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Open questions in partlcle physics

The Higgs boson

¢ Huge gap between weak and Plank scales?

¢ Compositeness? Non-minimal Higgs sector? the weak scale? Why so

different from Planck scale?
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¢ Coupling to Dark Matter? Role in cosmological

phase transitions? €125 GeV (Higgs mass)
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¢ Is the vacuum state of the Universe stable? #1 GeV (Proton mass)
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Open questions in particle physics

The Higgs boson

¢ Huge gap between weak and Plank scales?
¢ Compositeness? Non-minimal Higgs sector?

¢ Coupling to Dark Matter? Role in cosmological
phase transitions?

¢ Is the vacuum state of the Universe stable?

Bullet cluster

Juan Rojo

Dark matter
¢ Weakly interacting massive particles?
Neutrinos? Ultralight particles (axions)?

¢ Interactions with SM particles? Self-
interactions?

& Structure of the Dark Sector?

Mass density
contours
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Open questions in particle physics

The Higgs boson

¢ Huge gap between weak and Plank scales?
¢ Compositeness? Non-minimal Higgs sector?

¢ Coupling to Dark Matter? Role in cosmological
phase transitions?

¢ Is the vacuum state of the Universe stable?

Quarks and leptons

¢ Why 3 families? Origin of masses, mixings?
¢ Origin of Matter-Antimatter asymmetry?

¢ Are neutrinos Majorana or Dirac? CP
violation in the lepton sector?

Juan Rojo

Dark matter
¢ Weakly interacting massive particles?
Neutrinos? Ultralight particles (axions)?

¢ Interactions with SM particles? Self-
interactions?

& Structure of the Dark Sector?

Leptons
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Luminosity [cm?s]

Open questions in particle physics
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Crucial information on these fundamental questions will be provided by the LHC:

the exploration of the high-energy frontier has just started!

Juan Rojo
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Global analyses of LHC data

Many important open issues in particle physics require
global analyses combining a large number of LHC measurements

The quark and gluon substructure of protons
¢ PDF constraints from LHC measurements
¢ Parton distributions with theoretical uncertainties
¢ Projections for future colliders: HL-LHC and LHeC

Model-independent bSM searches from precision measurements

¢ Towards a global fit of the Standard Model Effective Field Theory

¢ The SMEFIT analysis of the top quark sector
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The inner life of protons

See also The structure of the proton in the LHC precision era”
J. Gao, L. Harland-Lang, JR (Physics Reports 17)
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Parton distributions @ LHC

QCD Factorisation theorem:

Event rates = parton distributions + hard-scattering partonic cross-sections

NeucW) ~g® g ® 6,5y + O(ay)

proton

X: proton’s energy fraction

carried by quarks w
Q: momentum transfer in GqZ]—>W >
hard scattering (inverse of anti-down

resolution length)

proton
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Parton distributions @ LHC

Challenging to compute from first principles

|

Determine from data:

Global QCD analysis
Mass? Spin? Event rates LHC,
Heavy quarks? RHIC, IceCube?

DGLAP evolution

bd
gi(x, 0?) = J =p, <f, aS<Q2>) 4z, 0?)

(upwards in Q) 01ln Q2 Z 4
Momentum sum rule 1 o
ve | dxx( Y lan 09+ .09 + .09 ) =1
(energy conservation) 0 P
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QCD factorisation

The QCD factorization theorems guarantee PDF universality

6pp—>W — BJMJQW ® M(X) ® CZ(X)

~

P

Determine PDFs in lepton-proton ... and use them to compute predictions
collisions (deep-inelastic scattering) ... for proton-proton collisions
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From the proton mass to the LHC

¢ Extract PDFs at hadronic scales (few GeV), where non-perturbative QCD sets in

¢ Use perturbative evolution to compute PDFs at high scales as input to LHC predictions

Hadronic scale: High scales:

Global PDF fit results input to LHC
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Why better PDFs?

Gluon-Fusion Higgs production, LHC 13 TeV
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The NNPDF approach to PDF fits

£@
: g(x, Q) = Ax™%(1 — xYs £P(x)

Neural Networks as universal
£ £ unbiased interpolants to parametrise

€C

R oy PDFs: eliminate model assumptions
53(2) 4;2(3) 7 él(L)
¢ Monte Carlo replicas to propagate
In1/x (ag o uncertainties wo Gaussian assumptions
EP £V
¢ Genetic algorithms and Machine
£ Learning to explore parameter space
5
Proton PDFs Nuclear PDFs
Traditional g(x) = x~"(1-x)° R,(x,A) ~ (1 + bx+cx*) x A
Neural Nets g(x) =~ NN(x) R (x, A) = NN(x, A)
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The NNPDF approach to PDF fits

