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INTRODUCTION

* No clear sign of new physics (BSM) at LHC so far...
-~ ...and future accelerators in coming decade(s)

will increase [L, not «/s

* Many BSM theories predict sizeable deviations of

top quark’s couplings w.r.t. SM predictions

= Most of canonical top quark processes at LHC |

have reached precision era (systematics-limited)

Motivates ambitious top physics

\_7 programme to reveal new physics indirectly

through precision measurements
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CMS Preliminary

i 7 TeV CMS measurement (L <5.0 fb™)
@ 8 TeV CMS measurement (L <19.6 fo™)
@ 13 TeV CMS measurement (L <137 fb™)

— Theory prediction :
% 2 Z CMS 95%CL limits at 7. 8 and 13 TeV :
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EFFECTIVE FIELD THEORY

“ Interpret potential deviations from SM predictions

BSM effects described by finite number of EFT
operators, whose strengths are encoded into
Wilson coefficients (WCs) & theory parameters
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measurements

Supersymmetry?

=

~ arxiv:1802.07237

Interpreting top-quark LHC measurements
in the standard-model effective field theory

J. A Aguilar Saavedra,! C.Degrande,” G. Durieux,?
F. Maltoni,! E. Vryonidou,? C. Zhang® (editors),
D. Barducci,® I. Brivio,” V. Cirigliano,* W. Dekens,*? J. de Vries,'” C. Englert,*!
M. Fabbrichesi,"” C. Grojean,*"* U. Haisch,>'" Y. Jiang,” J. Kamenik,'>'®
M. Mangano,? D. Marzocca,'? E. Mereghetti,® K. Mimasu,! L. Moore,* G. Perez, '’
T.Plehn,'® F. Riva,? M. Russell,'® J. Santiago,'® M. Schulze,* Y. Soreq,?
A.Tonero,®* M. Trott,” S. Westhoff,'® C. White,?? A. Wulzer,2#2! J. Zupan.®®

* Fruitful EXP/TH collaboration within
LHCTopWG summarized in EFT note
o Guiding principles

COMPOSITE
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Composite Higgs?

Matching

Measurements

Flavour



https://arxiv.org/abs/1802.07237

APPROACHES TO TOP-EFT 4

Good scalability

*

*

Easily combinable in global fits beyond LHC

>

Treat all backgrounds SM-like
* Many assumptions, overestimate uncertainties,

miss correlations, ...

Post-measurement Direct measurement
interpretation at detector-level

Optimal sensitivity to Wilson coefficients

*

*

Minimal assumptions

*

Can probe EFT in all sensitive processes

*

In-situ constraint of systematics considering correlations

*

Novel approach, less experience with combination
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APPROACHES TO TOP-EFT °

Reinterpret inclusive measurement

Wilson coeff. constrained using
straightforward EFT parameterization
Scalable & combinable

No MC EFT sample required

Maximal assumptions

Post-measurement
interpretation

Direct measurement
at detector-level
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. CMS

Post-fit distributions of BDT-21 in ep channel
"= Very rare process, not yet observed cMs 356 b (13 TeV)

- 0(SM) = 9.2 fb, ©(10%) smaller than tt background

Events/bin

= Target 1£ and 2£-0OS final states with jets

= Train BDTs to assign jets & isolate signal

* Results combined with same-sign 2£ + 3£ analysis s fxe mE B

- Observed limit=3.6 * o(SM)
~ Obs. (exp.) significance = 1.4 (1.1) std.dev.

ATLAS Run2 result : [ATLAS-CONF-2021-013]
> Obs. (exp.) significance : 4.7 (2.6) std.dev.

" Highly sensitive to 4-heavy-quark operators

= Parameterization derived at gen-level : ; f

(V]
I3 i (c0)
=
2 g 7
Ottt = Oyt T2 ch"fk A4 B CJCk‘Tj(,k) g
j<k Operator Expected C,/ A2 (TeV ) Observed (TeV ?) g,
oL [-2.0,1.9] [—2.2,2.1] 5
* 9509 CL upper limits derived on individual 9o [-2.0,1.9] [~22,2.0] 3
. . . 1 _ _
operators, marginalizing other operators % [=3.4,3.3] [=3.7,35] S
O3, [-7.4,6.3] [-8.0, 6.8] S
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https://link.springer.com/article/10.1007%2FJHEP11%282019%29082
https://cdsweb.cern.ch/record/2759644
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* PDF(q) != PDF(q) - tt charge asymmetry @ pp collider
-~ Asymmetric qq/qg contributions diluted in dominant gg fusion - Subtle effect
- Ac altered by several BSM models (anomalous couplings, Z’, ...)

