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Multi-Differential tt cross sections d™o; with m>2

Sensitive to a
d™og; vs kinematical & event

Additional jet

topological observables:

v QCD+EW Test
v Sensitive to theory pars

R

Todag's WLENIL:

Selected 2016 data analyses in i
Dilepton (tt—bl*v bl-V) and Lepton+Jets (tt—bl*v bjj) channels:
1. CMS Dilepton TOP-18-004 (arXiv:1904.05237)

» 2D and 3D tt xsecs and NLO extraction of as, miP°'¢ & PDFs

2. ATLAS Lepton+Jets EPJC 79 (2019) 2018:
» 2D tt xsecs versus up to NNLO QCD predictions

3. ATLAS Dilepton ATLAS-CONF-2019-041 (arXiv:1910.08819)
» Inclusive o and lepton differential distributions




1. CMS Dilepton tt analysis
TOP-18-004 (arxiv:1904.05237)



Event selection

v, Follows 1D measurement:
,‘/,/I_ CMS-TOP-17-014 (arXiv:1811.06625)
Additional N L
b [W e Leptons:

jet

» 2 Isolated I#1* (e or p)
» pt>25(20) GeV
» |In|<2.4
e Jets:
» at least 2 jets
» pr>30 GeV
» |In|<2.4
» at least 1 b-tagged




Kinematic reconstruction

e . e Input: leptons, jets, MET
(m = mlv:; e Unknowns: p,, ps  (6)
M gul e Constraints:
b :.' I > Mt, Mt (2)
1 y » Mw+, Mw (2)
P U W » (Pv+py)y = MET (2)
i \ Two reconstruction variants:
|W '/t ‘\““ P .
/ ) 3 (1) Full:
I & b .-=*"=--. e Use all constraints — pt, pt
__:'.__. . m =m, K (2) Loose:
i’;\ —m s T - e Omit m¢ constraints — pw
L 2 — reliable for m°'® extraction




Kinematic distributions tt signal MC: POWHEGV?2 + PYTHIAS

Full Reco ) Loose Reco
CMS 35.9 fb™ (13 TeV) - CMS 35.9 fb™! (13 TeV)
> : | T : T T T T T T .
1000001 - f 1.
& e Data S 20000 ) [_)a’Fa
S Bt signal = 1 Bl tt signal
. I [t other y [t other
2 B BN\ont | £ | Il Non-tt
:;’ 20000 L\Syst. unc. :ij LJSyst. unc.

o 1204 ] 9

= 1 _ ﬁm«m&x@ = = : W

m 0-8_ 1 . . . ] m 0_ N ¢ &\\ 7
E 500 1000 1500 /" 500 1000 1500

M(E)>350 Gey M [GeV] M(tf) [GeV]

= with loose reco “see” onset of tt production
= Nominal MC predicts harder M(tt) spectrum, ~ok within uncert.




Overview of measured cross sections 1/o - dMog

N N | D — jaaaa% t system
X| > - s
T i ~ l _
T T Y  Detector p o %a%w tt system
E:g-- | _ :*1 st:atl:stlc:al f:IutTtua:ho:ns: | 4-_ |eve| Slgnal 2
““““““ Y < distribution ISR FSR

Radiation

- 2 t —1 ]
Min. )x°=[y —AX]"Vy " [y — AX]w
ATLAS uses in EPJC 79 (2019) 2018 ‘iterative Bayesian unfolding’, see

slides of my talk comparing ATLAS & CMS analysis statistical procedures
https://indico.cern.ch/event/843509/contributions/3625979/attachments/1945277/3227403/obehnke191115.pdf

. 2D
e t production:
3D -

» [y(t),pr(t)]: most simple
e tt production: e NEW: tt production with extra jets:
sensitive to as, moe

» [M(tE),y(tt)]: sensitive to PDFs < [N M(HE), y(tE)]:
» [M(tt),pr(tt)]: sensitive to radiation Y v [Nie®t2+ M(tt),y(t)]: | and PDFs

e t, tt mixed:

» [M(tt),y(t)]: sensitive to PDFs _
» [M(tt),Ad(t,t)]: sensitive to radiation Cross sections defined at parton level for tt

i > [M(E), pr(t)]: o 1(®) problem (before t decay) but particle level for extra jets
> [M(t),An(tb)]: T
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Results: 2D x-sections [M(tt), pr(t)] |- rowser = rowncevorermices, ersc

« ‘MG5+PYT" =MG5_aMC@NLO+PYTHIAS [FxFX],

CUETP8M2T4
CMS 35.9 fb™' (13 TeV)
0-004 — l I l I ' —1 ' | ! | ! 1T T I T | T ]
300<M(tf)<450GeV 450<M(tf)<600GeV 600<M(tT)<1500GeV © Data, dof=8
:__3:. 1 | |— POW+PYT, 4276

7 ==- POW+HER, x2=34

T

1== MG5+PYT, x2=67

0.002} -+ + POWPYT nc.
- ﬁ -+ + J "'

1/ do/dp_(t) [GeV ]
o
(e )
o
W
|

0.001- T T 1 |x?takes data
- 1 —r‘| 1 [stat. and sys.
o . | T L uncertainties
2 1.2 uy 1 K |of data into
o == x\\x\v\g\f&x\e\x\ ___________________ == >accou nt and all
T 0.8] S F | ’ ’ 1+ | correlations
200 400 200 400 200 400
w.r.t POW+PYT pT(t) [GeV]

= All MCs predict too hard pr(t) for larger M(tt)




Results: 2D x-sections [M(tt),An(t,t)]

1/c do/dAn(t,b)

Ratio

CMS 35.9 fb"' (13 TeV)
— T 1 | | — T T

" 300<M(t})<400GeV] 400<M(t})<500GeV | 500<M(1f)<650GeV [650<M(if)<1500GeV]

o.2¥ . 1 !

