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¢ [ntroduction
e Recent measurements of top quark properties :
e Polarizations and ttbar spin correlations (CMS-PAS-TOP-18-006)
¢ Mass (Eur. Phys.].C 79 (2019) 313, arXiv:1812.10505 - accepted for publication
in Eur. Phys. |. C, arXiv:1904.05237 - submitted to Eur. Phys.].)
e Strong coupling strength (arXiv:1812.10505 - accepted for publication in Eur.
Phys. |. C, arXiv:1904.05237 - submitted to Eur. Phys. |.)
¢ PDF (arXiv:1904.05237 - submitted to Eur. Phys.].)
e Yukawa coupling (CMS-PAS-TOP-17-004, CMS-PAS-TOP-18-003)
e Charge asymmetries (JHEP 02 (2019) 149)
e Summary
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Introduction

e Top quark:

e heaviest elementary particle discovered so far

¢ extremely short lifetime (10-2> s) = decays
before it can form bound states

® spin information preserved in the angular

distribution of its decay products — ideal
candidate for spin measurements

® l|arge Yukawa coupling to Higgs mass

e Studies of its properties provide crucial information:

® to test SM
® to search for new phenomena (BSM physics)
Top quarks pairs at the LHC are produced mostly via

gluon fusion (~90%) — allows to :
® constrain gluon PDF

o extract s, m¢ t JKQ{\ t ~
>\Q_Q_Q_Q,Q_u<
, ’ 99’
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Polarization and spin correlations-

in dilepton channel
¢ Indirect measurement with lab-frame variables: 35.9 fb-!

e [+ angular distributions = (I £ cos0)/2
e preferred lepton directions in the top rest frames

w v
determined by top spins ’
. gt .
® angle between leptons in transverse plane (lab.) = A¢ i
. . . A\ b
® experimentally very precise for excellent resolution g i
of lepton angles w- !
e “Unfolding”: distribution in data corrected for '
acceptance and migration between bins
. . . CMS Preliminary 35.9fb" (13 TeV)
® Tensions between data and NLO simulation: o5 O5[ . umbceowe | mos
* reduced, but still substantial, when comparing "I;—: NG5 aMOGNLO + PYTHIAB [FrEx]
to NNLO predictions o4
® use NNLO corrections instead of NLO MC ; e
in the extrapolation to the full phase space 0.3 N .
[ e !
PR N
<
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* Direct measurement requires full reconstruction of t and tbar
e Dilepton angular distribution probes top spin in 3 dimensions:

Polarization and spin correlations-

in dilepton channel

1 do 1

o dQ, dQ_
3-vectors B*/- = polarizations, 3x3 matrix C = spin correlations

(4m)2

(1+B+-E++B—-é——2+-<c-é—) K top

basis;: n 0"
{k,r,n}

spin dependence of ttbar production completely characterized by 15
coefficients, individually probed by measuring angular distribution at

parton level: 1do 1

odr 2

__(1

+ [Coef.| x) f(x)

>

1 do

o dcos0 -

1
5 (1+ B cos )

e Measured top quark polarization (6 B coefficients) consistent with zero

CMS Preliminary 35.9 fb™ (13 TeV)
X T T T T T T T T T T T
o B " e Unfolded Data ----NLO, SM
© 8 | — POWHEGV2 + PYTHIA8 - - NLO, unpolarized |
© -~ MG5_aMC@NLO + PYTHIA8 [FxFx]
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CMS Preliminary 35.9 fb' (13 TeV)
—e— Data —+— POWHEGV2 + PYTHIA8
—a— NLO calculation  —v— MG5_aMC@NLO + PYTHIAS8 [FxFx] result = (stat) = (syst)
B! R 0.005 + 0.010 = 0.021
B T 0.008 + 0.010 = 0.021
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Polarization and spin correlations-
in dilepton channel pass: 0"

{k,r,n}

* Direct measurement requires full reconstruction of t and tbar
e Dilepton angular distribution probes top spin in 3 dimensions: 2 veam

1 do 1 (1+B+-f++B_-Z_—2+‘C'é_) k " top

o dQ dQ_  (47)2
® 3-vectors B*- = polarizations, 3x3 matrix C = spin correlations
® spin dependence of ttbar production completely characterized by |5
coefficients, individually probed by measuring angular distribution at

parton level: 1do 1 1 do _ 1. .
odr 2 (1+[Coet.]z) f(z) o dcosbcosly 2 (1= C cosfy cosfz)log (|C°S 01 cos 92|)

e Spin correlations along each axis consistent with SM expectations

—
T T
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* Direct measurement requires full reconstruction of t and tbar
e Dilepton angular distribution probes top spin in 3 dimensions:

Polarization and spin correlations-
in dilepton channel

basis: n

{k,r,n}

1 do 1
o dQ dQ_  (47)2
3-vectors B*/- = polarizations, 3x3 matrix C = spin correlations
spin dependence of ttbar production completely characterized by 15
coefficients, individually probed by measuring angular distribution at

parton level: 1do 1 1 do 1
ocdr 2 o dcosp

(1+B+-Z++B—-é——2+-<c-é—)

(14 [Coef.]z) f(x) —» (1 — D cosyp)

2 2

cos = opening angle between the leptons, D =—(Ci+Crr+ Cun)/3

CMS Preliminary 35.9fb™ (13 TeV)
T i T T T T T T T

o & 0-7F . Unfolded Data " ...NLO. SM . CMS Preliminary 35.9 b (13 TeV)
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© -- MG5_aMC@NLO + PYTHIAS [FxFx] _ —e— Data —+— POWHEGV2 + PYTHIA8
—Io 0.6 % —=— NLO calculation ~ —*— MG5_aMC@NLO + PYTHIA8 [FxFx] result = (stat) = (syst)
e _ Most
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Mass in the all-jets channel

Eur. Phys.]. C 79

(2019) 313

and combination with lepton+jets

All-jets event sighature:

largest BR of all ttbar decays

large background (multijet production) — challenging
measurement

Kinematic fit to separate signal from background events
ldeogram method to extract m;:

likelihood function simultaneously constraining m¢ and
additional jet energy scale factor (JSF)

mY® = 172.34 + 0.20 (stat+JSF) & 0.70 (syst) Ge

JSFYP = 0.997 4 0.002 (stat) =+ 0.007 (syst).

Combination with lepton+jets:

2 measurements using same mass extraction method
— single likelihood

combined measurement has lowest total uncertainty
results consistent with previous measurements

JSFYP = 0.996 =+ 0.001 (stat) + 0.007 (syst)

2016 data @13 TeV:
35.9 fb-!
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Mass in the all-jets channel

and combination with lepton+jets

All-jets event sighature:

largest BR of all ttbar decays

large background (multijet production) — challenging

measurement

Kinematic fit to separate signal from backgroi
ldeogram method to extract m;:

likelihood function simultaneously constraining
additional jet energy scale factor (JSF)

mY® = 172.34 + 0.20 (stat+JSF) & 0.70 (sy

]SFhYb = 0.997 + 0.002 (stat) & 0.007 (syst).

Combination with lepton+jets:

2 measurements using same mass extraction mi
— single likelihood

combined measurement has lowest total uncer
results consistent with previous measurements
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Eur. Phys.]. C 79
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2016 data @13 TeV:
35.9 fb-!

35.9 fbj1 (13 TeV)

all-jets

-2AIn% =2.3

lepton*jets

\\\ /m_
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JSFYP = 0.996 =+ 0.001 (stat) + 0.007 (syst)

First simultaneous measurement in the combined lepton+jets and all-jets channels!

T
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Mass

inclusive measurement
Measurement performed in e*p* channel only
Simultaneous measurement of Obar and mMC from '
template fit to final state distributions to determine cross
section at optimal mass point:

o = 815 £ 2 (stat) £ 29 (syst) £ 20 (lumi) pb

mC = 172.33 4 0.14 (stat) T0 % (syst) GeV.

Observed Owbar compared to fixed-order theory predictions
to extract top mass with different set of PDFs:
® in the minimal subtraction renormalization scheme

CMS 35.9 fb™ (13 TeV)
O
PDF set mi(m;) [GeV] :\xn:(n:;r;: o181 M
ABMP16  161.6 & 1.6 (fit + PDF + ag) T (scale)
NNPDF3.1 164.5 + 1.6 (fit + PDF + ag) T9 (scale) S 1181 —e—
CT14 165.0 + 1.8 (fit + PDF + ag) 797 (scale)
MMHT14  164.9 + 1.8 (fit + PDF + ag) T91 (scale) () 20,1181 e
ABMP16nnlo ———
og(m,) =0.1160

150 152 154 156 158 160 162 164 166 168 170
10 my(m,) [GeV]

T —
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Mass

inclusive measurement
Measurement performed in e*p* channel only
Simultaneous measurement of Obar and mMC from '
template fit to final state distributions to determine cross
section at optimal mass point:

o = 815 £ 2 (stat) £ 29 (syst) £ 20 (lumi) pb

mpMC = 172.33 £ 0.14 (stat) 70 (syst) GeV.

