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Total and Differential Cross Sections

* We are well in the hadron collider precision measurement territory !!!

* ...for a few years now
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Search for Supersymmetry...

* An example of the importance of top-quark cross sections as background
* Search for supersymmetry in the vector-boson fusion topology in
proton-proton collisions

LHC @ 8 TeV

CERN-PH-EP/2015-213
2015/09/01

Process KRR €W W Gl
Z+jets 43+17 37ty 199429 123+44
W-jets <0.1 42133 173+30 20+17
\4% 28+05 31+07 29+05 05+02
tt 240+17 19.0737 11.7+28 -
QCD — — — 6.3+1.8
Higgsboson | 1.0+0.1 1.1+0.5 — 1.1+0.1
VBF Z - — — 0.7 +0.2
Total 322424 311778 518451 229451
Observed 31 22 41 31
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Mass measurements
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... in view of projections for the LHC

Excellent prospects for mass measurements
despite reliance on a hadron collider
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Measurements refer to the mass parameter of Monte Carlo’s
Usually pole mass (or close to it)



Standard model phase diagram...

...one of the many reasons for interest in the top-quark mass

Top pole mass M, in GeV
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Top-quarks @ low energy

T

Present fits and projections for 2020 (red) and 2025 (green)
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Top-quark mass definitions

+ ;’ = b= m® — E(p,mo,,u)
Y(m°,m®, ) = m° [ sy
TE
MS scheme: mP = m(u) [1 _ % + ]
TTE

!

!

Useful scheme for © > m

!

Used a lot in beyond TeV physics

Pole scheme: m0 — mpole {1

mpole

(1) is pure UV-object without IR-sensitivity

e

Very energetic processes (E>>m)
Total cross sections

Off-shell massive quarks

Away from thresholds/endpoints

. % 4. ] . Eﬁn(mpole7mpolehu)

= perturbative single particle pole of perturbative S-matrix

— Absorbes all self energy corrections into the mass parameter

— Separation: self energy corrections < inter quark/gluon interactions

for all momenta

— Has perturbative instabilities due to sensitivity to momenta <1 GeV (Aqcp)

Taken from Hoang "14

10



Ambiguity of the pole mass

* DPole mass defined by an asymptotic series

16mp
.......... ~ »(1) — R !
1 50 TN (mg,a) 35, n:Oc a
% féz t Z% ¢, "=5° e~ C/29ny)
ngo (;I) a = /Boas (mR)
B 4

* Ambiguity proportional to Agcp , but with what coefficient ?
* Relation to MS mass up to 4-loops

mp = 163.643 4+ 7.557 + 1.617 + 0.501 + (0.195 + 0.005) GeV

e Recent estimate of the ambiguity Marquard, Smirnov, Smirnov, Steinhauser 15

5 mp = 0.2501391% (N) 4+ 0.001 (¢4) £ 0.010 (as) £ 0.071 (ambiguity) GeV
Beneke, Marquard, Nason, Steinhauser arXiv:1605.03609

...But the debate continues with an estimate at 250 MeV
Hoang, Lepenik, Preisser arXiv:1706.08526



Some alternative measurements with

clean definitions

Top-quark pole mass measurements

February 2017

DO o(tt), 1.96 TeV

PLB 703 (2011) 422 ®

MSTWO08 approx. NNLO

DO o(tt), 1.96 TeV
DO Note 6453-CONF (2015)
MSTWO08 NNLO

DO o(tt), 1.96 TeV
PRD 94, 092004 (2016)
MSTWO08 NNLO

ATLAS o(tt), 7+8 TeV
EPJC 74 (2014) 3109

ATLAS tt+j shape, 7 TeV
JHEP 10 (2015) 121

CMS o(tt), 7+8 TeV
JHEP 08 (2016) 029
NNPDF3.0

CMS o(tt) 13 TeV
arXiv:1701.06228 (2017)
CT14

CMS tt+j shape, 8 TeV
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Decay modelling



Decay Modeling @ NLO

* Narrow-width approximation
NLO corrections to both production and decay, neglecting

non-factorizable corrections, including spin correlations at NLO
— Double differential angular distributions to probe spin correlations

Bernreuther, Brandenburg, Si, Uwer "04
— Flexible Monte Carlo implementation, fully differential level
— Spin correlations of top anti-top via decay products
— pp—tt+X— WWbb + X — lv1v bb + X (di-lepton)
— pp—tt+X— WWbb + X — ud lv bb + X (lepton + jet)
Melnikov, Schulze “09

