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Outline

e Top production at the LHC — NNLL resummed

MB, P. Falgari, S. Klein, C. Schwinn, 1109.1536 [hep-ph];

MB, P. Falgari, S. Klein, J. Piclum, C. Schwinn, M. Ubiali, F. Yan, 1206.2454 [hep-ph] (TOPIXS program)
e Top production near threshold in e e~ collisions

MB, Kiyo, Schuller, hep-ph/0501289; MB, Kiyo, 0801.3464 [hep-ph];
MB, Kiyo, Schuller, in preparation.

o Effective field theory of unstable particle production and AR
non-resonant effects

MB, Jantzen, Ruiz-Femenia 1004.2188 [hep-ph]; Jantzen, Ruiz-Femenia 1307.4337 [hep-ph]
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The top quark ...

o ...could be like any other quark, just happens to be a bit more massive.

e SM
e simple, perhaps unexciting

— Precision studies of top quark properties (mass, width) through inclusive
production, FB and charge asymmetries, invariant mass, pr (momentum) spectra etc.

Trento, 17 September 2013



The top quark ...

o ...could be like any other quark, just happens to be a bit more massive.

e SM
e simple, perhaps unexciting

— Precision studies of top quark properties (mass, width) through inclusive
production, FB and charge asymmetries, invariant mass, pr (momentum) spectra etc.

o ... interacts strongly with the Higgs and might

provide a window to EWSB

or to a strongly coupled sector (partial compositeness)
have new flavour-changing interactions

determine the fate of the Universe

Search for anomalous couplings, anomalies in production and decay.
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The top quark ...

o ...could be like any other quark, just happens to be a bit more massive.

e SM
e simple, perhaps unexciting

— Precision studies of top quark properties (mass, width) through inclusive
production, FB and charge asymmetries, invariant mass, pr (momentum) spectra etc.

o ... interacts strongly with the Higgs and might

provide a window to EWSB

or to a strongly coupled sector (partial compositeness)
have new flavour-changing interactions

determine the fate of the Universe

Search for anomalous couplings, anomalies in production and decay.

This is not a review ... focus on recent progress in inclusive production.

Trento, 17 September 2013



Total top-pair production cross section

Hadronic production (LHC)
o Benchmark for QCD calculations of hadronic processes. Now the most precisely
predicted purely hadronic cross section.
o Theoretically clean but not very precise mass determination.
o Template for searches for unknown particles with missing transverse momentum.

o Constraint on gluon distribution in the proton in a momentum fraction region relevant to
Higgs production.
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Total top-pair production cross section

Hadronic production (LHC)
o Benchmark for QCD calculations of hadronic processes. Now the most precisely
predicted purely hadronic cross section.
o Theoretically clean but not very precise mass determination.
o Template for searches for unknown particles with missing transverse momentum.

o Constraint on gluon distribution in the proton in a momentum fraction region relevant to
Higgs production.

o Very precise and clean mass measurement and width measurement at threshold

o Couplings above threshold
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|. Hadronic production
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Data vs. NLO

NLO correction is large (50% at LHC)
>m< | W [NLO QCD: Nason, Dawson, Ellis (1988), Beenakker
ctal. (1989)]

Data requires precision beyond NLO

dominant at Tevatron dominant at LHC
NLO CDF DO
Tevatron 6.68 T9-3¢10.2 7.50T9-9% 7.5679°9
NLO ATLAS CMS
LHC (7 TeV) 158.1 193162 177 £378 7 1662+ 1148
LHC (8 TeV) 226.2 37849 241 +£24+31+9 27 +3+ 11+ 10

o7 (in pb). NLO: m; = 173.3 GeV. MSTW2008NLO, PDF+a error at 68% CL;
independent 41, and puy variations.
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Theoretical progress beyond NLO

Onaa(VE,m) = > /dXidefi(Xi)ﬁ(xj)3ij(\/§,mz) § = xixjs

1,j=4,4,8

B=1/1—4m2/s
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Theoretical progress beyond NLO

Onaa(VE,m) = > /dXidefi(Xi)ﬁ(xj)3ij(\/§,mz) § = xixjs

1,j=4,4,8
B=1/1—4m2/s

NLO [NLO QCD: Nason, Dawson, Ellis, 1988, Beenakker et al., 1989]
NLL resummed [Catani et al.; Berger, Contopanagos; Kidonakis, Smith, Vogt, 1996; Bonciani et al., 1998]

!