0.15 -ﬁ
2

0.1 ] 1

_ |

0.05} T P )

= All MCs predict smaller An(t,t) for larger M(tt)

Note: small An(t,t) < harder pr(t)

© Data, dof=11

1— POW+PYT, x?=66
|==" POW-+HER, 3?=68
1=~ MG5+PYT, x2=124

1INy POW-+PYT unc.



Results: 3D x-sections [Njet% 12+, M(tt),y(tt)]

1/c do/d|y(t1)]

Ratio
oo -t b

CMS 35.9 b (13 TeV)
0 2- v 1 v T i 1 I 1 I T I T I 1 I T I 1 I I I I I T I ] 1 I I I I I T I ] 1 I 1 I ] Njet
"1 300<M(t) | 400<M(fh) | 500<M(th) | 300<M(ff)| 400<M(t]) | 500<M() | 300<M(th) | 400<M(f) | 500<M(f)
<400GeV { <500GeV 1500GeV | <400GeV | <500GeV 1500GeV | <400GeV | <500GeV k1500GeV
015l Ne=0 | Ng=0f N,=0 Nt | Nemt] Ng=t] Nt | Ngot| N
1
0.1 o Data, dof=35
— POW4+PYT, %2=50
--- POW+HER, 42=66
-= MG5+PYT, 4263
POW+PYT unc.
A4f - | ]
2 b 5 1 . b ——
> NS s s >
8} : ; AR SR
1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
ly(tt)]

= ‘POW+PYT provides best description
= ‘POW+HER’ predicts too many events with Njet>1
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~ Extraction of theory parameters consists of two parts

(1) Compare theory vs tt data using external PDF sets:
» Extracting os keeping m°'e fixed
» Extracting mP°'® keeping as fixed
(2) Simultaneous fit of as, m°¢ and PDFs, using tt and
HERA DIS data:
» Fully consistent extraction — Could be exemplary for
future global fits
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NLO calculation for d*cy

Fixed order NLO predictions using
MadGraph5_aMC@NLO+aMCfast+ApplGrid+xFitter

os VS [Njets, M(tt), y(tt)] calculations:

O-NLO(NjetS ZO) Mangano, Nason, Ridolfi, NPB 373 (1992) 295 O((XSB)
oNLO(Njets >1) | pittmaier, Uwer, Weinzierl, PRL 98 (2007) 262002 | O(c1.s*)

O-N LO(N J ets > 2) Bevilacqua, Czakon, Papadopoulos and Worek, O((l 35)
PRL 104 (2010) 162002, PR D 84 (2011) 114017

Detatls

YVYyVYVYY

M, = ¥; = H[2, H’ = Zi m;;, sum is over all final state partons

M,, K¢ varied by factor 2 (6 variations in total)

mpoe = 172.5 + 1 GeV

PDFs and o from several groups via LHAPDF, vary a,+0.001 for uncertainties
Multiplied with non-perturbative corrections (<5%) from parton to particle level
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- Results: [Njer”+,M(tt),y(tt)] vs NLO with different as

1/c do/d|y(tD)|

0.1

0.2

CMS 35.9 fb" (13 TeV)
ool 1 | 1 " 1 | 1 | | 1 ] ]
300<M(t}) 400<M(ff) 500<M(ff) 300<M(ff) 400<M(th) 500<M(t})
<400GeV | <500GeV <1500GeV <400GeV <500GeV [= <1500GeV
N,y =0 Ng=0 |8 Njyy=0 N0 N,>0

0.05}

Ratio
OO ==

OB

- o, sensitivity comes mainly from different Njet bins

o Data, dof=23
NLO CT14

m™°=172.5 GeV
|—ag=0.118, x2=61
- 0,s=0.113, x?=56
] 0 g=0.123, y2=87

Njet
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Results: [Njet?1*,M(tt),y(tt)] vs NLO with diff. mpole

1/c do/d|y(tH)|

Ratio

CMS 35.9 fb' (13 TeV)
— 1 1 — T T 1 — 1 T 1 I L 1 | 1 T 1
0.2} 300<M(f) |  400<Mm(}) |  s500<M(th) | 300<M(th) | 400<M(t) .. 500<M(h) |
<400GeV | <500GeV <1500GeV <400GeV <500GeV | ! <1500GeV
N,=0 Ne=0 [ N,o=0 N>0 Ne>0 T N0
0.15 T 1 1 1 1 .
=

0.1

0.05=-.