~
4 ] )
Experimental data fit validation, statistical
Fixed-target & collider DIS estimators, diagnosis tools
Tevatron and LHC measurements \_ )
\ Jets, DY, top, Z pT, .... y - ~
- ~ - ~ APFEL WEB
Statistical framework The global QCD fit http://apfel.mi.infn.it/
o i o on-line plotting toolbox
HUEE _a rz?metrlsatlon, . Minimise figure of merit (*) and
PDF uncertainties and propagation determine PDF parameters . ™
\ Model and theory uncertainties ) \ ) L H A PD F
Ihapdf.hepforge.org
(" ) standard interface for
\_ public PDF delivery )
Theory calculations N
dat
1
N J e (ad) = Y (8 = ol ({a}) ) (covesp + covn)h, (017 = o™ ({ai}))
m,n= 1
T APPLgrid, FastNLO, aMCfast...
) 4
NNLO DGLAP evolution Fast NLO grids External (N)NLO codes
DIS structure functions
NLgNl:fvcl)/ ngD & €| vCcFM, NLOjet++, FEWZ,
-factors j
\ APFEL, HOPPET, QCDNUM, ... . y . DYNNLO, private codes

Combine precision measurements and state-of-the-art theory within robust statistical framework
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The NNPDF approach to PDF fits

Kinematic coverage
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Highly non-trivial validation of the QCD factorisation framework:
Including O(5000) data points, from O(40) experiments, some of them with =1% errors,

yet the global PDF fit achieves x2/Ngat= 1!
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PDF constraints
from LHC data

Juan Rojo



PDF information from p+p collisions

large-x gluon Strangeness antiquarks
Top quark pair production W + ¢ production Drell-Yan production
[ P W~ [ T
s,d
Y
Z/y
t B C [~
Jet production Z pr Direct photon production
> Z / Yk > y
Y Y
large-x gluon medium-x gluon medium-x gluon
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Gluon PDF from top quarks

Top quark pair production

& Complementary probe of the large-x gluon

¢Included differential top distributions in
NNPDF3.0 NNLO: constraints on large-x gluon
comparable to inclusive jet production

& Stability wrt choice of distribution (i.e. msuvs y)

& Reduced theory uncertainties in regions crucial
for searches, i.e., my > 1 TeV (fitting yt and yu)

Czakon, Hartland, Mitov, Nocera, JR 16
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Gluon PDF from direct photons

¢ Revisited the impact of LHC direct
photon data into the global PDF fit

Campbell, JR, Slade, Williams 18

¢ Theory based on NNLO QCD and LL
electroweak calculations

¢ Moderate impact on medium-x gluon

¢ Good consistency with other gluon-
sensitive experiments in NNPDF3.1

NNPDF3.1 | NNPDF3.1+ATLAS~
Fixed-target lepton DIS 1.207 1.203
Fixed-target neutrino DIS 1.081 1.087
HERA 1.166 1.169
Fixed-target Drell-Yan 1.241 1.242
Collider Drell-Yan 1.356 1.346
Top-quark pair production 1.065 1.049
Inclusive jets 0.939 0.915
Z pr 0.997 0.980
Total dataset 1.148 1.146
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Flavour separation from forward W,Z

¢ Forward coverage of LHCDb: unique Drell-Yan production

_|_

sensitivity to small-x and large-x regions l

beyond that of ATLAS/CMS

& Specially important to disentangle quark Z/y

flavour at large-x -
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Parton Distributions
with theoretical uncertainties

NNPDF Collaboration, in preparation
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PDF uncertainties

PDF uncertainties receive contributions from different sources:

extrapolation/
degeneracy

1.5

IIIIIIII | L I Illlllll | IIIIIIII ! [

B LvIO Closure Fit
I Lvi1 Closure Fit
LvI2 Closure Fit

1.4
functional form

1.3

exp data
uncertainties

1.2
1.1
1

0.9 Parametric theory errors

0.8 from 6as, 6mc accounted

0.7 In modern fits

ou(x, 0 = 1GeV)

NNPDF 14

] IIIIII| | lIIIlIIl ] IIIIIII| | ] IIIIIl| ] ||

0.6

0.5 0% -
10° 104 10° « 1072 10 1

Theory uncertainties on PDFs from Missing Higher Orders (MHOs) never quantified!
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Theory uncertainties from MHOs

At any finite order, perturbative QCD calculations depend on the
unphysical renormalisation and factorisation scales

n 'y
o(pp, 1) = 2 Z af +k(/4R) E(k)(//tRa pr) @ q(ir) & qj(ﬂF )+ 0 (af +n+1>
k=0 i,

In PDF fits, both scales are set to a fixed value, the typical momentum
transfer of the process Q, and the MHOUs are ignored
n
_ _ — p+k (k)
o(pg = Qs pip = Q) = ag Q) 0(0Q) & g(Q) ® g(0)

k=0 i,j

At order NkLO, the dependence on the two scales is determined by the

Nk-1LO splitting functions and partonic cross-sections by imposing:

o, 11r) = 6(0, 0) + O (af+n+1>

Scale variations provide an estimate of the perturbative MHOs
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Percentage Uncertainty

