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. Forward-Backwards Asymmetries

The FB asymmetry for tops (or anybody else)

e The asymmetry:
dAo

do
e With numerator and denominator given by

A(Mtz{, cos ) =

dQO.AB—HffX dZO.AB—>ftX

thzfd cos 0 B th%d cos 0

dAo 1
th%d cos 0 2

do 1 dZO.AB—HffX N dZO.AB—>£tX
thz{d cos@ 2 thz{d cos 6 thz{d cos 6

e This is a ratio of single-particle inclusive cross sections.

¢ For tops, numerator and denominator are amenable to pQCD
analysis at any pr (& for bottom at high pr).
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e At the Tevatron for tops: a positive asymmetry from both
DO and CDF, at about 5 fb—1,
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e And at 8.7 fb—1, differential distributions from CDF

m -
<'-'- - —— I+Jets Data

061 oy =(15.6+5.0)x10" /
- (Correlated Uncertainties) /

051 NLO (QCD+EW) ti
- oy, = 3.3x10

0.4 — o

0.3 f—

02|

0.1 i 47_72-4

PRI TR NI A TRTHR NI ST N SN A S N

ol 1 \ - \
350 400 450 500 550 600 650 700 750

Parton Level M, (GeV/c?)

CDF Run Il Preliminary L = 8.7 fb™

i | —— [+Jets Data
< 0, = (30.6 + 8.6)x1072
0.6 (Correlated Uncertainties)
[ — NLO (QCD+EW) tt
[ o,,=10.3x10?

0.4

0.2

TR SRR P SRR SRR R R
0 02 04 06 08 1 12 14 16 18 2

Parton Level Ay
D. Mietlicki Moriond 2012

vs. NLO QCD, similar shapes, much higher slopes in M,; and
rapidity.



e Tevatron results have inspired BSM scenarios.
e But apparently it's not so easy.
e LHC results preliminary, but developing pretty fast.

e Here: examine the origin of the forward-backward asymmetry
in Standard Model/QCD at NLO and in threshold-resummed
form.



Il. AFB in the standard model & role of soft gluon

¢ How does AFB arise in the Standard Model? Make an anal-
ogy to the scattering of charged particles, and think of their
classical fields.

e The more the flow of charge is rearranged, the more radiation
we can expect.

e Classically, forces will work to minimize changes in the out-
going charge currents compared to the incoming currents.

e Quantum mechanically, virtual corrections suppress a switch
in the sign of electric or color current in the scattering process.



e The mechanism for AFB from both QCD and electroweak in-
teractions are thus very similar, but numerically, the effect
is mostly QCD: see Kuhn and Rodrigo (1109.6830 [hep-ph])
and Manohar and Trott (1209.2936 [hep-ph]). MT do point
out important (~ 10%) effects in the M,; spectrum, with
implications for new physics interpretations.

e The QCD NLO asymmetry, with m? = M?/3, and 0 the
c.m. scattering angle, is compliments of Kuhn and Rodrigo

(1998): ...



do_gl(j,vz'rt—i—soft &3 d2

s 5{B<c>—B<—c>

+ (1 + 2+ 4m?) [410g G; )log(2w) + D(c) — D(—C)] } :

with

= /1 —4m? , c=Bcos w—Ecgut/\/g,

e B(c) and D(c) are a little complicated. We’'ll concentrate on
the logs:

eln (Ecut/\/_) and In 17¢) — | ¢,

o E§“t is an “energy resolution”, below which we include soft
gluons, above which we veto them.



e The log
In (Ecut/\/g)

comes from the difference of two divergent integrals:

- dE9 L dE9
[ty

1 —c
1+ c

Avirtual g-treal g ™~ Os In (

e We'll see evidence below that this is the dominant effect,
associated with classical radiation, at least at the Tevatron.



e Again, for EJ,, < my, “soft gluons” above the cutoff give
tt] events.

e The contribution to the asymmetry from such events contains
the same ‘real emission’ term as above:

1—c ( my dEg]

