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Preface

Excellence of LHC & its experiments: Enabled rich physics program @ 7/8/13 TeV
» LHC.: effective bunch collision schemes, high machine availability.

- Experiments: very good performance at high pile-up, and detector operation efficiency.

Performed a plethora of SM measurements and searches for new physics:

SM measurements SUSY searches Exotic searches
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'Need : LHC upgrade to fully exploit its potential and push the limits even furth

[

1 Consistent global interpretation of wide spectrum of measurements
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From measurements to (global) interpretations...

- LHC DATA

'

i Experimental measurements:

|. Characterisation of the SM processes and particles (EWK/TOP/HIG)
| 2. Search for BSM phenomena

(as model-independent as possible)

Minimize theory
dependence

J— " Fiducial XS and
| simplified template XS d differential distributions

»

| signal strengths

Direct theory

'

dependence
i Interpretation of results:
|. Internally within experiments
| 2. externally by TH colleagues
| (requires close EXP-TH interaction and recommendations)
~ coupling strengfh | pseudo-observables f — - simplified/explicit
modifiers | | - EFT approaches BSM models
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From measurements to (global) interpretations...

Important questions for measurements/interpretation:
| |.What? (— formulation)

2. How? (— approaches)

3. With what? (— tools)
4. Using what!? (— inputs)

v

% Ingredients for global interpretation:
| |. formalism + assumptions (+ agreement on legacy measurement)
2. analysis approaches (sensitivity directions, fit/validity approaches, advanced techniques)
3. tools (models, generators, parameterisations, matchings, validations, global sensitivity)
4. modelling & computations (inputs, theory predictions, correlations)
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No phenomenon is a true phenomenon

until it is an observed phenomenon.
John A. Wheeler

Global interpretation:
Formalism, tools & approaches

* Motivation for global interpretations and some general aspects
* EFT formulation, assumptions, approaches
* EFT effects & necessary tools, towards global sensitivity
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Effective Field Theory as a global approach

Effective Field Theory (EFT) - general ideas:
* LHC results: no new resonance, indicate scale of new physics as >> | TeV

* (SM)EFT approach: only SM fields & symmetries are present at the accessible scale

— valid QFT-based description of Nature 1 1 1 1

LsmeErT = Lsm + = L5 + —L6 + A3 — L7 + A2

A A2 —Lg + .

Taylor expansion of Lagrangian
in canonical dimensions:
L,=Y,CO="

C; free parameters ( Wilson coefficients )
(large number of parameters)

@; invariant operators that form
a complete, non redundant basis

EFT - possibilities:
Allows: to perform gauge invariant calculations & loops (systematically improvable with higher orders)
Use: as a self-consistent "theory" and systematically probe its parameters
Approach: choose a basis (SILH, VWarsaw), retain all/relevant operators in measurement
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EFT models/generators/toolboxes

MC tools for SMEFT:
- Hard-coded MEs: POWHEG, MCFM; Lagrangian-level implementation: MG5 aMC@NLO, Sherpa

- State of the art: (N)NLO QCD for SM, NLO QCD for SMEFT, LO@EFT or NLO@EFT?

NLO@SMEFT:

* Non trivial EFT contributions could arise first at one-loop

| I\/I C J[OO I S fOr S M E I:T Proposal for the validation of Monte Carlo implementations S M E I:T CO d SAS

of the standard model effective field theory

Require MC tools for precise SMEFT predictions Single & double Higgs (partial SMEFT)

. e Gauthier Durieux' (ed.), Ilaria Brivio®® (ed.),  HiGlu. SusHi HPAIR. HigasPair
Selection of process specific & general purpose codes Fabio Maltoni®® (ed. ex officio), Michael Trott? (ed. ex officio). ’ ’ 1199
o - Simone Alioli, Andy Buckley,” Mauro Chiesa,® Jorge de Blas,”' Athanasios Dedes,'!
: i ) ) ’ ) ) eHDECAY for BR wwwitp. kit edu/~maggi
Process specific: hard-coded matrix elements Céline Degrande.! Ansgar Denner.® Christoph Englert.” James Ferrando. Benjamin hitps://www ifp kit edu/~maggie/eHDECAY,
* Automated frameworks for IR subtractions & PS matching: POWHEG, MCFM Fuks,'® Peter Galler,” Admir Greljo,'” Valentin Hirschi,'® Gino Isidori,!'” Wolfgang
_ _ _ Kilian,"® Frank Krauss,'” Jean-Nicolas Lang,'” Jonas Lindert,'” Michelangelo HAWK http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk
General purpose: Lagrangian-level implementation Mangano,'” David Marzocca,”® Olivier Mattelaer, Kentarou Mawatari,>’ Emanuele - VBF and VH @ NLO in QCD & EW for SM + 2 anomalous couplings
. o Mereghetti,?? David J. Miller,” Ken Mimasu,® Michael Paraskevas,” Tilman Plehn,?
Fully automated event generation & PS matching: MG5_aMC@NLO, Sherpa Laura Reina,?* Janusz Rosiek,” Jiirgen Reuter,'? José Santiago,”” Kristaq Suxho,!! VBENLO arXiv
https://www.itp kit.edu/vbinlo

Lampros Trifyllis,"! Eleni Vryonidou,'® Christopher White,?” Cen Zhang,**?

* Advantage: process independent
Hantian Zhang'”

+ Once validated, any desired process can be tested — global

* General (FO) tool for Higgs/weak boson production @ NLO in QCD

- Disadvantage: takes longer to develop. .. - Agreement on a proposal for comparing & validating SMEFT MC tools POWHEG-BOX/MCFM b s oot i i
fth rt for SMEFT- NL D * Matrix elements point-by-point in phase space for many different processes . .
State of the art for S 0QcC « LHE format for event kinematics and operators contributions as weights VHNLO QCD + PS for Higgs/EW operators (SILH)

Essential to have more than one tool « Also for loops (blha accord) * Drell-Yan & EW Higgs production with more operators

* Need for experimental & theoretical community validation * WW with TGC & quark vertex operators
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EFT models/generators/toolboxes

MC tools for SMEFT:

- Hard-coded MEs: POWHEG, MCFM; Lagrangian-level implementation: MG5 aMC@NLO, Sherpa
- State of the art: (N)NLO QCD for SM, NLO QCD for SMEFT, LO@EFT or NLO@EFT?

NLO@SMEFT:

* Non trivial EFT contributions could arise first at one-loop

" Going NLO

Two main reasons to seek NLO precision

1. Same as for SM

* QCD corrections important for hadron colliders

* EW corrections can be important in relevant phase space regions (Sudakovs)
* Control normalisation, shapes and scale uncertainties

2. EFT-specific considerations
* Non trivial EFT contributions could arise first at one-loop (e.g. y: in ggF)

Contribute indirectly in global fits
through marginalisation effects

Useful if relatively weakly constrained directions
contribute to precisely measured observables

* Anomalous dimensions (operator running & mixing)

* Needed for scale uncertainties, can also estimate one-loop contributions

P Milenovic, Towards Global Interpretation: Experimentalists’ wish-list 8

SMEFT models

HEI— http://feynrules.irmp.ucl.ac.be/wiki/HEL
* Flavor universal SILH basis @ LO http//feynrules.irmp.ucl.ac. be/wiki/HEL atNLO
» Higgs/EW operators in SILH basis @ NLOQCD (HELatNLO)

SM EFTS|m http://feynrules.irmp.ucl.ac.be/wiki/SMEFT
« Complete Warsaw basis (2499!) @ LO with flavor restriction options
SMEFTTr

htttps://www.few.edu.pl/smeft

* FeynRules for Warsaw basis @ LO in Re-gauge

dimetop

* top sector @ LO, several flavor symmetry scenarios (LH top WG)

htto://feynrules.irmp.ucl.ac.be/wiki/dimétop

SM EFTatN I—O http.//feynrules.irmp.ucl.ac.be/wiki/SMEFTatNL QO
* top/Higgs/EW sector @ NLOQCD (4F operators being validated)

Rosetta

Basis translation tool for SMEFT

Underlines basis independence
« No one basis is the ‘best’, all physically equivalent

- Some may be more practical for a given study (Higgs, EWPO,...)

Command line interface with SLHA input/output
+ User-defined basis implementations & translations (pure python)

« Warsaw, SILH, Higgs Basis, HISZ, HiggsPO,...

Provides interfaces to third party codes

« Developed in specific bases — increase user base & validation

Linked to anomalous couplings model: BSMCharacterisation

+ FeynRules/UFO for LO event generation
" , KBSMC o
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EFT models/generators/toolboxes

MC tools for SMEFT:
- Hard-coded MEs: POWHEG, MCFM; Lagrangian-level implementation: MG5 aMC@NLO, Sherpa

- State of the art: (N)NLO QCD for SM, NLO QCD for SMEFT, LO@EFT or NLO@EFT?

NLO@SMEFT:

* Non trivial EFT contributions could arise first at one-loop

" Going NLO SMEFT models Rosetta

HEL http:/ffeynrules.imp.ucl.ac.be/wikiHEL Basis translation tool for SMEFT

Two main reasons to seek NLO precision ¢ Flavor universal SILH basis @ LO http:/ffeynrules.irmp.ucl.ac.be/wiki/HEL atNL O Underlines basis independence
1. Same as for SM + Higgs/EW operators in SILH basis @ NLOQCD (HELatNLO) o . . .

_ _ _ « No one basis is the ‘best’, all physically equivalent
+ QCD corrections important for hadron colliders . _ _ _
- EW corrections can be important in relevant phase space regions (Sudakovs) SMEFTsim hitp://feynrules.irmp.ucl.ac.be/wiki/SMEFT * Some may be more practical for a given study (Higgs, EWPO,...)
+ Control normalisation, shapes and scale uncertainties « Complete Warsaw basis (2499!) @ LO with flavor restriction options Command line interface with SLHA input/output
2. EFT-specific considerations SMEFTfr ) EP 1902 (2019) 05 - User-defined basis implementations & translations (pure python)

htttps://www.few.edu.pl/smeft

* Non trivial EFT contributions could arise first at one-loop (e.g. y: in ggF) - Warsaw, SILH, Higgs Basis, HISZ, HiggsPO,...