Observed Owbar compared to fixed-order theory predictions
to extract top mass with different set of PDFs:
® in the minimal subtraction renormalization scheme

. Top-quark pole mass measurements March 2018
® in the pole mass scheme o, LTV

MSTWO08 approx. NNLO

DO o(tf), 1.96 TeV
DO Note 6453-CONF (2015) — @
MSTWO08 NNLO

169.50*3-30 _ , GeV

PDF set my  [GeV] oS e
ABMP16  169.9 & 1.8 (fit + PDF + as) 175 (scale) ATLAS s hape, 7 Tev I\ P
NNPDF3.1 173.2 4 1.9 (fit + PDF + as) 197 (scale) cus o), 718 T N s cov
CT14 173.7 £ 2.0 (fit + PDF + ag) 177 (scale) cus o) 19 7ov o\ s, cov

MMHT14  173.6 + 1.9 (fit + PDF + as) 79 (scale)

CMS tt+j shape, 8 TeV +4.52
TOP-13-006 (2016) ——@——  169.907"°% 546 GeV

World combination
ATLAS, CDF, CMS, DO gl
arXiv:1403.4427, standard measurements

173.34*076 - GeV

| | | | | | | | | | | | | | 1 |
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Strong coupling strength:

inclusive measurement
Measurement performed in e*p* channel only
Simultaneous measurement of Obar and mMC from '
template fit to final state distributions to determine cross
section at optimal mass point:

o = 815 £ 2 (stat) £ 29 (syst) £ 20 (lumi) pb

mC = 172.33 4 0.14 (stat) T0 % (syst) GeV.

Observed Owbar compared to fixed-order theory predictions

to extract 0(s(Mz) with different set of PDFs:
® in the minimal subtraction renormalization scheme

CMS 35.9 fb™ (13 TeV)

PDF set as(mz) o 45
ABMP16  0.1139 + 0.0023 (fit + PDF) To0057 (scale) o L
NNPDF3.1  0.1140 =+ 0.0033 (fit + PDF) *3.9%! (scale) mimi = Toadr Ge
CT14 0.1148 + 0.0032 (fit + PDF) 100055 (scale) S S
MMHT14  0.1151 = 0.0035 (fit + PDF) 759920 (scale) mim)= T Ge

NNPDF3.1nnlo | ® A\

my(m,) = 162.56 GeV N

ABMP16nnlo S

my(m,) = 160.86 GeV

| | | \\ |
0.105 0.11 0.115 0.12

12 ag(m;)

e S
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arXiv:1812.10505
2016 data @13 TeV:
35.9 fb-!

Strong coupling strength:
inclusive measurement

Measurement performed in e*p* channel only
Simultaneous measurement of Obar and mMC from
template fit to final state distributions to determine cross
section at optimal mass point:

o = 815 £ 2 (stat) £ 29 (syst) £ 20 (lumi) pb

mC = 172.33 4 0.14 (stat) T0 % (syst) GeV.

T T T I":I T T I L | T T | L l T v

——e——  H1 multijets at low G : EPJC 67:1 (2010)

Observed Owbar compared to fixed-order theo

to extract 0(s(Mz) with different set of PDFs:
® in the minimal subtraction renormalization

ZEUS incl. jets in y‘p : NPB 864:1 (2012)

H1 multijets at high Q? : arXiv 1406.4709 (2014)
H1+ZEUS (NC, CC, jets) : EPJC 75:580 (2015)
H1 incl. & dijet : EPJC 77:791 (2017)

CDF Incl. Jets : PRL 88:042001 (2002)

DO incl. jets : PRD 80:111107 (2009)

DO ang. correl. : PLB 718:56 (2012)

Malaescu & Starovoitov (ATLAS Incl. Jets 7TeV)
EPJC 72:2041 (2012)

PDF set as(myz)

ABMP16
NNPDEF3.1
CT14
MMHT14

0.1139 + 0.0023 (fit + PDF) 190057 (scale)
0.1140 + 0.0033 (fit + PDF) 190027 (scale)
0.1148 + 0.0032 (fit + PDF) 00055 (scale)
0.1151 + 0.0035 (fit + PDF) 109920 (scale)

Most precise result at

ATLAS N,, 7TeV : ATLAS-CONF-2013-041 (2013)
ATLAS TEEC 7TeV : PLB 750:427 (2015)

ATLAS TEEC 8TeV : EPJC 77:872 (2017)

ATLAS azimuth. decor. 8TeV : PRD 98:092004 (2018)
CMS R,, 7TeV : EPJC 73:2604 (2013)

CMS tt cross section 7TeV : PLB 728:496 (2014)
CMS 3-Jet mass 7TeV : EPJC 75:186 (2015)

CMS Incl. Jets 7TeV : EPJC 75:288 (2015)

CMS Incl. Jets 8TeV : JHEP 03:156 (2017)

CMS R,, 8TeV : CMS-PAS-SMP-16-008 (2017)

CMS tt cross section 13TeV : arXiv 1812.10505 (2018)

CMS multi-diff tt 13TeV : CMS-PAS-TOP-18-004 (2018)

a Si n gl e eXP e r'l me nt! . World Average : PRD 98:030001(2018)
1 1 I l 1 1 ,_,"I 1 | l I 1 l 1 I l 1 1 I 1 1 1 I 1
0.1 0.12 0.14 0.16 0.18 0.2
(xS(MZ)
T — —
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Normalized 3D cross sections vs M(ttbar), y(ttbar), Njec:

More m¢and s(Mz):
differential measurement

Dilepton channel: two oppositely charged leptons

measurement unfold to parton level

compared to NLO predictions with different PDFs, (s,
mPele = extraction of (s, m:Pole :

arXiv:1904.05237

2016 data @13 TeV:
35.9 fb-!

CMS 35.9 fb' (13 Tev) CMS 35.9 fb™' (13 TeV)
[N Mty (0] | | | N e,y |
—8— ag(m,) with total unc. —o— m®* with total unc.
—— data unc. —— data unc.
—— PDF unc. — PDF unc.
—— punc. —— punc.
— mP® + 1 GeV unc. —— a4 * 0.001 unc.
ABMP16 F%-! ABMP16 l%ﬂ
HERAPDF20 F@—‘ HERAPDF20 I%:f
CT14 '—%ﬁ CT14 '%ﬂ
World average [PDG2018] @ World average [PDG2018] o
| | I | | 1 1 | 1 | | 1 I | | 1 | I | 1 | I 1 | | L 1 I | 1 1 | | 1 1 | | I | | | 1
0.09 0.1 0.11 0.12 0.13 165 170 175
ag(m,) mP°*® [GeV]

14
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More meand ots(M2):

differential measurement

* Dilepton channel: two oppositely charged leptons 2016 data @13 TeV:
. . -1
e Normalized 3D cross sections vs M(ttbar), y(ttbar), Njec: 3591
* measurement unfold to parton level

® compared to NLO predictions with different PDFs, s,

mPole = extraction of (Xs, m¢Pole
® simultaneous fit of PDF+0ois+m:Pele at NLO + HERA DIS
data — extraction of 0O(s, m:Pole;

15
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PDFs; )

differential measurement

* Dilepton channel: two oppositely charged leptons 2016 data @13 TeV:
. . -1
e Normalized 3D cross sections vs M(ttbar), y(ttbar), Njet: 35910
¢ measurement unfold to parton level

® compared to NLO predictions with different PDFs, s,

mPole = extraction of (Xs, m¢Pole
® simultaneous fit of PDF+0ois+m:Pele at NLO + HERA DIS

data — extraction of 0O(s, m:Pole;

as(mz) = 0.1135 & 0.0016(fit) *3Jo0s (model) F59007 (param) 13 005 (scale) = 0.1135F 7053 (total),

mP'® = 170.5 & 0.7(fit) % 0.1(model) *%0(param) + 0.3(scale) GeV = 170.5 + 0.8(total) GeV.

® impact on PDFs:

CMS CMS s CIMIS] ll[lll T T T I]IITI T T T T TTTT s CMISI lllll] T T T llll]l
.§> I T I L T .é I Tt I P T ‘.m | 2 2 ] T L 2- 2 ]
2128 xux) §2=30000GeV NLO - 121 xdx) 42=30000GeV? NLO | |  31-2[Xg() uf=30000GeV* NLO £1.2-x3(x) 1} =30000 GeV* NLO
3 ! < ! x | HERA 1 % | HERA
3 ] HERA - L] HERA | ] HERA +1i l ] HERA +tt

| ] HERA +1tt J ~._] HERA +tt
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Yukawa coupling:

ttbar differential measurement
* Lepton+jets event signature (BR = 34%, small background)

e Kinematic reconstruction of top candidates:
® novel technique for events with | missing jet enhancing
experimental sensitivity in the low invariant mass region
® Weak corrections:
® due to electroweak boson exchange between the final
state top quarks
e small contribution to inclusive ttbar cross section jot” b-tagged jet
® |ead to large distortions of differential distributions near the
production threshold region — sensitive to top-Higgs coupling Y¢
® calculated for different value of Y: in a given (Mcbar, Ayttbar)
e applied at parton level to existing ttbar simulated samples
e MC detector level distributions can thus be directly compared to data

b-tagged jet i+ electron/muon

¥ Prmiss

~, 0.5¢ ~,. 0.08
s [ cms V=0 > | cms
% Simulation ' 0.06}- Smulation —Y,=0
= 1 Profiminary ' — Y= 1 199 T Preliminary —Y, =1
é Yy =2 8 004
r =
6666666@’6‘ [ R Y, =4 ~ ol
| o— % #22 top mass uncert §E Ve
66 :
fmmmm S é & v
T .0.02f
0»— '0. 4 -
0.06 el | 1 | 1 | 1

11 i 800 1000 1200 1400 1600 1800 2000 ' -3 -2 -1 0 1 2 3
Most sensitive region M, [GeV) Ay
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Yukawa coupling:

ttbar differential measurement

* 2D likelihood fit in (Mbar, Ayebar) to constrain Ye

® Sensitivity extracted bin-by-bin as a ratio of expected o
yields due to Yukawa coupling scenarios over the SM yields
(no weak correction)

e Upper limit extraction on top quark -
Yukawa coupling: |
® |imits set by scanning the likelihood with

respect to Y
® indirect measurement with good

sensitivity, better than other
measurements (tttt production

35.8 b (13 TeV)

. CMS e/u+ets, = 3 jets ¢+ Data tt = single top Vijets WQCD
30000 — Preliminary

Events

3 jets 4 jets 25 jets
0-0.6 0.6-1.2 >1.2 0-0.6 0.6-1.2 >1.2 0-0.6 0.6-1.2 >1.2

10000

Data/Pred.