Atf—H‘eal g ™ s In 14 c Ecgut E9
1 —c M
~ O ln In P
1 —I— C Ecut

e This asymmetry naturally takes the opposite sign from the
inclusive asymmetry — it's trying to cancel the tail of the
virtual soft gluon contribution.
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e These arguments were also made by Melnikov and Schulze,
1004.3284 in a discussion of NLO for tt j, explaining the
observation by Dittmaier, Uwer and Weinzierl (PRL 98, 262002
(2007)) that the asymmetry is large and negative for the
lowest-order cross section, then much reduced at NLO.

e This issue was regarded for a while as a possible ‘instability’ of
the perturbative series for the asymmetry. But it’s a natural
effect and actually a sign of stabiltiy.

e We'll see how this pattern emerges as part of the all-orders
structure of the cross section.
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l1l. Soft gluons at higher orders

e Factorized cross section for fixed pair mass M, quark mass
m, rapidity y, and relative rapidity 7 in pair c.m.

do A dxrgdx
4 hiho—QQ 1 a b 2 B 2
T 1 x4
X 0|z — 5(y — —In—
Talp 2 xp
_ M? m? N
X WeF 00 |% 7 2 uz,as(,u, )+ ...

e Variable z measures how much partonic energy is used to
produce the pair

M? T _ M?

z = = > T =
TaTpS  TaTp S
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e Short-distance W F_sii is singular for z — 1.

e Typical one-loop example: Drell-Yan (M? = Q%):

1 2 2
wc(lcj)—ry*—l—X(za Q s b )

— 00(Q2) Oy (as(ﬂ)] (201 + 2%) lnil_— z)
2)1 2 C
(14 2%)In = T
— (1 2) 3—4] 0(1 —2)}
as |14 22 Q2
+o0@) Cr o “2]

e The ‘4’ distributions tend to increase the cross section and
Cpas/ﬂ')" In??—1(1—2)
n! 1—2z

at nth order we get (

—I—-
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e We compute w,;(z) from a regularized, partonic cross sec-
tion. When 7 — 1, it forces z — 1.

e In this limit, we find factorization into * — 1 (partonic)
distributions, soft radiation and outgoing jets and/or non-
recoiling heavy quarks.

et
o

K

e Color tensor cy describes color exchange in Hjy.

-3

VAR
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e An example of color tensor cj: q@ tensors (CL){ri}:

1 3 1
c] = > < Co =
2 4 2

e Different processes differ in lists of (LL) jets and in the (NLL)
“soft matrices” S (Kidonakis, GS (1997)). Matrix indices label color
exchange cy at the hard scattering: singlet, octet ...in am-
plitude and complex conjugate.
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o1 — z — 0 is natural kinematics for threshold resummation:
in c.m., 1 — z is o< energy of soft radiation:

e Technical: moments of the partonic scattering factorize as in
the picture:

@Wap(N,0) = /01 dz 2N 1w, (2, cos 0)

= Ca(0) Ja(N) Jo(N) T
< {H'D(0) [Sap(N, )] 89 S40(V,6)}
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e cosf c.m. scattering angle < An.
¢ Indices label color exchange.

e The factor H(9) is the partonic Born cross section:
1+ c? -+ 4m? in Kuhn-Rodrigo notation.

e Get back logs of 1 — z by inverting the transform
after resumming N-dependence in the Js and S.
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e AFBis an NLL ((asIn N)") effect. LL ((asIn? N)™) “jet”
functions, J don’t give an asymmetry because they factorize
from the short-distance color exchange.

The asymmetry in threshold approximation is thus in the soft
factors S.

e The soft matrix is given by a matrix anomalous dimension,

2

1 M2/N2qI1 (as(q2),c)

Sa,b (N,C) P exp 2/
e where ...
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4 4
(1) 3 0 0 9@
& =+
(€) = 0 gc 2a C—|—3
1 —c
a = In .
1+ c
g:?’[ml_c2 +(1_ﬁ)2 =B
2" (14 B)? 286 1+
1+ )2 .
+1 + 27 23 ], ﬂ:J1—4m%/s,
1+ﬂ2( 1-p ) .
c = In +aemw|+1+ 2.
203 1+73
ea = In1 1_|_ gives the entire the asymmetry attributable to

soft radiation. In(1 &4 3) is diagonal & doesn’t contribute to
AFB — which makes applications to b quarks possible.
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e Let's recall The asymmetry as a ratio:
dAo

do

e The numerator begins at order a3 from the soft function with
a single log, and starts to get extra, color-diagonal double logs
at order as. The denominator get double logs starting al-
ready at a3, This is the source of the large corrections found
at NLO for ttj, viz. Melnikov and Schulte.