« FeynRules for Warsaw basis @ LO in Re-gauge

Useful if relatively weakly constrained directions Contribute indirectly in global fits S Provides inte rfaces to thlrd party COdeS

contribute to precisely measured observables through marginalisation effects d |m6top hith/ffevnrles. irmp. Lol ac. be W/kiidimétbo

» Developed in specific bases — increase user base & validation

< Anomalous dimensions (operator running & mixing) « top sector @ LO, several flavor symmetry scenarios (LH top WG)

Linked to anomalous couplings model: BSMCharacterisation
SMEFTatNI—O http://feynrules.irmp.ucl.ac.be/wiki/'SMEFTatNLO g
« FeynRules/UFO for LO event generation

* top/Higgs/EW sector @ NLOQCD (4F operators being validated) hitp://feynrules.irmp.ucl.ac.be/wiki/BSMCharacterisation

* Needed for scale uncertainties, can also estimate one-loop contributions

’ Essential requirément:
" Have more than one (harmonised) tools, validated by EXP & TH community
| Optimised to handle large number of diagrams, vertices with up to 6 legs, etc. |

Aim for complete SMEFT@NLO (top/Higgs/EW sector with QCD@NLO)

___|
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EFT models/generators/toolboxes

Other Toolboxes for global interpretation:
Wide spectrum of TH tools for statistical statistical inference on new physics models/parameters
Implementation/parameterisation of observables, DB of legacy measurements with global likelihoods

al, ankiv. 191014012 WC xf

Community effort to uniformise input/output format

smell

Project for global, public SMEFT likelihood

https.//smelli.github.io

Open source library for model parameter inference

+ Standard model & extensions (specifically SMEFT) Specifically for interfacing SMEFT tools

Code Import Export

Wrapper around flavio tool & flavio Bayesian statistical framework - yaml, json formats for basis definition DsixTooks v y
+ Initially developed for flavour physics observables it fiav-io. aithub. io * Markov-Chain Monte Carlo (MCMC) via Bayesian Analysis Toolkit - Rosetta-inspired translation functionality Eos y
« EFT predictions for flavour, EWPO, LFV decays, lepton MDM, neutron EDM - . - Predefined Warsaw, WET flavio v v
Posterior distribution  P(%|D) = P(DIX)Py(X) _ Likelihood, Prior & Fivorki ‘
Interface to Wilson tool G785 (2018) no.12, 1026] [ PDR)R(x)dx  Bayesian evidence Bt B . .
- Running SMEFT coefficients down to EW scale + Metropolis-Hastings algorithm to sample parameter space from posterior EFT file jﬁ:ii:i’ Seggg;:;m o ) )
- Based on DsixTools implementation 77 (: -6, 40. Observables N SME:T“Q: ctldi :z Basis ~ SVETFemmanfues ¢ ‘
* Matching to Weak Effective Theory below EW scale + running + Higgs signal strengths (LHC & Future lepton colliders incl. polarisation) pasie: Marsaw N L file SMEFTeim Y
- EW precision data in (mZ, a, Gr) scheme WCfile  "Giiide: 5106 i 11 el ‘ ‘

“Full stack” suite of global EFT analysis software

« Common interface: Wilson coefficient exchange format (WCxf)

» Flavour observables Re: 0

Im: 0.0001

SPheno

wexf-python

+ BSM model-specific (incl. theoretical constraints)

1 Essential requwements* i

“ Need flexible, entirely scalable, open source tools to pool knowledge & effort |

l
| Standardisation / harmonisation / uniformisation ‘]

(EXP) user frlendly mterfaces to global knowledge
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EFT effects parameterisations

Two approaches to construct EFT signhal model:
* Full-sim @reco-level: captures EFT acceptance effects, typical for optimised analyses & not unfolded

Sum of full-sim. signal PDFs Parameterise gen-level fiducial bins
[1] [2]
Py(x| ¢;) = Z a/c;) - pi(X) b B . .
, (xl¢) = ) | Pk - ) cu!
k J
where:

where:

I runs over a set of fixed points in the
EFT space

- aj are normalisation coefficients

- pi(x) are the pdfs for the fixed points -
possibly from separate MC samples or
matrix element reweighting of a
smaller set of samples

. kruns over fiducial bins at generator
level

. Ppksm(x) is the SM reco.-level signal pdf
for events in gen.-level bin k

. Mjkis a scaling constant for the effect of
¢gonbink
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EFT effects parameterisations

Two approaches to construct EFT signhal model:
* Full-sim @reco-level: captures EFT acceptance effects, typical for optimised analyses & not unfolded
» Fiducial @gen-level: typical for simple analyses & comb., unfolded with SM acceptance assumptions

Several exp-built tools available :
* Exploiting MC computation of MEs and reweighting techniques

SM
® ——
UFO model Observables
HEL, SMEFTsim etc STXS, diff. xs, ...
~

LY
-1
l Mix Interference
MG5 \ |
\ +1 KSM * KBS
Process: ggF, VBF etc RIVET ‘.J\/J’ /\ —
5 : \ / \
/ \

EFT20bs tool //
pp— H/Hj HEL UFO =
[ { Q_'— i @ input samples, rsy — V2 x alidation samples @ .
10°F — ; - - - - [
"block": "newcoup", % |2.0913 Houches M P i °'°3FMadGraph5_aMC@NLO ATLAS Simulation Preliminary
"index": 12, © ol — cG'=0.0179 ° S0.005] —+— pedoson  VBF: HSWWSIVIV, \s =13 TeV
name : 'cg , — ¢3G =0.1 ° /\'Uv rsw=1.447 g . t—— morphing Koy = 146482 + 0.01890 (nom.: 1.44720)
"step": 0.0001 r 5 ° 1 £ [ . %y = 247606 + 0.17699 (nom.: -2.74170)
}, 1 3 —— c2G =01 c 0.021— Kaww = 5.03605 + 0.26935 (nom.: 5.27479)
{ 8 /\’1 6 o g ':-—-
" n, o n " . m001 5 = —§
Ry . Pt T -
E - g - - -
"name": "c3g", 1 = ® 1 0.01— —— e
"step": 0.0001 < o r e
} 3L ° 0.005}—
.. ¢ :
] > A T ) PRNPRPEP SRR B R S "
() A 4 B 2:: ,,,,, st ° o ] 0 0.5 1 15 2 25 3¢
! : 7 ” I o g ; I ATLAS Simulation Preliminary o
- — ——-—-—F—'__ - - _
. L "('“' (; R N 1 NN A e}
o 0 50 100 150 200 :
Higgs p_(GeV) Fx - - -
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EFT effects parameterisations

Two approaches to construct EFT signhal model:
* Full-sim @reco-level: captures EFT acceptance effects, typical for optimised analyses & not unfolded
» Fiducial @gen-level: typical for simple analyses & comb., unfolded with SM acceptance assumptions

Several exp-built tools available :
* Exploiting MC computation of MEs and reweighting techniques

SM
o CE—
UFO model Observables
HEL, SMEFTsim etc STXS, diff. xs, ...
N—
l l Mix
PR L
MG5 RIVET
Process: ggF, VBF etc
M
BSM
!
EFT20bs tool /
|
pp— H/ Hij HEL UFO :
[ - r @ input samples, 15y validation samples
{ S 19 Les Houches —su - : - : : $ oost
block": "newcoup", 5 F 2019 ° : 0.03" MadGraph5_aMC@NLO ATLAS Simulation Preliminary
nde 12, ©  qob —— c@'=0.0179 ° E0.005| —+— pedoso  VBF: HSWWSIVIV, \s =13 TeV
name : 'cg , 3 — ¢3G =0.1 o ﬁ ) mesphing Xgu = 1.46482 + 0.01890 (nom.: 1.44720)
tep 0.0001 i 5f ) ° 1 £ [ Xy = 247606 + 0.17699 (nom.: -2.74170)
} 1F — c2G =0.1 B 0.02| X aww = 5.03605 + 0.26935 (nom.: 5.27479)
E X = —
{ o " 10k y o Ro.015[ s
ocC ewcoup , 3 ° 3 - - -
ndex": 30, i - = S -
nnamen. Ilc3gll’ 10_2r . E 113 [ ] R 001:_— e e
"Step": 0.0001 F < L . -
} 109k ° 0.005—
oo o . :
C A A PURET T ST T ST T (Y SN ST ST TN ST TN TN SN SN S SN N S SN N U S S U '
] e S S S S E S —— sl | % 05 1 15 2 25 3
’i B — . . =~ ]

H (CJ) _ZAJ'CJ'—I_ZBJ’CCJC’C z | — ] - ;: A'.[‘LAS Simulati:nProliminary ° b
7 - S O m o ll-llig.;;iso;JT‘(Cliel\%)o | 2 — 7' T B ) r'\ z -
| Need more general tool(s) for automatic parameterisation of effects of }

‘ EFT operators (in sync. with existing similar TH tools). 1
'Need interfacable event-by-event re-weighting tool based on analytic LO EFT MEs

’ e —— ———

°
___|
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EFT effects parameterisations

Two approaches to construct EFT signhal model:
Full-sim @reco-level: captures EFT acceptance effects, typical for optimised analyses & not unfolded
Fiducial @gen-level: typical for simple analyses & comb., unfolded with SM acceptance assumptions

Caveats in exploiting combination of STXS measurements:

Cross-section region [ Z_ Aici _
g9 — H (0-jet) '
99 — H (1-jet, p}f < 60 GeV) 56¢/, H EL
1 1 H . 99 — H (1-jet, 60 < pi < 120 GeV)
- Parameterisations for STXS already available: B T
99 — H (1-jet, pi > 200 GeV) 56¢,, + 52¢3G + 34c2G
N 99 — H (> 2-jet, pi <60 GeV) 56¢;,
LY o 99 — H (> 2-jet, 60 < pi <120 GeV) 56¢,, + 8¢3G + 7c2G
o LHCHXSWG [LHCHXSWG_2079_OO4] : ~ 99 — H (> 2jet, 120 < plf <200 GeV) | 56¢, + 23c3G + 18c26
_ a4 99 — H (> 2-jet, pif > 200 GeV) 56¢), + 90c3G + 68c26

- 799 — H (> 2-jet VBF-like, pj < 25 GeV) | 56¢,
- , 7 99— H (> 2-jet VBF-like, pj! > 25 GeV) | 56, + 936 + 8c2G
OEFT — OSM + Tint + OBSM-|- __--n y qq — Hqq (VBF-like, p3¢ < 25 GeV) ~1.0cH — 1.0¢T + 1.3cWW — 0.023¢B — 4.3cHW
- —0.29¢HB + 0.092cHQ — 5.3cpHQ — 0.33cHu + 0.12cHd

— m - /
- Parametrisation for .- mwwsrie ooy | roe- 1iers 12w - 00m7es 5 sem

atnt \ _ - -1 —0.41cHB + 0.13cHQ — 6.9cpHQ — 0.45cHu + 0.15cHd
= E A,-q, \ -7 both 0' and B qq — Hqq (P > 200 GeV) —1.0cH — 0.95¢T + 1.5cWW — 0.025¢B — 3.6cHW
O.SA’! . . —0.24cHB + 0.084cHQ — 4.5cpHQ — 0.25cHu + 0.1cHd
: ided
qq — Hqq (60 < mj; < 120 GeV) —0.99cH — 1.2¢T + 7.8cWW — 0.19¢cB — 31cHW
OBSM are pI‘OVI e —2.4cHB + 0.9cHQ — 38cpHQ — 2.8cHu + 0.9cHd
= Bij GiCy, aq — Hqq (rest) —1.0cH — 1.0cT + 1.4cWW — 0.028¢B — 6.2cHW
OSM i1 —0.42cHB + 0.14cHQ — 6.9cpHQ — 0.42cHu + 0.16cHd
J JaG — ttH —0.98cH + 2.9cu + 0.93¢, + 310cuG
#win +27¢3G — 13c2G
P4 ‘ I-\S M
By = ~ 1+ ZA“C, - ZB“C,CJ Z ZAIC, K3 zBf CiCj ,
S, T D FSM
rHr sty = =\ <= ¢ 0 FrrrrrrrrgrrrrrereeereeeT e e
99->H (Oet F-B-i ATLAS Preliminary

—a — = -1
o E E § : } : gg—H (1-jet, p* < 60 GeV) Vs=13TeV, 36.1 b’
~ f 1 Af ; Bf C: A4£C B4£c . T Hsyy and H—2Z* 4l
r4f Ff[M l + - 1 ¢+ Ci 7 + J gg—-H '_E_| m,, = 125.09 GeV, IyH|<25
1 1]

(1et, 60 < p* < 120 GeV)

gg—H
(1-jet, 120 < p’r' < 200 GeV)

"N\ gg—H (> 24et, p” <200 GeV .

