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Main goal: Find signs of New Physics
» direct searches

« directly: probing on-shell new physics

« indirectly: probing the effect of new physics on SM observables

\\ ~W precision physics

The legacy of HL-LHC for the Standard Model EFT
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New Physics sketch: beginning of LHC

EFT@%0-% On-shell NP
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Examples: Examples:
 SM parameters « SUSY
* Pole observables  Top partners
eg. 5, T etc. « Resonances

* Higgs observables*®
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. On-s

New Physics sketch: now

EFT@%0-%

ell precision

(not enhanced by energy)

Examples:
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SM parameters
Pole observables
eg. 5, T etc.
Higgs observables

”EFT@10%-O(1) - On-shell NP

|| High-pT precision . Direct searches

(enhanced by energy) o ( Z 1 TeV)
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Examples: Examples: ﬁ
« DY (e.g. W, Y etc) - SUSY
 Di-bosons  Top partners
 Dijets B  Resonances
e Heavy quarks (7t,...)
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New Physics : end of LHC

EFT@%0-%

Examples:
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SM parameters
Pole observables
eg. 5, T etc.
Higgs observables

EFT@10%-0(1)

.I High-pT precision
: (enhanced by energy)

up to few TeV

Examples:

- DY (e.g. W, Y, etc)
 Di-bosons

* Di-jets

- Heavy quarks (t,...)
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Direct searches

