The electroweak contribution to
top pair production:
cross-sections and asymmetries
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Hadronic top quark pair production 1s a “QCD process™
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The EW contribution to top pair production

- Cross section, charge asymmetry - Differential and integrated quantities

- LHC, Tevatron

-gg = tt, q7 — tt

- O(a?), 0(a2a), ...
- QED, Weak



Weak corrections to the cross section
Beenakker et al 94, Kuhn, Scharf, Uwer ‘06, Bernreuther, Fuecker, Si "06 O(Oé

Moretti, Nolten, Ross 06,
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relative weak corrections [%]

Weak corrections to the cross section

| T _1 : I
Tevatron
i LHC
M, = 120 GeV -1.5 i
N M, = 120 GeV
-2
M, = 1000 GeV -2.5
: | . , | . . _3 . | | | | | | |
165 170 175 180 165 170 175 180
m, [GeV] Kuehn, Scharf, Uwer "06 m, [GeV]
Tevatron | LHC (7TeV) | LHC (14 TeV)
Lo 4497075703 | 84T 4951 1is+19
ONLL 5.075056 s | 11253578 5981
ONLO, leading 049707 050 | 13457717 761+64+2
ONLO 5.79% 0% 0 | 1337817 7614107728
ONLO+NNLL 6.30%0 105035 | 1494713 st
ONNLO, approx (SCheme A) 6141—8??’)1—8%11% 146t£j§ 8214_%%1_%5 . ’
ONNLO, approx (scheme B) | 6.05X557%05; 1394947 7734725 Ahrens, Ferroglia et al.’11

Errors from scale variation and PDFs are bigger than EW corrections
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Differential distributions

M, =125 GeV

LHC: 7 TeV
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QED corrections to the cross section
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QED corrections to the cross section

Process Tt Without cuts |pb] Process Tt Without cuts [pb]
BOI'H COITeCtiOIl BOI'H COITeCtiOIl
Ul 3.411 -0.117 uu 34.25 -1.41
dd 0.5855 -2.89x1073 dd 21.61 -0.228
SS 8.063x1073 -1.21x107° SS 4.682 -0.0410
cC 2.044x 1073 -5.06x107° cC 2.075 -0.0762
gg 0.4128 3.17x107? qgg 407.8 2.08
g7 0.0154 gy 4.45
P 4.420 20.102 op 470.4 478
Tevatron LHC 14 TeV
~ =29, ~ 1%

Hollik, Kollar 07

The dominant contribution at LHC comes from gy — tt,
only one set of PDFs (MRST2004QED) has photon PDF.



Electroweak corrections to the cross section
aca o qq — it

O(%OC g”}/%tf qgg — tt

O 0(2 bb — tf Bernreuther, Si 10

o0 asalgq (@) —17g (@)  (g=u,d,s,c,b)
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Asymmetries
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Many different
measurements:

3o deviations in
high invariant mass
region for CDF.
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At LO partonic processes are not asymmetric.
QCD produces the asymmetry only at NLO!
NLO 1n the cross-section, LO 1n Ars

N OZQNO —+ Cngl —+ (X?(XNl +CV§N2+ N1 Nl o’ NO

AFB — E — 5 5 p
a?Dg+ a2Dg + a2 D1 + o2aDy + - -

= Qs - Q |
Oég DO




At LO partonic processes are not asymmetric.
QCD produces the asymmetry only at NLO!
NLO 1n the cross-section, LO 1n Ars

N OéQNQ —+ Ck?Nl —+ Oé?()éNl +C¥§NQ+ N1 Nl o’ NO
Arp =7 = —= = = Qs Fa— + —;
D a?2Dg+ a2Dg+ 2Dy + oa2aDq + - - ag Do

go 1nitial state doesn’t contribute to Tevatron and LHC asymmetry numerator!
g-gbar QCD contribution only from interaction between initial and final state!

N VIRTUAL (Only Boxes) ) PP S R S
o 1 NO UV, NO Coll. Div. g . . . }
SD Only IR g ¢ TPV
0 q q 9 ¢ q 9

REAL
Only interference of initial and final q t
gluon emission 1s asymmetric. g 9

Initial

Kuhn, Rodrigo "99




N, It’s useful to divide electroweak contribution into
Dy QED (photon) and weak (Z) part.