1.4¢
1.2 I,
1 e
0.8 [ ) I 5
0.6} R ]
1 2 1 2 1 2 1 2 1 2 1 2
ly(th)]

o Data, dof=23
NLO CT14
0=0.118

pole__

m;
— 172.5 GeV, x2=61

---167.5 GeV, y2=87

{==177.5 GeV, y2=144

Njet

> m,Poe sensitivity mainly from first m(tt) bin

e mpole extraction technique follows: DO results rermiag.conr-16-383-ppo]
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Results: [Njetd*,M(tt),y(tt)] vs NLO with diff. PDFs

CMS 35.9 fb" (13 TeV)
— ool L L It ] | | L L
= 0.2 300<M@t) | 400<M(th) |  s00<M(tf) | 300<M(tf) | 400<M(tf) | 500<M(tf) |
%‘ <400GeV | <500GeV <1500GeV <400GeV <500GeV <1500GeV
D) Ng=0 N.=0 “?_ Nigi=0 Ngi>0 Ngi>0 Ng>0
'8 0.15 :§ = T T
" i E% ﬁ?"ng-;
0.1-H . E bl
E
. 05‘“*'-‘%1 | L [
!, o i'f.-_,u.—h i e
T + ! T . !
o 14| | ;
e 1 : s s it
8.2_ ] ] 1 | ¢ o i
1 2 1 2 1 2 1 2 1 2 1 2
ly(th)]

- Sensitivity to PDFs

MMHT2014, NNPDF3.1, ABMP16

- PDFs already using other more inclusive tt data:

X2 = (M(tt)/\/S) exp [1y(tt)]

|1 o Data, dof=23

NLO
mP°® = 172.5 GeV
— CT14, 2=61(32)
== MMHT14, 52=51(38)
== NNPDF31, 2=41(39)
== HERAPDF, 52=36(35)
= ABMP16, x2=27(27)
JR14, x2=34(34)

=== CJ15, ¥2=35(31)
T 4

X2 = X2nom (szith PDF unc.)
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Results: extraction of o, from [Njet%1+,M(tt),y(tt)]

200

100

Use m*°'® = 172.5 GeV in ME for all PDF sets

CMS 359fb'(13Tev) CMS 35.9 fb' (13 TeV)
F—T1 Tt 1 _ T1 71 T T T T [ T T T T T H |II+I'_'_I llll |||||||||||I
[Njoe’:ﬂM(tf),y(tf)], dof = 23, data and PDF unc.| | [N?;: ;M(tt),y(tt)]
tg(m.) £ Ag(m ) PDF 2, ] 1 —®— og(m,) with total unc.
—— data unc.
N -6~ 0.1144 +- 0.0025 CT14 [ 30] -
—— PDF unc.
7 0.1200 +- 0.0015 HERAPDF20 [ 33] — unc. Aa,
- 0.1169 +- 0.0013 ABMP16 [ 26] — mP*® +1 GeV unc. / o ~ 274
S
T ABMP16 .%—|
2
good X¢/dof HERAPDF20 o
CT14 '%4
World average [PDG2018] HOH
| I | | | | | | | | | I | | | I | | | | | | | | | I | | | | | | | | | | |
0.11 0.12 0.13 0.09 0.1 0.11 0.12 0.13
ocs(mz) ocs(mz)

- Precise determination of o, using these data
- Dependence on PDF set (correlation between g and o)
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Results: extraction of miP® from [Njet%1+,M(tt),y(tt)]

Use o, from each PDF set (o, =0.118 in CT and HERAPDF, o, = 0.119 in ABPM)

CMS 359f"'(13Tev) CMS _35.91b7(13 TeV)
I [NZ:*,M(tf),y(tf)], dlof - 23, data and P[l)F unc. ] [N?;: " M(tH),y(th)] |
| mP° s Am™*/ GeV PDF 2 | | —o— m* with total unc.
300— -©-171.05 +- 0.70 CT14 [ 28] — —— data unc. Am
| = 171.12 +- 0.68 MMHT2014 [ 34] t

200

|| -2~ 170.81 +- 0.68 NNPDF31 [ 33]
|- 170.83 +- 0.66 HERAPDF20 [ 28]

— PDF unc.

100}

~ 0.
—— punc. my
— ag = 0.001 unc.

- Precise determination of m¢Pele
- Small dependence on PDF set

% 170.95 +- 0.66 ABMP16 [ 21]
. 170.38 +- 0.66 JR14 [ 23] ABMP16 w
L|—*171.17 +- 0.67 CJ15[ 27]

HERAPDF20 W

CT14 ';:}_%4:‘

World average [PDG2018] —o—i

o [ T R AN SN SN NSNS RN NN ST S
170 175 165 170 175 |
ole
mP°'® [GeV] m;°* [GeV]
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Simultaneous as, mtP°'e and PDF fit

o Using HERA DIS data [1506.06042] + our new d>c; data
Use xFitter-2.0.0, HERAPDF2.0 settings

CMS 35.9 fb™' (13 TeV)
0.2 T ' L L L T 1 L
< 300<M() T 400<M(t)) | 500<M(t) | 300<M(t) | 400<M(t) | 500<M(tf) |
(tt) (tr) (tr) (tt) (tt) (tt) o Data d0f=23
<400GeV <500GeV <1500GeV <400GeV <500GeV <1500GeV ’
Nie;=0 Ni=0 Net=0 Ne>0 Ne>0 Ne>0

1/c do/d|y(t)|

| —NLO fit, x2=20

\ Good fit!