- R -] V000000V S 0000V 0000VG 000N 00oVNEs VNS
ONT OO o SO NO O o AN 0O [ ¥=) [ E=] (=) N O QO ANO [ y=) [ X=) o mgo

. . . SEEEM MR AR A AL LR L LR A
indirectly constraints Y<l|.7) -  (GoviE)
e ' 35.8fb" (13 TeV)
Channel  Expected 95% CL Observed 95% CL £ | CMs e/u+jets) all jets combined
: < _p Preliminary ] --- Expected
3]ets Yt < 217 Yt < 2.59 o 5: o
4jets Y: < 1.88 Y: < 1.77 — Observed
5 jets Y; <223 5% OL
Combined
First analysis to measure Yukawa —
coupling with top pair production! L
. . 2 2.5 3
18 Y,
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Yukawa coupling:

4 top quarks

e 2 same-=-sigh leptons or multi-
lepton + jets (BR ~12%): 137 fb!

®* J|ow background final state —
statistically-dominated t t

® 2 approaches used with a : :
maximum likelihood fit to : :

enhance signal sensitivity :
® cut-based approach: baseline
events S.eparated into 14 I?ins CMS Preliminary 137 fb~! (13'TeV)
depending on lepton and jet 2~ Observed unper it
mU|t|PI|C|t|eS S Jf— Observed cross section /'
. . __ Predicted cross section, /
¢ BDT approach: multi-variate 4o~ Phys.Rev.D 95 (2017) 053004
classifier trained to separate signal ;
from background
® Top Yukawa coupling constrained

by upper limit on cross-section:
® |y lySM| < 1.7 @ 95%CL
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Charge asymmetries: JHEP 02 (2019) 149
differential measurement

* Dilepton channel: two oppositely charged leptons
e [Kinematic reconstruction to define tt system o
e Cut&count approach to measure differential cross sections in
different bins
e Unfold to particle (fiducial) and parton (full phase space) levels
® Measurements of Aly|(tt) and A|n|(ll) allow charge asymmetries (Ac)

extraction:

gw(Alyl(t t) > 0) —ow(Aly|(t, ) <0) ;0 _
i(Aly[(t t) > 0) + ox(Aly|(t ) <0)" ~°

tt __
AC —

CMS 35.9 fb" (13 TeV) CMS 35.9 fb' (13 TeV) CMS 35.9 b (13 TeV)
L T l. l T T T T I T 1 T T I T 1 T T l T T T T | T 1 i I::': [ T T | LI | T T I T T T T l T T T T T T T T I T 1 J 'e.. _Illl.llllllllllll.lllllIIIIIIIIIIIIIIIIIIIIIIIIII_
- Dilepton, parton level 1 = - Dilepton, particle level — - Dilepton, particle level N
i bl = I s @) = 0.5 .
B o > O = X
< —— —— 3 —mee
— -t © © 0.4 u .
0.3 ]
o1 1 >l 3 : . -
¢ Data ] I ¢ Data ] 02 - ¢ Data E
ot POWHEGV2 + PYTHIAB ===t - —— POWHEGV2 + PYTHIA8 . i —e— —— POWHEGV2 + PYTHIA8 ~ ——e— ]
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https://link.springer.com/article/10.1007/JHEP02(2019)149

Charge asymmetries: JHEP 02 (2019) 149
differential measurement

Dilepton channel: two oppositely charged leptons 2016 data @13 TeV:

. . . -1
Kinematic reconstruction to define tt system o
Cut&count approach to measure differential cross sections in

different bins
Unfold to particle (fiducial) and parton (full phase space) levels

Measurements of Aly|(tt) and A|n|(ll) allow charge asymmetries (Ac)
extraction:

Results consistent with SM predictions:

e NLO QCD CMS 35.9 fb' (13 TeV)
e NLO QCD + EW | Data

. 68%Cl
95% CI

A(parton level) = 0.01 £ 0.009,
R - _ . :  POWHEGV2 + PYTHIA8
Al (particle level) = 0.008 4 0.009 A; particle level . : MG5_aMC@NLO + PYTHIAS [FxFx]

i NLO+EW

First measurement @ |3 TeV )
. . A; parton level
and first time at particle level!
11 l I — L1 I | I I L1 1 1 I 1 1 1 l 1 1 1 l L1 1 1 I L1 1 1
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A% (particle level) = —0.005 = 0.004

A} particle level
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Summary

Studies of top quark properties with Run2 data @13 TeV:
e polarizations and ttbar spin correlations, mass, strong coupling
strength, PDF Yukawa coupling, charge asymmetries..
® new precise measurements in different channels and with different
approaches
® most of them are statistically limited = will improve with higher
luminosity
® only mass limited by systematics uncertainties (usually JEC)
®* New interesting results with Run2 legacy data... stay tuned!
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Top-quark pole mass measurements March 2018
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Polarization and spin correlations
in dilepton channel: NNLO corrections to A¢

¢ NNLO calculations have been made
both inclusively and in a fiducial region
similar to that used by the experiments

® NNLO corrections are significantly
larger in the fiducial phase space than in
the full phase space
¢ — Jarge NNLO correction in the

extrapolation to the full phase space
(currently uses NLO MC)

¢ (alculated fiducial region not identical
to those used in the analyses, but a
correction of this size would account
for the residual discrepancy

arxiv:1901.05407

o ldo/d(Ad/7)

--- LO
— NLO

________

—— NNLO
® ATLAS

Fiducial

LHC 13 TeV my = 172.5 GeV

YT

_________

Scale: Hp/4 PDF: NNPDF31nnlo

NLO/LO  NNLO/NLO

o~ \do /d(Ao /)

—— NNLO

NLO/LO NNLO/NLO
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https://arxiv.org/pdf/1901.05407.pdf

Polarization and spin correlations-

in dilepton channel: unfolding

® Two corrections needed to compare

measured distribution to theoretical

calculations:

® “acceptance” (from fiducial region of
detector with selection cuts to full
phase space with no cuts)

® “migration” (to account for
differences between true and
reconstructed quantities)

® Acceptance and migration corrections

parameterised by matrices that act on

measured bins

® Measured bins x related to true bins
y by x= MAy

® equation inverted with
“regularisation” to suppress
statistical fluctuations

25

CMS Simulation, s =7 TeV
- T T T T | T T T T | T T T

Acceptance x Efficiency
=] =] =] =] o
— — — anb N
N B [¢)] [02] : CI>

o

—

o
T

—— MC@NLO parton level 7]

Migration matri

CMS Simulation, (s =7 TeV
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)
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Polarization and spin correlations-

in dilepton channel: unfolding

¢ Unfolding to parton level:
e to compare with fixed-order theoretical calculations, must correct to parton-level

Events /0.1

Pred./ Data

s ATLAS
Vihias i VS =13 TeV, 36.1 fb"'

Parton level

g Herwig
- Single top °
C Fakelepton .
ST - eometric
25/~  Diboson

- Drell-Yan (]

Stat. error

Stat. @ syst. error

0 0102 03 04 05 06 07 08 09 1
Detector-level A¢(I*,I)/x [rad/n]

ADVANTAGES DISADVANTAGES

Compare with fixed-order calculations Model-dependence of parton shower

Combine with other experiments Model-dependence of extrapolation

Difficult to accurately estimate

Can be used as part of global fit :
systematics
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Polarization and spin correlations-
in dilepton channel: unfolding

e Unfolding to particle level:
® to reduce the model-dependence, we can unfold to particle-level and minimize the
acceptance extrapolation

Events / 0.1

Particle level &

Pred./ Data

0 0102 03 04 05 06 07 08 09 1
Detector-level A¢(I',I)/x [rad/n]

(in fiducial phase space only)

ADVANTAGES DISADVANTAGES

Detector simulation (slow) not needed
for BSM samples

Results less dependent on model used
for unfolding

Combinations, global fit

Still have to produce particle-level MC

No fixed-order calculations
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Polarization and spin correlations-
in dilepton channel: systematic uncertainties

Table 3: Summary of the systematic uncertainties in the extracted top quark polarization coefficients.