ED QED can be easily obtained from QCD calculation and the substitution of one
Q gluon into one photon in the squared amplitudes.

qq — tt

/ q g t
Atz tt, 2
Mo >“§“< H Mo
q
qg 9 t




It’s useful to divide electroweak contribution into
QED (photon) and weak (Z) part.

QED

, q g t
q q t
t
S Ll
qg 9 t
; q9 ~ t
‘Mtﬂ?’)(aga) M m
! q 9 ¢
, q g
M K DIFFERENCES:
¢ 7 YT Only couplings and color factor!

#(QED dlagrams)

3 #(QCD diagrams)

QED can be easily obtained from QCD calculation and the substitution of one
gluon into one photon in the squared amplitudes.

q%tt qq — ttg




N OZ2N0—|—CB§)N1—|—04304N1—|—O£§N2—|—'“ N1 Nl C¥2 N()

Arp = — =

D &2ﬁ0+@§DQ+Oé‘;’D1+C)&§OCD1+"' Dy Dy O@D_o

Hollik, D.P. "11
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QED correction can be obtained
from QCD X Rqep




N 2N 3N 2N AN, + - - N N 2 N, .
AFB:_:Oé ~O—|_Cvs 1"‘0&8(){ 1+a3 ~2_|_ :as_1+a_1+@_2_0 HOlllk’DP ;]]
D a?Dg + OéZDQ + Oé‘;’Dl + OégOéDl -+ - Dy Dy as Dy
Romn(O.) NQED 0,03 ¢ QED correction can be obtained
QED\Kq) = = Ty T Wat g from QCD X RqEep

Wegk | The same diagrams as QED part, but y — Z.

Z 1s not massless — If we write Weak=QCD X Rweak.
Rweak does not depend only on couplings and color factor



N 042N0—|—CVZ’N1—|—OK§O{N1—I—O(§N2—I—“' N1 Nl C¥2 NO

App = — = —— - = (g— - — | Hollik, D.P. ’11
"o D OéQDo—I—OégDQ—I—Oé‘;’Dl —1—0&%0&D1 -+ - ° Dy _I_aDO " Oé? Dy o
aNQED 26 o QED correction can be obtained
Roep(Qq) = N Qthga—S from QCD % Rqep

Wegk | The same diagrams as QED part, but y — Z.

Z 1s not massless — If we write Weak=QCD X Rweak.
Rweak does not depend only on couplings and color factor

2 N Different couplings for different
a“ N e .
0 chiralities produce asymmetric
ag Dg terms in the cross-section
daasym 2 4m% Q QtA At S
=2 0(1 — =) [P 2k A AV,
d cos 6 e een s )" (s — M2) Rl t(s—M%)2




Forward-backward asymmetry

(a) A?B
tt __ _ __
App | P=mu/2 p=mu B =2 R%%p, = (0.192,0.214,0.237)
O(ad) wuu 7.01%  6.29% 5.71% :
O(a3) dd 1.16%  1.03% 0.92% R&pp = (—0.096, —0.107, —0.119)
O(a2a)gep Ul 1.35% 1.35% 1.35%
O(aa)gpp dd 011%  -011%  -0.11% - Rom depend only on the
> = renormalization scale, not on
O ) weak UL 0.16% 0.16% 0.16% .
0020 wour  dd 0.04%  -0.04% 0.04% Ars definitions and cuts
O(a?) ua 0.18%  0.23% 0.28%
O(a?) dd 0.02% 0.03% 0.03%
tot pp 9.72% 8.93% 8.31%

O(a?a)) QED is the dominant contribution of the electroweak corrections.
It 1s stable under factorization and renormalization scale variation.

u and d have different charges: contributions of opposite sign for O(a2a)



Forward-backward asymmetry

_ Nt , _
R, = o<;;;>+o<a ) — (0.190,0.220, 0.254) R (Mg > 450 GeV) = (0.200, 0.232,0.266)
O(a?)