Lo NOTE 1: Acceptance dependence on B are neglected SO far orverdke) !
First attempts to go beyond for H->4| presented by C. Hays in
LHC HXSWG link.

gg—»H( 1-je p =200 GeV)
+ qq—Haq (¢’ 2200 GeV)

qq9-Hqq (p’ 200 GeV)

I
) gg/aq—HIHIv S e

ATLAS-CONF-2017-047

NOTE 2: EFT can change the decay topology e R .
‘| A summary for the options to make general measurement ormalized to SM
presented by M. Duehrssen and N. Berger in LHC HXSWGI | 21

/f
t'
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EFT effects parameterisations

Two approaches to construct EFT signhal model:
* Full-sim @reco-level: captures EFT acceptance effects, typical for optimised analyses & not unfolded
» Fiducial @gen-level: typical for simple analyses & comb., unfolded with SM acceptance assumptions

mea

Caveats in exploiting combination of STXS surements:

ﬁ Cross-section region z_ Aici
g9 — H (0-jet)

|
”l«‘ 99 — H (1-jet, pif < 60 GeV) 56¢, H EL

. . . ’
. . [ 99 — H (1-jet, 60 < plf < 120 GeV)
Parameterisations for STXS already available: | ool men i
99 — H (1-jet, pi > 200 GeV) 56¢,, + 52¢3G + 34c2G \
- ‘ 99 — H (> 2-jet, pi <60 GeV) 56¢;, ‘\‘
LS o 99 — H (> 2-jet, 60 < pil <120 GeV) 56¢, + 836 + 7¢2G ‘
. LHCHXSWG [L/—/CHXSWG_2079_OO4] \ S 99 — H (> 2-jet, 120 < pif <200 GeV) | 56¢, + 23¢3G + 18c26
_ a4 99 — H (> 2-jet, pif > 200 GeV) 56¢), + 90c3G + 68c26

- - 799 — H (> 2-jet VBF-like, pj < 25 GeV) | 56¢,
_ - , 7 99— H (> 2-jet VBF-like, pj! > 25 GeV) | 56, + 936 + 8c2G

OEFT = OSM + Cint + OBSM-|- - -n ;" qq— Hqq (VBF-like, pj; < 25 GeV) ~1.0cH — 10T + 1.3cWW — 0.023cB — 4.3cHW
- - Para ‘tfiéhiion for k —0.29¢HB + 0.092cHQ — 5.3cpHQ — 0.33cHu + 0.12cHd

qq — Hqq (VBF-like, p}! > 25 GeV) —1.0cH — 1.1cT + 1.2cWW — 0.027¢cB — 5.8cHW

\

atnt _ - -1 —0.41cHB + 0.13cHQ — 6.9cpHQ — 0.45cHu + 0.15cHd
— Z A,-q, \ - - both 0' and B qq — Hqq () > 200 GeV) —1.0cH — 0.95¢T + 1.5cWW — 0.025¢B — 3.6cHW
OSM : - ) | —0.24cHB + 0.084cHQ — 4.5cpHQ — 0.25cHu + 0.1cHd
qq — Hqq (60 < mj; <120 GeV —0.99¢cH — 1.2¢T + 7.8¢WW — 0.19¢cB — 31cHW
OBSM are prOVIded ( ! ) —2.4cHB + 0.9cHQ — 38cpHQ — 2.8cHu + 0.9cHd
= Z Bij GiCy, aq — Hqq (rest) —1.0cH — 1.0cT + 1.4cWW — 0.028¢B — 6.2cHW
OSM i —0.42cHB + 0.14cHQ — 6.9cpHQ — 0.42cHu + 0.16cHd

—0.98cH + 2.9cu + 0.93¢, + 310cuG
+27¢3G — 13c2G

99/9q — ttH

re T
VIR AL

1+ ZAf[q - ZB#C,-CJ- - Z (ZA{C,‘ t ZBéqq)] ,
i ij f i ij

gg—H (0-jet) ATLAS Preliminary

SM " Vs=13TeV, 36.1 fb"
Iy r 7 9g—H (1-et, p* <60 GeV) % ’
4 ~ L_ |1 E :Af . E :B.f. Ci — § :A‘-“c- E :Bfi,fc.c. H—yy and H—>ZZ* -4l
Ty rsar [+ _ G + D1 GG _ G + T3 GG gg—H m,, = 125.09 GeV, |y |<2.5
4¢ i ij i ij (1et, 60 < p* < 120 GeV) "

gg—H
(1-jet, 120 < p‘;‘ < 200 GeV)

gg—H (= 2-et, p* < 200 GeV .

or VBF-ike) 7

NOTE 1 : Acceptance dependence on B are neglected so far.

gg—H (= 1-jet, p" >200 GeV)

ATLAS-CONF-2017-047

First attempts to go beyond for H->41 presented by C. Hays in * “;"q; 20:‘: GeV)
LHC-HXSWG link. e !
99/qq —HIVHIv —=—
NOTE 2: EFT can change the decay topology. e L RS
A summary for the options to make general measurement ormalized to SM

presented by M. Duehrssen and N. Berger in LHC-HXSWG link 21

XS

Neea to also have publicly quoted EFTpaasat?o
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BSM-SMEFT matching

BSM-SMEFT - automated matching:

* Matching the EFT results with non-minimal BSM scenarios using automated tools,

Simplified
EE
z
matCh ------
<
(57b0) i)
WET »
Y
F Milenovic, Towards Global Interpretation: Experimentalists” wish-list |6

run

UPHC workshop, Institut "Pascal”, Orsay, 25 Nov - 6 Dec, 2019
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BSM-SMEFT matching

BSM-SMEFT - automated matching:
* Matching the EFT results with non-minimal BSM scenarios using automated tools,
* Goal: obtain the full I-loop UV/IR dictionary (MATCHMAKER: tree-level and dim-6 operators.)

MATCHMAKER

Anastasiou, AC, Lazopoulos, Santiago

ool s

FeynRules

Mathematica

Diatching < mplisde:.
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BSM-SMEFT matching

BSM-SMEFT - automated matching:

* Matching the EFT results with non-minimal BSM scenarios using automated tools,
* Goal: obtain the full |-loop UV/IR dictionary (MATCHMAKER: tree-level and dim-6 operators)

0.04 e ] Model | x* | x*/nq Coupling
Marginalised ool e SM 157 | 0.987 B -
o1l | 02 S 156 | 0.986 | |ys,|* = (6.3+5.9)-1073 | Ms, = (9.0, 49)
: @, Type I | 156 | 0.986 | Zg-cos3 = —0.64 £0.59 | M, = (0.9, 4.3)
= 155 | 0.984 | [k=| = (4.2+3.4)-1073 | Mz = (12, 35)
005l N 155 | 0.978 |/\N|22=(1.8il.2)-10‘2 My = (5.8, 13)
W, | 155 | 0.984 )gﬁvl — (3.3+2.7)-1073 | My, = (4.1, 13)
1 I REEERR E | 157] 0.993 Mel> < 1.2-10°2 Mg > 9.2
o * H As 156 | 0.990 Aag|? < 1.9-1072 M, > 7.3
5 157 | 0.992 sl < 2.9-1072 Ms, > 5.9
: I : — . | | | Qs 156 | 0.990 Ao,|” < 0.18 Mg, > 2.4
0051 Lol | " j | | T, 157 | 0.992 g, | < 7.1-10°2 My, > 3.8
| P s} ; S |157] 0.993 lys|? < 0.32 Mg > 1.8
* pre-LHC Run 2 only - - Ay | 157 0.993 Aa,|” <5.7-1073 My, > 13
01 + All data i X RO N 157 | 0.993 s, |° < 7.3-1073 Ms;, > 12
(%: 5 s g é é e 51\55'\55‘\55\5 ; '_é ‘2 S 3 ; {lj‘ - | | = | U 157 | 0.993 |,\U|Z<2.8-10:2 My > 6.0
RO C SO O R S & _li» Nlb = -5 -0 D 157 | 0.993 IAp|° < 1.4-1072 Mp > 8.4
S S = a = 2 = ! Q- 157 | 0.993 Ao, |” < 7.7-1072 Mg, > 3.6
_l“—l. ‘ .—(Il..'; ‘ (. o IILS I llj _l;ll). .—I."x o (I) ' ' 5 o l‘(-] Tl 157 0993 |A§] |2 = 013 A/[T] - 30
e (1) Re (i) B [157]0993 | || <2410 Mg, > 21

(¢) B, no ¥ operators (d) W, no ¥* operators

Potentially useful further developments by TH:
* Possibly extend to other EFTs variations (e.g. HEFT), treatment of light degrees of freedom, ...
»  Automated matching with NLO SMEFT with 2-loop RGEs/ADs (need development)
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SMEFT-LEFT matching & global sensitivity

SMEFT matching to Low-energy EFT:
* Running/matching SMEFT coefficients down to EWV scale (and to Weak Effective Theory below EWV scale)

A
ne lifled
Simplifie )
ty"q)Uj — high
Models (V:C’) I gn pr
/\NP ] gmatch
v -
Chle)Vam)
SMEFT R
: run
; - | — - ewer
m Vi~ mt T < y ).
g (S br)(peype) (CyB)(TLyuTe) (St s)(keyte)
WET E run E run E un
Y Y Y
mp — B — KW purp~ B — DY) 1y T — QU

Importance for global sensitivity:
* Allow to exploit constraints from low-energy direct/indirect probes
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SMEFT-LEFT matching & global sensitivity

SMEFT matching to Low-energy EFT:
* Running/matching SMEFT coefficients down to EWV scale (and to Weak Effective Theory below EWV scale)