Theory uncertainties from MHOs

How severe is ignoring MHOUSs in modern global PDFs fits?

g(x,Q%=100 GeV?), NNPDF3.1NLO u(x,Q%), NNPDF3.1NLO
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0 g o
C
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X

Shift between NLO and NNLO PDFs comparable or larger than PDF errors

Given the high precision of modern PDF determinations,
accounting for MHOUSs is most urgent

25
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Option #1: PDF fits with scale variations

Perform PDF fits where theory calculations are constructed by exploring
a range of values for the renormalisation and factorisation scales

---------------------------------------------------------------------------------------------------------------------------------
-------------------------------------------------------------------------------------------------------------------------------
--------------------------------------------------------------------------------------------------------------------------

o(ur = Q, ur = Q) central scales

o(up =20, 1y = 20) o(pr = Q2,up = Q/2)

---------------------------------------------------------------------------------------------------------------------------

o(ur =20,ur=0)  o(up = 0, ur =20)
o(up = O 2,ur = Q) o(up = Q,ur = Q/2)

*
-----------------------------------------------------------------------------------------------------------------------------

9-points G(IMR — 2QnuF = (0/2) G(IMR — Q/Z,,UF = 20)

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

3-points

7-points

Define the theory error due to MHOUSs from envelope of the scale-varied PDFs
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Percentage Uncertainty

Option #1: PDF fits with scale variations

Perform PDF fits where theory calculations are constructed by exploring
a range of values for the renormalisation and factorisation scales