Ratio

ocg(mz) = 0.1135 £ 0.0016(fit) "0 p00; (model) T0000¢ (param) 700005 (scale) = O.ll35f8:88%(total)§

mfde = 170.5 & 0.7(fit) + 0.1(model) T3 (param) & 0.3(scale) GeV = 170.5 =+ 0.8(total) GeV

- Two SM parameters determined precisely, weak correlation (p=0.3)
18




Gluon density results:

S|mu|tane0us 0, M¢Po'e & PDF fijt PPF Parametisation at Q,2=1.9 GeV?
’

[xst0 = ;i;x'éé'('i'"}255;'('1'1'}3;;{'>' """"""""""""
e Fit to HERA DIS only and including 3D tt data

IIII] IIII|

.
)
)
)
)
)
)
CMS .
)
T L

xg/xgl‘ef
N

[ HERA
'] HERA +ti

~xg(x) p2=30000 GeV? NLO

1 IIIIIII| 1 IIIIIII|
1073 1072

i Ratio to HERA
0.8-

] HERA +ti

xg(x) = A’ x5 (1-— x)C ,
Uy (x) = Ay, xBu (1 — )% (14 Dy, x),
bxdy (x) = Ag 2% (1 x)C .
i xU(x) = AgxP0 (1 — x)“0 (1 + Dgx)
D) = Ao (-0,
0”
0‘.
s CMS
TTT ’.g T T IIIIII| T IIIIII|
* ~
#1 21.2-xg(x) p?=30000 GeV?
Ze]

[ ] HERA

0.8

107" 1

1073

Relative uncertainties

I| 1 1 IIIIII|
1072

107" 1

- Reduced gluon density uncertainty at large x~0.1-0.4
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Limitations in the used NLO theory calculations

NLO is only publicly available theory tool, but it has it limitations:

e Near threshold calculation with soft gluon resummation reesco s 375
— Aoy /og ~+1%, attributing this to our first M(tt) bin would lead to

............................................

Ame~0.7 GeV - EPJ 060 (2009) 375

do / dM [pb/GeV]

35 340 345 350/ 355 360 365 370 375 380

M [GeV]

e Impact of missing FSR resummation is Amt ~0.5 GeV epscrs @or3) 2438
e EW corrections could be few% near threshold pros (2015) 014020] [JHEP10 (2017) 186]

e Most wanted is NNLO QCD
20



Dilepton vs. Lepton+Jets d™o analyses (m=2)

ATLAS and CMS analyses using 2016 data (L~36 fb?)

Dilepton Lepton+Jets
Diagram o ;
Analyses OIS e RRTES - CMS: Phys. Rov DY, 1200 (201;)
tt signal events ~200.000 500.000 -1.200.000
Background fraction ~5-10% ~5-10%
Dominant backgrounds tw single t, Multijets, W+jets
tt reconstruction main determine pv and py ~40% events with particle- to
challenge detector-level unmatched jets
Kinematic reach p7(t)<600 GeV pr(t) <~1 (2) TeV resolved (boosted)
Normal. x-secs total uncert. | ~3-15% ~3-15%
Dominating uncert. syst. syst.
Largest syst. uncert. tt MC physics modelling | tt MC physics modelling
Largest exp. syst. uncert. JES/JER JES/JER, background




Dilepton vs. Lepton+Jets d™o analyses (m=2)

ATLAS and CMS analyses using 2016 data (L~36 fb?)

Dilepton Lepton+Jets
Diagram o ;
Analyses " NS anvIs0n s éIanAihingZ\? |(32s?71,91)122%1o§ (2018)
tt signal events ~200.000 500.000 -1.200.000
Background fraction ~5-10% ~5-10%
Dominant backgrounds tw single t, Multijets, W+jets

tt reconstruction main
challenge

determine pv and pv

~40% events with particle- to
detector-level unmatched jets

Kinematic reach

p7(t)<600 GeV

pr(t) <~1(2) TeV resolved (boosted)

Normal. x-secs total uncert.

~3-15%

~3-15%

Dominating uncert.

syst.

Largest syst. uncert.

A~y r~t

tt MC phy Overall ~comparable nodelling

Largest exp. syst. uncert.

JES/JER performance \ground




2. ATLAS Lepton+Jets tt analysis
EPIC 79 (2019) 2018

Show only few selected x-section results
at Parton level, many more in the paper,
also particle level measurements
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Results: 2D x-sections vs [M(tf),pT

( t)] * PWG+PY8: POWHEGV2+PYTHIA8, A14 tune

* NNLO: Czakon, Heymes, Mitov: PRL 116 082003 (2016),
arXiv:1511.0054, JHEP 04, 071 (2017), arXiv:1606.03350 [