= P+jets channel ; resolved & boosted topologies

Alyl = Iyl = lyil
_ N(Alyl > 0) - N(Aly| < 0)
N(Alyl > 0) + N(Aly| < 0)

Ac

* Inclusive measurement (statistics-limited) :
- Evidence for non-zero value (40)

Ac = 0.0060 £ 0.0015(stat+syst.)

= Differential measurements unfolded at parton-level

LI | T 1 1 | | | I UL | LI | N |

- : | ATLAS Prelimi {5 =13TeV, 139 16" -
* Sensitive to 7 EFT operators » Flavour assumptions -l Il
_ differential A; vs. NNLO QCD + NLO EW

> Sensitivity condensed into 1 linear combination (C7) [ myinterval  —a* —ateat ea%CLimis

. . (L[> 1500 Gev —— 1
* Compare measurements with EFT model > Tighest bounds |/ -
| 1000 - 1500 GeV = =3 -
& 0.07¢ T T — 3 o r . ] {|| 750- 1000 GeVv —
0058 NNLOQCD + NLOEW ~ ATLAS Preliminary: < 0.014-8 NNLOQCD + NLOEW  ATLAS Preliminary] i |
0_052_- Powheg+Pythia8 Vs=13TeV, 139 fb” _; 0.0122_- Powheg+Pythias \s=13 139 fb"! é : 500 - 750 GeV ——
0.04;— ¢ Data(stat/total) —; F ¢ Data(stat/total) E \| 0 - 500 Gev : 3
0.03 — - n H .
0.02 { E 3 L] inclusive —
0.01= 1 é P i !
OT__i___i_____/é__: ] - LHC8 combination - =
; : — | pp, B TeV, JHEP 1804 (2018) 033 |
—0_015— ﬁ E B M/ j - Tevatron combination : .
_002:— _E = 1 | PP, 1.96 TeV, PRL 120 (2018) 042001
_0.03:' | | | E 0: . coc v b v b by by

<500 [500,750] [750,1000] [1000,1500] = 1500
my [GeV]

Inclusive

-8 —6 -4 -2 0 2 4

ATLAS-CONF-2019-026 C [TeVT
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-026/

APPROACHES TO TOP-EFT 8

Wilson coeff. constrained using

straightforward EFT parameterization

Scalable & combinable

No MC EFT sample required

Maximal assumptions

Post-measurement
interpretation

Direct measurement
at detector-level
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Untolded ditt. 2 5

| - Differential tt cross section measurement as a function of
* 20 0S + b-jets final states polarization and spin correl. observables |
| - Unfolded at parton-level, consistent with SM

CcMS 35.91b™" (13 TeV) CMS 35.9 tb' (13 TeV)
L T T T r T T T -
5 B .56 | + Unfoided data ----NLO, SM L 15[ + Unfolded data ----NLO, SM 4
8 V9P — POWHEGV2 + PYTHIAS -- NLO, unpolarized | S [ — POWHEGV2 + PYTHIA8 -- NLO, uncorrelated |
o -~ MG5_aMC@NLO + PYTHIAS [FxFx] Bl [ -- MG5_aMC@NLO + PYTHIAS [FxFx]
—lo 0.54 L
0.52

0_5_$ + + o+ Jr_
0.8 1+ 4 1{ 4‘_ B

m Stat E‘;lat@syst : m Stat Sltat&)Syst : o cnl"s T 1 1 T T T T T Issglfb-l1 (‘IISTelV)
5 AE : : I I I
—1 -0.5 0 0.5 1 —1 -0.5 ' o] 0.5 1 8 -_ 7]
cosefcose I
L i
" Top chromomagnetic dipole moment (CMDM) predicted by SM, I — Nominal 1
modified in 2HDM/SUSY/technicolor/etc. s\l . +theory
- Related to c¢;c operator > Modifies yield, kinematics, spin structure [ FESERIEa 1
2l BWesc.cl
" 95% CL limit on ¢ obtained from simultaneous X? fit i . 95°/°CIL -
° . . . ° . O : I : I :
to several differential spin distributions o2 o