Source Uncertainty
BY B B! B, B By B¥  BE*  BI* Bt

ER 0.001 0.002 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001
@ 0.011 0.012 0.007 0.009 0.003 0.003 0.009 0.008 0.007 0.007
nclustered energy 0.001 0.002 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.002
Pileup 0.000 0.000 0.002 0.002 0.000 0.001 0.001 0.001 0.000 0.000
Trigger 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.002 0.002
Lepton ID/isolation 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Kinematic reconstruction  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
i 0.003 0.004 0.003 0.003 0.000 0.000 0.002 0.002 0.001 0.001
0.008 0.008 0.005 0.008 0.001 0.001 0.004 0.005 0.002 0.002
0.005 0.004 0.004 0.009 0.003 0.004 0.003 0.004 0.006 0.005
0.009 0.009 0.004 0.005 0.000 0.001 0.001 0.001 0.001 0.001
0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

<Color reconnection 0.005 0003 0003 0004 0008 0.005 0.006 0.008 0.006 0.008
Underlying event 0001 0003 0001 0003 0002 0.003 0.003 0.002 0.004 0.004
CME/PS matching> 0.006 0006 0004 0001 0003 0.004 0.003 0.003 0.004 0.004
Top quark mass 0.006 0007 0000 0001 0001 0.002 0002 0001 0.002 0.002
PDF 0.002 0002 0000 0.000 0.000 0.000 0.004 0.004 0.002 0.002
Top quark py 0.003 0.003 0001 0001 0.000 0.000 0.001 0.001 0.000 0.000
Total systematic 0021 0021 0013 0017 0010 0009 0014 0014 0013 0014
Data statistics 0009 0008 0009 0009 0007 0.008 0010 0010 0010 0.009
MC statistics 0.003 0003 0003 0003 0.003 0.003 0.004 0004 0.004 0.003
Background MC statistics  0.005 0.005 0.005 0.005 0.04 0.004 0.006 0.006 0.005 0.005
Total statistical 0010 0010 0011 0011 0009 0009 0012 0012 0012 0011
Total 0023 0024 0017 0020 0013 0013 0018 0019 0018 0.017
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Polarization and spin correlations K.
in dilepton channel: systematic uncertainties

Table 4: Summary of the systematic uncertainties in the extracted tt spin correlation coefficients.

Source Uncertainty
Ck Cr Cm Ci+Cy Cik—Ch Cwr+Cn Cwr—Cm Cu+Ctw Cuk—Cin D AR, Ay,
0.001 0.001 0.001 0.004 0.002 0.001 0.001 0.003 0.001 0.000  0.000 0.000
@ 0.012 0.009 0.005 0.022 0.011 0.011 0.009 0.012 0.007 0.002  0.000 0.001
nclustered energy 0.001 0.001 0.001 0.004 0.001 0.001 0.002 0.001 0.001 0.000  0.000 0.001
Pileup 0.002 0.000 0.001 0.004 0.001 0.001 0.002 0.001 0.001 0.001  0.000 0.001
Trigger 0.001 0.001 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Lepton ID/isolation 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000
Kinematic reconstruction  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000
0.004 0.001 0.002 0.005 0.001 0.001 0.001 0.001 0.001 0.001  0.000 0.000
0.017 0.009 0.008 0.025 0.006 0.004 0.004 0.007 0.003 0.004 0.008 0.002
0.012 0.006 0.007 0.026 0.011 0.007 0.014 0.011 0.007 0.003  0.002 0.003
0.014 0.002 0.005 0.017 0.001 0.001 0.001 0.002 0.001 0.003  0.000 0.001
0.000 0.001 0.001 0.002 0.000 0.001 0.000 0.000 0.000 0.001  0.000 0.000
0.005 0.013 0.006 0.013 0.011 0.014 0.017 0.009 0.008 0.002 0.001 0.001
Underlying event 0.008 0.002 0.002 0.004 0.010 0.007 0.005 0.007 0.002 0.003  0.001 0.001
ME/PS matching 0.004 0.003 0.001 0.009 0.016 0.011 0.001 0.012 0.009 0.002  0.002 0.004
Top qUATK 0.001 0.002 0.006 0.006 0.009 0.002 0.002 0.009 0.001 0.002 0.001 0.000
PDF 0.005 0.005 0.001 0.004 0.001 0.001 0.001 0.001 0.001 0.002 0.007  0.002
op quark pr 0.008 0.010 0.005 0.019 0.000 0.001 0.000 0.001 0.000 0.004 0.003 0.005
9] atic 0.031 0.023 0.017 0.053 0.029 0.024 0.025 0.026 0.016 0.009 0.011 0.008
Data statistics 0.018 0.019 0.010 0.029 0.029 0.024 0.025 0.025 0.020 0.006 0.003 0.003
MC statistics 0.007 0.007 0.004 0.011 0.011 0.009 0.009 0.010 0.008 0.002 0.001 0.001
Background MC statistics 0.011  0.010  0.005 0.018 0.017 0.012 0.010 0.015 0.012 0.003  0.002 0.002
Total statistical 0.022 0.023 0.012 0.035 0.035 0.028 0.028 0.031 0.025 0.007  0.003 0.003
Total 0.038 0.033 0.020 0.064 0.046 0.037 0.038 0.041 0.029 0.011 0.012 0.008
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Polarization and spin correlations s
in dilepton channel: correlation matrices

Statistical correlation matrix Systematic correlation matrix
(all measured bins) (all measured bins)

CMS  Preliminary CMS  Preliminary
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Polarization and spin correlations-

in dilepton channel: coefficients

Coefficient Measured POWHEGV2 MG5.aMC@NLO NLO calculation
Bk 0.005 £ 0.023 0.004 19007 0.000 = 0.001 40117 x 1073
B% 0.008 4 0.024 0.006 79001 —0.002 £ 0.001 40117 x 1073
B] —0.023 +0.017 0.0027900;  0.0020.001 1.6755 x 1073
B, —0.010 % 0.020 0.0031900;  0.000 % 0.001 1.6755 x 1073
B} 0.006+0.013  —0.0017900  0.001 £ 0.001 57102 x 1073
BJ 0.017+0.013  —0.00179001  0.000 £ 0.001 57102 x 1073
BX —0.016+0.018  —0.0011007  0.000 = 0.001 <1073

Bk 0.007 £0.019 0.001129%2  0.003 4 0.001 <1073

BI* 0.001 +0.018 0.0007000 ~ 0.000 +0.001 <1073

By 0.010+0.017 0.0011290  0.001 + 0.001 <1073

Cr 0.299 + 0.038 0.3147000>  0.325+0.002 0.33170005
Crr 0.080 + 0.033 0.04870007  0.052 +0.002 0.07170-00¢
Cun 0.329 4 0.020 0.317159%  0.324 +0.002 0.3261 0092
Cik+Crr | —0.193+0.064  —0.20110002  —0.198 £ 0.002 —0.20615:095
Crk — Crr 0.057+0.046  —0.00170005  0.004 +0.002 0
Cur+Cmn | —0.004+0.037  —0.003100%  0.001 £ 0.002 1.061001 x 1073
Cpr — Crn | —0.001 £0.038 0.00270005  0.001 +0.002 0
Cuk+Crn | —0.043+0.041  —0.00210905  0.003+£0.002 2157002 x 1072
Cox — Cin 0.040+0.029  —0.00179005  —0.001 =+ 0.002 0

D —0.237+0.011  —0.226%900;  —0.233 £0.001 —0.24375:003
AR 0.167 + 0.012 0.16173:992 0,174 40.001 0.18173:904
Ajapy 0.103 £ 0.008 0.125M000:  0.115+0.001 0.11279:0%
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Polarization and spin correlations-
in dilepton channel: spin + cross correlations

CMS Preliminary

—e— Data —*— POWHEGV2 + PYTHIAS8

—a— NLO calculation @ —— MG5_aMC@NLO + PYTHIAS8 [FxFx]

35.9fb™ (13 TeV)

result + (stat) = (syst)

C e 0.299 = 0.022 + 0.031
Cr o—H 0.080 = 0.023 + 0.023
Cin Hte—  0.329x0.012+0.017
-D o 0.237 = 0.007 = 0.009
lab
o8y e 0.167 + 0.003 + 0.011
A'A‘P..' HoF 1, 0.103 x 0.003 = 0.008
| | | | I | | | | | | | | | I | | | I | | | |
0.1 0.2 0.3 0.4 0.5

Spin correlation

CMS Preliminary 35.9 b (13 TeV)

—e— Data —+— POWHEGV2 + PYTHIAS

—=— NLO calculation @ —— MG5_aMC@NLO + PYTHIAS8 [FxFx] result + (stat) = (syst)
C.+C, +—+S—— -0.193 = 0.035 = 0.053
C.-C. 5 H—e—+ 0.057 + 0.035 = 0.029
C.+C,, e -0.004 + 0.028 = 0.024
C...C. H—&— -0.001+ 0.028 = 0.025
C.+C,., H—e—H] -0.043 = 0.031+ 0.026
an-Ckn ¥ H—e—t 0.040 = 0.025 = 0.016
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3

Cross correlation
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Polarization and spin correlations-
in dilepton channel: f SM

Table 6: Values of fsy, the strength of the measured spin correlations relative to the SM predic-
tion for the given observable, derived from the numbers in Table 2. The uncertainties shown
are statistical, systematic, and theoretical, respectively. The total uncertainty in each result,
found by adding the individual uncertainties in quadrature, is shown in the last column.