NNLOappmx [MB, Czakon, Falgari, Mitov, Schwinn, 2009; MB, Falgari, Klein, Schwinn, 2010; Aliev et al., 2010;
from 1PI/1PM distributions: Ahrens et al., 2010/11; Kidonakis, 2010]

NNLL resummed [MB, Falgari, Klein, Schwinn, 2011 (soft and Coulomb); Cacciari, Czakon, Mangano, Mitov,
Nason, 2011 (soft) (Top++); MB, Falgari, Klein, Piclum, Schwinn, Ubiali, Yan, 2012 (TopIixXs); from 1PI/IPM distribu-
tions: Ahrens et al., 2010/11]

}

NNLO [Bérnreuther, Czakon, Mitov, 2012 (gg); Czakon, Fiedler, Mitov, 2013 (gg)]

!

NNLO + NNLL [2013 v2 versions of (Top++) and (TOPIXS)]

M. Beneke (TU Mii



Resummation: breakdown of perturbation theory at small 5

Fixed-order PT not applicable for threshold production (non-relativistic)

e Coulomb force

A~ dg xS
B

e Inhibited (soft) radiation (5R)

A~ Ay x g2 In’ B
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Resummation: breakdown of perturbation theory at small 5

Fixed-order PT not applicable for threshold production (non-relativistic)

e Coulomb force
A~ A X

w | %

e Inhibited (soft) radiation (5R)

A~ Ay x g2 In’ B

Perturbation theory breaks down due to the emergence of small scales M5, M B> < M, NS
Sum the series of enhanced quantum fluctuations to all orders:

2,1
T T ) R R

R
o\ K
- 002(;) exp [1n B go(cxs In 8) + g1 (0 In B) + oo B) + .. |
=0 —— ———— N———
(LL) (NLL) (NNLL)

x {1 (LLNLL); ag, 8 (NNLL); o2, s 3, 7 (NNNLL); . . }

M. Beneke (TU Miinchen) Trento, 17 September 2013



Joint soft—gluon and Coulomb resummation Mg, Falgari, Schwinn (2009, 2010)]

6(8,p) = ZHMM /dw > Ty (E )W;R“(w,u)

R

e Factorization and resummation with
non-relativistic and soft-collinear EFT.

e Summation of In 8 terms by SCET RGE
equation in x-space, not moment space.
[Becher, Neubert (2006); Becher, Neubert, Xu (2007)]

e Match to fixed-order result to describe the
region 8 ~ 1

~NNLL ~ NNLL ~NNLL ~NNLO
O matched = [ Uexp to NNLO] +6

M. Beneke (TU Mii

Jih =

-

s =

H(my, pn)

|

H(my, juy)

J W (w, pug)

V

W (w, 1)

tember 2013



Impact of NNLO and resummation [TOPIXS]

[ oaglppl | Tevawon [ LHC (/s =7TeV) [ LHC (/s =8 TeV) |
+0.36+0.23 +19.5+6.8 +27.849.2
NLO 6'6870.7570.22 158‘1721.276.2 226‘2729.7—8.3
+0.26+0.29 —+12.34+7.3 +16.7+9.7
NNLOaPP 7'0670.3470.24 ]61'1711.97647 230'0715.7—9.0
+0.2740.29 —+ 6.74+7.7 +9.2+10.4
NNLO 7015035024 167.17,5 257 23917055 0%
+0.24+40.30 + 6.3+47.7 +8.7+10.5
NNLL 7'15—0,1()—0.25 168.5° 7)5—7.2 241'0—11A|—9A7

my = 173.3 GeV, ag(Mz) = 0.1171, (N)NLO MSTWO08 PDFs, first error theoretical uncertainty, second PDF+a at 68% CL.
Theoretical error: independent soft/hard/Coulomb scale variations, resummation ambiguities.

e Tevatron (¢q)
significant resummation/NNLO effect [+8%],
reduction of theoretical uncertainty [8% — 3%] (excluding PDF + « error),
threshold approximation worked well.

e LHC (g9
small resummation [+1%]/significant NNLO effect [+4%],
significant reduction of theoretical uncertainty [13% — 4.5%],
threshold expansion did not work that well.