] NP . )
Rrep = QLo ) 186,0.218,0.243) Riw (|Ay| > 1) = (0.191,0.216, 0.246)

No(a)

EW corrections to Ars depends on fac/ren scale, and very slightly on Ass
definitions and cuts.




Forward-backward asymmetry

tt
No(a2a)10(a2)

R, = NG (0.190, 0.220, 0.254) Ry (Mg > 450 GeV) = (0.200, 0.232, 0.266)
5 NG(a2 | 2 tF
Rrep = QLo ) 186,0.218,0.243) Riw (|Ay| > 1) = (0.191,0.216, 0.246)
Npp

O(a3)

EW corrections to Ars depends on fac/ren scale, and very slightly on Ass
definitions and cuts

EW corrections to ArB are more important than EW corrections
to total cross-section. 2 Reasons:

-LO total cross section O(a?), LO numerator of Ars O(a?)

S

-The dominant EW contribution, O(a?a)QED, to the Ar comes from boxes:
3 times the number of diagrams of QCD case.

QED contribution to total cross-section comes ‘“from vertex corrections’:
same number of diagrams of QCD case.




Charge asymmetry

At LHC same partonic processes, but different partonic luminosities.

Gluon-gluon luminosity 1s larger, so asymmetry 1s smaller.
Gluon-quark initial state starts to be “interesting”.

The ratio of integrated luminosities u/dd at Tevatron is 4:1, at LHC 2:1.
Cancellation between QED contributions 1s bigger. EW contribution at LHC
in general 1s smaller (between 15% and 20% of QCD contribution).

\TQED
RQED(QCI) — &ojilNl — Qq@t35_60%
V'S M,=2m,; | 0.5 TeV | 0.7 TeV | 1 TeV
7 TeV QCD: ASYE (%) | 1.07 (4) | 1.27 (4) | 1.68 (4) | 2.06 (5)
QCD + EW:  A2¥ (%) | 1.23 (5) | 1.48 (4) | 1.95 (4) | 2.40 (6)
8 TeV QCD: ASYE (%) | 0.96 (4) | 1.14 (4) | 1.48 (4) | 1.85 (4)
QCD + EW:  A2¥ (%) | 1.11 (4) | 1.33(5) | 1.73 (5) | 2.20 (5)
M.=2m; | 0.5 TeV | 1 TeV 2 TeV
14 TeV QCD: ASYE (%) | 058 (3) | 0.74 (3) | 1.11 (5) | 1.72 (10)
QCD + EW: A3¥ (%) | 0.67 (4) | 0.86 (5) | 1.32 (8) | 2.12 (10) | Bernreuther, Si 12




CONCLUSION

The electroweak contribution to total cross-section 1s still smaller
than QCD uncertainty. It could be seen 1n differential distribution,

with high luminosity.

Total electroweak contribution to the asymmetries 1s not negligible
and increases QCD result by a factor ~ 1.2 (Tevatron), ~ 1.15 (LHC)

EW cannot explain Arps(Mmnv>450 GeV), but new models cannot
forget 1ts contribution when they try to fill the gap between theory
(SM) and experiment.

THANK YOU FOR THE ATTENTION!
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Hadronic process = partonic process ® PDF

' —

U(HlHQ — tf—l— X) — U(p1p2 — t1?—|— X) & [fP1,H1 (xl)fpmHQ (xQ) T fpl,HQ (xl)fp%Hl (:CQ)}

Partonic process can be produced 1n two different directions

& k;
k p kp2 '%92 k;h T

1
A, H> H; > ‘<
kX/ \k,
ki k! X
2
Moty e Kb )| = [ My ar x (b, Ky K1 K K

P17 "p2’
AFB # 0 ﬁ fpl,Hl (wl)fp2,H2(x2) 7& fpl,HQ(xl)fpmHl ($2)

At LHC Hi=H> — Arg=0
At Tevatron only processes with|p1 or p2 = (up, antiup, down, antidown)|can
produce asymmetric terms!