ATLAS ) —— PWG+PY8 Stat + Syst
o 10° ' ' ' | ' ‘,g_ 1|3 Lev’ et Data I statonly
> o (x10%),325 < m‘t [GeV]< 500 esolve
o 10°E-ATLAS (x Full phase-space ~ ..... N
(\D 10° Vs =13 TeV, 36.1 fb' o (x10%, 500 < mt [GeV]< 700 Normalised cross-section NNLO (NNPDF3.1) S\ Seale + POF une.
~— c — T : —
; 10° Iljjllsglxz(sje—space " (x109,700 <m'[GeV]< 1000 % g 1121
_g 102 o (x10%, 1000 < ' [GeV]< 2000 g‘o" 1 Ol ! e
- 10E® e —— NNLO (NNPDF3.1) & 8-2: W‘
S 0.7k it
o 10" g 0.6f m® . 3
o 10_2 ——_5 0_5—TeV'[0'I33’0'5] jifev:0507 1 .
o= 10 ) 0 0.5 . 0 05
= 100 o
10 &8 g : : .
0 X2 with taking only data uncert. into account:
107° Observable NNPDF31 NNLO PwGc+PyY8&
107 g 0 X2 /NDF p-value X2 /NDF p-value
10°® =
! ! ! ! | ! ! | ! |y | VS pT 254/12 0.01 309/12 <0.01
0 500 t 1000 Iyt | vs mtt 30.9/19  <0.01 | 51.8/19  <0.01
P [GeV] ly™| vs pif 15.9/13 0.26 | 17.6/13 0.17
tt t
: . m' vs p 55.7/14  <0.01 | 64.4/14  <0.01)
tudied 2d x-section / C
studied 2d x-sections m' vs pr 40.6/16 <0.01 | 62.6/16 <0.01
at parton level povs p™* | 22.2/16 0.14 | 37.4/16  <0.01

- POWEG+PYTHIAS8 predict too hard pr(t) for larger M(tt)
= NNLO improves descriptions (though not perfect)

24



Results: 2D cross sections vs [M(tt),y(tt)]

X1,2 = (M(tt)/\/s) exp [£y(t1)]
108" ' ' | ' '
107C-ATLAS o (x10°), 00<I>FI<05
. \s=13TeV,36.116" o (x10%),0.5<|yf|<1.1
10° = Resolved . 11 <fi<1.7
10° & Full phase-space (100,11 <]
10 5 (x10%, 1.7 < <25
. — NNLO (NNPDF3.1)
10 —o—
_._
102 -
10 ——
1 —0—
—1
10 -
1072 -
1073 "
10
107° =
| l | L .
325 1000 2000
mt [GeV]

Data

CO0O0O

Prediction

aeNReolinG

ATLAS

Vs=13TeV, 36.1 f&'
Resolved

Full phase-space
Normalised cross-section

— PWG+PY8

Data
NNLO (NNPDF3.1)

Stat + Syst

" statonly
\\\\ Scale + PDF unc.

£0.0< |y <05 1t0.5< |y <1.1 11<|y“|<17 17<|y“|<25
S IV B - SO o (R - NV - S 10 15
mi [TeV]

x? with taking only data uncert. into account:

Observable NNPDF31 NNLO PwGc+Py8&
Y°/NDF  pvalue | x°/NDF  p-value
ly'| vs pp 25.4/12 0.01 | 30.9/12 <0.01

(1y"] vs m' 39.9/19 <001 | 51.8/19  <0.01)

ly""| vs pr 15.9/13 026 | 17.6/13 0.17
mtt vs ph 55.7/14 <001 | 64.4/14  <0.01
77_7,t_ vs pr 40.6/16  <0.01 | 62.6/16  <0.01
povs p™* | 22.2/16 0.14 | 37.4/16  <0.01

- Models predict softer M(tt) for central y(tt)
—> Data have potential for constraining PDFs
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Results Boosted tops pt(t)>350 GeV

Event selection

pr > 25 GeV
|n| < 2.5
pr > 350 GeV
OtE [n] < 2.0
pr > 27 GeV 120 < m < 220 GeV
L L L L L I—— [n| < 2.5 ¢
ATLAS mm Stat. unc.
s = 13 TeV, 36.1 fo” Stat.+Syst. unc. B+ my’ > 60 GeV At least one jet should be b-tagged
Full phase-space Ep'™ > 20 Ge V
Boosted (0.35 TeV < p <2TeV)
*: normalised to NNLO+NNLL (M. Czakon and A. Mitov, Comput. Phys. Commun. 185 (2014) 2930)
Scale+PDF+a.+m, uncertainty on the k-factor
R —
Nominal _
. POWHEG+Pythias* - i
L P 2D x-sections vs [pr(t),M(tt)]
Alternative additional radiation
POWLEGLPyihi : ATLAS —— PWG+PY8 Stat + Syst
-— +Pythia8 Rad. up Vs=13TeV, 36.1 o'
Pyamp=3m, , 1.=0.5 11 =0.5, NNPDF 3.0 NLO, A14 Var3cUp J
_ Boosted Data [ statOnly
— POWHEG+Pythia8 Rad. down* R
heamp=1-5M; , 1=2 1 _=2, NNPDF 3.0 NLO, A14 Var3cDown Full phaSG'Space ..... NNLO (NNPDF31) \\\\ Scale + PDF unc.