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

July 2020 Vi=13TeV
Model Signature  [£dt (') Reference
Oep 2Bjets  EEE 139 1.9 miF}) <400 Gov ATLAS-CONF-2018-040
g mono-jet  1-3 jets Ef."- 36.1 on mig)-mity)=5GeV 1711.08301
Oep 2-Bjets £ 139 H 235 miE]}=0GeW ATLAS-CONF-2019-040
E Forbidden 1.15-1.95 miF)=1000 Gev ATLAS-CONF-2019-040
1epn 2B jets 139 [ 2.2 miF]<800 GeW ATLAS-CONF-2020-047
@ eeptyt 2jets £ 364 B 12 m(z)-m(E!)=50 Gev 180511381
g OQep 7iljets EP 139 |z 1.97 m{i}) <600 Gew ATLAS-CONF-2020-002
3 SSep  Gjets 139 |& 115 miErmiT =200 Gew 1909.08457
=
= gt 01 ep ar B 798 |2 225 miE})<200 Gev ATLAS-GONF-2018-041
SSegr 6 jets 139 |2 1.25 m{z-miT) =300 Gew 190908457
Bubu, by b 1] Multiple 381 | & Forbidden 0.9 miF})=300Ge, BR{AT, 1708,09268,1711.03301
Multiple 139 by Forbidden 0.74 mii1)=200 GV, miF =300 GeV. BR(FT)=1 19089.08457
byby, by—bis — bhiT Oep ) 139 | B Forbicen 0.23-1.35 Am(iL. £01=130 GaV, miE}1=100 GeW 1908.00122
8 2r 2 EMe 433 |B 0.13-0.85 AMCE 12130 GeV, miE{)=0 GV ATLAS-CONF-2020-031
g Odep  =zljet E¥s 139 |# 1.25 miEj=1 Gev ATLAS-CONF-2020-003, 200414060
g Tep  Bjetsbs EPT 139 | & 0.44-0.59 miE])=400 Gev ATLAS-CONF-2018-017
£ o Tretewr 2jetsith £ 361 i 116 miF =800 GeW 180310178
&% Oen 2¢ B g | 085 mif)=0 Gev 180501648
s i 0.46 miE})=50 Gev 1805.01649
Qe mano-jet  EEt 361 i 0.43 mif|)=5Gev 1711.08301
1-2epn 14b  EP™ 139 i 0.067-1.18 mi74)=500 GeV. SUSY-2018-09
by, =i +Z Bep 1h B 438 | R Forbidden 0.86 miF)=360GeY, mify }-m(F]}= 40 Gew SUSY-2018-09
RS via W 3en o130 (g 0.64 m(E})=0 ATLAS-CONF-2020-015
ceqn zijet Ebe 43[R 0.205 miF; F)-5 Gy 1911.12605
Doy EMs 439 | @ 0.42 m¥)=0 1908.08215
TS via Wh 0-1ep 2p2y  EP™ 138 | &R Forbidden 0.74 M =70 Gev. 2004.10804, 1909.09226
= E B viate 26 ERs 433 10 (510 5 emE) 1908.08215
w.s i 27 A mi#}]=0 1911.06660
2ep Ojets -‘:’R“f“ 139 0.7 miT})=t 1908.08215
ee. =ljet BP0 138 m{T)-miF)=10 Gev 1911.12606
Qe >3ph .!;?ﬁ‘?‘“ 36.1 0.29-0.88 BRI — héi=t 1808.04030
dep Ojets  EFS 139 BRE — 76)=1 ATLAS-CONF-2020-040
B @ DirectT/T; prod. long-lived 1 Disapp. tk  1jet  EP™ 361 Pure Wino 71200118
£ Pure higgsino ATL-PHYS-PUB-2017-018
DL Stable § R-hadron Multiple 36.1 1902.01636,1808.04095
S & Metastable 3 R-hadron, 3 —qq| Multiple 36.1
B BEazentr 3en 138
LRV pp—r¥y + X, By—eptfetipim et 32
TR IR - WWjzeteew dep Ojets  EF 3g
o%, soagis. B 4-5large R jets 36.1
¥, ¥ g X
E 2%, B—qq¥] 449 Multple o
O fsif), B o ths Multiple 36.1
T, b, KT b B 139
A 2jets+2h 36.7
Ry, fi—qt 2ep 2h 361
1w Dv 138
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
Status: May 2020 [£dt=(32-139) 1o V5=8 13TeV
Model £,y Jetst ET™ [Ldifin) Limit Reference
Ty T — T T — T T ——
ADD Gk +g/q Oeu 1-4j Yes 361 Mp 7.7 TeV n=2 1711.03301
ADD non-resonant yy 2y - - 367 | Ms 86TV o=3HZNO 1707.04147