- Sensitivity improved by ~ 30 % w.r.t. previous CMS
analysis, mostly due to more powerful observables

10.1103/PhysRevD.100.072002
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.100.072002&v=8b954030

APPROACHES TO TOP-EFT 10
Hybrid measurement at detector-level

Wilson coeff. constrained using o) Parameterize yields with EFT at gen-level,

straightforward EFT parameterization  translate to detector-level assuming SM shapes

Scalable & combinable

No MC EFT sample required

Maximal assumptions

Post-measurement
interpretation

Reinterpre’t untfolded ditterential measurement

Direct measurement
at detector-level
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Hybrid CMS .

= 20 channel

= Event categorized by :

-~ lepton channel
-~ jet/bjet multiplicities

: , -+ Isolate the tW process (4 sensitivity )
* Train dedicated neural networksto: - o _
_+ Distinguish FCNC signatures from SM

CMS 35.9 fo” (13 TeV)
= EFT contributions estimated at gen-level |} O beutn A -
68% obs. '
> extrapolated to detector-level _E oot ] %
— | 95% obs. (theory sys) : — '
| | % Ll
* Extract individual limits from simultaneous fit el B 11
: e : s 1B
to yields or NN distributions in all categories Cor| | e
Cx10 i | _ | | %
. . C,x10 N N =)
" First step towards more global fits N = 1B
Gt TN |
-8 -6 -4 -2 0 2 4 6 8 =

C,/A? [TeV?]
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1140%2Fepjc%2Fs10052-019-7387-y&v=66ba2245

10.22323/1.276.0237

* Simultaneous inclusive o(ttZ) & o(ttW) measurements in 2£/32/42 channels
" Fit to eventyieldsin categories based on object multiplicities / properties

Regions targeting ttZ production

ttZ cross section [pb]

T T | T T T I T T T T T T I T T T I T T T | T T T I
16— ATLAS * Best it _
 Vs=13TeV, 36.1 b — es%CL 1 ]e LT = A R R R B AR AR AA=:
i 1 % } 0 c ATLAS , e Dam iz
14l - 95% CL 13 {s=13Tev,36.1167 == 3 s=13TeV,36.1107 g7 mwz
. — NLO prediction ] (post = 1Illl’\a"kzt:.- Leptons (post /- Other ) I Fake Leptons
L e i ~» Uncertainty 102 2 Uncertainty
121 ’ .
b ] 0
08 ] 1
L e 1] 4 1510 . . ; . = L 150 . . . . =
o8- | ‘ | | | ‘ a £ 24//—//(//—/////—///V/////7‘///2[////%////7‘*//7‘////7‘//#//AZ £ 1 34/%/?///%///////;/////74/////+<////—/////// fre el ey
L L L 1 1 Il L L L L L 1 1 1 1 1 L Il L 1 % 05 N N 1 i % 05 I i i i
04 06 08 1 12 14 16 | § Sz, Tog 3o 254, Lo 265, 3(.,,02_2% 34.,4,2_09 8 4(.8,?_% 4(.&._% 4A.DR% 4(.Dp_eb 4(.22_09
ftW cross section [pb]
677 = 0.95 £ 0.08, +0.10,, |~ Superseded by
CERN-EP-2021-01 Coefficients CoLINE  Cut/A? Cig/A? Cow/A?
oqw = 0.87 £0.13,, £0.14 | (backup) Previous indirect constraints at 68% CL  [4.7,0.7] [-0.1,3.7] [-0.5,10] [-1.6,0.8]
Previous direct constraints at 95% CL [-1.3,1.3] [-9.7,8.3] [-6.9,4.6] [-0.2,0.7]
Expected limit at 68% CL [2.1,1.9] [-3.8,2.7] [-2.9,3.0] [-1.8,1.9]
Expected limit at 95% CL [4.5,3.6] [-23,49] [-4.2,43] [-2.6,2.6]
| Constraln 4 Wllson CoefﬂClentS Separately rved limit at 68% CI [=1027] [-2035] [-37.35] [-2221]
Observed limit at 95% CL [3.3,42] [-25,5.5] [-5.0,5.0] [-2.9,2.9]
~ Fit to 3£/48 categories targeting ttZ Expected limit at 68% CL (linear) [-19,20] [-3.0,32] - -
Expected limit at 95% CL (linear) [-3.7,4.0] [-5.8,6.3] - -
Observed limit at 68% CL (linear) [-1.0,2.9] [-1.8,4.4] - -
Observed limit at 95% CL (linear) [2.9,49] [-4.8,7.5] - -
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http://dx.doi.org/10.22323/1.276.0237
https://arxiv.org/abs/2103.12603