Alternative ME/PS Normalised cross-section

R — POWHEG-+Herwig7*
Hgamp=1-5m, , NNPDF 3.0 NLO, H7UE

Data

OOO0OO0OO—= ==

N R R R R R R R R AR AR AR AR RS AR R R R nn e

—u— Sherpa22.1*
NNPDF 3.0 NNLO

pQCD calculation

1 NNLO A
M= =m;/2, NNPDF 3.1 NNLO, Scale+PDF uncertainty

Prediction

-

p! p!
T - [0.35,0.55] T [05520]

10 T5 50 25
mt [TeV]

UTON®OOO LW

1 | | | | | | | | | | | | | | | | | | | | | | |

12 14 16 18 20 22 24
Inclusive cross-section [pb] 10 15 20 25

- NLO+PS MCs a bit too - Both POWHEG+PYTHIAS
high, NNLO better and NNLO describe data well
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Results: 1D x-sections vs pr(t), test of EW corrections

E 10°E AtLAS o = including photon component in
B[ BelTeRsIn ey proton structure
_8- 1 02 — ¢ NNLO+NLO EW (LUXQED17) -
~ - Full phase-space NNL0+N§EW'M%_
8 N — i 17 NNLO+NLO EW:
10 —=| Czakon et al. JHEP 10 (2017) 186,
SO heac BENNEE 1 arXiv:1705.04195
] 1 Include the NLO EW effects
e —v e E :
- 1 of O(as? a), all subleading
- — T —
fo < NLO O(oga) and O(a3) plus
e T ETE 0 higher orders in couplings
S 12:_ ......................................................................................................... _:
olF 1AL yy=TF RO WO . o = — —
T ————
o ost - - - ‘/- ' % )
0 100 200 300 400 500 550
ptT [GeV

—> In probed limited pr(t) range ~small sensitivity to EW corrections

27



3. ATLAS Dilepton tt analysis
ATLAS-CONF-2019-041 (arXiv:1910.08819)
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Events

MC / Data

Measurement technique

e e*u* Dilepton channel

e Study tt x-sections vs lepton
kinematics
e for each x-section bin:
» signal acceptance corrections
» Use Nb-tag distribution for
// simultaneous extraction of

: arias | s T ogz and b-tag efficiency

3 B > inclusive and differential o
. - - reaching ©(1%) precision for
—— . . i 1/0& . dmOtE ,m=1,2




Results: Ratios of inclusive oy vs sqrt(s) and oy /o,

Compare to predictions based on NNLO+NNLL for o

T | LI | 1T
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[ +expt. syst.
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NNPDF3.0
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PDF4LHC

T 38 4 42 44 4.

LA L L L B B B
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L L1 1 | 11 1 I 111 |
48 5 52 54
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[ +expt. syst.
B8 +luminosity

ABM12LHC
CT14
NNPDF3.0
MMHT
ATLAS-epWZ12
HERAPDF2.0

P IR T T R

— T
ATLAS

13 TeV, 3.2fb"
7 TeV, 46 b

2.2 2.4

P !
2.8 3

o/ 0,(18TeV)/ o/ c,(7 TeV)

T | T T T | T T T | T
statistics

[ +expt. syst.
B +luminosity

ABM12LHC
ABMP16
CT10
CT14
NNPDF2.3
NNPDF3.0
MSTW
MMHT
ATLAS-ep
HERAPDF2.

IPDF4LI-||C

28 3

3.4

0, measured in fiducial range of Z—ll

LA L L B B
ATLAS

13 TeV, 36.1 fb™
8 TeV, 20.2 fo™

T | L T 17T | L | L
statistics ATLAS
[ +expt. syst.

M +luminosity 13 TeV, 3.21b™"

ABM12LHC +—&—

CT14 A
NNPDF3.0 —A—
MMHT &
ATLAS-epWZ12 ¢ A

HERAPDF2.0 —A

1 | 1 1 1 | 1 1
36 3.8 4
th(1 3TeV)/ th(8 TeV)

statistics
0 +expt. syst.
B0 +luminosity

ABM12LHC
CT14
NNPDF3.0
MMHT
ATLAS-epWZ
HERAPDF2.0

i T |

Illlll‘llllllllllll
ATLAS

13 TeV, 3.2 b

8 TeV, 20.2 fo

1IIII|II
18 19 2 21

c v by b Iy
22 23 24 25 26

o/ 6,(13TeV)/ 6 _/ c,(8 TeV)

11 | 11 1 1 | 11 1 1 | 1
1.2 13 1.4
th/ o, (13 TeV)

0.7 08 09 1 1.1

- Increased sensitivity to
PDFs for double ratios
O /0, VS sqrt(s)
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I « POWHEG+PY8 RadDn (RadUp): setti ith d d (i d)
Ot'E Resu Its : 1 D CrOSS SeCt|OnS initial- and final-stat?a p;rtonasho?/ve:?aé?gtsiovrzl FosE e
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s 2 gl e . | 2 NLO+PS models deficiencies:
= F ® Data 2015-16 i 5 05; ® Data 2015-16 ... I I n I "
- - total uncertainty 8 ke} - total uncertainty o —
° i — Powheg+PY8 7 (°) [ — Powheg+PY8 A
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= . 0.2:_ """" —: | rl |
R e - » too few events at low méeH
C. . L. . ] r ]
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g s |3 — > W even w H
o T o e 'r
- [ Simil in 2D X
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Results: 2D cross sections vs [y&H, meH]

—
<

—
<
N

—
S
N

1/6 d®N/d|y™|dm™ [1/unit |y] GeV]
>
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- NLO+PS models predict too few events at low m® and too

many at forward y&H




Results: 2D x-sections vs [y®*,m®]: ratio MC/data

MC / data MC / data MC / data

MC / data

NLO+PS Model variations:

m** < 80 GeV
TLAS
s=13TeV,36.1 0"