ADD QBH - 2j - 37.0 | My 89TeV -6 170308127
ADD BH high ¥, pr =lepu >2] - 3.2 | M 8.2TeV 0 =6, Mn — 3 TeV.rot BH 16086.02265
ADD BH multijet - z3] - 36 | My 9.55TeV 0 =6, My = 3TeV ot BH 1512,02586
RS1 Gy — ¥y 2y - - 36.7 Gy mass. 4.1 TeV 1707 04147
Bulk RS Gk — WW/ZZ multi-channel 36.1 | Gy mass 23TeV 1808.02380
Bulk RS Gy — WV — [vqq e 2j/1d  Yes 139 2004.14636
Bulk RS giw — tt Tep =1b=1J2 Yes 361 1804.10823
2UED / RPP Tep =2b=3] Yes 361 Tier (1,1), BAMY 1) =1 1803.09678
SSM Z’ — £F 2ep - - 139 1903.06248
SSM 2’ =17 27 - - 36.1 1709.07242
Leptophobic Z° — bb - 2b - 36.1 1805.09299
Leptophobic Z* — &t Oeqp =1b=2J Yes 138 Iim=12% 2005.05138
8SM W' — tr e - Yes 138 190605609
SSM W' — v T - Yes 36.1 1801.06a92
HVT W — WZ — fvqgmodel B 1 e 2j/1J  Yes 139 gv =3 2004.14636
HVT V' — WV — qagq model B O e pr 2J - 138 g =3 190608589
HVT V' — WH/ZH model B multi-channel 36.1 g =3 1712.06518
HVT W’ — WH model B Oepp >1b=2J 139 B =3 CERN-EP-2020-073
LRSM W, — tb multi-channel 36.1 Wi mass 3.25 TeV 180710473
LRSM Wg — yNg 2u 14 - 80 | Wg mass 5.0 Tev m{My) —0.5TeV, &, — gn 190412679
. Clagaq - 2j - 370 |A 21.8TeV . 1703.09127
Clétgq 2ep - - 139 i ‘CERN-EP-2020-066
Cl ttet >lep 21b21] Yes 36.1 A 2.57 TeV [ Cael = 4 1811.02305
Axial-vector mediator (Dirac DM} Oep 1-4j Yes 361 M 1.55 TeV £=0.25, g =10, m(y) = 1GeV 1711.08301
Colored scalar mediator (Dirac DM) 0 e, ;1 1-4j Yes 36.1 Mimed 1.67 TeV £=1.0, m{y) = 1GeV 1711.03301
VVyx EFT (Dirac DM) Oep 1421 Yes 32 M. 700 GeV m{y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM)  0-1e.p 1b0-1J Yes 361 my 3.4TeV ¥ —04,1— 0.2 my) — 10GeV 181209743
Scalar LQ 1™ gen 12e >2) Yes 361 [LQmass 1.4 TeV A=1 1902.00377
Scalar LQ 2" gen 12p =2 Yes 361 LQmass 1.56 TeV B—1 1902.00377
Scalar LO 3" gen 27 2b - 36.1 | L@y mass 1.03 TeV B(LQ — br) =1 1902.08103
Scalar LG 3" gen 0-1ep 2b Yes 361 Lﬂ‘z mass 970 GeV BLQY — tr) =0 1902 08103
VLQ TT — Ht/ZeiWb+ X multi-channel 36.1 T mass. 1.37 TeV SU2) doublet 1808.02343
VLQ BB —+ Wi/Zb + X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
VLQ T ToalTes —» We= X 2(SS)/>8eu>10,21] Yes 361 | Tyamass 1.64 TeV B(Tapn — W)= 1, (Tapa W)= 1 1807 11883
VIQ Y —» Wb+ X lTep =>1b>1] Yes 361 Y mass 1.85 TeV B(Y — Wh)=1, ce(Wb)=1 1812.07343
VLQ B — Hb + X Oeu2y z1b,z1j Yes 798 |Bmass 1.21 TeV kg=05 ATLAS-CONF-2018-024
VLQ QQ — WglWg 1ep >4 1500.04261
anly o and d*, A = m(q"}) 1910.08447
only & and d*, A= m(q") 1708.10440
1805.09299
A—30Tev 1411.2021
A=16TeV 14112921
ATLAS-CONF-2018-020
(W) = 41TeV, g — gr 1809,11105
DY production 1710.09748
DY production, B(H;~ = it} =1 1411.2921
DY production, | — Se 1812.03673
DY production, g| = 1gp, spin 1/2 1905.10130
1
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Measurements, searches, and global fits:
a statistical perspective

