =+ 0.0030 = 0.17226 9-09009 (17226 4 0.00008  0.17226 & 0.00006
R 0.21629 + 0.00066  —  0.21578 £0.00011 0.21577 £0.00011  0.21577 4 0.00004
e [GeV] 1.27 7007 yes 1271947 - -
iy [GeV] 420767 yes 4.20 %557 - -
my [GeV] 173.34 £ 0.76 yes  173.81 4+ 0.85(V) 177.0 73:3(v) 177.0 + 2.3
Aal®) (MZ)12) 2757 + 10 yes 2756 + 10 2723 + 44 2722 + 42
s (M2) - yes  0.1196 +0.0030  0.1196 =+ 0.0030 0.1196 + 0.0028
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@ There is no unique way to handle ~° = i*}fﬂﬂflﬂfl‘z'}fﬁ in DR

@ In D-dimensions, the relations
5
(v, v} =0

and

tr(y° vy y"y7) # 0

cannot be simultaneously satisfied.

@ In other words, there is a conflict between the anticommutativity of ~” and
the cyclicity property of Dirac traces that involve and odd number of *}*5

[Chanowitz et al., 1979]
[Jegerlehner, 2001]
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Issues with Gammab
Resolution:

e We can stick to anticommuting y5 in D dimension. Its fine as
long as we have only traces with even number of y5. This is
called Naive dimensional regularization.

e \We can put additional prescriptions to compute trace. For
example Kreimer’s prescription [Kreimer, 1990] or Larin
prescription [Larin et al., 1993].

e Or, we can accept y5 is a purely 4 dimensional object and
does not anticommute with D dimensional Dirac matrices. ['t
Hooft and Veltman, 1972]



University at Buffalo
. EXTRA SLIDES
College of Arts and Sciences

pS i3

Larin-Gorishny-Akyeampong-Delburgo prescription allows one to use
anticommuting ~° in D-dimensions but compute the chiral traces, such, that the
result is expected to be equivalent with the BMHV scheme, if we have only one

axial-vector current. The prescription is essentially

e Anticommute ~° to the right inside the trace

£ 1 3 . A
] . aT L o
e Replace v+’ with —EE‘”’ Yoy

o Treat £"“?7 as if it were D-dimensional. i.e.
"B wpe = —D(D* — 6D* + 11D — 6) instead of —24.