A(Mtzf, cos ) =

e I'g is actually known to 2 loops now (Mitov,GS,Sung (1005,4646);
Ferroglia, Neubert, Yang (1006.4680 [hep:ph])) Has been applied to AFB
in Ahrens et al. 1106.6051 [hep-ph] with qualitatively similar
results to ....
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e Numerator and denominator (Aimeida, GS, Vogelsang (2008)):

do/dMg
(pb / GeV)
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10~3
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e Here LO (dotted) is as® for Ao (bottom) and as? for &
(top). Dominance of soft gluon effects at LO for Ao is seen
in the close tracing of dotted and dashed lines.
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e Pair mass and scattering angle dependence (Aimeida et al. (2008)):
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e Asymmetry increases (~ linearly) with M, ; because at larger
$ valence pairs dominate, so the denominator of Ao /o de-
creases more rapidly than the numerator as gluons fall away.

e The asymmetry increases with cos 6 because of the In(u/t)
prefactor for soft gluon logs (and also the unresummed B(c)).

e CDF results are like this, “only more so” for rapidity and M,;.
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e Some lessons from resummation:

1. Enhancements for the NLO AFB
In Ao /o, there are CFaj:’ In? E g4 contributions in o,

but every CFaf;’ In? Eq4 in o has a matching factor
CFag In3 Egq in the numerator. Their effects cancel.

As a result, using NLO total cross section in the denomi-
nator almost certainly underestimates AFB. Kuhn and Ro-
drigo (1109.6830 [hep-ph]) estimate this effect as a sup-

pression by 0.7.

We should be able to check at NNLO soon: ( Barnreuther, Czakon
& Mitov, 1204.5201 [hep-ph].)
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2. “Hidden” large AFB.

At NLL in threshold resummation, the asymmetry very close
to partonic threshold is driven by the largest eigenvalue in
I'g, which favors t in the forward direction:

Aoqg(T, C) 1 1 ,
=1+ [~dz o,-(T/2)
oqq(T,C) oqq(T,c) " 4

x (1 + 2as by In(1 — z))2 M)

A)\(C) _ 4[)\max(c) — )\max(—c)] > 0
bo
where the A’s are eigenvalues of I'g. The correction

(almost) vanishes as z — 1.
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For large M,; and large cos O the As can be
‘order of a few’.

If PDFs were very fast-decreasing the z integral would be
dominated by z ~ 1, and ff asymmetry would approach
unity.

Not a ‘Std. Model solution’, but suggests it would be great
to test more distributions, both for QCD and new physics
proposals, and a possible sensitivity to the selection of
events, particularly at high M,; and cos 6.
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N.B.: we do not have sufficient control over the theory yet
to compute resummed corrections as a function of mea-
sured energy for inter-top radiation. Or, for that matter,
for the top pair transverse momentum distributions.

CMS

rrrrrrrrrrrrrrr

Opens the door to final state interactions (Collins & Qiu (2007),
Mulders & Rogers (2010)), non-global and superleading logs.

An outstanding challenge to QCD theory.
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V. Summing Up

e The QCD forward-backward asymmetry appears to be driven
by the dynamics of soft gluon radiation for Tevatron kinemat-
ics.

e We probably have pretty good control over QCD predictions
for the asymmetry, including the role of tagged jets.

e The extension of the resummation formalism to the LHC is
fairly straightforward.

e The same formalism should allow us to look at asymmetries
for the b quarks, taking into account their fragmentation,
and/or tagged b jets.

27



e The linear increase of Tevatron data with rapidity also sug-

gests that the underlying short-distance cross section looks a
lot like QCD.

e QCD predictions for AFB based on single-particle inclusive
cross sections tend to increase with M,; and Amn, but the
sizes remain low compared to CDF results.

e Perhaps at higher order, unresummed logs of v/t enhance the
cross section even more than at NLO.

e But really, QCD is unlikely to explain recent data without a
little help.

e The “enhanced QCD” behavior of CDF An and M,; data sug-
gests these as test of other explanations, and exploring new
distributions. Some of these may require new QCD theory.
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