Measurement

- What is usually called a “measurement” can be defined as parameter

estimation within the SM hypothesis

- This quantifies precisely “what you see” (SM), but says nothing about “what

you do not see” (NP)

- Used to extract SM inputs to searches and global fits

Search (or direct search)

- This usually refers to “direct searches” where, through a statistical

hypothesis test, the SM gets confronted with an alternative hypothesis

- |t gives some information on how much your data prefer the SM vs a well

defined alternative model

Fit (or global fit or indirect search)

- This consists of either parameter estimation beyond the SM or a hypothesis

test with a general enough alternative hypothesis (e.g. EFT)

- |t gives information on "what you see” and “what you do not see”

- Notice that only BSM parameters are fit, while SM ones are taken from

Riccardo Torre
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The (HL-)LHC legacy

“BSM measurements” (aka global fit v2.0: SM+EFT)

- It is known that uncertainties on some SM inputs is what limits the
extraction of BSM parameters and, conversely, the presence of NP may
affect extraction of SM parameters

Examples: PDFs vs DY, multi-jet vs alphaS, etc.

- As the knowledge of the SM increases (better predictions and more
analyses become available) and the large EFT parameter space gets a
“good coverage” (several channels are measured and can be combined
with each others) one can build a combined likelihood of SM+EFT

- Analyses that were targeting direct searches need to be turned into
“measurements”, which require a higher level of precision (e.g. di-bosons)

- A simple (and interesting) example is given by fitting EFT and PDF together
using DY data (see Greljo et al. 2104.02723)

The LHC legacy (in ~20 years) is to design and accomplish the final
BSM measurement (which includes SM!)

Riccardo Torre The legacy of HL-LHC for the Standard Model EFT



(New) Challenges

- Combination and correlation: combining experimental analyses is still a big issue at the
LHC, where uncertainties are parametrized differently, and correlations are not known
(there is a slow progress but huge work ahead)

- Defining observables: observables related to precision measurements are often
targeted at “SM measurements”. It is necessary to extend and optimize them towards
multi-differential "BSM measurement” oriented observables (e.g. recent triple
differential DY cross section)

Large parameter space: when the number of parameters > a few, many studies
become unfeasible (a lot of work in this direction: MEM, ML techniques, MadMiner,
analytic reweighting, etc.)

EFT in backgrounds: EFT effects may be relevant, especially for reducible BGs

Theory errors: a further complication arises when statistical uncertainties become
“negligible” and theory errors start to dominate (e.g. missing HO). Including theory
errors in statistical analysis presents conceptual issues that need to be addressed

Result presentation: not only experimental analyses, but also theory results are still
shown in an ad-hoc and incomplete way (e.g. 2D contours, etc). For experiments the
iIssue il more severe, but theorists should try to get used to always deliver the full
likelihood leading to their fit, that could be used by others and as input to global fits

Still a long way to go, but the path is clear

Riccardo Torre The legacy of HL-LHC for the Standard Model EFT



The EFT direction(s)

EFT for the SM seems like a rather “new” topic for theorists
Many theorists have abandoned model building in favor of EFT
This is not a psychological effect due to the absence of new physics

N

Absence of new physics (and the existence of precision measurements) is a
requirement for EFT to be interesting, relevant and applicable!

EFT is the simplest and most consistent way of parametrizing the different
directions in which deviations from the SM can appear (SM deformations)

It is incredibly powerful at determining what “is possible”, what “is impossible”,
what “is likely” and what “is unlikely”

Measurements (and especially precision measurements) in high energy physics
have little meaning if one cannot quantify the above in a consistent way

In other words, EFT provides the “alternative hypothesis™ necessary for a robust
statistical hypothesis test of the SM

Riccardo Torre The legacy of HL-LHC for the Standard Model EFT



Precision physics: the LEP experience

LEP is the prototypical example of a precision physics program

It measured with unprecedented accuracy SM observables allowing to perform
precision tests of the SM electroweak sector

Energy Measurement Precision
LEP- ~ 91 GeV (Z peak) Z properties %o
L EP-| from diboson thresholds up | off-shell Z properties, trilinear o
to ~208 GeV gauge interactions °
105"'""""'"'|"'|"'|"'|"-|'--|---

LEP was sensitive to NP effects of the order

of %o at the Z-pole and % off the Z-pole 10 e —shadrons ;

. . = 103k .

- Clean experimental environment g ]

- Small statistical uncertainties § 102k B | ]
K;':,KB PETRA —rtn SIIJC

10 F LEP1 :

| 1 | 1 1 LE|P 1 1 I .
0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)
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Precision physics from high energy: the LHC

LHC environment completely different
No sensitivity to deviations from the SM of the order of % or below
At best 10% to O(1) effects (e.g. Higgs couplings)

N

Precision@LHC requires new physics leading to large
deviations but still unconstrained by LEP

N

The best approach to indirect new physics is the framework of EFT
Higher Dimensional Operators (HDO) lead to amplitudes that grow with energy
Largest effects at high invariant masses

Riccardo Torre The legacy of HL-LHC for the Standard Model EFT



Precision: LHC vs LEP

Compare for instance LEP and LHC sensitivity to an interaction of the form

Z-pole observable off Z-pole observable

g L L# L/ Y
(H'r*H)W2,B*

5 (0o Buw)’