g(x Q?=100 Gev2) NNPDF3.1NLO T(x, Qz) NNPDF3.1NLO
20_‘ L — T T TTTT] T '.i 20 K T 1111 T —
- - PDF uncertainties : - PDF uncertainties
15— — NNLO-NLO Shit (sym) _ 15 — NNLO-NLO Shit (sym)
0 f— ................... TH errors (7 pt envelope) -% 10 -------
~~~~~ g ’y._._._......
c 55\ Tt
Do e
)
S 0
c o = .-
) Lot
o -5
¢ )
- o .
-10 gluon -10 anti-up quark
_15_ Ll 1 11"111111 ool ool L1 -15 vl et il Ll Lol
107 107 1072 10~ 107 107 1072 10™
X X

& The 7pt envelope seems to work fine in most cases (perhaps too conservative?)
¢ Non-trivial theory-induced correlations between e.g. DIS and collider processes

& CPU-intensive, and cumbersome or LHC applications - can we do better?
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Option #2: theory covariance matrix

Construct a theory covariance matrix from scale-varied cross-sections
and combine it with the experimental covariance matrix

Ndat
2 @)} oyl
7 =— Y (D=T) (cov®+ cov®) ! (D, 7})

Different scale variation prescriptions possible, e.g, the 5-point prescription
1
covii = > (Ai(+,0)Aj(+,0) + A(—=,00A(—,0)* + A(0,4)A0,+)* + Ai(0,+)Aj(O,+)2)

AL=0) = oug = QF2up = Q) — our = Q, jip = Q)

Ai( +, +) = Gi(:uR — 2Q?/’tF — 2Q) _ Gi(/’lR — Q’MF — Q)

Different scale correlation patterns expected in different processes e.g. DIS and jets

Juan Rojo 28 Particle Physics seminar, BNL, 29/11/2018



Option #2: theory covariance matrix

Construct a theory covariance matrix from scale-varied cross-sections
and combine it with the experimental covariance matrix

ATLAS jets 7 TeV 2011
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Point ID

Systematic validation of the theory covariance matrix on the "exact’ result,
the NNLO-NLO shift, with the O(5000) data points of the global fit

Juan Rojo
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Option #2: theory covariance matrix

1.00
Experiment correlation matrix
NMC 1 0.75
SLAC
BCDMS -
0.50
CHORUS A
- 0.25
NTVDMN A
- 0.00
HERACOMB -
- —0.25
HERASBEHAGY
ATLAS - - —0.50
CMS -
CDF -0.75
LHCb -
C
W

-1.00



Option #2: theory covariance matrix

Theory-induced
correlations
between different
experiments
e.g. DIS and LHC

NNPDF fits with
theory uncertainties
in preparation

NMC -
SLAC -

BCDMS -

CHORUS -

NTVDMN -

HERACOMB -

EERTEE
1121130

S84 .

111111]

Experiment + theory correlation matrix for 5 points
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Towards Ultimate PDFs
at the High Lumi LHC

Abdul-Khalek, Bailey, Gao, Harland-Lang, JR 18
+ HL/HE-LHC Yellow Report, to appear
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A luminous future

¢ In the framework of the update of the
European Strategy for Particle
Physics, a CERN Yellow Report will
evaluate the physics potential of the
HL-LHC (to appear in Dec 2018)

& We have studied the impact of HL-
LHC data on PDFs, including
projections with (future) LHCb
measurements.

What is the ultimate precision
that can be expected for PDFs
from hadron collider data?

Kinematic coverage

10% p—— 1
' [a  top-quark pair HL-LHC 14 TeV, pseudo datai. -.; : _...;J:
» high mass DY .
107 [ ¥ : o
r a4 forward W, Z - n ‘.t.fl‘ :
- , E = §ExE m W]
v direct photon a ¥ s E eV o &
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&; 10 ¢ Zpr vy ' vV
[ : W+charm
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N I
O 105! WY FECLY
E vy
s \A =
\A /
[ N AL
C <« <
10° BT T = '“““i—z -1 BT
10 10 10 10 10
X
Process Kinematics Nyat Jeorr Jred Baseline
Z pr 20GeV < p’Tl <3.5TeV 338 0.5 0.4,1) [52] (8 TeV)
12GeV < my; < 150 GeV
lyul < 2.4
High-mass Drell-Yan  pi® > 40(30) GeV 32 05 (04,1 [47] (8 TeV)
In'| < 2.5, my > 116 GeV
Top quark pair m;; >~ 5TeV, |y;| <2.5 110 0.5 04,1 [50] (8 TeV)
W +charm (central) p% > 26GeV, p7 > 5GeV 12 0.5 (0.2,0.5) [24] (13 TeV)
In*| <2.4
W +charm (forward) p% > 20GeV, p7 > 20GeV 10 0.5 04,1 LHCb projection
p;“ > 20GeV
2<n*<45,22<n°<4.2
Direct photon E; S3TeV, Iny| <25 118 0.5 (0.2,0.5) [55]1 (13 TeV)
Forward W, Z ph >20GeV,2.0 < n! <45 90 05 0.4, 1) [49] (8 TeV)
60GeV < my < 120GeV
Inclusive jets ly| <3,R=04 58 0.5 (0.2,0.5) [61] (13 TeV)
Total 768
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HL-LHC measurements will be specially useful to constrain the gluon and

quark flavour separation in the large-x region, including strangeness