APPROACHES TO TOP-EFT 13
Hybrid measurement at detector-level

Wilson coeff. constrained using o) Parameterize yields with EFT at gen-level,
straightforward EFT parameterization  translate to detector-level assuming SM shapes

Scalable & combinable

No MC EFT sample required | b) Reweight distributions as (SM+EFT/SM) at gen-level,

Maximal assumptions “\tronslote to detector-level under SM assumption

Post-measurement
interpretation

Reinterpre’t untfolded ditterential measurement

Direct measurement
at detector-level

DESY. | Top LHC France | Nicolas Tonon, April 6" 2021




= Procedure:

10°

Number of events

“a) Produce gen-level samples for SM & SM+EFT |
(LO), infine grid of EFT parameter space e

“b) Calculate weights SM+EFT/SM in bins of o
both observables, before event selection ?

14

77517 (13 TeV

—

| ¢ Data (DX

1 tiz Xy

| I wz 0 Rare

| ZZ 77/ Uncertainty
| [ Nonprompt — EFT best-fit

IIlIIlJ| | IIIIlIII 1 111l

DR —
0

Fy
L4

N0 200, ZAPUR =
A G ST T | B ?
N Y I

N
I|III|II IIII]II| II IIIIII| R

Data / Pred.
oo —_

) Apply weights to detector-level (NLO) SM
“sample to emulate EFT contributions

* Inclusive/differential measurements of o(ttZ) in
good agreement with NLO+NNLL predictions

= Constrain 4 EFT operators impacting t-Z coupling

= Up to +20 % sensitivity from shape information
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https://link.springer.com/article/10.1007%2FJHEP03%282020%29056

Hybrid > -

137 fb (13 TeV)

o
=
]
)
g
S
)
Q
3

ng ?—ﬂ'y I-I\‘llisid.‘e-P-‘k;ldrcall'lic wliake EOthler | -IWE
”_; [ B= Multijet IR Zy . 0bser\|fed g> Uncertair:ty . T
* =1leorp(p>25 /=1y (p>20)/23j(pr>30)/ =1 bjet (e~70 %) B s sl s il FITRINIE =
CEIEIEIERE I EOR TR EAR IR Y =
; 8 & g | . ; é{)
* Constrain main backgrounds in-situ with dedicated sidebands & H 2
s in
* Simultaneous fit to 12 SR + 34 CR categories v v
(@]
102 Lé)
fid. (1) — -
o' (tty) = 800 £ 46 (syst) + 7 (stat) fb| EREELNITaRT) ool — O
e A T R o =
} F E e A LSS SRR S W
ATLAS Run2 tty+tWy fiducial measurement : JHEP 09 (2020) 049 Coss L 1 | S
_ CMS Preliminary (13 TeV) i i o i i ’ s g 58 g
2 [ gation  — observation ] CMS Preliminary 19716 (13 TeV)
5 & 120
* Particle-level unfolding to g0y Miewem Bty 3 = psp @ Sendad nadd —ewoL | | <
ty), In(v)] ARIEY) i | - LT e
PtY); [Nty Y St 1= g4l 16
) ’ ’ g 102]:g pT(V) _ N 0.4: 1,
. . . g | 1 o2f 12
= All results agree with predictions - B
10 :|—| = D__ 10
- . z :
* Constrain 2 EFT operators 1 o2p
. . . 1= — B
impacting t-y/Z vertices 1 el
s = : "EFT
B L e e 0BE e
50 100 150 200 250 300 350 -06 -04 -0.2 0 0.2 04 06
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https://cds.cern.ch/record/2758332
https://link.springer.com/article/10.1007/JHEP09(2020)049