1 T T T T T T T T T T
: . ‘ — S parameter |
W@’\/\/\/ M/‘Q’\/V\/ _ — EDMs [
. (L —  b-osy |
L — hﬁyy 4
” — Combined |
_ --  Future
N\ >~ 0 ‘
. S
(@]
=~ :
Coupling Observables [
Cy o(tt); o(tth) -0.2 0 0.2
Cwi ao(t); t — Wb 0.005
Cw o(t); t — Wb, Z — bb
Cy O'(tt_h)
Cow,oB,owB < Cy,Cwiwp, Cy h — ~v; S
CchV,ch,chVB < C’Ya CWt,Wb, Cy h — Yy 0
Cch,ch’ — CQ7CY h 99 | \ 1
Cs + C,4,Cy EDMs -0.4 -0.2 0.0 0.2
CsY + Ca,Cog e CLY) EDMs; b — sy o)
S Cupg, CO) CODE) EDMs; b — sv V Cy
Cow,poB,oWB, Cow o oW 1-0.005

Importance for global sensitivity:
* Allow to exploit constraints from low-energy direct/indirect probes
* neutron & atomic/molecular EDMs as probes of chirality-flipping TOP-HIG couplings, etc.
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SMEFT-LEFT matching & global sensitivity

SMEFT matching to Low-energy EFT:

* Running/matching SMEFT coefficients down to EVV scale (and to Weak Effective Theory below EV

So far, 265 Observables achischer et al

LFV —
B.-B, |
DY-DP
B°-Bo >
KO-[K0 — e ete D]
- — ey E {
- — K T IJ [—
By — e*p
o Kptps Bt o K+t s 0 g
= Xy BY - K*0y - K* - o
- K Bt » K* - K e N
- K*+ BY — K*%¢ - K% R —_
— by . — K e [ap) o
By = ¢ S K7 T ~— o~
— Xgete™ )t —
= Xoutp
o I
T — ey
K — 7 — +
- - o o
Sqd K- K, — Kg — e Ky — o _)F‘e+e_ T"’—)poe+ a— '—|N
gy = Ks = o petps = pout | d_)u —~~
20 s pptps . O ”ﬂ-li ety 5 ,S"
- —
20 - prr¥ | :»‘»‘., Tt Kto | gt ety S—U
o g ™ Feec
g :: @ Z Bt > e
K 0 r=7tu,
(9-2) W=— = i
W - 7= - e b-su
vuN = vNptp~ Z - ct ete” -7 > qq -y
W= Z — bb
L E ) \ B = D*rty
' B — Drtv
EWPT e

Importance for global sensitivity:
* Allow to exploit constraints from low-energy direct/indirect probes

’ 0
/4
N

0.0008 -

0.0007 -

0.0006 -

0.0005 -

0.0004 -

—— Rk & Rg-

b— sup
—— Rp & Rp-

. —— global

0.0003 -

0.0002 -

0.0001 A

SM

0.0000

-0.14 -0.12 -0.10 -0.08 -0.06 -—-0.04 —0.02

0.00

iy Jasz = [Cly Jaaas [TeV2]

* neutron & atomic/molecular EDMs as probes of chirality-flipping TOP-HIG couplings, etc.
* flavour observables (b — sy, b — sll) as probes of flat directions in the LEP/LHC sensitivity.
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SMEFT-LEFT matching & global sensitivity

SMEFT matching to Low-energy EFT:
* Running/matching SMEFT coefficients down to EWV scale (and to Weak Effective Theory below EV

So far, 265 Observables achischer et al

0.0008 4 — Fx & Rx-
— b— sup
——— Rp & Rp-~
AF=2 00T giobal
BB, c?
A > 0.0006
KO-k o
’:’:ﬂ: Bt o Krt _ t‘
I 2 0.0005
B—)X:;y BY - K*0 B:—»K o K (]
B —_: 11({*+ +—)_)KIf‘:: ’ :i ?:"ﬁ ,_'\_N‘ L
"0 b bk SZo000044 b Ll e
B Xe Ao = A '(—D‘
— Xapt
|
-, 0.0003
K, — g
s—)d K- K — Ks — Ki — o
o e = = 0.0002
25 \-63' '
2° [
AT \ y
N 0.0001 -
Z —ete” A
(9 — 2)e,u,r ' W Wi_’ei” ‘ %35;5- Z \\ ,/l T e v SM
v = uNphpe Zi:’;: ’ . gjgg ete 2l 0.0000
EWPT -0.14 -0.12 -0.10 -0.08 -0.06 —-0.04 -0.02 0.00

[ (1)]3323 [ ()]3323 [TeV—2]

Desired further developments by TH: &
,!
-+ Systematic computation of 2-loop RGEs/ADs for NLO improved SMEFT - LEFT/WET matchlng |

'Indirectly required/motivated:
* More sensitive EDM searches and improved lattice QCD & nuclear structure calculations
* Systematic study of flavour observables that help W|th new constralnts in global fits.

- e ————— — ———

— |

= —— —
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Good tests kill flawed theories; we remain alive to guess again.
Sir Karl Raimund Popper-

EFT : process modelling & analysis approaches

* TH process modelling & necessary/available precision
* EFT analysis approaches & results presentation
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Advanced techniques

Analysis based on optimised discriminants :
MEM-based LRs for hypothesis discrimination for well reconstructed final states
ML-based LR estimators proposed,/. plicable to wider set of analysis?)

We are testing two hypothesis: C_O VS c/=0 P e
L - ™~ . 6 / Parameter
Which is the best test statistics for the test? Featres Latent variables _,/ Oaf f?]teereests
Likelihood ratio = Optimal Observable:
e Poul@) e Observables - Detector Shower  Parton-level Theory
Peu () + Pasu(E)” Pint = 5 () + Paa (D) Interactions splittings momenta parameters
or ratio of or matrix elements M = Mgsu +d - Mcp-oda- €T < Zd € 23 —— Zp < v
2
i 2 : o
00, = Meroml | g, ,_ 2Rl Mera)
| SMl SM parameter 9 >
(used in ATLAS used for CP studies in H—1T l | o ,
observable J

[ATLAS-CONF—ZO?Q-QSO]) | tent 2\ | vz — P
Maximum sensitivity, but don't separate { } i Y v
measurement and interpretation /j ‘ — r(z, z|0) Lig (wl9)

Stk A Wl v argmin L|g| —» 7 (x|0) —>»
Usually one needs one observable for each c. S s t(x, 2|0) y omotiate

vl augmented data likelihood

General measurements could loose a bit of : : : C 0
information, but more suitable for reinterpretation Simulation Machine Learning Inference

' Further' developments/dlscussmn with TH

|
|

'+ Can we converge to optimised analyses and to present measurements in their unfolded distr.
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N3LO "revolution™ towards HL-LHCQC?

Progress in higher-order pQCD computations:
* "NINLO revolution” becoming "NNLO standard"” during recant years

. en nae’ u'\e\\o \(\e\\° e\\0 - \O ali‘“\ o
Neer\len et @ and “\(\\Qolew \n\KO - yan Nee‘o\'_\oua \, \—\a‘:la e\r\'\\koV,Pue Me\\'\'\\aov ; P‘:e\“\\kov, P:’:‘:“,\\‘o\,‘ ?e\ne\\ Feﬁe‘a. G‘:\_\ N\OC“’ 7 ont ano N
n ar c\OU» ) e\n, g\OUYs g\O\ . ) e 0l qans o T 0l Y Ny
DY, V@ o\ P aaste® 4\, B aast? aste W diffs ait a2 o F10 . Aok, a7z y ~
rora\s AT ord A VIR 1o it i A \N\,—% aiff Ca‘ag;fa‘,“"* \‘C ‘:\o\a\s 012" (rerd ‘a;—\ (@ erre® /
\\P \|® e, e F\O &
Wiz e we (‘a\a“"\‘c' ough zal el @ AN y;
" ! (partial) - N
ttbar total, Czakon, Fiedler, Mito
Z-y, Grazzini, Kallweit, Rathlev, Torre
S jj (partial). Gehrmann-De Ridder, et al.
2004 2006 ZZ, Cascioliit et al.
2008 S -ZH diff., Ferrera, Grazzini, Tramontano
WW , Gehrmann et al.
2010 ttbar diff., Czakon, Fiedler, Mitov
N Z-y, W-y, Grazzini, Kallweit, Rathlev
N\
Hj, Boughezal et al.
2012 .
. o Wij, Boughezal, et al.
Explosion of calculations Hj, Boughezal et al.
. . VBF diff., Cacciari et al.
Sta rtln 9 In 201 4 2014 \‘ Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze

"Zj, Boughezal et al,

. WH diff, zH diff, Campbell et al..
77, Camppegyy etal.

2018
WZ GraZZ’n, et al.
GrazZ,-m- .
etal..
p;‘.”CFM at NNLo .
ingle t\Z’ Gehr’"ann- “QheZa, etal,
Florr Berger, Gao - 2der, ot
Orian et 1 9QQ, C-'YUa :
ta " Zhy
Hiy Ri
%7 Idq,
BF‘diff)F A VBF gijf J.C Z G H et
. . . . . A, V. Urys. Lo N
Slide inspired in Gavin Salam’s talk "eer ¢ ZMartine, 9
t, al ’ et
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N3LO "revolution™ towards HL-LHCQC?

Progress in higher-order pQCD computations:
* "NINLO revolution” becoming "NNLO standard"” during recant years

a (e rvel Aand®’ = petre® (e e\o (@ {0
n NeeNen o W ‘\aﬂde‘ ' K\\g(c:\l Me\n\Ko;(ﬁ\\h an N.ieo\oua ; Ha u e\m\‘o\l., u e\“\\(o\l ‘ e\f\“\l‘o\' ' P‘\e’\e\r{\\‘ N Pe“-\ 0 Feﬂe‘a\\oﬂ-\ N\OC“’ onta® '
N2 ° @S0 e, ST, Bret™ 2SOV " crasio L it o o o™ T 720
D\( . ok 2\, Y ol 1ot a\, A\\ \j\“d‘a \N\'\ \o\a\| >) d\“.‘ s\ . P\(\as‘ W o\ ,Z d:: . o a Al G(?l\%c , de F\\ 0\10“\' or@ ‘all\“\‘ or efd (a
W/  aiff M7 catatt oy T e . plofat
. \JBF d\“n ) 3

\Nlld\“ ‘ (‘,a\a“\'\‘ ; - y
YYs W (paﬂ.‘a“’ . N
Atbar total, Czakon, Fiedler, Mitov N
Z-y, Grazzini, Kallweit, Rathlev, Torre
jj (partial). Gehrmann-De Ridder, et al.
ZZ, Cascioliit et al.
S -ZH diff., Ferrera, Grazzini, Tramontano
WW , Gehrmann et al.
2010 ttbar diff., Czakon, Fiedler, Mitov
N Z-y, W-y, Grazzini, Kallweit, Rathlev
S Hj, Boughezal et al.
201 2 Wij, Boughezal, et al.
Hj, Boughezal et al.