= (Can be implemented at NNLO in QCD

= Decay at this level is already known
Gao, Li, Zhu 12
Brucherseifer, Caola, Melnikov 13

14



Decay Modeling @ NLO

Off-shell effects through direct simulation of the final state Iv 1v bb

Denner, Dittmaier, Kallweit, Pozzorini 11 12
Bevilacqua, MC, van Hameren, Papadopoulos, Worek 11
Heinrich, Maier, Nisius, Schlenk, Winter "13

Off-shell effects with massive b-quarks (simultaneous top-pair and single-top)
Frederix 13

Cascioli, Kallweit, Maierhofer, Pozzorini "13

Off-shell electroweak effects

Denner, Pellen 16

More complicated processes
1V lv bb + H Denner, Feger 15,

Denner, Lang, Pellen, Uccirati "17 (including electroweak effects)

1V 1V bb + ]et Bevilacqua, Hartanto, Kraus, Worek 16
15



Effects on Total Rates (Fiducial)

NWA \ Off-shell
Collider +/s [TeV] approx. o [fb] owwbi [Pl oi/owws; — 1 Expected
Tevatron  1.96 LO  44.691(8)7158% 44.310(3)T13%5  +0.861(19)%  +0.8%

NLO  42.16(3)1090  41.75(5)10-% +0.98(149)%  +0.9%

LHC 7 LO  659.5(1)"2%%  662.35(4)72%31  —0.431(16)% —0.4%
NLO 837(2)" g2 840(2) &+ - 04131)%  —0.2%
LHC 14 LO  3306.3(1)"1955° 3334.6(2)1190%° —0.849(N%  — ——
NLO 4253(3) 1282 4286(7) 1333 -0.7719%  — ——

Denner, Dittmaier, Kallweit, Pozzorini, Schulze “12

Tevatron (LHC): R =0.4(0.5) PT b—jet > 20 (30) GeV, [np_jet| < 2.5

pT,miss’ > 25 (20) GeV pry > 20GeV and || < 2.5
16



Finite Width Sensitive Observables

pp — veeT u~,bb+X

LO/NLO — 1 [%]
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80 | _ 1
] —— WWbb
40 | tt 1
0 L. l
L
40 | : 1
_— sl
] 0 50 100 150 200

tt/WWbb — 1 [%]

0.1 ¢
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Denner, Dittmaier, Kallweit, Pozzorini, Schulze 12

= Large effects easily found by reaching past kinematic end-points

17



First step towards NWA @ NNLO

Exact matrix elements for everything but the production mechanism at NNLO QCD

Gao, Papanastasiou "17

ATLAS setup, et

channel [24]

energy fiducial volume LO [pb] NLO [pb] NNLO [pb] 6ddec. ATLAS [pb]
7TeV  pr(*) > 25 GeV, [n(1%)| < 2.5 1.5927392% 2.007T119% 2210722% _0.3%  2.305738%
7TeV  pr(i%) > 30 GeV, [n(I*)| <24 1.2657553% 1.5857118% 1.736722% -0.8%  1.81713%%
8 TeV  pr(I) > 25 GeV, [n(I*)| < 2.5 2.2497379% 2.8557119% 3.130725% _0.3%  3.0367%1%
8 TeV  pr(I¥) > 30 GeV, [n(1%)| < 2.4 1.7887380% 29256710 7% 2.461725% _0.7%  2.3807%41%

CMS setup, eiuﬁ ete

~,utu channel [25], 2 b-jets required (anti-k; algorithm [66], R = 0.5)

energy fiducial volume LO [pb] NLO [pb] NNLO [pb] dgec. CMS [pb]
+ +
gTey PrU7)>20CeV, In(M)| <24, g pogranan g yggro0%  ggrqt2sh goy  473747%
pr(Jp) > 30 GeV, |n(J)| < 2.4 e 07 : :
LHC 8 TeV, CMS setup LO [ INLO EmINNLO HH CMS 1.4
1' (T T T I T T T ' T T T T I T 1T l T T T T I T T | T T T T ' T T T I T T T T l L T ¢ E T T T T I T T T T I T T T T T T T T ' T T T T ' T T T T ' T T T T I T T T T =
1.3E 3
L1 T ? = 8 1.2 = 3
1.0:".'1%T'TT' =S = :
BB BT TGO ’_1_'_¥_'_¥_',T, N N A SN L SN e (é L1g o -~ ~F S E S =
0.9 — —— NN = Lo :
08F 43 S o09F— T N =
: 1 co08g—— 3
0-7¢ 1 BorE 5
0.6 1 "osf .
0.5 C I 1 1 l 1 1 I 1 1 l 1 1 I 1 1 I 1 I 1 l 1 I 1 0'5 E 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 E
—20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0 0 50 100 150 200 250 300 350 400
Tl(l)ave. pT(l+?l_) [GGV] 18