APPROACHES TO TOP-EFT 16
Hybrid measurement at detector-level

Wilson coeff. constrained using ) Parameterize yields with EFT at gen-level,
straightforward EFT parameterization  translate to detector-level assuming SM shapes

Scalable & combinable

No MC EFT sample required | b) Reweight distributions as (SM+EFT/SM) at gen-level,

Maximal assumptions tronslote to detector-level under SM assumption

Post-measurement Direct measurement
interpretation at detector-level

Relnterpre’t untfolded ditterential measurement Direct EFT measurement

DESY. | Top LHC France | Nicolas Tonon, April 6" 2021



.  Model: SM QS 2HDM FC2HDM MSSM RPVSUSY RS EMF
" t>Zq/32channel/FCNCinttdecay si—q42: 10" 10* 10° 100 107 10°° 105 1076

-_-- V0000000000000 0000000000000

* Fit to kinematic distributions in several SRs/CRs > Constrain Wilson coefficients
2 p—T Ty 3 e T T st S >
Pl Xt 1 ;'?;m B S50 An::‘:frev 36.1 fo’ ;Pﬁm . 160| A:ﬂgn\f 36.110' ;‘Dtm 3 -
g ggsmg[m} - Gt I B 3o CITE Operator Observed Expected o)
¥ Pppoun s _‘ %20{: asfl—‘rlw - E%"'—’{'v_&? _; § B = 00 = =
e e i) 1) 0.25 0.30 S
L
!
_______ icy 0.25 0.30 o
................... 4 ] I
| | 3
? it o | O te— 1CBY)| 0.30 0.34 S
i 50 100 150 200 250 300 350 400 |CE£W)| 0'30 0'34 g

Leading lepton p, [GeV]

ATLAS + Data % Uncertainty

o
10% 1s=13TeV. 81107 __ giona) (x10) [ weyeiets
tuy, LH

= t > Yq / FCNC |n top gR . P viake  [zeysiets
production & decay

Events / bin

" FittoNN in SR, and

Observable Vertex Coupling Obs. Exp.

Phys. Lett. B 800 (2019) 135082

. . . (13)+ (13) +0.04
to kinematics in CRs |Cuw +Cip | tuy LH 019 0225,
o e +cy)| v RE 027 027708
21,125 . * M
% 1 /#wﬂ///WW/)W/%// Cl(]%g) - ClE]233} tey LH 0.52 057tg{1);
J0875 4 (32) . A(32) +0.12
0'750 0.1 02 03 04 05 06 07 08 09 1 CuW +CuB rcy RH 0.48 0'59—0_09

NN output


http://dx.doi.org/10.1016/j.physletb.2019.135082
https://link.springer.com/article/10.1007%2FJHEP11%282019%29082

CMS

Target {tt2€/ttev/teeq/ttH/tHq} processes simultaneously in {28 SS/38/48 + bjets} channels

= Constrain 16 EFT operators impacting top quark vertices

= Signal event weights parameterized with all Wilson coeffs.

-~ Full detector simulation of SMEFT samples  omemoieat | N-5MT(13TeV)
| et ¥ || P8
-~ Categorization on objects multiplicities & properties g [T
- Enhance sensitivity to different processes / operators o
" Important step towards direct measurements accounting = |
for EFT in all sensitive processes ! oo |
i
CMS 41.5fb" (13 TeV) _ tms 41517 (18 Tev) RS IR S S I
£ 250F- Postii . 5 b o
5250 ostiit 9 Af'ter f|'t Of NE 4:2 SRR RSO
200 16 Wilson T oo ] e e
coeffs. to data Gm_z
DE Q s T
0 S s T s e e .
gl I w Ll b T b b,
L0 e e— e —— fr——— —t— o 20 15 10 5 0 5 10 15 20
o . oC I B B SR T S Wilson coefficient Cl / AZ [TeV'?]
8 02 2 Ssy. “?f SS(_‘_C)? i’b(;?‘ﬁ fb(,:?f E'b(*‘?f E‘b(_*SFZ rbSFZ.-?b d - - -2 0 2 c,wlf\;[lT eV

. . 10.1007/JHEP03(2021)095
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http://dx.doi.org/10.1007/JHEP03(2021)095