10% [
o b \ VBF diff., Cacciari et al.
’ 2014 \ Zj, Gehrmann-De Ridder et al.
2% ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze
-2% ,
5% F "Zj, Boughezal et al,
() - WH : .
X gnff, ZH diff, Campbell et 5.
o/ k... £ ampbe”
-10% 2018 Wz | etal
GraZZ’n,' et al
-15% MWW GraZZini et al.
. CFm at NN o '
- PlZ Ough
20% L Slngle t Gehrmann_D g €zal etal.
%P Bergey . Xidder, e
IOI'Ian et al ’ ) C._YUan a .
De R
. 'dder
Wk, - VBFdif Cruppy. 2. G . et g
Slide inspired in Gavin Salam’s talk ere; _ “Martine,, 9
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N3LO "revolution™ towards HL-LHCQC?

Progress in higher-order pQCD computations:

* "NINLO revolution” becoming "NNLO standard"” during recant years

* Important progress in NNNLO computation methods for differential observables (e.g. Higgs rapidity)
* Important reduction of ~50% in TH uncertainty from NNLO

N°LO DIFFERENTIAL DISTRIBUTIONS

L. C, X. Chen, T. Gehrmann, E. W. N. Glover, and A. Huss (2018)

Rapidity distribution

F e il HN3LO + NNLOJET — pop - H + X J5= 13 TeV
distribution at N3LO 25 . ; . . T ; ;
employing a seven-point E===3 \3L0
scale variation and 20 E A, == NNLO
carefully assess : NLO
systematic errors & LO Compared to the NNLO
arising form different Ea 15 —1/ e yH distributions, we
qTcutand CN3values. | 'z 5 ¥ ik = Gz ) Wy s gflfhr(g:ry
o vl 2l ] uncertainties by more
i than 50% at N3LO. The
The combined 5 I 8 scale variation band at
theoretical uncertainty at N3LO stays within the
N3LO is at most of £57% , 1 , . 1 : , NNLO band with a flat K-
level with respect to the ; factor of about 1.034 in
central scale choice 1.2 | | ' ' | ' | - the central rapidity
S o region (lyHI < 3.6).
= 1 VAV LS
S
N3LO prediction at 5 :
qTcut=2GeV

+ qTcut uncertainties +
systematic uncertainties

33
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N3LO "revolution™ towards HL-LHCQC?

Progress in higher-order pQCD computations:

* "NINLO revolution” becoming "NNLO standard"” during recant years

* Important progress in NNNLO computation methods for differential observables (e.g. Higgs rapidity)
* Important reduction of ~50% in TH uncertainty from NNLO

N°LO DIFFERENTIAL DISTRIBUTIONS

L. C, X. Chen, T. Gehrmann, E. W. N. Glover, and A. Huss (2018)

reduction of theory
uncertainties by more
than 50% at N3LO. The
scale variation band at
N3LO stays within the
NNLO band with a flat K-

Rapidity distribution
e IR HN3LO + NNLOJET — pp - H + J5= 13 Tev
distribution at N3LO 25 . , , . , , , |
employing a seven-point === y3L0
scale variation and E==J NNLO
carefully assess <8 NLO
systematic errors i, LO Compared to the NNLO
arising form different | & 15| % o 1 yH distributions, we
qTcut and CN3 values. = S e e observe a large

The combined |
theoretical uncertainty at
N3LO is at most of £5%

o
|

level with respect to the ; factor of about 1.034 in
central scale choice 2l the central rapidity
ST region (lyHl < 3.6).
B a.;
= 0.8
N3LO prediction at < 0.7
qTcut=2GeV grodls
+ qTcut uncertainties + 0
systematic uncertainties
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Precision modelling: correlations & data-driven methods

Exploiting correlations:
* Correlations among: observables in each measurement, measurements in each experiment, all experiments
* Correlations between SR & CRs: crucial for applying precision TH to data-driven BKG determinations

pp — V+jets @ 13 TeV

|
'+ Clear understanding of dominant sources of TH corrections

visible : — R .
ZA W(—’IV)+jets more TH fOI’ O.Z—H/I//O.V “50.04 S_ ] L Teut > 818(1)1 ! _f
KR = = Teut -~ U. .
_8_ §k§0-02 ;_ — Tcut > 0.04 _:
[5 l Om,g
© 2%0.02 E_ Z(H 07 )+ jets .
E§0.04 3 --- (‘E\(’/)?C(Q)CD-EW int. in V+j) E
SR L]
S C 4]
i zEoo
e, $gooz b
- ------------ _° L
. A T 2z eI i
legs statistics = T, R, ggooz WHEW)Hies LY
S, ., R “Zo04 - E
more TH for do/dpr ., ., i
o) :::::-::.:.:.::.:.: . . .. . Z ( - VV) -|-i ot “% g 0.
........... >EO‘
T > h
1 TeV pTV 2=
.(:.1.80.02
RN
Data from visible Z/WW/~+ jet processes + theory extrapolation e S
@ simultaneous profile likelyhood fit of 3 backgrounds + signal o QCD uncertainty model confirmed by NNLO calculations
o exploits theory for o ovisible vatios and do /dpr shape . e . .
P y Z—vv [0V /dpr shap o overall uncertainty at 1 TeV < 5% in distributions and < 2% in ratios
prior theory uncertainties and their correlations are crucial! @ reduction of TH uncertainty crucial for high-statistics monojet searches!
T - — —— — . - - — - = — — e —————— : — —
'Need close TH-EXP interaction & guidance for:
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|+ Building model for TH uncertainties with correlations across processes
) (e.g. exploit the idea of Idea of quasi-universality of higher-order QCD corrections)




Inputs for global fit: PDFs

PDFs: Important ingredients in (HL-)LHC measurements
* The N(eural)N(etwork)PDFs : LHC data provide powerful constrain (especially at large x, large inv. mass)

HOW TO MAKE PDFS MORE ACCURATE? A COMPARISON AMONG GLOBAL FITS

LHC 13 TeV, NNLO

—_— +1 +2 -|_3 1-2 | B | o L) L L
0 = 0420'() + oz’; o1+ ozé’ 02 + (9(042 ) Q g(x,Q) at Q =100.0 GeV 90%C B ror:
z CT14HERA2NNL NNPDF3.1
i CT18
» Standard global PDF fits based on fixed-order QCD calculations < CT18Z z
» So far PDF sets only account for experimental error. Error associated with :mj £
truncation of perturbative series ignored T 7 <
= NNLO theoretical predictions for observables entering PDF fits e 5 |
= Fast interface with NNLO codes £ 09 5 B e
= Photon PDF and inclusion of EW corrections C.Voisey's talk i ©
= Inclusion of theory uncertainties 0.8 bt . — LS
10° 10% 107 102 10" 02 05 09 085 . S
NNPDF3.1, Q = 100 GeV X 10 10° M, (Gev) 10

NNPDF3.1, Q’=10* GeV?

o, ‘“NLOI PDF uncertainties S : CTEQ-TEA collaboration, arXiv: 1908.11394

1| J— TH error (NLO => NNLO shift) 1 P. Nadolsky’s talk

* NNPDF3.1 (2017) - gluon softer at large x and with ~30% uncertainty reduction
* CT18 (2019) - gluon harder at large x and milder uncertainty reduction

g(x, Q) /g (x Q) Iref]

* CT18 releases separate CT18Z set that includes W and Z precision measurements at

7/ TeV due to data tension
» Differences in datasets? Or theory: fitted versus perturbative charm? Methodology?

Need sustained TH effort in order to:

* Understand the differences between the latest fits (NNPDF3.1 and CT18) and obtain more \
| accurate PDFs
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Interplay between EFT & PDFs

PDFs: Important ingredients in (HL-)LHC measurements
* The N(eural)N(etwork)PDFs : LHC data provide powerful constrain (especially at large x, large inv. mass)
* PDF are process universal but model dependent

PDFs importance in global interpretation
» Effect on gluon PDFs larger than for quark PDFs

([ J
Parton
stiosion | 1 3:\\/ _ NNPDF3.1 DIS-only, Q = 10 GeV
Functions d\ ) H - :
S o7 s . 115 = @,a0,.0) = (0000) [sM] o
Scattering: L e (@, apa..a)=(-0.3,-1.8-55) Deviation
il Perturbative S 14 th
| QcD ) ana, WItNiNn uncer.
g d -
at N123L0O o but Iargg
p {1 z uncertainty
e | 2 (DIS only)
Perturbative QCD g |

doPP—ab — fo‘“@”s agii—ablq & %o.gsi

[t Jix, 1) :

1, l ? B

SLHC «——= a -

0.9—

SMEFT =« data o -
PDF are process universal but model dependent | X

' Important interplay between

|
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Interplay between EFT & PDFs

PDFs: Important ingredients in (HL-)LHC measurements
* The N(eural)N(etwork)PDFs : LHC data provide powerful constrain (especially at large x, large inv. mass)
* PDF are process universal but model dependent

PDFs importance in global interpretation
» Effect on gluon PDFs larger than for quark PDFs

@
NNPDF3.1 NLO DIS-only, Q = 10 GeV NNPDF3.1 NLO DIS-only, Q =10 GeV
- B e T = B === T T e 7 130
N BP1: (-0.28, 0.1, 0.1, -0.28) 4 —~ o | BP1:(-0.28, 0.1, 0.1, -0.28) _
25— | BP2: (-0.04, -0.19,-0.19, -0.04) ] ~c | ween BP2: (-0.04, -0.19,-0.19, -0.04) =
— e T BP3: (-1.0, 0.7, -0.7, 1.0) ] >"> S R BP3: (-1.0,0.7,-0.7, 1.0) -
2 o= | == BP4: (-0.7, 0.5, 0.0, 3.0) 7 5 o | = BP4: (07, 0.5,00,3.0) = 1.25
(@) ~ - . BP5:(-1.0, 0.0, 0.0, 0.0) . N - - . BP5: (-1.0,0.0, 0.0, 0.0) a
b - | eeea- BP6: (1.0, 0.0, 0.0, 0.0) . E - | mme=. BPG: (1.0,0.0, 0.0, 0.0) ]
a 1.5 - BP7: (-0.5, 0.0, 0.0, 0.0) — o 1.5 - BP7: (-0.5, 0.0, 0.0, 0.0) — -
Qo = e = BP8: (-0.5, 0.0, 0.0, 0.0) - v ~ e = BP8: (-0.5, 0.0, 0.0, 0.0) - g 1.20
D e T = =
ap - - = m - ©
(% — ] 2 - - (7]
o 05—  _aemTTTN e —] % 0.5 — L-S 1.15
- F i e g, - A :
.".",'_'n-. + SM: (an adr aSr aC)= (Or Or Or O)
1.107 —e— SMEFT: (-1.3, 1.3, 0, 0) pre-fit
-@- SMEFT: (—-1.3,1.3,0,0) post-fit
1.05 1 T 1 T 1 T 1 T
25 50 75 100 125 150 175 200
Qmax (GeV)

|

|
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EFT fits largely ignhore the interplay between top and Higgs:

 Should we and/or can we avoid the messy picture?
Breaking degeneracies:

 Important impact of differential information, extract maximal information from combination/interplay

tZj/tH) example

20

101

v (TeV/A)?

Cro (TeV/A)?

~10- /AN |
W g I\ boost |

29 20 —10 0 10 20
Cg, (TeV/A)?