M. Beneke (TU Miinchen) Trento, 17 September 2013
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Comparison of NNLL results

Tevatron , NNLL LHG8, NNLL
alpb] lpb]
851 280
80 ol

(A —
——immmt

I {
REI SRRl

| 20| 1
65 {
i
H
. H 20 i H
i i
60 ! H
i
st 100

left of dashed: NNLOgp, + NNLL

MB, Falgari, Klein, Schwinn 2011; ToPI1xs 1.0 (m; = 173.3 GeV)
Cacciari, Czakon, Mangano, Mitov, Nason 2011 (m; = 173.3 GeV)
Ahrens, Ferroglia, Neubert, Pecjak, Yang 2011 (1PI, m; = 173.1 GeV)
Abhrens, Ferroglia, Neubert, Pecjak, Yang 2011 (PIM, m; = 173.1 GeV)

right of dashed: NNLO + NNLL
Piclum; 2013 update of MB, Falgari, Klein, Piclum, Schwinn, Ubiali, Yan 2012; TOPIXS 2.0 (m; = 173.3 GeV)
Czakon, Fidler, Mitov, 2013 top++2.0 (m; = 173.3 GeV)

Experiments: CDF/D0 2012 combined; CMS/ATLAS-CONF-2012-149

Error bars: solid — theory, dashed — PDF (+ca) added
PDF set: MSTW 2008 NNLO

M. Beneke



TOp mass from total cross Section [update of 1109.1536 and 1208.5578]

Experimental cross section depends on assumed m1;.

ﬂ'::‘ (my)

r(m)[pb]

10 — tr:ap(m )

Maximize joint likelihood f(m;) = /daﬁh(cr|m,) fexp(o|my).

m = (171 szg) GeV (Tevatron data) Consistent with top decay
+5' 3 mass reconstruction!
my = (176.17,7) GeV (CMS data [1208.2671]) (m = 173.2 £ 0.8GeV)

See also Langenfeld et al. (2009), DO, CDF, ...

M. Beneke (TU Miinchen)



ll. Threshold production in ee™
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Pair production threshold — Coulomb force and Weak Decay

Ultra-precise mass measurement

Unique QCD dyanmics
Stable top quark, no strong interaction

0.8, T
0.6

5 04
0.2¢ ]

]

%3 338 340 312 34

Vs (Gev)
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Pair production threshold — Coulomb force and Weak Decay

Ultra-precise mass measurement
Unique QCD dyanmics

Stable top quark, with strong Coulomb force

08
06l ]
b 04l
02l ]
%% 338 340 342 344

Vs (Gev)
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Pair production threshold — Coulomb force and Weak Decay

Ultra-precise mass measurement

Unique QCD dyanmics
Unstable top quark, with strong Coulomb force
0.8, T r
0.6 —
b 04
0.2¢
U

0'336 3%

Vs (Gev)

Smallest structure in particle physics known to exist (10~ 7m).
Direct “spectroscopic” width measurement.

M. Beneke (TU Miinchen)



Threshold scan at ILC

Additional smearing of the resonance due to beam luminosity spectrum (collider-specific) and

ISR
=14 — 5 T \ \
o - fithreshold - 1S mass 174 GeV £2.0.8| ttthreshold - 1S mass 174.0 GeV
g 1. === TOPPIK NNLO = ISR only ] g [ — TOPPIK NNLO + CLIC350 LS + ISR 1
B [ e CLIC350 LS only — CLIC350 LS+SR 7] 5 I simulated data: 10 fb™point ]
% 1 8 0.6 |- ----- top mass + 200 MeV —
2 ] 3
008 o
o o

N
IS

0.2

cLic |

4} e Y I N 0 . ‘ ‘ ‘CL[C
45 350 R 345 350 355
(GeV] Vs [GeV]

Most recent study for ILC/CLIC [Seidel, Simon, Tesai, Poss, 2013] assumes 10 fb~! at 10 points.

[0me]g,, = 27 MeV [simultaneous fit of o]
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Key items for theoretical precision

e All-order summation since as/v can be large.
Well-defined framework (EFT) to combine relativistic
and boundstate effects.

e Mass definition: abandon the pole mass!
Potential-subtracted mass [MB, 1998]

(1) o 4 g, (@)
mps ({f) = Mpole + = Coulomb (4
2 Jigi<u, (2m)

Cancellation of large perturbative contributions from the IR.

e High orders:
NNLO calculations find large uncertainty [up +25%] in the cross section in the
resonance peak region (MB, Signer, Smrinov; Hoang, Teubner; Melnikov, Yelkovsky; Yakovlev; Nagano et al.;
Penin, Pivovarov, 1998/99).
Maybe less after log(v) resummation [£-3%] (Hoang et al., 2002; Hoang, Stahlhofen, 2011)

Basic techniques worked out end of 1990s but the next order is hard!