Total uncertainty

Coefficient | fo\ * (stat) = (syst) & (theor)
Crx 0.90 £ 0.07 £0.09 + 0.01
Crr 1.13+0.32+0.33 1 919
Con 1.01 4 0.04 +0.05 4 0.01
Crik + Crr 0.94 +0.17 +0.26 + 0.01
D 0.97 +0.0340.04 T 50
A, 0.74 +0.07 +£0.22 * .08
Arpyl 1.10+0.04 +0.09 * 019

+0.12

+0.47
—0.48

+0.06
+0.31

+0.05

+0.24
—0.25
+0.14
-0.17

CMS Preliminary 35.9 b (13 TeV)
—e— Data Standard model
fsu = (stat) = (syst) = (theo)

Cu ——e—— 0.90 = 0.07 + 0.09 = 0.01
C. . 1.13+0.32+0.33+ 0.12
Cin H-e—t 1.01+ 0.04 + 0.05 = 0.01
C.+C,. . 0.94 + 0.17 + 0.26 = 0.01
D H-e-H 0.97 + 0.03 = 0.04 = 0.02

'a:sw . 0.74 + 0.07 + 0.22  0.07
A|Acp", et 110+ 0.04 = 0.09 + 0.12

| | I | | | | 1 | | I | | | | | |

0.5 1 1.5 2

SM spin correlation fraction fSIVI
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Mass in the all-jets channel:
kinematic fit

Known decay topology:

pair production of heavy particle and anti-particle
each decaying toWb — qq’b

Eur. Phys.]. C 79

(2019) 313

Minimize X2 with constraints: P (PTF“"Z—PT?‘)Z .\ ('7}“";'75“)2 .\ (or C°:4’f“)2]
e m W+=m W-=804GeVY jeets o) i %

® m_t=m_tbar

e trying all possible parton-jet assignments

® |2 possibilities for parton-jet assighment

® only b-tagged jets used as b candidates

o

only best (= lowest X2 ) assignment used

The X2 value can be used as a goodness-of-fit (gof) measure

for three degrees of freedom, it is translated into a p-value of

2 oY%
bof = 1 — erf ( %) +4/ %e—,ﬁ/z'

P

Best permutation selected by fit:

events are requested to fulfill Pgof > 0.1 for the best assignment
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Mass in the all-jets channel: (2019)313
ideogram method

e Estimate m t and additional jet scale factor (JSF)

P (m.,JSF|sample) o< P(JSF) - £ (sample|m,JSF) _...---c.. .
d
L (sample|m,,JSF) = l_[ L (event|m,,JSF) = l_[ P(m?{;’vﬁor’nt,JSF)
events events A
5 gF T T T T T T T T 5 10T s
© cP,m=-1725 | @ CP, JSF = 1.00
—e— JSF = 0.98 oM, =1665
—+— JSF = 1.00 —e-m,=1725 1
4_ n m, = i 1
P (m{y<°|m,, JSF) | e | P (m{*|m,, JSF)
correct assignments | _ |correct assignments
2— —
construct such
templates for _ §/
t U - g — U .&f"_ T
t correCt/ Wrong 60 80 100 120 100 200 250
& background mi* [GeV] mit [GeV]

® Three versions of ideogram fit:
e only mtfree (ID)
e m tand |SF free (2D)
e Gaussian JSF constraint (hybrid) = weighted combination of both approaches,
corresponding to a measurement with a Gaussian constraint on the JSF around unity.
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Mass in the all-jets channel: (2019)313
systematic uncertainties + results

Most systematic uncertainty sources are shifted by | standard deviation, and the absolute
value of the largest resulting shifts in m_t and JSF are quoted as systematic uncertainties for
the measurement

The hybrid measurement is the main result of this analysis, since it is constructed to provide

. 2D 1D hybrid
the smallest uncertainty. i GSE® gD o gjsEb
[GeV] [%] [GeV] [GeV] [%]
2D __ Experimental uncertainties
mt - 1 72 '43 :': 0 -22 (Stat+JSF) :E 0'88 (SYSt) GeV Method calibration 0.06 0.2 0.06 0.06 0.2
2D JEC (quad. sum) 0.18 03 0.73 0.15 0.2
— — Intercalibration —0.04 -0.1 +40.12 —0.04 —0.1
JSF - 0996 +0.002 (Stat) +0.010 (SySt) * — MPFInSitu —0.03 0.0 +0.22 +0.08 +0.1
1 — Uncorrelated —0.17 -0.3 +0.69 +0.12 +0.2
D _ Jet energy resolution -0.09 +0.2  +0.09 —0.04 +0.1
m.~ =172.13+£0.17 (stat) + 1.10 (syst) GeV. b tagpins 000 0o oot 000 00
Pileup —-0.06 +0.1 0.00 —0.04 +0.1
. . Background 0.10 0.1 0.03 0.07 0.1
8TeV result: 172.32 £ 0.25(stat) £ 0.59(syst)GeV: Tz oo ol ooh oo o
e the statistical uncertainty is reduced with respect Modeling uncertainties
JEC flavor (linear sum) —0.35 +0.1 —0.31 —0.34 0.0
result at 8 TeV because of the larger data - light quarks (uds) +0.10 ~01 —001 4007 ~0.1
. — charm +0.03 0.0 —0.01 +0.02 0.0
an alys is ~ bottom —0.29 0.0 —029 ~0.29 0.0
. . - gluon —0.19 +0.2  +0.03 —0.13 +0.2
e larger theory uncertainty wrt. 8TeV, mainly due b jet modeling (quad. sum) ~ 0.09 00 009 0.09 0.0
.. . -b frag. Bowler-Lund —0.07 0.0 -0.07 —0.07 0.0
sophisticated color reconnection ~b frag. Peterson ~0.05 00 —004 005 0.0
—semileptonic b hadron decays —0.03 0.0 -0.03 —0.03 0.0
+i PDF 0.01 0.0 0.01 0.01 0.0
g ]etS) Ren. and fact. scales 0.05 0.0 0.04 0.04 0.0
ME/PS matching +0.324+020 —-03 —0.05+0.14 +0.24+0.18 —0.2
ISR PS scale +0.17+0.17 —-0.2 +0.13+0.12 +0.12+0.14 -0.1
FSR PS scale +0224+0.12 -0.2 +0.11+0.08 +0.18+0.11 —-0.1
Top quark pr +0.03 0.0 +0.02 +0.03 0.0
Underlying event +0.16+0.19 -03 -0.07£0.14 +0.10+0.17 -0.2
Early resonance decays +0.02+0.28 +04 +0.38+0.19 +0.13+0.24 +0.3
CR modeling (max. shift) +041+029 —-04 —043+020 —0.36+025 —0.3
- “gluon move” (ERD on) +041+029 —-04 +0.10+0.20 +0.32+0.25 —0.3
—"“QCD inspired” (ERD on) -032+029 -01 -043+£0.20 —0.36+0.25 —0.1
Total systematic 0.81 0.9 1.03 0.70 0.7

36 Statistical (expected) 0.21 0.2 0.16 0.20 0.1
Total (expected) 0.83 0.9 1.04 0.72 0.7


https://link.springer.com/article/10.1140/epjc/s10052-019-6788-2
https://link.springer.com/article/10.1140/epjc/s10052-019-6788-2

: r Eur. Phys.|.C 79
Mass in the all-jets channel 2019, 313

and combination with lepton+jets: systematics + results

2D 1D hybrid
om2®  SISF smiP smi®®  SJSEP
[GeV] [%] [GeV] [GeV] [%]
. . Experimental uncertainties
e [ +] ets result: 172.25 + 0.08 (Stat'l' J S F) + Method calibration 0.03 00 003 0.03 0.0
O 62( )G V JEC (quad. sum) 0.12 0.2 0.82 0.17 0.3
. Syst e — Intercalibration —0.01 0.0 +0.16 +0.04 +0.1
— MPFInSitu —0.01 00 4023 +0.07 +0.1
L . . -U lated -0.12 —02  +0.77 +0.15 +0.3
e the uncertainties for the combination are .o reolution D018 103 10® e 102
. b tagging 0.03 0.0 0.01 0.02 0.0
smaller than those for the all-jets channel pies 007 401 4002 005 401
. A11—]:ets be.lckground 0.01 0.0 0.00 0.01 0.0
and are close to the lepton+jets et (N B L
< o {+jets Tri 0.00 0.0  0.00 0.00 0.0
uncertainties, as expected because the Lepton isolation 000 00 000 000 00
. . . . . Lepton identification 0.00 0.0 0.00 0.00 0.0
combination is dominated by this channel. ceiing uncertainties
. JEC flavor (linear sum) —0.39 +0.1 —-0.31 —0.37 +0.1
e combined measurement has lowest total  -right quarks (was) F011 01 001 4007 01
— charm +0.03 00 —001 +0.02 0.0
u n C e rtal nty —bottom —0.31 0.0 -031 —0.31 0.0
— gluon -0.22 +03 4002 —0.15 +0.2
. . b jet modeling (quad. sum) 0.08 0.1 0.04 0.06 0.1
e first m t measurement in the combined b frag, Bowler-Lund 006 +01 —001 005 0.0
0 4 alliets channel R S U S B R
+j ets an a _j ets channels - semileptonic b hadron decays —0. 0 —0. —0. .
PDF 0.01 00 001 0.01 0.0
. Ren. and fact. scales 0.01 0.0 0.02 0.01 0.0
e Combined results: ME/PS matching ~0104£008 +01 +0.0240.05 +0.0740.07 +0.1
ME generator +0.16+021 +0.2 +0.32+£0.13 +0.21+0.18 +0.1
ISR PS scale +0.07+0.08 +0.1 +0.1040.05 +0.07+£0.07 0.1
FSR PS scale +02340.07 —04 —0.1940.04 +0.12+0.06 —0.3
2D __ Top quark p +0.01 -0.1  —0.06 —0.01 -0.1
m, = 172.39 £ 0.08 (stat+JSF) £ 0.68 (syst) GeV Underlying event —006+0.07 +0.1 +0.00+0.05 —0.04+0.06 +0.1
2D Early resonance decays —020+0.08 +0.7 +0.42+0.05 —0.01+0.07 +0.5
— CR modeling (max. shift) +037+40.09 —02 402240.06 +033+£0.07 —0.1
JSF - O' 995 :t O * OO 1 (Stat) ﬂ: O' O 1 O (SySt) - “gluon move” (ERD on) +0.37+0.09 —-0.2 +0.224+0.06 +0.33+£0.07 —0.1
- “QCD inspired” (ERDon) ~ —0.11+0.09 —0.1 —021+0.06 —0.14+0.07 —0.1
Total systematic 0.71 1.0 1.07 0.61 0.7
mlD —_ ]. 71 .94 + O .05 (Stat) + ]. .07 (Syst) GeV Statistical (expected) 0.08 0.1 0.05 0.07 0.1
t ] Total (expected) 0.72 1.0 1.08 0.61 0.7
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Mass in the all-jets channel HERE
and combination with lepton+jets: comparison of re