"1’”1%1»' 4mw

LEP LHC LEP LHC

Energy: ~100 GeV Energy: ~1 TeV Energy: ~100 GeV Energy: ~1 TeV
Accuracy: ~%o-% Accuracy: ~10% Accuracy: ~%o-% Accuracy: ~10%

New physics effects
enhanced by

EEHC/ E%EP ~ 100

New physics effects not  New physics effects not || New physics effects not
enhanced by energy enhanced by energy enhanced by energy

LHC "cannot" compete with LEP LHC comparable with (or better
than) LEP

Generalization of this reasoning is what defines the high pT LHC precision program

Riccardo Torre The legacy of HL-LHC for the Standard Model EFT 10



State of the art

»Drell-Yan (neutral and charged)

(aka quark-quark-lepton-lepton four fermion interactions)

De Blas et al., 1307.5068
Farina et al., 1609.08157
Alioliet al., 1712.02347

Alioli et al., 1804.07407
Fuentes-Martin et al., 2003.12421
RT et al., 2008.12978

»Di-jets and multi-jets (and inclusive jet)

(aka 4quark four fermion interactions)

Alioli et al., 1706.03068

» DI-tops

(aka 2quark-2t four fermion interactions)

Farina et al., 1811.04084

» Di-bosons (including VH)

Biekotter et al., 1406.7320
Falkowski et al. 1508.00581
Butter et al., 1604.03105
Zhang, 1610.0618

Green et al., 1610.07/572

>

Riccardo Torre

Baglio et al., 1708.03332
Panico et al., 1708.07823
Franceschiniet al. 1712.01310
Liu et al., 1804.08688
Banerjee et al., 1807.01796

The legacy of HL-LHC for the Standard Model EFT

Panico et al., 2103.10532
Greljo et al. 2104.02723
RT et al., in progress

Grojean et al., 1810.05149
Henning et al., 1812.09299
Ethier et al., 2101.03180
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EFT for DY at LHC

q
Z,7
q
ur,
W
dr,

Panico et al., 2103.10532

GEHEI‘iC current-current

q [~
+

q It

ur Vi, L
+

dr I

RT etal., 2008.12978

Og) = (o) (@roryuar) ;
OI{;] = (ILY"1L)(@rvear) ,

Oeu = (erY"er)(URYuUR)
Ocaq = (€p7*er)(drv,dR)
O, = (ILy*1L)(WRYuuR) ,

O = (Ie7*1L)(drvudR) ,

Oge = (ALY*ar)(€rYueR)

W&Y current-current

Oow=JL "I ,> JL* = ;ﬁ*‘Tﬂf :
Ol =5 Ity s Y = Zf:fﬂ,—“}’f,
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Oy — %GEW )
1 :
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The simplest case: W&Y

Consider the SM EFT operators called “W”and “Y” universal form factor (£)
They contribute to DY at LHC (where few % W - 2 (D,W2,)?
precision is reached at high invariant masses) )
Y 4m (a Bp,u)
'% 4 tEW;rY t((Y+T)c? +s*W-S5) + t(Y;W) | only modification of the gauge
Py=1|"? Mz (c?—s?)(q?—m%) Ui boson propagators
N 1+T-W—t2Y | t2Y4W o | |
_ g2—m7, my, _ deviations entirely parametrized
. L (B-W-2Y)—22(8-WY))/(1-) | by 4 parameters:
©- (¢7=-m2) m3, ST WY
Contributions on the pole: LHC Contributions off the pole:
cannot surpass LEP LHC can surpass LEP

e

2 new physics parameters (W,Y) for 2 processes (neutral and charged DY)

If charged DY is not included there is a degeneracy, broken only by quadratic terms

iIn W and Y (ellipse-like constraint)

Riccardo Torre The legacy of HL-LHC for the Standard Model EFT 13



Precision in DY at LHC

DY@LHC profits of great precision (is the most precise channel at LHC)