H;

2

‘ 2




Diagrams contributing to orders (xsaz, oc?oc of gq (q) — ttq (§) (g=u.,d,s,c,b)

Z o't iz iz
.............. q-’-'—’- q q_b_'_b_ q
t a3) ad)
—»— ¢ g b g t
b t
) i =
W_ W_ N
.............. ) b_»_'_>_ t b_»_'_»_ t




At LO partonic processes are not asymmetric.
QCD produces the asymmetry only at NLO!
NLO 1n the cross-section, LO 1n Ars

ONLY LO IS AVAILABLE! \ NOT AVAILABLE, NOT TRIVIAL
N oziNl +04§N2 + .. Qg T

D azDo+aiDy + - Do( Lt s (N, 1D1/Do)) +

QCD only at LO, but there 1s also electroweak theory. O(asa) =0

N OKQNO—I—CK?Nl—FCVE&Nl—l—Ck;LNQ—l—'“ N1 Nl o N()
AFB:_: ~ = :a8—+a_+_2_
D Ck2D() -+ Oé?D() -+ Oéng -+ Oé?Cle -+ .- DO DO Qg DO

as?Do is the LO cross section, now we see the terms in N



(a) AL, (b) ARF,

A%_B po=me/2  p=my = 2my A%ﬁB p=m¢/2 p=my pu=2my
O(as) wuu 7.01% 6.29% 5.71% O(as) uu 4.66% 4.19% 3.78%
O(as) dd 1.16% 1.03% 0.92% O(as) dd 0.75% 0.66% 0.59% Qé%p — (0019270_21470.237)
O(a)gep ul 1.35% 1.35% 1.35% O(a)gep ui 0.90% 0.90% 0.90%
O(Q)grp dd -0.11%  -0.11%  -0.11% O(a)orp dd -0.07%  -0.07% -0.07% pad  _ (—0.096, —0.107, —0.119)
O(W)weak Ul 0.16%  0.16% 0.16%  O(Q)wear Ul 0.10%  0.10% 0.10% QED ’ ’
O(a)wear  dd -0.04%  -0.04% -0.04% O(a)wear  dd -0.03%  -0.03% -0.03%
O(a?/a?) wuu 0.18% 0.23% 0.28% O(a?/a?) wuu 0.11% 0.14% 0.17%
O(a2/a?) dd 0.02%  0.03% 0.03% O(a?/a2) dd 0.01%  0.02% 0.02%
tot pp 9.72%  8.93% 8.31% tot pp 6.42%  5.92% 5.43%

0.35 0.35

0.3 0.3

o - o -
: @ a)atlo

mt/2<u<2mt 025
(theory)

0.25

(theory)

b)inside 20

0.05 0.05

0

0

(a) AgB (b) A%ﬁB

Atf EW
Ars) " _ 0190.0.220,0.254)

i i — (0.186, 0.218, 0.243)
(A% p)29P (App)@cr




(a) AL, (M > 450 GeV)

(b) At (JAy| > 1)

A’%—B pw=me/2 p=mr p=2mg A?B p=m¢/2 p=my pu=2my
O(a3) wuu 10.13%  9.10% 8.27% O(a2) wuu 15.11%  13.72% 12.41%
O(a2) dd 1.44% 1.27% 1.14% O(a?) dd 2.28% 2.02% 1.84%
O(a?a)grp ul 1.94% 1.95% 1.96% O(a2a)oep ul 2.90% 2.94% 2.94%
O(eza)gep dd -0.14%  -0.14% -0.14% O(eZa)grp dd -0.22%  -0.22% -0.22%
O(a?a)ear Ul 0.28% 0.28% 0.28% O(a2a) year Ul 0.25% 0.25% 0.26%
O(a2a)pear dd -0.05%  -0.05% -0.05% O(a?a)wear dd -0.09%  -0.09% -0.08%
O(a?) i 0.26% 0.33% 0.41% O(a?) i 0.35% 0.45% 0.55%
O(a?) dd 0.03% 0.03% 0.04% O(a?) dd 0.04% 0.05% 0.06%
tot pp 13.90%  12.77% 11.91% tot pp 20.70%  19.12% 17.75%
0.611 + @
0.475 + . @ .

0

3

(a) AL, (M; > 450 GeV)

0

(b) AL (|Ay| > 1)