M. Beneke (TU Mii Trento, 17 Septeml



Non-relal tic EFT

In the absence of electroweak corrections

(anav — ¢’ gu) 11(g°) = i/fxeiq"‘ OIT (i ()i (0))0),  J*(x) = [Iy*1](x)

rR= I 127e? Im T1(s)
a0

Relevant scales: m; ~ 175 GeV (hard), mia; = 30 GeV (soft, potential) and the ultrasoft scale
(us) m,a? ~ 2GeV.

‘CQCD [Q(hvszp)z g(h7szp7us)] p>my

|

Lenraep [2(p), g(us)] < my

The ultrasoft scale appears explicitly only at NNNLO. A complete calculation of the (non-
logarithmic) NNNLO correction is therefore needed.

M. Beneke (TU Miinchen) Trento, 17 Septemb



Matching/effective Lagrangian at NNNLO

Matching of currents and interactions (potentials and ultrasoft)

. . d. .
i'=caviox + 6—‘)2w1'o" DXy + ...
i
Locp — LpNRQCD
8?2 8* Ty 82 o*

LpNreep = ¢T(,D0+17+7+7)¢+X (iDo—i?—%—%>X

+ [ tefptu]wrn (= 25+ ove0) [V

— 85T (V)xE(1,0)9 (x) — gsxT (0)xE (1, 0)x(x)

° Three—loop matching required for the hard vertex ¢, [Marquard, Piclum, Seidel, Steinhauser, unpublished]
and the Coulomb potential [Anzai, Kiyo, Sumino, 2009; Smirnov, Smirnov, Steinhauser, 2009].
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NNNLO Cross SeCtiOH Calculatlon [MB, Kiyo, 2008; MB, Kiyo, Schuller, in preparation]

\ \ Yo P
c, <,
1 _t
+ +
e
& @ o P L
‘\‘lﬂ s\‘«) N{()
32, 52
+ +
G«! Gk) G(\I GI() G«) Gll) Gm

where

G r! E) = zmy *‘<’+’>Z<zz+ D@ @r)'p;
1=0

maog
y=/—m(E+ie), X =
2y

The ultrasoft contributionis (D =d — 1)

'\ & S!LEZHH) (2yr)L§21Jr D (2yr)
S 2A+ DI+ I+1-2)

k. —i (KK L b _ _
— (=) (ie)? (1) i&®) . 0y;6(D .
6Gus = (—i)(igs)"Cr 2 B <k§ - >/|| P iG (p1, p2; )G (p3, pas E 4 K)iG' (s, pe; E)

n=1

2Ca 2(ps — ps)
2 (pa —ps)t

2C7A 2(py — PS)I

205 o) )
23 F) _ s
X i [m, (2m) (r3 = p2) + (i8)" F—

] i {*%(zm”a@ (s — ps) + (i8,)?

Difficulty is the extraction of the divergence in dim. reg.
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m; ps(20GeV) = 170GeV, Ty = 1.4 GeV

141

12r

10F

0.8

0.6

0.4

NNLO

1=(50-120)GeV/

339 340 341 342 343

[MB, Signer, Smirnov, 1999]
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[MB, Kiyo, Schuller, in progress]




[1l. Non-resonant effects
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Finte-width divergences and “electroweak effects”

The QCD-only result usually discussed is far from reality

o Finite-width divergences (overall divergence, already at NNLO):

[(SG(E)]overall X % -E o q

Since E = /s — 2m; + iT", the divergence survives in the imaginary part:

QsQlew

Im [6G(E)]overann o< my X

e Electroweak effect. Must consider eTe™ — W W™ bb.
Significant “non-resonant” background from off-shell top decay (unless tight invariant
mass cuts are applied), not described by NRQCD.
Starts at NLO [MB, Jantzen, Ruiz-Femenia, 2010; Penin, Piclum, 2011]

e QED effects [Pineda, Signer, 2006; MB, Jantzen, Ruiz-Femenia, 2010], electroweak absorptive parts
[Hoang, Reisser, 2004], initial state radiation (formalism in [MB, Falgari, Schwinn, Signer, Zanderighi]).