hyb

[GeV]
all-jets £+]ets combination

Experimental uncertainties

. . Method calibration 0.06  0.05 0.03
® Comparison to £+jets result: JEC (quad. sum) 015 0.8 0.17
— Intercalibration -0.04 +0.04 +0.04
— MPFInSitu +0.08 +0.07 +0.07
— Uncorrelated +0.12  +0.16 +0.15
Jet energy resolution -0.04 -0.12 —0.10
b tagging 0.02 0.03 0.02
Pileup -0.04 -0.05 —0.05
All-jets background 007 - 0.01
All-jets trigger +0.02 - +0.01
/+jets background - +0.02 —0.01

Modeling uncertainties
JEC flavor (linear sum) -0.34 —-0.39 -0.37
. - light quarks (uds) +0.07  +0.06 +0.07
e Comparison to Runl results: ~ charm +0.02 4001 4002
- bottom -0.29 -0.32 —0.31
o - gluon -0.13 -0.15 —0.15
A"‘ll"v&lsd é%rgbéﬁgogo 173,94 4 076 GeV b jet modeling (quad. sum) 009 012 0.06

: .76 Ge
S el ik po vk 1o ot 00
, lepton-+jets n - b frag. Peterson —0. . —0.
PRD 93 (2016) 072004 , 19.7 b 172.35£0.51Gev - semileptonic b hadron decays —0.03 +0.10 —0.04
CMS 2016, lepton+Jets_(prel ) ’ e . 172.25 + 0.62 GeV PDF 0.01 0.02 0.01
TOP-17-007 (2017), 35,91 Ren. and fact. scales 0.04 0.01 0.01
ME/PS matching +0.24 —0.07 +0.07
ME generator - +0.20 +0.21
19%%3?;&5‘%;%34 1821 ————t 172.32+0.64 GeV ISR PS scale +0.14 4007  +0.07
CMS 2016 all-iets . . A FSR PS scale +0.18 +0.13 +0.12
| work in progress, '!35 9fb~! ’ @ ’ 172.34+0.79 GeV) Top quark pr +0.03 —0.01 —0.01
Underlying event +0.17 —0.07 —0.06
. Early resonance decays +0.24 —0.07 —0.07
(CMS 2016, all-jets +_lepton+Jets | o ] 172.26 + 0.60 GeV CR modeling (max. shift) -0.36 +0.31 +0.33
 work in progress, 35.9fb™ ) — “gluon move” (ERD on) +0.32  +0.31 +0.33
' ' ' ' ' - "“QCD inspired” (ERD on) —-0.36 —0.13 —0.14
171 172 173 174 175 .

[GeV] Total systematic 070  0.62 0.61
m[s€ Statistical (expected) 0.20 0.08 0.07
Total (expected) 0.72 0.63 0.61
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Mass from inclusive measurement:
fit strategy

template fit to distributions of final state observables

® systematic uncertainties treated as nuisance parameters and
constrained in situ (with exception of luminosity)

® events categorized in bins of jet and b-tag multiplicity in order to
constrain modelling systematics and b-tagging efficiency

® jet pT spectra are used to constrained JEC uncertainties

binned Likelihood based on Poisson statistics :

e—V,'v;li

A A

n;! 7'C(/\]-)

vi =si(09%,A) + Y b (A)
k

® jdenotes the bin of the respective final-state distribution
e Viand niare the expected and observed number of events in bin |
® s idenotes the expected number of tt signal events in bin i and the
quantity b k,i represents the prediction of the number of
background events in bin i from source k
® A\is a set of nuisance parameters
e TT(Am) parametrizes the prior knowledge of m_th parameter
MINUIT minimizes =2 In ( L) and MINOS estimates the uncertainties
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Mass from inclusive measurement: eSEERES
wharxsecempiare e SYSTEMAtLIC UNcertainties

Source Uncertainty [%] Source Uncertainty [%]
Trigger 03 Trigger 04 absolute uncertainties in mtMC
epton ident. /isolatio 2. Lepton ident./isolation 22
50 / Scale 0.(1) Muon momentum scale 0.2 and their sources
Electron momentum scale 0.1 ) Electron momentum scale 0.2 from the simultaneous fit
Jet energy scale 04 Simultaneous fit Jetenergy scale 0.7 |
Jet energy resolution 0.4 Jet energy resolution 0.5 Squrce Uncertainty [GeV]
b tagging 0.4 b.taggmg 0.3 Trigger . . . 0.02
Pileup 0.1 Pileup 0.3 Lepton ident./isolation 0.02
tf ME scale 0.2 tt ME scale 0.5 Muon momentum scale 0.03
tW ME scale 0.2 tW ME scale 0.7 Electron momentum scale 0.10
5 E scale 0.1 DY ME scale 0.2 et energy scale 0.57
11 II:IIISI? generator 1.2 g BTTergy resolution 8(1)3
s . 1.1 .tagging .
ME /%usa:a’t’ghing 03 e 04 Pileup 0.09
UE tune 03 Top quark pr . 0.5 tt ME scale 0.18
H ISR scale 0.4 ME/PS matching 0.2 tW ME scale 0.02
W ISR scale 0' 1 UE tune 0.3 DY ME scale 0.06
f FSR scale 0' 8 tt ISR scale 0.4 NLO generator 0.14
tW FSR scale 0.1 Y a oene o e o
) ' tt scale 1. O .
b quark fragmentation 0.7 tW FSR scale 0.2 Top quark pr 0.04
b hadron BF , 0.1 b quark fragmentation 1.0 ME/PS matching 0.16
Colour reconnection 0.3 b hadron BF 02 UE tune 0.03
0.9 Colour reconnection 0.4 tt ISR scale 0.16
1.1 DY background 0.8 tW ISR scale 0.02
0.2 tW background 1.1 tt FSR scale 0.07
W+]ets background 0.2 Diboson background 0.3 tW FSR scale 0.02
tt ba.ckground 0.2 W-ets background 0.3 b quark fragmentation 0.11
Statistica 0.2 tt background 0.2 b hadron BF 0.07
2.5 Statistical 0.2 Co econnection 0.17
] 4 11 Integrated luminosity 2.5 0.24
Total o't‘gis uncertainty 3.8 MC statistical 1.2 " b O " 4 0.13
; I vis . iboson backgroun 0.02
E_xtrapolatlon uncertainties Total oy u.ncertalnty o 4.2 Woets backgfo und 0.04
tt ME scale 4:8:? Extrapolation uncertainties tt background 0.02
PDF +08 tt ME scale F24, Statistica 0.14
Top quark pr F2o1 PDF +08 0.36
tt ISR scale F201 Top quark p 402 Total mY™ uncertainty Y
tt FSR scale +%0,4 tt ISR scale F22,
UE tune <0.1 tt FSR scale +0.1
Total o; uncertainty 4.0 Ir;llﬁctune ::(;)%1

. A m
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Mass from inclusive measurement:
extraction of xs(Mz)

To extract the value of @ S (m Z) from O tt, the measured cross section is compared to the
theoretical prediction, and for each & S (m Z ) member of each PDF set, the X 2 is evaluated.
The optimal value of X S (m Z) is subsequently determined from a parabolic fit to the X 2

(& S) values of the form: 2
X*(&s) = Xinin + (zxg(— i )

® X min 2isthe X 2 valueat @ S = & min
® Jd(ax min) is the fitted experimental uncertainty in & min S, which also accounts for the
PDF uncertainty
X 2 (& S) scan for the PDF sets used, demonstrating a clear parabolic behaviour.
® X 2 versus & S obtained from the comparison of the measured O tt value to the NNLO
prediction in the MS scheme using different PDFs (symbols of different styles).