06 = (Q1.TQ)(@:7" T a:)
0pa = QT Q) (@ T 7! gs)

Oty = (@ T i) (FyuTt)
0G, = (QTQ)(@v"T"q;)
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ttH + H, H+j to break degeneracy

O = i (¢T¢) (@) o,

i S

>,__

oasi(eeie | T e D

ttH

(Cf kt, kg)

O =i (¢'¢) (Q1) ¢

Osc = v (40) G, GA

Lots of processes
Combination:

* Inclusive H

* boosted Higgs
e ttH
« HH
 off-shell Higgs
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TOOOD —-—T0000 0000 e
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H, H+j, HH




Oy = 12% ( *(5) 99) (Q"Q)

O

O\-,aw B

cpW

cpWB

(¢'Tip) BY W,

Top operators

Og(; CtG

igs (QT* Tut) G4, + h.c.

O‘% cpQ3 i(@ﬁﬂ Tip) (Q'Y“ T'Q)

(=) (1) (3)
OwQ cpQM OwQ - OWQ

a
|

0.4

cdp

u ()0 (pp)

i(Qr* t) @ Buy + h.c.

—sinf, O, 5 + cos by, Oy
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1.0——

do /dp¥ (b /bin]

10 |

1F

Triangle

1 ] \\\ ‘\‘\
. g 1™ /
Box -----—--- N
- . gj =+ ZH (NLO) —— 1
I R = . )

Flipped Yukawa

T 1 e

_____ 3

l_k""\....,__; - Zz

= E

J ﬁl

MSTW2008LO 3

LHC14TeV 1 1 . =
100 200 300 400 500

pll [GeV]

4-parameter fit:

Ct, Cq, CV, CA

, Constraint from gg to ZH

Englert et al arXiv:1603.05304

Constraints on ttZ couplings
competitive with ttZ process

to enllghten mterpla
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Loops for tree-level processes

processes interplay and one-loop contributions

* Process interplay breaks degeneracies, one-loop process contributions can be important
(with limited information on top couplings one-loop Higgs processes can be significantly modified)

O = Qt@ (¢'p) + hec,,

3 —
0% = (p'iD L) (@71 Q).
Optb = ($'iDyip) (17b) + h.c.,

< g OB = (Qo*"t) By + h.c., + Current constraints from
;‘T\E\ M Opt = (1D u) (E7"1), top LHC measurements
00 = (¢1iD u9) (@1Q)
O = (Qo*7't) @Wlf,, + h.c.,

2oor knowledge of top couplings leads to

uncertainties on Higgs measurements at the LHC:

Y vZ bb WW* 77"
gg [I(-100%,1980%) (-88%,200%) (-40%,48%) (-40%,47%) (-40%.46%)
VBF ||(-100%,1880%) (-88%,170%) (-6.1%,5.3%) (-6.8%,6.7%)|(-8.8%,9.2%)
WH [|(-100%,1880%) (-88%,170%) (-5.5%,4.2%) (-6.1%,5.6%)|(-7.8%,7.9%)
ZH |(-100%,1880%) (-87%,170%) (-6.5%,5.9%) (-7.1%,7.1%)1(-9.4%.9.9%)]|

loop-induced tree-level
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Instead of a summary...

Measurements @ 7, 8, 13 TeV confirmed the immense potential of LHC

* Understanding of the true nature of SM of particles physics is one of
the central subjects in the particles physics today

EFT offers one of the most important global approaches:
» SMP/TOP/HIG already perform high-precision measurements.

TH studies & tools are becoming mature and ready to be used in global EFT fit!

* TH and EXP need to continue working together

In E A
HL-LHC will enable full discovery potential o =
* Major effort of the community of theoretical and experimental
physicists is required (and is already ongoing) ]
» Estimates of the HL-LHC performance are extremely encouraging
Next-generation accelerators & experiments are key to
our understanding of Nature
If your experiment needs statistics,
you ought to have done a better experiment. oy

E. Rutherford
B

1 L | T UL | T rTETTT T T
£ 15 ATLAS and CMS
- LHC Run 1

me
=

¢ ATLAS+CMS 1
------- SM Higgs boson |
— [M, g] fit ]
[ 168%CL

10° 3

[ ]95%CL
P | PR

(11 1 yoo sl 1 [ [N sl
10°" 1 10 10°
Particle mass [GeV]

Simplified
o (4q) U} ———> highp
| mateh
Y
(@) ()
SMEFT .
' ru
\i
______________________ > EWPT
P Y 'L
Sty o) (e yppee) (CLy"b)(TLyuTe) (Sty*su)(peyute)
WET !
Y \ Y
B— KWyt~ B — DX — Op
M HL-LHC M HL+LHeC I HL+HELHC u :t::tg/‘: . HL:cucfzgc 4101
Mggs®@FCWG—— oMEFTw fit M HL+CLICa00

. 410-4

g:lf{Z gﬁfvsvw g?lf;y gﬁféy gﬁf;g gﬁlftft gﬁféc gﬁflgb gflflf'r gﬁf;fm 691z ‘SKV Az

Q
5 1%
3 & .
magic

threshold
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l

Upgraded detectors @ HL-LHC

Trlgger/DAQ HLT IO kHz

‘Muons up to \n\<4 O R —

Bl 77.’:

‘\ y WA
ngh granularlty Timing Detector

Improved trlggerlng ‘ F Trackmg up to [N]<4.0 |

arl -

= ey f 2a ';:\r / . Fast tracklng and
| B B N
Upgraded calorimeters [ QU vertexmg R

" ‘\
l.,

'Major upgrade durlng LS2:

i
|

|

\Forward Interaction Trigger, Inner |
Tracking System, Muon Forward Tracker

. l Il

Improved trlggerlng

\ \\\ T \\

'MIP Timing Layer
(Barrel and Endcap)

lfs g ,,/ |

\
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Detectors performance @ HL-LHC

| Jets ? ' MET resolution

Detector performance

S’ A o S A

1) 1_ L B B BN BN BN N B = L N N L LA L B BN

after Phase-2 upgrades: S [ \s-14ToV, <> =200 ATLAS Simulation § & 120FATLAS Simulation \s=14 TeV, <u>=200"
z - ITk Inclined 1 1003 ITk Inclined -

o o o o o ?—i i 6, = S0mm i %‘ B '.'h]soft track|<4'0’ IanTI<4'0 POWheg Pythla t f o

» Effective pileup mitigation 51071 Pyias et TG oF ankenn, 7 Ryr>0.1 E
> - 20<p <40 GeV . g OVL soft track Ror i

- ~ : € < : _._—0—_‘_ :

* Overall performance similar 3 1 Y . =
. LLJ B N = - ° . ® * -

or better than during Run 2 107 | I-ngs T, 3
—1.5<n|< - B -

o . > | | | —29<mi<as - ool E

* Extended capabilities with - I - : :
— ooy Oy Ry o - -

new algorithms 1906 065 07 0.75 08 085 0.9 095 %550 55 60 65 70 75 80
2017-10-30 Efficiency for hard-scatter jets Npy

 Pile-up suppression ‘ B Mass resolution . B-tagging ' LHCDb Vertex Locator

45 M
M Slmulatlon reliminar. 13 TeV

> 4OC S p y ; g 01 rrr Tt [ rrr [ rrrr[rrr o[t rrrT [T rrrrrrrrrrt é\ 1 ::.J::'!::.l. g g 0.6 [ I. T T T I T T T | T ]

- é i : f ’ = B , 0 7] ] - ]
0 F tt event tracks = - AILAS Simulton o B" mass -8 -2 - *  —@— default VeloPix
e v e e e G [ G- ~—Rn2E0.0=2 | 8 pu=200jetp >0Gev g 5

- >0 9 GeV o | Bs— up, IDATk tracks —a— [Tk Inclined, {u) = 200 — o < 0.5 * ThinSil (optimized) ]
c 0.08 —h— (op )
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Systematics recommendations & extrapolation methodology

General:
* Systematic uncertainties will be limiting factor for a wide range of measurements
* Assume similar detector & trigger performances

. Aim for as realistic assumptions as possible Expected experimental systematic uncertainties

Source Component Run 2 uncertainty Projection minimum uncertainty
Muon ID 1-2% 0.5%
Electron ID 1-2% 0.5%
Theoretical uncertainties: Photon ID 0.5-2% 0.25-1%
Hadronic tau ID 6% 2.5%
* Build upon existing/recent TH progress/studies Jetenergyscale  Absolute 0.5% 0.1-0.2%
i Relative 0.1-3% 0.1-0.5%
* Assume a scaling down by a constant factor Pileup 0-29% Same as Run 2
. ] Jet energy res. Varies with p and Half of Run 2
’ QCD calculations ( I /2)’ underStandlng of MET scgl}; Varies with analzsis sele?ction Half of Run 2
PDFs ( |/ 3), top PT ( |/ 2) , etcC. b-Tagging b-/c-jets (syst.) Varies with pr and 7 Same as Run 2
light mis-tag (syst.) Varies with pr and 7 Same as Run 2
° Integrated lumi. 2.5% 1%

Experimental uncertainties:
» Estimates of ultimately achievable accuracy based on the upgraded Phase-2 detectors studies (TDRs).

» Assumption that sufficiently large simulation samples will be available.

P Milenovic, Towards Global Interpretation: Experimentalists’ wish-list 40 UPHC workshop, Institut "Pascal”, Orsay, 25 Nov - 6 Dec, 2019



Ultimate precision for PDFs @ HL-LHC

Knowledge of PDFs required to extract: . Example W+c data
 fundamental couplings from cross section measurements ésooooé_-- Lumi error = 1.5 %
=
- predict the tails of SM distributions at large Q2 5 250005 e
© 20000 -_
* probe the existence of new physics at high scales 15000 -
10000 E- PDF4LHC15 —
- PDF4LHC15+ HL-LHC e
5000;_ B HL-LHC pseudo-data (s:ifted) —__,_+
Estimate of PDFs constraints: o VT
T 1.3
. . . . o =
 Based on precision differential measurements of processes with: 12E
jets, top quarks, photons and EWV gauge bosons S T
0.9E-
* Improvement from use of LHCDb data, and access to 0.8F-
o oo . 0.7
large rapidities in ATLAS and CMS 08E
n
Di-jet productlon ' Gluino pair productlon
————r————r—————————— —— D
. ! PDF4LHC15 | E H B9 PDF4LHC15 | |
<0 ] 1.8
1 5% + HL-LHC (scen A) S 1 6: ‘k\\\ + HL-LHC (scen A)
1.15H — 61] S s MP—
© [ 3% + HL-LHC (scen C) i o g7 +HLLHC (scen C) e ]
S e 4 £ 1 |  Improvement |
(D) - . 2] | t
S 105 18 by factor ~2-4
e r 1 2 1
§ 15_ - § 0.8
0.95;— ; 0.6
0.9F = 0.4
0.85 ioloo' —5000 30002000 5000 60';0 OR00 7500 2000 - 2500 5000 3500 4000
M™ (GeV ) Myino ( GEV)
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ET T T T T
- ATLAS —4— Data