>

—®—  Powheg+PY8
—®—  Powheg+PY6
) . )

80 <m™ <120 GeV

1
—*— Powheg+HW7
—©—  Powheg+PY8 p_rew
. . . ! )

T T T T T
120 <m™ <200 GeV —a—

x2 data vs. models

——

1
—®&— Powheg+PY8 RadDn
--G - Powheg+PY8 RadUp
' y L ' y

1
—&— Powheg+PY8 [T x2
--A-  Powheg+PY8 uF'R X0.5
1 1 1 1 . 1

U SOV P

e~
m® > 200 GeV
Generator [f] x me* JyH| x mH ] |A@?| x mH
PS+hadr Naot 35 19 39
PowHEG + PY8 53.1 72.3 65.4
model PowHEG + PY6 CT10 45.9 92.9 79.5
PowneG + HW7 49.3 674 63.7
PowHEG + PY8 pr rew. 47.1 56.1 51.4
PowHEG + PY8 RadDn 57.1 74.2 69.9
) PowHEG + PY8 RadUp 50.6 62.5 51.7
'% POWHEG +PY8 pipg X 2 60.7 68.4 71.1
:E- A3 PowHEG +PY8 urr X 0.5 50.3 60.0 52.0
=== _ PownEeG + PY8 PDF4LHCI15 51.5 61.5 59.7
| S R/FS R Powneg +PY8 CT14 50.6 67.3 60.0
5 - PowHEG + PY8 MMHT 53.7 57.9 58.7
rad |at|0n AMC@NLO +PY8 55.0 45.9 58.2
AMC@NLO +PY8 CT10 43.7 50.6 59.5
AMC@NLO +PY8 HERA2 130.3 97.6 58.0

T
1

==

1
—4*—  Powheg+PY8 CT14
—6&— Powheg+PY8 MMHT
L : L : :

AN

1

PDFs

aMCI@NLOI+PY8 (IDT10

* aMC@NLO+PY8 HERAPDF2.0

- Room for
improvement!

"Illll II|III|IIIIIII|III

Generator
and PDFs

—> ideally fit to data
MC tuning pars &
m: and PDFs

0o 1 2 0 4 720 1 720

2 e
Dilepton |y u|
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@ Sensitive to o,
Summary ./

Additional jet

t Sensitive to g(x)
(DL
{

—

t

Sensitive to m,

4+ ATLAS and CMS multi-differential tt cross section measurements
with 2016 data provide high precision tests of QCD and EW sectors

+ CMS-TOP-18-004: use 3D tt cross sections to simultaneously extract at NLO
as (~2% precision), mi*°e (~0.5% precision) and improving g(x)

4+ ATLAS EPIC 79 (2019) 2018: exhaustive set of 1D & 2D cross sections,
including boosted tops, NNLO QCD improves description

4+ ATLAS-CONF-2019-041: lepton differential distributions reach o(1%) precision
and reveal specific NLO+PS MC problems, e.g.|POWHEG too hard lepton pr

Seen in all 3 above analyses: POWHEG too hard top pr, enhanced at high mg
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@ Sensitive to o,
Summary ./

Additional jet

t Sensitive to g(x)
(DL
(

—

t

Sensitive to m,

4+ ATLAS and CMS multi-differential tt cross section measurements
with 2016 data provide high precision tests of QCD and EW sectors

+ CMS-TOP-18-004: use 3D tt cross sections to simultaneously extract
as (~2% precision), m*°e (~0.5% precision) and improving g(x)

4+ ATLAS EPIC 79 (2019) 2018: exhaustive set of 1D & 2D cross sections,
including boosted tops, NNLO QCD improves description

4+ ATLAS-CONF-2019-041: lepton differential distributions reach o(1%) precision
and reveal specific NLO+PS MC problems, e.g.|POWHEG too hard lepton pr

Outlook Seen in all 3 above analyses: POWHEG too hard top pr, enhanced at high mg

e full RUN II (2016-2018) analyses: ~4 times increased statistics

o whenever NNLO is available = compare to/use it to extract pars 35



Backup slides
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Kinematic distributions tt signal MC: POWHEGV?2 + PYTHIAS

Events / 30 GeV Ratio Events / 30 GeV

Ratio

CMS 35.9 fb! (13 TeV N CMS 35.9 fb™ (13 TeV)
i | o Data o i 1 o Data
40000 _{ [t signal E 20000__ | Mt signal
X = _
] Ot oth?r $ 15000 _| [t othe_zr
Bl Non-tt w L 1 Il Non-t
_| Esyst. unc. 10000 [JSyst. unc.
5000
o 1.2C
.......... 5 1
, Seeetely g T 08 ‘ . s
200 400 600 -2 -1 0 1 2
p.(t) [GeV] y(t)
T Full Reco
100000CMS | _35.9 by (13 TeV) N 300009MS | _ 3591b" (13 TeV) 35917 (13 TeV)
e Data o e Data e Data
| Mtt signal E 1Mt signal 7| W signal
Ottother & 20000 [t other 1 [ other
_| IlNon-tt o | Il@Non-tt — [lNon-t
JSyst. unc. 10000 JSyst. unc. 1 syst. unc.
o  1.2f
, ® 1 mf&;w\m
regh T 08 SRR