10 CMS 35.9 fb™' (13 TeV)
<
* NNPDF3.1 =
- v
.+ CT14 o .
75
= MMHT14
* ABMP16 "
Y v
5 " "
n
v ° .
L o n
25|
] L4 [
N v n v &
: I
0l "Cynn”
L | | | | |
0.105 0.1 0115 012  0.125
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Mass from inclusive measurement:
dependence of 0s(Mz) from mt

CcMS 35.9fb™ (13 TeV)
0.125 |-

NNPDF3.1
¥ CT14

0.12| EE5 MMHT14
| [C&] ABMP16

ag(my)

I

0.115

0.11

0.105 -

L Ll 1 ' I ' 1 L L l L Ll 1 1 1 ' 1 L I L 1 L L I ' 1 ' 1 l 1 L 1 L
159 160 161 162 163 164 165 166
my(m,) [GeV]

Figure 13: Values of ag(mz) obtained in the comparison of the o; measurement to the NNLO
prediction using different PDFs, as a function of the m(m;) value used in the theoretical cal-
culation. The results from using the different PDFs are shown by the bands with different
shadings, with the band width corresponding to the quadratic sum of the experimental and
PDF uncertainties in ag(myz). The resulting measured values of ag(myz) are shown by the dif-
ferent style points at the m(m;) values used for each PDF. The inner vertical bars on the points
represent the quadratic sum of the experimental and PDF uncertainties in ag(mz), while the
outer vertical bars show the total uncertainties.
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More m¢and Xs(Mz) from differentia
measurement: systematic uncertainties

Experimental uncertainties arising from imperfect modelling of the

detector response,

Theoretical uncertainties arising from the modelling of the signal and

background processes.

Each source of systematic uncertainty is assessed by changing in the

simulation the corresponding efficiency, resolution, or scale by its

uncertainty:

e for each change made, the cross section determination is repeated,
and the difference with respect to the nominal result in each bin is
taken as the systematic uncertainty.

The total systematic uncertainty in each measurement bin is estimated

by adding all the contributions described above in quadrature, separately

for positive and negative cross section variations. If a systematic
uncertainty results in two cross section variations of the same sign, the
largest one is taken, while the opposite variation is set to zero.

the total uncertainties for all measured cross sections are about 510%,

but exceed 20% in some regions of phase space, such as the last N jet

range of the [N jet 0,1,2+ , M (tt), y(tt) ] distribution.

The largest experimental systematic uncertainty is associated with the

JES.
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More m¢and s(Mz) from differential

measurement: extraction of s, mPole

The values of X S (m Z ) and m t are extracted by calculating a X 2
between data and NLO predictions as a function of the input & S (m
Z ) or m t value, and approximating the dependence pole with a
parabola. The minimum of the parabola is taken as the extracted & S
(m Z) or m t value, while its uncertainty is estimated from the Ax 2 =
| variation. This extraction is performed separately using different PDF
sets, as well as different scale values.

X S (m Z) and m t scans for different PDF sets

CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
N = T T [ T T T N T I T T T
e i [N‘“+ M(tf),y(tt)], dof = 23 data and PDF unc.| | & i [N°‘+ M(tt) y(tf)], dof = 23, data and PDF unc.
B pole pole
i ag(m ) = Aag(m ) PDF [2 ] | L[ M =Am "/ GeV PDF ¢ | 1
z z e 300! © 171.05 +- 0.70 CT14 [ 28] .
200+ -©-0.1144 + 0.0025 CT14 [ 30] B | -5+ 171.12 +- 0.68 MMHT2014 [ 34]
7~ 0.1200 +- 0.0015 HERAPDF20 [ 33] 1 |- 170.81 +- 0.68 NNPDF31 [ 33]
. 0.4169 4 0.0013 ABMP16 [ 26] 200 - 170.83 +- 0.66 HERAPDF20 [ 28]

~©-170.95 +- 0.66 ABMP16 [ 21]
i 170.38 +- 0.66 JR14 [ 23]
|4 171.17 +- 0.67 CJ15 [ 27]

100
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More m¢and s(Mz) from differential
measurement: extraction of Xs, mpole

® Correlation between X s and gluon:

® A shallow X 2 dependence on & S (m £ ) is present when
using only the HERA DIS data

® Once the tt data are included in the fit, a distinctly sharper
minimum in X 2 is observed which coincides with the one
found in the simultaneous PDF and & S (m Z) fit

80

60

40

20

ool oooo? e, o | 1
0.105 0.1 0.115 0.12 0.125 0.13

Figure 21: Ax? = x* — X2, @s a function of ag(mz) in the QCD analysis using the HERA DIS

data only, or HERA and tt data.
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More mcand s(Mz) from differentia
measurement: PDFs

A reduction of uncertainties is
observed for the gluon
distribution, especially at x ~
0.1 where the included tt data
are expected to provide
constraints, while the
improvement at x . 0.1
originates mainly from the
reduced correlation between

X S (m Z) and the gluon PDF.

xS (mZ) fit

CMS
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Figure 23: The relative total PDF uncertainties in the fit using the HERA DIS data only, and the

HERA DIS and tt data.
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More m¢and Xs(Mz) from differentia
measurement: correlations for and mtpole

When using only the
HERA DIS data, the
largest dependence
onxXS(mZ)is
observed for the
gluon distribution. The
tt data reduce this
dependence, because
they provide
constraints on both
the gluon distribution

and X S, reducing
their correlation.

%‘174_(':MS" T T T T TTTTTT] NLO QCD [MadGraph5_aMC@NLO+
O, i | aMCfast+ApplGrid+xFitter]
3 {1 —— HERA
E | 1 U] HERA +tt

172 p =0.31 . HERA + tt (with scale unc.)

pole

| - ------- HERA + tt, Og = Ols(mt )
i | ! | |
170k . HERA + tt, m:’° ‘=m® e(as)

| BEIEEREE HERA + tt, xg = xg(ag)
pole)

{1 -+--- HERA +tt, xg = xg(m

t
World average

> _
o - 1l p=-0.14 _
8 =000 (0 20001 027
S 9
S
™
] i
NS:- |
3 o
7_|||| P AR S S (N S H NS [ N ST TN SN N SR SUN S SN S S S R
0.112 0.114 0.116 0.118 170 172 174
ag(m ) mP°"® [GeV]

Figure 24: The extracted values and their correlations for ag and m{mle (upper left), as and gluon
PDF (lower left), and m{mle and gluon PDF (lower, right). The gluon PDF is shown at the scale
u? = 30000 GeV? for several values of x. For the extracted ag and m{m]e values, also shown are
the additional uncertainties arising from the dependence on scale variations (see Eq. (8) and
Table Eb The correlation coefficients p are also displayed. Furthermore, values of ag (m{mle,
gluon PDF) extracted using fixed values of m{mle («g) are displayed as dashed, dotted, or dash-
dotted lines. The world average values ag(mz) = 0.1181 & 0.0011 and m{mle =173.1 £ 0.9 GeV
from Ref. [94] are shown for reference.
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Yukawa couplings in ttbar differential
measurement: reconstruction of ttbar

Neutrino momentum reconstruction:

® W boson and top quark mass constraints applied on
leptonically decaying top (solution represented by an ellipse)

® pz-component of neutrino momentum that distinguish the
leptonic b-jet given by the minimum distance Dnu,min
between the ellipse projection onto the transverse plan (px,
py) and the measured ptmiss

jet-quark assignment is used to correctly match jets oos -

0.01}

to quarks:
® Jets with Dnu,min>150 are rejected

ooos'

CMS-PAS-TOP-17-004
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https://cds.cern.ch/record/2665937

Yukawa coupling in ttbar differential measurement:

reconstruction of 3jetS events
e Reconstruction algorithm for events with | missing jet developed to

mitigate low efficiency in threshold region where one jet is likely out of

the acceptance (p T and n event selections):

® assuming that the two highest b-tagged jets are associated with b-quarks from tt
decays, the missing jet is mostly the softer p T jet from W decays

® the only ambiguity is in the assignment of the b-tagged jets (coming from
leptonically or hadronically decaying top)

® 3 likelihood discriminant is built with the minimum distance Dnu,min and the
invariant mass mth of the 2jets coming from the hadronically decaying top:

- h1(/\3) - ln(Pmth) - ln(PV(DV.min)).
® to identify the best jet-to-parton assignment the lowest value of the
discriminant is taken:
® Jets with -In(lambda3)>13 are discarded to improve signal/bkg

® b-jets correctly identified in 80% of events
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Yukawa coupling in ttbar differential measurement:

reconstruction of 3jets events

e Reconstruction aIgOrithm for 35.8 1b"(13 TeV) 35.8 1b'(13 TeV)
. o . . § TECMs e/u+jets —3 Jets § - CMS e/u+jets —3 jets
3jets events competitive with the 5 e —4pe S [ ey - —4hw
. . = 101;;_ -'.. _—- = 3 :..
one used in the 4jet category: . - e ;
.« . . 102 | - - o
® similar resolution for the ttbar = ote _
invariant mass and the difference o _ = - n
: 1 L - 109 F
in rapidity il SO \‘7
-2 =15 -1 -05 0 05 1 15 o 2 -4 -3 -2 - 0 1 2’900 3gen 4
e Jtallowsto: MM Ay Ay
. . . . e X 35.8fb' (13 TeV
® increase the yields in the sensitive o a0l e
c ! CMs utjets, 23 je s i right reco
low Mtt region T gl = s
. . . |
® gain a category with compatible - V"
o o e 200 r///,z Total unc.
sensitivity compared to all other