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HL-LHC constraints on PDFs

Reduction factor for PDF uncertainties in luminosities as compared to PDF4LHC15

Ratio to baseline

10 GeV < Mx <40 GeV

40 GeV < My <1TeV 1 TeV < My <6TeV

gluon—gluon

gluon—quark

quark—quark

quark—antiquark

strange—antistrange

strange—antiup

0.50 (0.60)
0.66 (0.72)
0.74 (0.79)
0.71 (0.76)
0.34 (0.44)
0.67 (0.73)

0.28 (0.40) 0.22 (0.34)
0.42 (0.45) 0.28 (0.37)
0.37 (0.46) 0.43 (0.59)
0.31 (0.40) 0.50 (0.60)
0.19 (0.30) 0.23 (0.27)
0.27 (0.38) 0.38 (0.43)

Ratio to baseline

gg => h+jet @ HL-LHC Vs=14 TeV
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HL-LHC data will lead to stringent
constraints on PDFs, reducing
uncertainties by up to a factor 5, and
making possible precise predictions of
central processes such as Higgs pr
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Gluon-Gluon Lumi (ratio to PDF4LHC15)
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HL-LHC and the LHeC

Compare with projections for the Large Hadron electron Collider (LHeC),

a lepton-proton collider proposed to operate in sync with the HL-LHC

Uncertanties in PDF luminosities @ Vs=14 TeV [ T=3 ]
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The LHeC would provide fully complementary information on PDFs with

different exp/th systematics and reduced risk of BSM contamination
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A SMEFT global analysis
of the top quark sector

Based on work in progress with:
Nathan P. Hartland, Fabio Maltoni, Emanuele R. Nocera,
Emma Slade, Eleni Vryodinou, Cen Zhang
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The Standard Model EFT

¢ Heavy bSM physics beyond the direct reach of the LHC can be parametrised in a
model-independent in terms of complete basis of higher-dimensional operators

N 6 Nas b].
3
J

& Some operators induce growth with the partonic centre-of-mass energy:
increased sensitivity in LHC cross-sections in the TeV region

2
o(E) = ogp(E) 1+2 mSM Z~CE +0 (A™)

& The number of SMEFT operators is large: 59 non-redundant operators at dimension 6
with Minimal Flavour Violation, > 2000 operators without any flavour assumption

¢ A global SMEFT analysis needs to explore a huge complicated parameter space
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From PDF fits to SMEFT analyses

¢ In global PDF fits, LHC cross-sections (incl. top) are used to constrain the input PDFs
h
o™ (0. {a,}) Z Iy (@, 0. 0p) ® gi(x, Qp. {4, }) ® gi(x, Q. {a,})

¢ The PDF parameters {ax} are determined from the minimisation of a figure of merit

Mqat
Pla)) = 2 < 5(EXP) _ ity Clk}> (cov)! < 5(EXP) _ (g ak}>
m,n

¢ If one now fixes the input PDFs (determined from a different set of data) and includes SMEFT
effects, one can exploit the same PDF fitting approach to carry out a global SMEFT fit

Nd6

(o) =1+ X558+ BT B 0.0 @0t 00 090504

Mgat
%2({Ck}) — Z <Glgexp) _ Gr(lth){ck}> (COV);;l <Gr(nexp) _ Gr(éh){ck}>
m,n
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Recipe for a global PDF fit

Theory Data
(N)NLO QCD + NLO EW for xsecs Deep-inelastic scattering
NNLO for DGLAP evolution Drell-Yan, jet, top quark production
Heavy quark mass effects Fixed target and collider measurements
Global PDF analysis
Publicly available in LHAPDF Faithful uncertainty estimate
Automated plotting and stat analysis Flexible parametrizations
New data incorporated without redoing fit Validated on pseudo-data (closure test)
Delivery Methodology
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Recipe for a global SMEFT fit

Theory Data
(N)NLO QCD + NLO EW for SM xsecs Top quark production
NLO QCD for SMEFT contributions Higgs, VV, electroweak
State-of-the-art PDFs without top data Low-energy, flavour
Global SMEFT analysis
Derived bounds can be compared with Faithful uncertainty estimate
specific UV completions Avoiding under- and over-fitting
New data incorporated without redoing fit Validated on pseudo-data (closure test)
Delivery Methodology
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Notation

The top quark sector of the SMEFT

Sensitivity at O(A~?) (

O(A™%)

t | singletop | tW | tz | W | tiz | tH | dt | tibh A large number of different dimension-6 SMEFT
0QQ1 v | v . .
oags v | v operators modify top production at LHC
0Qt1 v v
0Qt8 v | v