- LHC few percent experimental (statistic/systematic) uncertainties and fully
differential cross section measurements (double differential for charged and triple
differential for neutral)

- NLO QCD+NLO EW event generation matched to Parton Shower (e.g. POWHEG)
- NNLO QCD differential cross section (e.g. FEWZ)

- NNLO PDFs (both MC ensembles and Hessian reduction)

- NP contributions (from qgll current-current operators) factorize with respect to QCD
corrections and leading-log EW corrections

- This means that signal events can be generated from SM events including QCD and
EW corrections with a simple analytic NP reweighting and do not require any scan
over EFT parameters (making computationally feasible what would be unfeasible)

Riccardo Torre The legacy of HL-LHC for the Standard Model EFT
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NP factorization

- As stated before, new physics contributions factorize with respect to QCD
corrections and leading-log EW corrections

- Nevertheless, this factorization depends on the type of the incoming quark and, in
the case of the neutral channel, on the chiralities of the particles involved in the

Process
q [~
+ = 1 C[l(‘?_\q' ,g'm)[1,.-F‘qu}qh“PX!]l
q I
uy, YL
+ = iCy({u,d}, )[¥*Pr],[v"PL)i
HL EE HL fﬁ

- While the charged process contains only the LL-LL chiral structure, the neutral one
contains the four different structures LL-LL, LL-RR, RR-LL, RR-RR.

Riccardo Torre The legacy of HL-LHC for the Standard Model EFT
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The procedure

- We managed to trick the NLO QCD only POWHEG model (Alioli et al., 0805.4802) to get
simulations of SM events in the four non-vanishing chiarality channels (LL-LL,LL-
RR,RR-LL,RR-RR)

- We add electroweak NLL contributions (to account for electroweak corrections)

- To each event we then attribute a weight that is an analytic function of the EFT
parameters

- This gives events corresponding to the Monte Carlo simulation in an arbitrary point
in the NP parameter space, with an error of the order of the sub-leading log and
finite parts of the NLO EW part

- These events allow one to parametrize fully differential distributions for arbitrary
values of the Wilson coefficients analytically

- In order to make predictions (or projections) we consider either data or BG only
simulation as pseudo-data, and build a likelihood that is analytical in the NP
parameters and allows to make inference (exclusion bounds) without any scan over
EFT parameters

- We parametrize all relevant uncertainties with nuisance parameters (details later)

- To compare with experiments, we also consider the final state showering generated
with PYTHIA and implement a photon recombination with the final state leptons

Riccardo Torre The legacy of HL-LHC for the Standard Model EFT
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Validation
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The theoretical cross section

 In order to build a general Likelihood for the DY process we need a suitable
parametrization of the cross section in each bin “I” in terms of NP parameters and
nuisance parameters (which describe uncertainties)

* |n the case of the W&Y operators the cross section is a quadratic polynomial in W
and Y, which can be conveniently parametrized using the Cholesky decomposition

2
I e esg 1
th ' —SM 2
or (W,Y) =07 cj1 0 cor ca7 |- | W
0 0 o¢51 Y

=751+ 2e1, /W +2c31Y + (el + )W+ (5 +esr+c2 ) Y?
+2(CI,ICI£,I + (72}'{“__1}')\\"{} .

* Provided that ¢o.r, c2,1, and 5,1 are positive, this ensures a strictly positive cross section
« This is an analytic function giving the cross section in each bin for every value of W&Y
« The c coefficients are computed from simulation using our analytic reweighting

+ All relevant uncertainties are then implemented allowing the ¢ coefficients to vary according
to well defined probability distributions

« Monte Carlo statistical uncertainty is completely negligible both for SM and NP (which, due
to the analytic reweighting, has the same relative uncertainty as the SM)
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also a reweighting for ag =

Uncertainties: ag

« POWHEG simulations include, on top of a “central” weight obtained for ag = 0.1180 ,