150

categories (see table event yields) 100

® reduce the systematic uncertainty
due to sources that cause

52 :‘)3%//// B //////f////////////////////

migration between jet multiplicity : T
; fo gt Source 3 jets 4 jets >5 jets

blns (JEC variation and tt right 130523.1 £153.8 92895.14+1295 716426 +114.1

had ronlzatlon model) tf Wl‘Of]g 29297.9 +£73.1 17355.6 + 56.6 43073.0 + 89.3
tt semi 50695.4 £96.2  88762.8 +127.1  80960.1 4+ 122.1
tt background  53464.6 +99.0 26084.5 + 69.1 25043.6 £ 68.1
single t 17847.8 +40.0 6922.3 &+ 27.1 6294.3 +25.9
V+jets 8989.7 + 100.3 2823.7 £ 51.6 2477.6 £ 489
QCD multijet  19834.8 4+ 6247.0  2100.4 + 603.2 1082.9 + 209.6
MC sum 310653.4 £253.8 236944.5+211.9 230574.0+211.0

Data 308932.0 +555.8 237491.0+487.3 226788.0 + 476.2




Yukawa coupling in ttbar differential measurement:
likelihood model CMS-PAS-TOP-17-004

Likelihood model constructed as a product
of Poisson likelihoods for the observed
number of events in each mtt, deltaY bin :
L= [  Loin=]]Pois(n22[s®™(8) x R®™(Y;) + b°"(8)) x p(6]6)
bin €(Mg,Ay:) bin
® s bin is MC prediction of the tt production
® b bin includes MC prediction from single top,

QCD, and V+jets
e R bin (Y t) encodes the effects of differentY
t coupling scenarios, formulated as quadratic 180 . 18 |
equations in each bin 1.255— g:’\fnsulation a Jots I 1.25} gm‘vsulation 3 jots |
e p encodes pdfs for systematic uncertainties 0 o 1.2 Pn1 *4 Jets 1.2p bin2  *xd4jets

*25 jets *25 jets

(6)}
—

Sensitivity formulated as a quadratic
equation for each bin in the likelihood
model: Rbin(Y t ) = s bin (Y t )/s bin (SM) ->
represents the strength of the EW | _ |
correction over the uncorrected POWHEG O e T s e a3 5 g L T
yields. The strength R(Y t ) = | corresponds ,
to the SM top Yukawa coupling prediction.

o = 4
—

- O
—_ T

1.05-

(Y, yields)/(Powheg yields)

(Y, yields)/(Powheg yields)

o
©
a
o
©
a

o
O

g bt cMs g ' cMs g bt cMms g bt cMms
. . . . @ 1:25] Simulation 8lets @ 125] Simulation 3ets ® 1.25F Simulation %1% © 1.25F Simulation 31
| bin3 - [ bin4 > [ bins e L bin6 -

Systematic uncertainties treated as nuisance g 'z ™° I ST el 3 A B A
= 3 3 JIOF F
. . . & 14f & 11 & 14f & 14f
parameters and constraint in situ 2 105} 3 105 2 105} 2 105}
2 4 2 1/ 7‘;’; 1t T% 1
> 0.95F > 095 > 095} > 0.95F

0.9l bbbt 0.9 bbb 0.9 bbbl 0.9 bbbt T

005 115 2 25 3 35_4 005 115 2 25 3 35 4 0 05 1 15 2 25 3 35 4 0 05 115 2 25 3 35 4
YI Yl YI Yf




Yukawa coupling in ttbar differential measurement:

experimental uncertainties

¢ Normalization uncertainties for background cross sections
e |epton IDs and triggers, JEC/JER, b-tagging and mis-tagged efficiencies, pile-
up, lumi
e MET negligible
® |JEC splitinto 19 independent sources — dominant experimental
uncertainty

® QCD shape uncertainty derived by b-tagging inversion — larger and
higher impact uncertainties for 3 jets channel

Uncertainty tt singlet V+jets QCD
Luminosity 2.5% 2.5% 25%  2.5%
Pile-up shape shape - -
JEC (19 independent variations) shape shape -

JER shape - -

Lepton ID/trigger shape shape  shape

b tagging scale factor shape shape  shape

b mis-tagging scale factor shape shape  shape -
Background normalization - 15% 30%  30%
CSV invertsion on QCD template - - - shape




Yukawa coupling in ttbar differential measurement:
modeling uncertainties e PAS TP | 7004

Renormalization&Factorization scale uncertainty described by 4 nuisances includes the shapes bo
total correlation and total anti-correlation

PDF uncertainty described by 8 nuisances derived by grouping 100 replicas (NNPDF) with similar
variations on the analysis bins

Top mass systematic derived by +1GeV MC samples

Parton shower (6 nuisances) :

NLO Matrix element shower matching: dedicated MC samples with h damp variation

ISR/FSR scale: dedicated MC samples with variations (FSR shape)

Underlying events: dedicated MC samples with tune variations (negligible)

b-jet fragmentation: fragmentation and uncertainties change in MC by reweighing (shape)

B meson decaying Br: change leptonic branching fraction in MC by reweighing (shape)

Color reconnection: dedicate MC sample including color reconnection of resonant decays
Uncertainty due to weak correction estimated by bin-by-bin (scale variation due to due to fact.&reno.
scale up/down)x(weak correction) — tiny systematic variation and low impact, dependent from Yt

Uncertainty tt singlet V+jets QCD
Fact. & reno. scale shape shape shape -
PDF shape shape - -
as(Mz) in PDFs shape shape - -
Top mass shape - - -
Parton Shower

-NLO shower matching shape - - -
-Color reconnection shape - - -
-ISR 2%/2%/3% - - -
-FSR shape shape - -
-b-jet fragmentation shape shape - -

-B hadron decaying Br. shape shape - -
Weak correction dgcpdew shape -




4 top quarks:

strategy

o Cut-based approach:

e PBaseline events are separated into |14 bins depending on lepton
and (b-tagged) jet multiplicities along with 2 high statistics regions
enriched in ttW and ttZ (inverting the Z-veto) for normalization
constraints

e BDT approach:

e a multi-variate classifier is also trained tight to separate signal
from background

e Baseline events are passed through the classifier and the
discriminator output is sliced into |7 bins

® The ttZ-enriched control region from the cut-based procedure is
also included as another bin



4 top quarks:
systematic uncertainties

Experimental uncertainties are treated as:

® fully correlated among signal regions
for all signal and background
processes
® fully uncorrelated across years
Systematic uncertainties in the data-
driven estimates and theoretical
uncertainties on the normalization of
each background process are treated as
uncorrelated between processes but fully
correlated among signal regions and
across the three years.
Scale and PDF uncertainties, as well as
uncertainties on N jets ISR/FSR and on
the number of additional b quarks, are
correlated between processes, signal
regions, and years.
Statistical uncertainties due to the limited
number of simulated events or control
region events are considered
uncorrelated.

CMS-PAS-TOP-18-003

Impact on the

Source Uncertainty (%) | tttt cross section (%)
Integrated luminosity 2.3-2.5 3
Pileup 0-5 1
Trigger efficiency 2-7 2
Lepton selection 2-10 2

Jet energy scale 1-15 9

Jet energy resolution 1-10 6

b tagging 1-15 6

Size of simulated sample 1-25 <1
Scale and PDF variations t 10-15 2
ISR/FSR (signal) t 5-15 2

ttH (normalization) t 25 5

Rare, X7y, ttVV (norm.) t 11-20 <1

ttZ, ttW (norm.) + 40 3-4
Charge misidentification t 20 <1
Nonprompt leptons + 30-60 3

Nige/ PR 4 1-30 2
o(ttbb) /o (ttjj) t 35 11



Charge asymmetries from differentialnnaa
measurement: systematic uncertainties

e each uncertainty propagated through analysis chain individually:

sys. uncertainty in bin = difference of the changed result wrt nominal
determined individually for each bin through variation of sys. source
applying b-tagging efficiency dependent correction for systematic
uncertainty estimation due to theory related sources, JES, and |ER
following recommendations in all cases

e 39 observables:

The total uncertainty in each bin of each measurement is determined
by summing the experimental and theoretical uncertainties in
quadrature and ranges from 4-25%, depending on the observable and
the bin. In Section 7, figures showing the contribution of each
systematic uncertainty, the statistical uncertainty, and the total
uncertainty in each bin for selected normalised parton-level
differential cross sections as a function of top-quark-related
kinematic observables are provided.

For most bins in a majority of these distributions, the JES is the
dominant systematic uncertainty

56


https://link.springer.com/article/10.1007/JHEP02(2019)149

Charge asymmetries from differential i
measurement: systematic uncertainties

e experimental uncertainties considered in this analysis:
trigger eff., lepton ID/Iso, kin. reco. eff.: vary accordingly to uncertainties
JES (individual sources), JER, b-tagging: prescription by POGs
b-tagging: additional variations depending on jet kinematics
unclustered MET variations
pile-up reweighting: : +/- 4.6% on min-bias cross section
lumi: 2.5% variation
background normalisations: 30% variations
® modeling uncertainties
e ufuR-
® ME-level: u f u R varied coherently and separately
® PS-level: vary scale of ISR/FSR alpha s (FSR variation rescaled)
m t : alternative +/- 3 GeV samples rescaled to +/- | GeV
ME-PS matching: hdamp variation samples
UE-tune: varied CUETP8T2M4 parameters
PDF: replica variations + alpha S
b-fragmentation: gen-level reweighting
colour reconnection: model comparisons via samples
b-semi-lep BR: varied according to PDG
dileptonic branching ratio: +/-1.5% (PDG) (absolute results in full phase space

only)

o7


https://link.springer.com/article/10.1007/JHEP02(2019)149