0Qb1 )| v N
0Qb8 W) | v iy C; iy ~ GGy
Ott1 v | v O'(E):O'SM(E) ]_—l-Z/ﬁlz—z—l—Zliw—Ll
Otb1 (V') v . A .. A

i 0,
0tb8 v v
0QtQb1
0Qtqps Top quark pair
081qq | v v v v v | v
011qq | v VW)W v | v
083qq | v v )| v v v v | v
013qq | v v V)| WD) v |V
08qt v v v v v | v
0iqt v VW)W v | v
08ut y y y y y Single top (t-channel) Single top (s-channel)
Olut v V)| )| v v q d ,
08qu v v v v v )
01qu v V)| | v | v w - — H
08dt v v v v | v
01dt v V)| )| v v t
08qd v vl v | v | v b t q t
Olgd | v V)| )| v | v
0tG v v v v v | v
otw v v v tt+W tt+Z t+Z
ObW (v) (v) u“ d
0tz v v t g
ofs ) || W Z "
0fq3 v v | v v " t
OpQM v v ) 7
Opt v v v P
Otp v
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Notation

The top quark sector of the SMEFT

Sensitivity at O(A~?) (

O(A™%)

tt | singletop | tW | tz | W | tiz | tH | dtt | tibh A large number of different dimension-6 SMEFT
0QQ1 v v . .
oags v | v operators modify top production at LHC
0Qt1 v v
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0Qb1 V)| v N
0Qb8 W) | v iy C; iy ~ GGy
Ott1 v | v O'(E):O'SM(E) ]_—l-Z/ﬁlz—z—l—Zliw—Ll
Otb1 (V') v . A .. A

i i,
0tb8 v v
0QtQb1
0Qtqps Top quark pair
081qq v v v v v v
011qq v V)| V)| V)| v v
083qq v v V)| v v v v v
013qq v v WD) W)W v v
08qt v v v v v v
01qt v V)| )| V)| v v
08ut y y y y y Single top (t-channel) Single top (s-channel)
Olut v V)| )| v v q d ,
08qu v v v v v )
O1iqu v V) | (V) v v W . _H
08dt v v v v v
01dt v V)| W) | v v t
08qd v vl v | v | v b t q t
O1qd v V)| v)| v v
0tG v v v v v v
otw v v v tt+W tt+Z t+Z
ObW (v) (v) u“ d
0tz v v t g
ofs ) || W Z "
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OpQM v v ) 7
Opt v v v i
Otp v
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Notation

The top quark sector of the SMEFT

Sensitivity at O(A

(O(:

i Tongotop Lo | 5 L | iz L | i [ A large number of different dimension-6 SMEFT
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oags v | v operators modify top production at LHC
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Notation

The top quark sector of the SMEFT

Sensitivity at O(A~?) (

O(A™%)
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SMEFT constraints from top data

Exploit rarer processes at LHC eg t+Z+f

iz, PP > 250 GeV
== Existing individual limit
LO sensitivity
== NLO sensitivity
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SMEFIT structure

Stand-alone Python code, which exploits functionalities of the NNPDF framework

NNPDF code aMlC@NLO MCFM
¢ Experimental data and ¢ NLO QCD (benchmark) ¢NLO QCD (consistent
covariance matrices choice of PDFs)
¢LO, NLO SMEFT
¢ NLO APPLgrids + NNLO ¢ Cross-checks of
C-factors (for processes ¢ Both O(A-?) and O(A-) aMC@NLO
used in PDF fit) from d=6 operators

Python analysis code

¢ Assemble theory predictions for generic SMEFT Wilson coefficients
¢ Optimisation with Sequential Quadratic Programming (SciPy)
¢ Look-back cross-validation stopping

¢ Monte Carlo replicas for uncertainty propagation
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Fitting methodology

¢ Generate large sample of Monte Carlo replicas to construct the probability distribution
in the space of experimental top quark measurements

Nsys
08 = 5RO (14 3 rbloli 4 o) k1 N
a=1

¢ Cross-validation stopping to avoid both under- and over-fitting

175 -
¢ Methodology validated with pseudo-data based

on closure tests: decouple from possible data
incompatibilities, theory limitations, or genuine
bSM effects

150 A

125 -

N 100 -

—— Training

75 7 —— Validation

¢ PDF uncertainties included in the x2 definition

501 j{'\ and MC sampling
25 A

0 200 400 600
iteration num




Closure Tests

& Generate pseudo-data based on a given scenario (SM or BSM) and check that the correct

(known) results are reproduced after the fit

¢ Allows quantifying the expected statistical significance for BSM deviations

120 ~ =~ SM value
Injected bSM scenario ®  Wilson coefficients
100 =
CBqu — 100 19
80 - Ci =0
60 -
> 40

40

C;/A2 (TeV~2)

20
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Fit quality

¢ Good agreement between theory (SM
and SMEFT) and data for most datasets

& For the 102 fitted cross-sections, we find
X2/ngat of 0.81 (0.76) before (after) fit

¢ Including SMEFT effects tend to improve
agreement with data: need to quantify how