200 400 600 YT a6

p,({) [GeV]

= Overall reasonable description of data
= Nominal MC predicts harder spectra for pr(t), pr(tt) and Niet

=z

jet
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‘Results: 2D x-sections [y(t),pr(t)]

0.0015

T

0.001

1/c do/dp_(t) [GeV ]

0.0005

Ratio

cMS

« ‘POW+PYT = POWHEGV2+PYTHIA8, CUETP8M2T4
* ‘POW+HER’ = POWHEGV2+HERWIG++, EE5SC
« ‘MG5+PYT = MG5_aMC@NLO+PYTHIAS8 [FxFx], CUETP8M2T4 [

35.9 fb™ (13 TeV)
1 I 1 I 1

0.00<|y(1)|<0.35 |

]

1
0.35<|y(t)|<0.85

| 0.85<|y(t)]<1.45 |

1.45<|y(1)|<2.50

s

?—im-m

:

200 400

200 400

200 400

200 400
p (1) [GeV]

©° Data, dof=15

— POW+PYT, y2=57

-=- POW+HER, %2=18
== MG5+PYT, %2=35

T POW+PYTfu nc.

’
’
]

x° takes data
stat. and sys.
uncertainties
of data into
account and all
correlations

= 'POW+PYT and ‘MG5+PYT predict harder pr(t) for all y(t) ranges
= 'POW+HER'’ gives better description
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Simultaneous as,

Mo & PDF fit

PDF Parametrisation at Q,2=1.9 GeV/

AgxPs (1 —x)% (14 Egx?) — Ag P (1 x)c

e Fit to HERA DIS onIy and including 3D tt data

A xBov (1 — ) (14 Dy x),

(x) =

oy (x) =

ixdy (x) = Advadv (1- x)Cdv,
(x) =
(x)

' xU(x AgxPu (1 —x)“U (1 + Dgx),
1. K 1 xD(x) = AgxPo (1 —x)D
*
_ CMS | | ‘CMS RS CMS i CMS
e> T T LA TTTT §> ‘ |\|| T T II\\I\‘ T[T ™ ';‘-3 T T \\\\Hl TT T T LI TT § | T T T |
®1.2-  xux) u? = 30000 GeV? NLO  — 31 2% xd,(x) p?=30000GeV* NLO 9 - X1.21 xg(x) 12 = 30000 %121 xx(x) 2 = 30000 GeV? NLO 8
> L v ¢ S 9 f DA f
% | [ HERA 1 'g » [ HERA * x [ HERA % | C—J HERA
[ HERA + [ HERA + ’ | ) HERA + 1t | ) HERA + 1t
== 1 1
Ratio to HERA W
0.8 \" 0.8 \" 0.8 g . 0.8 S e a N
Lo L L Ll Ll T Ll L L Lol NAL L
107 0 o 1 10° 10°2 107" 1 107 107 10" 1100 100 107 1
X X X X
=> T T T _°> T T T T Tt Q RN z N T RN T T 70
212 xu(x) p2=30000GeV? NLO - 1.2~ xdy(x) u2=30000GeV? NLO | - $1-2-xg(x) f=30000 Gg¥* NLO 2-xZ(x) p?=30000 GeV* NLO) 4
U>=O< L 1 HERA o-% 1 HERA a © - ] HERA ~ g - ] HERA B
l—J "] HERA + tt 1 | [”] HERA +1tt /| | ("] HERA + i
1- — 1 a 1 ] - A
—_—
Relative uncertainties |- _
0.8 v — 0.8~ g - 0.8 Z
Lol Ll Ll | Lo ol Lol NV
10° 102 10" 1 107 102 107 1 10° 102 107 1
X X X

- Reduced gluon density uncertainty at large x~0.1-0.4




Xxg(x) with using different CMS data sets

- HERA + d’c,; — HERA + CMS jets JHEP 03 (2017) 156

- HERA + CMS W + dzotE
CMS CMS

"6 II| T T T IIIII| T T T T TTTT HG_J """I L 1 |||||||
5 s~ [ xg(x) p2=30000GeV? NLO
§’1 2 xg(x) u 2 = 30000 GeV? NLO . L4l o N . .
o) 5 - [_] HERA + CMS W= 8 TeV
x L HERA i S [ [ZZJHERA+CMSjets 8 TeV
] HERA + tt Q 1.2F 7] HERA + CMS W* 8 TeV + _
8- [y(t), M(tE)] 8 TeV
1 \ 9 i — ~&& i
I o8- More flexible g I -
- | parameterisation
0.8 - 0.6]- used in these fits .
| | IIIIII| | | IIIIIII | | 111111 i R , IIIIIII L L IIIIIII \ , IIIIE;:-
107 107 107 1 107 107 10" 1
X X

- ~ similar improvements adding d3c(RUN II) or d’cy (RUN I)
—> should fit to all data simultaneously!
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Results: 2D cross sections vs [|n'|,me]

DILEPTON ATLAS-CONF-2019-041 arXiv:1910.08819

N DL L BN R BN R LR
' ATLAS
' fs=13TeV, 36.1 fb"

1 Data 2015-16

| total uncertainty
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- NLO+PS models predict more central |n'| for all me ranges
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