Ultimate precision for cross sections: & 10°E (s=7TeV, 46107 ) p o .
+ @LHC: 0(Z = pp) = 502.2 + 0.3 (stat) = 1.7 (syst) = 9.0 (lumi) ™~ o E
- single dominant uncertainty : luminosity ~2% N e 5 e
« Measurement @HL-LHC: 103%
* Improved lumi. detectors, refined VdM scans, use of low-PU runs 10
* Once measured at (sub-)percent level, 10

use Z cross section to help luminosity measurement. L

I | | | | | | | | | | | | | | |
60 80 100 120 140

' ‘Target luminosity uncertainty: 1% | M [56Y]
| S— —— e e
mm Global EW fit
IV B Th Y ° Bl Indirect determination
Electroweak mixing sin20w: st ks ©
» Total uncertainty likely reduced by a factor of 3 @ HL-LHC AR SE R AR R R E AR RRARARRARERE
M N :
* |ndividual measurements reach current world-combination uncer "1 |
Strong benefit from tracker/muon system coverage sSeT@ )| | —e - =
° ComplementaryATLAS (electron) and Ce b b b b b b L
CMS (muon) measurements 3 -2 4 0 1 2 3
(Oindirect ) O) / Gt°t

» Study effect of improved PDFs
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L R
—4— Data

X total (stat)

] Z/Y:—WLM

B z/y —»tr

[ tt + single top
[_] Dibosons

[ ] Multijet

§ | | | | | |
- ATLAS

= (s=7TeV,4.61b"
- Z = utw

Ultimate precision for cross sections:
.+ @LHC: o(Z = pp) = 502.2 + 0.3 (stat) = 1.7 (syst) £ 9.0 (lumi) ™~
« single dominant uncertainty : luminosity ~2%

« Measurement @HL-LHC:
* Improved lumi. detectors, refined VdM scans, use of low-PU runs

* Once measured at (sub-)percent level,
use Z cross section to help luminosity measurement.

T B
100

- ) S - ~ 60 80
' - Target luminosity uncertainty: 1% M [GEV.
L‘A . - , e (_:MS IIDhase-Zl Simylation Preliminary .14Te\_/

Electroweak mixing sin20w:
» Total uncertainty likely reduced by a factor of 3 @ HL-LHC

dsin’0,, = =0.0004, =0.0008, +0.0012
NNPDF3.0 uncertainty

* Individual measurements reach current world-combination uncertainty

* Strong benefit from tracker/muon system coverage

* Complementary ATLAS (electron) and

CMS (muon) measurements

» Study effect of improved PDFs

-0.005

70 90110

70 90110

70 90110

70 90110

70 90 110

70 90110

70 90 110

M, (GeV)
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Ultimate precision for W mass

Latest mw result @LHC

< - | | | T T T T T T ]

W mass measurement: S . .L ATLAS == m, =80.370 + 0.019 GeV
O, 80.5¢ Bl m =172.84 £ 070 GeV -

* Improved knowledge of the W mass - key target of HL-LHC s . N M, = 125.00 £ 0.24 GV -
80.45— m= 68/95% CL of m,, and m, —

* Current dominant uncertainty from PDFs - 7
80.4F -

I

* limit PDF sensitivity via extended leptonic coverage |n| < 4

I

* Required optimal reconstruction of missing transverse momentun  80-3

* low-pile-up runs are a necessity 80.3F £ B 65/95% CL of ElectrowealC
- Fit w/o m,,, and m, ]
— (Eur. Phys. J. C 74 (2014) 3046)  —
B | | I | | | | I | | | I | | | | I | | | | I | |
8025965 170 175 _ 180 185
m, [GeV]

Precision @HL-LHC:
@ Gluino pair production

* Low-PU runs (with p~2) I e s o o o o s
o o S 18F ATLAS Simulation Preliminary <us = 2—

* run | week: statistical precision ~9 MeV > 6o —= Stat ® PDF E

. e . . '© _ --o-- Stat. -

* run 5 weeks: statistical precision ~4 MeV % 145 - PDF (CT10) E

c 12— —

* Systematics with HL-LHC ultimate PDF ~4 MeV Z; 10;-\.\ E
— S —— 82_8::"'“**:.::'_ :::: B mmmmmeeneee O LETEEPTEPREE T ........... Tg —f

‘, - TG =
~overall target of Am +6 MeV i_ """ O, S o -

of- =

O: | | | | | | | | i

200 300 400 500 600 700 800 900 1000
Luminosity [pb'1]
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Ultimate precision for top mass
"J/P method" (t— bW —=}/PlvX)

CMS Phase-2 Simulation 14 TeV, 200 PU

Top mass measurement @H L-LHC: 3 D s venexfuin s | 5 p f“{ —
~ 70— ¢ ttsimulation < o} 3 1
* Improved uncertainty through more statistics, I S P (- S O R
. . . 60— 0y =(18 = 1) MeV ! 4 ]
calibration, better modelling, etc. S | [ w1 e
:_ Fit (signal + background) o:»‘i\\‘:‘i“: o ) _:
* Require future theoretical developments for ; G ]
interpretation in terms of a theoretically well defined mass op F4 o Crystar et signal it
B i 3 Phase-0 detector i
» Several methods available 0 - i L e e
Precision for different methods F l E
D Fees CMS : RERIR A :
(2. 3__ ' Pre[iminary PrOjeCtiOn__ 26 27 28 29 3 31 32 383 34 35 36
— C : ] m,..- (GeV)
E N - =i - J/V¥, arXiv:1608.03560 = o o .
- 2.5 '; e o (), JHEPOS (20160020 Precision for different methods
O 25_ ''''''''''' - sec. vtx, PRD 93(2016)2006 ] Method: tt lepton+jets  t-channel single top mgyy J/w O
= - K == single t, PAS-TOP-15-001 - Amy,p, (GeV): | 0.17 0.58 0.62 045 1.2
S . g l+jets, PRD 93(2016)2004 -
© 1.5F =
-— . - T T T T T P -
- ze A3 .
O S imimimimm e J + cross-section (Mpole)
8 1_— “"""'-' -1 secondar’y vertex
2 F M 10 single top
(U j— oo :
= 0.5¢ \ =e========="3 « |/ method
= _ AN = .
ot 1+ LO+jets

Run I 0.3/ab, 14 TeV 3/ab, 14 TeV
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Anomalies in "Flavour” Physics

Flavour anomalies - low-q2:
- Asymmetry between e and Y in decay width B—= K®)£+¢-

* observed by LHCb, but not by Belle, BaBar
- Asymmetry between T and p/e in decay width B—=D®)¢{+¢-

* incompatibility with SM (by LHCb, Belle, BaBar)

Flavour anomalies - high-q2:
- R(K%*) & b = s 7+

* Minimally flavour violating Z' ruled out (res. searches)
*R(ID)/ R(ID*) & b—2cTV

« Good fits for W' vector, scalar, or vector LQ
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Flavour anomalies & LHCDb
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Belle Il Projection
—— Belle Combination
—— Babar
LHCb
—— World Combination
- SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)
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Flavour anomalies & Lepto-Quarks

£t £

s o
B° K©

d d

UPHC workshop, Institut "Pascal”, Orsay, 25 Nov - 6 Dec, 2019



Anomalies in "Flavour” Physics

Flavour anomalies & LHCDb

> 10E | | —

. 1 E_ The uncertainties of ground and excited - * __:_

Flavour anomalles - Iow- q2 : g 95 states will be highly correlated. -..Ilizg)) 3
8 E- =

. . 5 : LHCb <RD) 3

- Asymmetry between e and U in decay width B—= K®)£+¢- § U3 preliminary +R2A2)) <
~ 6F +~R(A*) 3

* observed by LHCb, but not by Belle, BaBar <’ <E \ <RAN) 3

- Asymmetry between T and p/e in decay width B—=D®){+¢- °q:> "3 \ E
5 SF E

* incompatibility with SM (by LHCb, Belle, BaBar) = 2F ¥ SSSS#. =
- (' 1 E- phase I upgrade phase 11 =

' LHCDb able to measure in several channels| 20 2005 2030 2035
L — e e e Time/vear

Flavour anomalies & Lepto-Quarks
_HLLHC projection 3000 fb” (14 Tew)

Flavour anomalies - high-q2: £ T
? ] CMS —— w/ YR18 syst. uncert.
o R(K*) & b — g f+f— % Srojection, w/ stat. uncert. only

—_
(@)
L

0.8 —' 95% CL exclusion limit

 Minimally flavour violating Z' ruled out (res. searches) |

* R(D) / R(D¥) & b 2 cTV 3o ;-
« Good fits for W' vector, scalar, or vector LQ mo.4 t“ or {T _

0.2

) )
N b
Expected cross section upper limit at 95% CL [pb]

‘I \ || | | I | I 1 1 | I I.'~I.~ | 1 1 L...I. | 1 | | 1 1 | 1| 1 |
0 400 600 800 1000 1200 1400 1600 1800 2000
M, [GeV]
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Vector boson scattering

Vector boson scattering @ HL-LHC: Vector boson scattering
* Precision test of triple & quartic gauge couplings (TGC, QGCQC) ! S —— 1 i q q
+
* Electroweak WW and WZ scattering observed in Run-2 v v
S . TGC HZy QGC
* Unitarization of V. VL = VL V| cross section at TeV scale: -
* Scalar Higgs and/or new physics to cancel divergence - L, W W
q q/ q q/

* Direct test of EW-symmetry breaking mechanism

CMS Phase-2 Simulation Preliminary 3 ab™ (14 TeV) N2400F T T[T T[T T T T T S C 800E —
__g L L N L DL B g - ATLAS Simulation Preliminary - m m - ATLAS Simulation Preliminary E
B coml — WW(EWK) 52200F /s = 1 >=200] @ @  700F —EWK 3
B 5000 ( ) 8 - VS =14TeV,3000fb,<u>=2001 & @ = s< 14 TeV . -
o i — WW(QCD) 1 §2000:_ : = é § 500E- s=14 TeV, 3000 fb —QCD :
AT 2 — tt - W a0 — WZ-EW ERTRT = 7Zjj — 4l4j -
4000 L — WZ ] - — WZ-QCD E 500 ;_ =
i Wy ] 1600E __EZ E 400F- =
: ] 1400F ttv E : E
3000/ — 1200F- Wz E S00E" 3
- - - - 200F- =
. Z 1000 = = =
2000 ] 800:_ _: 1005_ _E
— - : : — ! J
- . - ] 0 e
- : 600 1a g T —
10001 N 400} 40 C ]
i = H4x x  USprrmmmmmmmmmmrr e e =
1 | | 200: n E E : : : : : : : : :
0 T o L b b L b [ ] - : 5 : : : : : : .
600 800 1000 1200 1400 1600 1800 2000 0—1 -08-06-04-02 0 0.2 04 06 08 1 'POO 200 300 400 500 600 700 800 900 1000
m,, [GeV]

M (GeY)  BDT

SoewZZy. ~10%]

Soewe(WZy: 5-10%]

———
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Vector boson scattering @ HL-LHC: Vector boson scattering

* Precision test of triple & quartic gauge couplings (TGC, QGCQC) 1 S — q i q q
* Electroweak WW and WZ scattering observed in Run-2 W W=
* Unitarization of VLVL = VL VL cross section at TeV scale: TeC HZy QGC
* Scalar Higgs and/or new physics to cancel divergence - q L, W q ,Wi
q q

* Direct test of EW-symmetry breaking mechanism

CMS Phase-2 Simulation Prel/mlnary 3 ab (14 TeV)

s [ 0 U | S200fATLAS ' Simulation Preliminary = o wzew -
& 1400 —— WWEWK(LL) ‘ 1 E,golVs=14TeV, 3000 fo'<u>=200 MWz,
S - WW EWK(LT+TT)  —— 1 Fr — oy :
T 1200 — WW(QCD) 1 1e0f —r

- 1t — i i WZ WWZ->tX

. W7 : 140 — T ——— e
1000 —~ - | .