significant this improvement is

Dataset X2 /naat (prior) | x?/ndac (fit) | nqa
ATLAS_tt_8TeV_ljets [ my; | 1.51 1.44 7
CMS_tt_8TeV_ljets [y | 1.17 1.21 10
CMS_tt2D_8TeV_dilep [ (muz, yt) | 1.38 1.38 16
CMS_tt_13TeV_ljets2 [y, ] 0.25 0.23 8
CMS_tt_13TeV_dilep [ y:7 | 0.26 0.26 6
CMS_tt_13TeV_ljets_2016 [ y; | 0.07 0.08 11
ATLAS_WhelF_8TeV 1.98 1.13 3
CMS_WhelF_8TeV 0.31 0.42 3
CMS_ttbb_13TeV 5.00 3.99 1
CMS_tttt_13TeV 0.05 0.08 1
ATLAS_tth_13TeV 1.61 1.11 1
CMS_tth_13TeV 0.34 0.09 1
ATLAS_ttZ_8TeV 1.32 1.18 1
ATLAS_ttZ_13TeV 0.01 0.01 1
CMS_ttZ_8TeV 0.04 0.06 1
CMS_ttZ_13TeV 0.90 0.94 1
ATLAS_ttW_8TeV 1.34 1.24 1
ATLAS_ttW_13TeV 0.82 0.81 1
CMS_ttW_8TeV 1.54 1.46 1
CMS_ttW_13TeV 0.03 0.02 1
CMS_t_tch_8TeV_dif 0.11 0.21 6
ATLAS_t_tch_8TeV [y | 0.91 0.61 4
ATLAS_t_tch_8TeV [ y; | 0.40 0.33 4
ATLAS_t_sch_8TeV 0.08 0.23 1
CMS_t_tch_13TeV_dif [y ] 0.46 0.48 4
CMS_t_sch_8TeV 1.26 1.16 1
ATLAS_tW_inc_8TeV 0.02 0.00 1
CMS_tW_inc_8TeV 0.00 0.01 1
ATLAS_tW_inc_13TeV 0.52 0.62 1
CMS_tW_inc_13TeV 4.29 3.26 1
ATLAS_tZ_inc_13TeV 0.00 0.02 1
CMS_tZ_inc_13TeV 0.66 0.64 1
Total 0.81 0.76 102
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& Agreement with the SM expectation within uncertainties
¢ Bounds on individual operators are in general largely correlated among them

¢ Large differences between the bounds obtained from each operator

S|

Juan Rojo Particle Physics seminar, BNL, 29/11/2018



Correlations
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Absolute Error (1/TeV2)

Comparison with previous bounds

SMEFit analysis of top quark sector

mmm SMEFIT
mmm LHCtopWG

10t -
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& Compare to bounds reported in the LHC Top WG EFT note (same flavour assumptions)
¢ Improvement found (more stringent bounds) in all fitted degrees of freedom

¢ For some specific operators our bounds are the first ones to be reported
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High-energy behaviour
top quark pair production @ 13 TeV
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Energy-growing effects enhance sensitivity to SMEFT effects with TeV-scale cross-sections

but need to be careful to ensure validity of EFT description
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Summary and outlook (part Il)

¢ The accurate determination of the quark and gluon structure of the proton is an
essential ingredient for LHC phenomenology

¢ LHC data provides stringent constraints on PDFs
¢ PDFs with theoretical uncertainties: the next milestone for global QCD analyses
¢ At the HL-LHC, theory calculations with 1% PDF uncertainties are within reach

¢ The SMEFIT framework is a novel approach for global analyses of the SMEFT, which
exploits expertise from the NNPDF fits

¢ Proof-of-concept: SMEFT analysis of the top quark sector

¢ Next steps: enlarge the operator basis and include additional LHC cross-sections
(Higgs, electroweak, jets) as well as flavour and low-energy observables

Ultimately the simultaneous determination of PDFs and SMEFT degrees of freedom
might be required to fully exploit the LHC potential
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Extra material
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Cross-validation

¢ Since Npar is not too different from Ngat, overfitting will take place for an efficient optimiser

¢ Artificial tensions with the SM are likely to be generated by overfitting!

¢ Test the role of cross-validation in a closure test with pseudo-data generated with the SM

¢ Fit residuals consistent with true result (SM) only with cross-validation
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Input dataset ()

Process Dataset Vs Info Observables Naat | Ref
_ do/d|y:|, do/dp!, 5, 8,
t ATLAS_tt_8TeV_ljets | 8 TeV lepton+jets ], do/dp: [77]
do/dmyg, do/dlyi| | 7,5
_ do /dyy, do /dpl 10, 8,
tt CMS_tt_8TeV_ljets 8 TeV lepton+jets [y /dp: [78]
do /dmyg, do/dy,; 7, 10
d*o [dy.dpi 16,
_ . d*o /dysdm,;, 16,
tt CMS_tt2D_8TeV_dilep 8 TeV dileptons [79]
dza/dp;";—dmtg, 16,
d*o /dy,idm,; 16
_ do /d|y:|, do /dp], 7,9,
tt CMS_tt_13TeV_ljets 13 TeV lepton—+jets fdly:] /dp [83]
do/dmyg, do/dlyi| | 8,6
. . do/d|y:|, do/dpi, | 11,12, |
tt CMS_tt_13TeV_ljets2 13 TeV lepton—+jets [85]
do /dmyg, do /d[y| | 10, 10
_ do /dy;, do /dp} 8, 6,
tt CMS_tt_13TeV_dilep 13 TeV dileptons [y /dp [86]