SUMMARY

* Top physics @ LHC has entered precision differential era for good

19

- EFT measurements a key part of future physics programme & LHC legacy

= ATLAS & CMS Top groups continuously improving their EFT strategies
-~ Already numerous publications employing different approaches with pros/cons

September 2020

MFV basis adopted from arXiv:1802.07237
Dimension 6 operators (A = 1 TeV)

Eur.Phys.J. C79 (2019), 886 35.9 b
TOP-19-001 415"
TOP-19-001 415"
JHEP 03 (2020) 056 77.5 b
TOP-19-001 415"
TOP-19-001 415"
JHEP 03 (2020) 056 77.5 "
TOP-19-001 415"
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CMS Preliminary
EFT from top quark production Vs =13 TeV
&=c/ A2 Top quar!( - §calar boson ope.rattlaljs

— marginalized — individual

C,a
FaQ | :
C¢tb 10 = ——
é‘tt 1‘|EIE'><>< — —
CI¢ 1?Ei<>< o —
| L | | L |
95% CL limit [TeV?]

Other CMS EFT
summary plots
in backup



20

Trends

EFT interpretations are becoming frequent in t(t)+X analyses

Shifting from reinterpretations of inclusive - differential measurements
Expect more and more direct EFT measurements in future

Rares top quark processes (tX, tttt, ... ) a crucial component of EFT searches

Many avenues to further improve treatment of / sensitivity to EFT

More studies needed : include EFT effects in top decay, validate/use new NLO models, etc.

Simultaneous fits to multiple processes & operators ¢ Physics-driven approach
Simulation & fits more challenging ! Important to gain experience now

= Make maximal use of available information (- differential, machine-learning, MEM, etc.)
Ambitious objective : global fit in the top quark sector through combinations between...

analyses »> orthogonal event selections, unified statistical framework, etc.
experiments > common procedures/assumptions (cf.TopLHCWG), etc.
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BACKUP




CMS TOP EFT SUMMARY PLOTS 22

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures

CMS Preliminary September 2020
EFT from top quark production Vs=13 TeV

Four-fermion operators . ) -
C= Ci /A2 o P o MFV basis adopted from arXiv:1802.07237 CMS Preliminary September 2020
—— marginalized — individual Dimension & operatars (A = 1 TeV) EFT from top quark production Vs =13 TeV
~TO | ~ -
g | o — TOP-19.001 asw’| G =C /A2 (Top) quark - vector boson operators MFV basis adopted from arXiv:1802.07237
” —— marginalized —— individual Dimension 6 operators (A = 1 TeV)
~ o . ~ [0
(o TOP-19-001 “1.5% Cy - JHEP 03 (2020) 056 775"
~ (1)
& TOP-18-001 A5 b = e —— TOP-19-001 415"
te CtZ
e - JHEP 03 (2020) 056 7751
.19 % ~
Gy TOP-19-001 “1.5% Cow TOP-19-001 451"
~ ()
Qe TOP-19-001 41517 ~ Eur.Phys.J. C79 (2019), 886 359 1b"
e W e — TOP-19-001 MN1.51m"
TOP-19-001 2151 =M1
al G 0% — —————— Phys.Rev. D100 (2018), 072002 359 1"
~3(1) 4
10, . 01x ——— Phys.Rev. D100 (2018), 072002 3591
CQI TOP-19-001 4151 ~ 0y —mm8 Eur.Phys... C79 (2019), 886 359 b
» G S— TOP-18-001 415"
o JHEP 1911 (2019) 082 359" ~
1 Cq 0 Eur.Phys.J. C79 (2019), 886 359 1"
-~ _— JHEP 1911 (2019) 082 359" Cus 0.1x Eur.Phys.J. C79 (2019), 886 3591
o CuG 0.1x — Eur.Phys.J. C79 (2019), 886 359 b
CQI —— JHEP 1911 (2019) 082 3591
| | | | | | | | | | | | | | | |
o -10 -5 0 5 10
C, S — JHEP 1911 (2019) 082 3591b" L. 2
95% CL limit [TeV™]
L1 L1 L1 L1l
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= In agreement (and similar precision) as NLO+NNLL prediction :
Eur. Phys. J. C 79, 249 (2019)
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