Trento, 17 Septem



UnStable partlcle effeCtIVC theOl'y [MB, Chapovsky, Signer, Zanderi

Unstable particle EFT provides a systematic expansion of the amplitude in powers of I /m.

Resonant contributions Non-resonant contributions
Production of an on-shell, non-relativistic Off-shell lines. Full theory diagrams ex-
17 pair and subsequent decay 1 — Wb, panded around s = 4m,2.
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UnStable partlcle effeCtIVC theOl'y [MB, Chapovsky, Signer, Zanderighi, 2003]

Unstable particle EFT provides a systematic expansion of the amplitude in powers of I /m.

Resonant contributions Non-resonant contributions
Production of an on-shell, non-relativistic Off-shell lines. Full theory diagrams ex-
17 pair and subsequent decay 1 — Wb, panded around s = 4m,2.

iA=3"cPclh / (e et oM (0)i0f (W)le~e)+ 3 € (= et i1 (0)]e= )
Kl X

) : k _ _
O]gt) = €c)7iec, wITOJXt Ol(le) =€ Fle‘Z e‘2rzecl ’

Op(“) = @, Vvs €c, Yy o' X

1
Onon-res — ; Z Im [Ciﬁ)] (eie+‘iox> (0)|eie+>
; k
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Non-resonant corrections at NLO

MW

1o

Equivalent to the dimensionally regulated
ete™ — bWt process with I'; = 0, ex-
panded in the hard region around s = 4m,2.
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Non-resonant corrections at NLO

IN

W W

¢

MW

ho 1o

Equivalent to the dimensionally regulated

ete™ — bWt process with I'; = 0, ex-

panded in the hard region around s = 4m,2.

M. Beneke

[MB, Jantzen, Ruiz-Femenia, 2010]

338 340 342 344 346 348 350

Vs (GeV)
QED and non-rcaonant corrections relative to the 77 LO cross sec-

non-res
for the total cross section (lower solid red) and AM; = 15 GeV

tion in percent: UQED /0'(0) (upper solid blue), ol /0'(0)

(lower dashed red). The relative size of the sum of the QED and
non-resonant corrections is represented by the middle (black)

lines, for AM; max (solid) and AM; = 15 GeV (dashed)

Large correction below threshold.
Invariant mass cuts can be applied within the
EFT framework.




ete™ — WTW™bb near s = 4m?

NLO + NNLO singular terms [Jantzen, Ruiz-Femenia, 2013]

Total cross section Cross section with AM; = 15 GeV

T 7

12F T T T 3 12F

4 1L0f

+ non-resonant NLO
+ endpoint-divergent NNLO 1

+ non-resonant NLO

+ endpoint-divergent NNLO

a(pb)
T (pb)

! L L L L L . L L
338 340 342 344 346 348 350 344 346 348 350

Vs (GeV) Vs (GeV)

“Realistic” cross section calculations almost completed.
ISR corrections should be applied in the theoretical pre-
diction, not the experimental simulation.
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Summary

I Hadronic #f cross section now computed at NNLO+NNLL (soft + Coulomb)

Theoretical uncertainty: 3% (Tevatron), 4.5% (LHC)
PDF + ;s uncertainty (68% CL): 5%

Best predicted purely hadronic cross section. PDF error dominates. Solid
constraint on “light” new physics.

Well-defined determination of m; with a present error of (4 — 5) GeV, consistent
with the top mass reconstruction from decay products.

Outlook: differential NNLO; NNNLL resummation.
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Summary

I Hadronic f7 cross section now computed at NNLO+NNLL (soft + Coulomb)

Theoretical uncertainty: 3% (Tevatron), 4.5% (LHC)
PDF + ;s uncertainty (68% CL): 5%

Best predicted purely hadronic cross section. PDF error dominates. Solid
constraint on “light” new physics.

Well-defined determination of m; with a present error of (4 — 5) GeV, consistent
with the top mass reconstruction from decay products.

Outlook: differential NNLO; NNNLL resummation.

Il ete™ — fIX cross section near threshold now computed at NNNLO.

Sizeable 3rd order corrections and reduction of theoretical uncertainty.
Ultra-precise mass measurement.

Realistic predictions for eTe™ — W W™ bb near top-pair threshold available
with sufficient accuracy, including cuts.

Outlook: NNNLO code; complete NNLO non-resonant.
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