do /dmyz, do/dy,; 6, 8
tt ATLASCMS_AcMtt_8TeV 8 TeV Asymm comb | Ac(my), Eq. (3.1) 6 [80]
tt ATLAS_WhelF_8TeV 8 TeV | W helicity fract Fo,Fr, Fr 3 [81]
tt CMS_WhelF_8TeV 8 TeV | W helicity fract Fo,Fr, Fr 3 [82]
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Input dataset (lI)

Process Dataset Vs Info Observables Ndat Ref
Single t | CMS_t_tch_8TeV_inc | 8 TeV | t-channel Tiot (1), oot () (Re) 2 (1) | [95]
Single t CMS_t_sch_8TeV 8 TeV | s-channel Trot(t + 1) 1 [96]
Single ¢ ATLAS t_sch_8TeV 8 TeV | s-channel Trot(t + 1) 1 [97]
Single ¢ ATLAS_t_tch_8TeV 8 TeV | t-channel do(iq)/dp'r. do(t:q)/dpf_r o 4 [98]
do(tq)/dy.,do(tq)/dy; 4, 4
Single ¢ ATLAS_t_tch_13TeV | 13 TeV | t-channel Tiot (1), oot (t) (Re) 2 (1) | [99]
Single t | CMS_t_tch_13TeV_inc | 13 TeV | t-channel Trot(t + 1) (Re) 1 (1) | [100]
Single t CMS_t_tch_8TeV_dif 8 TeV | t-channel da/dp:(;#_)’ 6 [101]
do /d|y“ | 6
Single t | CMS_t_tch_13TeV_dif | 13 TeV | t-channel do/dpgfﬂ__), 4 [102]
dor/djy 0| 1
tW ATLAS tW_inc_8TeV 8 TeV inclusive Otot (tW) 1 [103]
tW CMS_tW_inc_8TeV 8 TeV inclusive Otot (tW) 1 [104]
tWw ATLAS tW_inc_13TeV | 13 TeV | inclusive Otot (tW) 1 [105]
tW CMS_tW_inc_13TeV 13 TeV | inclusive Otot (tW) 1 [106]
tZ CMS_tZ_inc_13TeV 13 TeV | inclusive oaa (Wbl 17 q) 1 [107]
tZ ATLAS tZ inc_13TeV | 13 TeV | inclusive oot (L2q) 1 [108]
o)
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Input dataset (lll)

Process Dataset NE Info Observables | Ngat Ref
ttbb CMS_ttbb_13TeV 13 TeV total xsec Ttot (tEDD) 1 [87]
tttt CMS_tttt_13TeV 13 TeV total xsec oot (tttt) 1 [88]
ttZ CMS_ttZ_8_13TeV 8+13 TeV total xsec Ttot (1L 2) 2 89, 90]
ttz ATLAS ttZ_8_13TeV | 8+13 TeV total xsec Ttot (tt2) 2 91, 92
ttW CMS_ttW_8_13TeV 8413 TeV total xsec Ttot (W) 2 89, 90
ttW ATLAS_ttW_8_13TeV | 8413 TeV total xsec Ttot (W) 2 91, 92]
ttH CMS_tth_13TeV 13 TeV signal strength e EH 1 93]
ttH ATLAS_tth_13TeV 13 TeV total xsec Ttot (ttH) 1 [94]

TeV from 10 different top-quark production processes

Juan Rojo

The fit includes more than 100 cross-section measurements at 8 and 13

Particle Physics seminar, BNL, 29/11/2018



Theory calculations

Process SM Code SMEFT Code
- MCFM/SHERPA NL.O
tt NNLO QCD / NLO QCD MG5_aMC
+ NNLO K-factors
_ MCFM NLO
single-t (t-ch) | NNLO QCD NLO QCD MG5_aMC
+ NNLO K-factors
single-t (s-ch) | NLO QCD MCFM NLO QCD MG5_aMC
tW NLO QCD MG5_aMC NLO QCD MG5_aMC
LO QCD
tZ NLO QCD MG5_aMC Q MG5_aMC
+ NLO SM K-factors
_ LO QCD
ttW(Z2) NLO QCD MG5_aMC Q MG5_aMC
+ NLO SM K-factors
_ LO QCD
tth NLO QCD MG5_aMC Q MG5_aMC
+ NLO SM K-factors
_ LO QCD
tttt NLO QCD MG5_aMC Q MG5_aMC
+ NLO SM K-factors
. LO QCD
ttbb NLO QCD MG5_aMC Q MG5_aMC
+ NLO SM K-factors
PDF set: NNPDF3.1 NNLO no-top
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Operator basis

¢ We follow the same flavour assumptions
as in the LHC Top WG note

¢ Minimal Flavour Violation (MFV), diagonal
CKM, zero Yukawas for first two quark
gens

¢ CP conservation assumed

¢ Include those SMEFT dimension-6
operators of Warsaw basis with at least
one top quark

¢ The fit includes a total of 34 independent
degrees of freedom

¢ Include both interference and quadratic
contributions from these operators

Class Notation | Degree of Freedom Operator Definition
o ~1(3333 2 ~3(3333
OQQl ('(12(2 Z(qq ‘ - %(qq ‘
8 L ~3(3333)
0Qg8 %o 8Caqq
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0Qt8 ('2)1 (qu ‘
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(2(2(2(2 0Qb1 ('(121, (q(l :
] ,8(3333)
qu8 (';}b C qd
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, ,8(3333
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0QtQb1 (QfQ" (quq([
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Operator basis

4-quark operators

Ol = (G g3 ) Tk vua).
O3 = (G 45) @yt ),
O™ = (Giy" qj) (v,
OSTHD) = (qiy" T q;) (v T ),
O™ = (@7"4;) (diyuch),
Ogc(lijkl) (@ T ;) (dyy, T dy),
O = (i u;) (Ukyuw),
05" = (wiry"u;) (diyudy).
O™ = (@' Tuy) (dryu T dy).
O — (Guy) e (Grdr),
0N = @T ) e (@Td)
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2-quark + V/g/h operators

FOl) = qiu;@ (o),
0L = (1D ) (@7 a5).
030 = (p1iDL o) (@ g;),
0G)) = (1D ) (i u;),
oUW = (¢liD,p) (@i d;),
o) = (ot uy) gW],,
o5 = (@™ r'd;) W],
ioggz(_ﬂw%) @B/wa
Ol = (@0 T)) ¢G4,
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