Wy 1 120 ' VLVL—V_ V. discovery |
°°F my; > 1100 GeV 1 o0y | significance up to 30 |
600 — : 80 combining channel

i _ 60 |
400 - m and experlments'

- i 40 . B
200 | B 20

-1 -08-06-04-02 0 02 04 06 08 1
Ad CoSs BZ*

0@““llll;lllllllllll— 0
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gg > H@ HE/HL-LHC

Inclusive NNLO estimates for gg — H:
* Huge sample of H decays expected at HE/HL-LHC

14 TeV with 3 ab! : ot = 49.6 ., pb  — 149 million gg — H events

. 145.6 et
27 TeV with 15 ab! : ottt = 133,,,, pb — 2.00 billion gg = H events
rapidity(H) pr(H)
(T = _ 0 . ——
i i i | . 14 TeV mm ] > Aes ' 14 TeV |
= § : @) - - 3 .
m i D RS 000 27 TeV -e® = |- - ‘ ‘ 27 TeV -e— |
S : ~ NNLOPS | =1 e g - NnLoPS |
'U : S --\._ -'-__ : l
-2 S 001 Tt
L b - :
=
Ao
= =
& =
<t
= =
Ny D~
- N

Yu

NNLO estimates for differential effects:
* Rapidity distn shape significantly broadened from (4 TeV — 27 TeV
* Markedly hardened & broadened pT spectrum already in [0,100] GeV
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gg > H@ HE/HL-LHC

Inclusive NNLO estimates for gg — H:
* Huge sample of H decays expected at HE/HL-LHC

event yield for pt(H) > p*r

10% |

107 |
106 |
10° |

> pk) evts

104 |

N(p%:
[

(-

W

NNLO?PS . ,
finite mg, mp, ~ H — bb =

14TeV  H—-WW —
3ab™! H o 7T e
i Hih (2 e

EH-—*’)”Y-—:

1000

THoxX—

H— pp

0 500

py |GeV]

NNLO estimates for differential effects:
* Factor ~1.8 increased reach in pT for a given event yield, N<I05, for 14 — 27 TeV
* No Higgs after 2 TeV with 3 ab-1 @14 TeV, or 3.8 TeV with |5 ab-1@27 TeV
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Establishing coupling to charm is one of the key tasks:

- LHCb: Leading the effort - already at 300 fb-! expect limits < 7x SM.
Ongoing development of multi-class flavour separation algorithms for further improvements.

- ATLAS: At 3000 fb-! expect limits < 6.3x SM.

1

BDT(blc)
=

-0.5

S
IIIIIIIIIIIIIIIIII

. 70% Ilght parton 22% charm 8% beauty

LHCDb data

light parton

Initial (no-tagging) sample:

_1_1

O S 0 O 5 1
BDT(bcludsg)

LHCb : BDT flavour separatlon

1000

800

600

400

200

ATLAS : ZH *ffcc

Establishing coupling to muons is another key tasks:

- @HL-LHC: New analyses techniques exploiting the improved resolution of upgraded detectors.
Expected uncertainty on coupling about 5%.
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ATLAS : H—>uu

> [ I 1 I I 1 T T I | T T T I I > :I | T T T T T | | | | |:
q‘) 7 - —
G 800F- ATLAS Simulation Preliminary *Qf;";ﬁ" pata. = 3 10" E?ATLAS Slmulat|on Prellmmary -
= = {s=14 TeV, 3000 fb” —Fit Result - o = \s =14 TeV, 3000 fb”, <u>=200 H F+VBE)
a 700 2 c-tags, pZ =150 GeV B ZH(bb) — N 109|§— %Ml{(gg ) =
e E -z
& 600 WZ + jets — S 10 WW+tt E
ot > WW :
500 — ZH(ct) (100x SM) w10’ - E
400 108 -
300 10°
200 10*
100 10°
0 10?
5  14FTT I | T I I E
o et 80 100 120 140 160 180 200 220 240 260
% 8:2z I 1 1 1 I 1 1 1 | 1 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 IZ muu [GeV]
a 60 80 100 120 140 160 180 200
m - [GeV]
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Anomalous Hff interactions

Decays H = TT offer possibility to probe anomalous Hff interactions (CP-odd):

- Sensitivity from the angle between tau decay planes ®cp
* Consider several decay modes (I, Ip, TTTT, TTP, PP, etc.). Apply conventional CMS H — TT selection

N e e e e Y e Y e ——— —

ppoho7t 1o ot + 2, 0.25}
03
025 0.20}
0 ¢
. &
& 02 2
i S 0.15}
5 0.15 S 0.
' 0
S =

E 0.10
0.05 E - -==pp", ¥y >0
: : == 7p" , ¥ >0
0_ ||||||||| [ A IR | N 005 : 3 2 5 , A
0 3 n ‘2—" 2n 0 1 2 3 4 5 6
@cp [rad] Pcp [rad]

Limiting factors in the measurement and to-do list:
* Detector effects (PCA resolution) and large statistical uncertainty in dominant Z — TT background
* Need to perform study with Phase-2 upgrade, and to obtain realistic estimate of sensitivity

. det%gtor effects s detector effects -

g ® - . . I l l I : CP-'even. l ' -2 %0 [ l I I ! l l l ol CP-levenl l I - ‘g 0 [ I ' : l ' l ] 1 CP-.even' l ] : g 0 ' ' ' I ' ' ' l CP-'even' ' l -
= Hp BT L7 B A O R NI Y
.g 60 :_ DY bkg — g ca ;_ + DY bkg _; g ; Er_‘_ +++ DY bkg _,__ g y + DY bkg _E
£ : + .+ 2  sf . . 2 F . + T ++ : 2 + ]
©  sspt + + 4+t © : 1 o © T 3 © + + :
: + ++ n 4 + . N 4+ ] 52 ;* _+_-+— _L_f % +++T ++H#-+ 4_{; 55E +++ ++++ 55 L+ _;'H,_,F++ _i_ +++ | 1l £

. 1 50 4= , | 50 f= + -] 50 b e -

S Ty AT o . L Tl +4s T

- + + ] F | «H—f + +- - v -~ v 45 T++ ' T -

Lt + 4+t + a6fH T + = - - ] + ] + ]
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HH production and self-coupling

Probing HIG boson trilinear coupling Auun important @HL-LHC

* Information on the shape of the scalar Higgs potential, and potential anomalous effects

g co _-H g ce - H & Cg Ammn .~ H
e : &
\\ \\ H \\
g H g H g

ATLAS and CMS performing extensive sensitivity studies in individual channels:

---H

- Analyses in bbbb, bbVV, bbzr, bbyy (expertise from LHC Run-2 + further optimisation/developments)

* Performed combination of all channels, and also ATLAS+CMS combination

3 ab-1 (14 TeV)

CMS Phase-2

3000 b (14 TeV) ATLAS and CMS HL-LHC prospects

12
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E 10* - Simulation Preliminary Assumes no HH signal g i SM HH Significa nce: 4o  Combination
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—— o —— _1;"5 C}] B - bE
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Differential XS and limits on self-coupling

Performed first studies of differential XS for exclusive production (@HL-LHCQC):
» Sensitivity of differential distributions to loop-corrections involving self-coupling.

Differential pr(H) in ttH(H—YY) pt(H) parametrised

. . . . -1 ) . R
_ CMS Phase-2 Simulation Preliminary 3ab (14 TeV) in terms of k) Expected 1D limits for k)
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Constraints on effective k) coupling :
* Need to study all production modes and decays channels to fully exploit the potential.
* Important complementarity with direct probes of HH production.
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Higgs boson width

Indirect constraints from off-shell Direct constraints from interference
k
* g8 ?VV,gg > H* =2 VV * 88 ?YY,gg > H—YY
3000 fb' (13 TeV)
LIIIIIIIIIIIIIIIIIIIIIII]IIIIIL >5000_
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Some points to be understood/answered/addressed:
* Direct constraints: suffer from limited experimental sensitivity.

* Indirect constraints: need better understanding of dominant TH uncertainties.
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Anomalous HVYV interactions

Performance to be estimated using the H— 40 analysis @13 TeV.

« Parameterisation of SM leading momentum expan516n higher order cp-even  cp-odd

: , WYV 4 rYV g2
decay amplitude: P @ Ry a3 k3 (¢ +qz)

(Y

Powerful constraints on anomalous couplings:
* Exploiting information from:

* H decay (on-shell)

* H on-shell production

* H off-shell production:

» Sensitivity driven by on-shell production-level info.
Some model dependance from assumption on HWW/HZZ
relation.

Parameter Information from 95% CL interval
fa3 decay 120104
fa3 decay & production 1.8 - 104
fa3 decay & production & off-shell 1.6 - 10-4
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New resonances @ HL-LHC

Performance estimated using Z' and W' searches @ 13 TeV (HVT or RS model) |

- W' = tb = bb#v : high-pt lepton, significant Etmiss, two b-jets LOW SO Pr High top Py
- Z' > tt - 2vb qq'b / qq'b qq'b : Exploit boosted topologies
W
Search for resonance decaying to HH (WED or KK model)
* Exploit boosted H->bb final states (narrow width approximation). i
W* = tb — bbdv Z' — tt (hadronic) X =& HH — bbbb (boosted)
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SUSY searches @ HL-LHC

Performance estimated using the (simplified) analyses

- Direct stau pair production: Simplified models, assume 100% BR of T — T X9,
* Main background: W+jets, ttbar

- Direct stop pair production: Compressed mass spectra
* Low stop - neutralino mass difference, channel needs high luminosity

Direct stop pair production: Direct stau pair production:
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Dark sector @ HL-LHC

Simplified models for comparisons with direct detection:
* moho=-2Z : Z accompanied by a mediator decaying to DM particles

- mono-top : Top accompanied by a mediator decaying to DM particles

- dark photon : It can couple to SM particles via kinetic mixing.
(possible long-lived signatures for small kinetic mixing).
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