High precision



Perturbation theory convergence
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Concurrent uncertainties:

Scales ~ 3%
pdf (at 68%cl) ~ 2-3%
dg (parametric) ~1.5%

m,,, (parametric) ~ 3%

Soft gluon resummation makes a
difference: 5% 2> 3%

MC, Fiedler, Mitov 13

20



...for differential distributions
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Application: PDF fits

NNLO, global fits, LHC 13 TeV NNLO, global fits, LHC 13 TeV

MC, Hartland, Mitov, Nocera, Rojo 16

e the normalized y; distribution from ATLAS at /s = 8 TeV (lepton+jets channel),
e the normalized y;; distribution from CMS at /s = 8 TeV (lepton-+jets channel),
e total inclusive cross-sections at /s = 7, 8 and 13 TeV (all available data).
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Electroweak effects

= Long history

Beennakker, Denner, Hollik, Mertig, Sack, Wackeroth "94

Bernreuther, Flicker, Si "05, 06
Moretti, Nolten, Ross "06

Kiihn, Scharf, Uwer 05,706, 14

Pagani, Tsinikos, Zaro 16
Denner, Pellen 16

Large Sudakov logarithms

’W\Q W, Z log?(pre/Mw. )

= Combination with NNLO QCD
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Dominant QCD effects and resummation

soft gluon emission -2 T
large effects

..... ° 0.2 0.4 0.6 0.8 1
B
Coulomb

attraction/repulsion
small effects

0000000000000 . .
N Y = Long history of soft gluon resummation
g Bonciani, Catani, Mangano & Nason '98
t-channel gI uon excha nge Moch, Uwer 08, MC, Mitov, Sterman 09,

Beneke, Falgari, Schwinn 09,

negligible effects Ahrens, Ferroglia, Neubert, Pecjak, Yang 10
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Effects in the “Tails”

= Additionally to the potentially small gluon energies, m, is small
= In this “boosted” regime there are two kinds of logs

soft logs: [In"(1—2)/(1 —2)]+ (2= MZ%/3)
small-mass (collinear) logs: In m;/ Mz
= Widely separated scales
Soft Limit: 8, t1, m> > §(1 — z)?
Boosted Soft Limit: §,t1 > m? > §(1 — 2)° > m?(1 — z)?

» Factorization possible

d& () = Tr | Ugipe, pns pis)Hij (M, cos 0, un) U (paf, i, ps)

mi

_ M2 ~ ~
X 3 (In M c050,us> ] x UB (1, tahs tds) Ch(me, pan) 5 ('" Iy

Hs Hds

2
my

1
N M?2

= Notice that there are 5 (!) scales now

+ O (—) + O (—) Ferroglia, Pecjak, Scott, Yang 13
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Results for the LHC

Pecjak, Scott, Wang, Yang 15 g
g B TeV i
= Transverse momentum § S

distribution modified by
dynamical scales and
resummation

Ratio

= At low pr better description of
CMS data, slightly worse
for ATLAS (not shown)

10

> E 17772 NLO+NNLL'
% - £ NLO
9; N : : +ATL§AS(I+])
u Larger Scale dependence ? % 1E ....................... E‘.‘Zwazeev ,,,,,,,,,,,,,,,,,,,,,
SEEN . il
- NNNANNY : : ]
, ) . ] I L ..
= What's going on with the : e
. . 5 -
Invariant mass |
= Matching to NNLO in L S S ———
preparation e e
06 ¢ A W
04 400 600 800 1000 1 2I00 1400

1600
M, (GeV)



Conclusions



Top-Quark Physics
* Booming topic with lots of applications and interest outside the
QCD community

* The nearest future must bring high-precision predictions with
decaying top-quarks at least in the narrow-width-approximation

* Resummation effects in boosted topologies to be studied in
conjunction with fixed order results

* Work on parton shower modelling

* Improvements of PDFs