[

0.1165 and ag = 0.1195 . These values correspond to

different values of the c coefficients, that are used to parametrize the uncertainty
through a linear dependence of the c’s from a single standard normally distributed
nuisance parameter §“°

[e' — (vs ) ¥ s N)O¥
co g = co,1 (07°) =¢o1 + K707 =1+ K770

k7® = max (|C{J,I(Q’:) — Co,1

; ‘GG:I(@L) - E{J,Il)

1072,
10—3;

104

o, (07) = —m=e 3"’
(kg - ”
V2T
* This uncertainty is only relevant for the cg y coefficients
10
1[]“ p— i - 7T
—a 10 e
S P AT = _ g
----- 1 Ie 10 ) Sl ___,]"""J- 4
~ 1077 S
________ Co E ]_U_'l rr.‘__r-- -
= 107°F
<A T N O R SR IRTRY
- 3 o ig_,ﬁf W=05-102%Y=-05-102.6,=0
[717 - LHCQ13TeV. cs 10-5F [*1- — LHC@13TeV

er r(a") — e r(a)] /(2Er1])
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Uncertainties: scale variation

« Scale variation uncertainty parametrizes the unknown value of the missing higher
orders

« Missing higher orders in QCD are parametrized reweighting the simulation for different
values of the factorization and renormalization scales. We consider a central value of
such scales Tip = Tip = /s and vary them by multiplicative factors 1,2%!, and 2%/
for a total of 24 different weights

* These uncertainties are also reduced by taking into account that the full NNLO QCD
calculation is available, for instance in FEWZ

« Missing higher EW orders are estimated looking at the relative impact of the leading 2-
loop IR logs. Their contribution is small enough that, after including them in our
rescaling procedure, we could neglect the uncertainty from missing EW contributions

* The final scale uncertainty that we consider is 1/10 of the NLO QCD one and we only
consider it for the SM contribution (for NP it turns out to be totally negligible)

» \We parametrize this uncertainty with a nuisance parameter per bin, distributed
according to a standard normal distribution (similarly to ¢vs), with the ¢’s coefficients
given by .

( TIax ]T_Llll)

kI T k1
2

— TU
Co,] = Co,1 T+ 01
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(e — ckr )/ (2]8x1])

Uncertainties: scale variation

« Scale variation uncertainty parametrizes the unknown value of the missing higher

orders

Missing higher orders in QCD are parametrized reweighting the simulation for different
values of the factorization and renormalization scales. We consider a central value of
such scales Tip = Tip = /s and vary them by multiplicative factors 1,2%!, and 2%/
for a total of 24 different weights

These uncertainties are also reduced by taking into account that the full NNLO QCD
calculation is available, for instance in FEWZ

w?te— : — 10_15
1[1—?;»_____,__.~—-—“_'_'_'_; — o 51077

1: i ::i 5
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l[.]__.l_ :_:_-::-:-l::r'4_'__‘_:{_-_:5,-_::':::::";:?-—4':::;-':'—'rnn‘”"” | T - f.‘; f: 1(] | ___ )
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Uncertainties: PDFs

We used the PDF set PDF4LHC15_nlo_30_pdfas, which correspond to the Hessian
reduction of the PDF uncertainties to 30 uncorrelated nuisance parameters with
standard normal distributions

. , 1 1 (ppoF)2 .
foor (6;7) = e~2(0) ., 1=1,...,30

This allows us to uniform the treatment of PDFs uncertainties among the neutral and
charged channels

The use of the Hessian set is motivated by the fact that we look at small deviations
from the SM with no on-shell new physics

The choice of 30 replicas is motivated by a study we made with a pdf Monte Carlo
ensemble that allowed us to find about 20 uncertainty eigenvectors with uncertainty
above permille

For the strictly positive Cholesky we employed an exponential parametrization, while
for the others we just used a linear one
30 ; ~
L X0 X
X(6;7") = X exp [; < 95[}?] , for X ={cor,co1,051}

30
X(6°°F) = X + E HPDrg for X ={ci11,¢371.65.71}
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Likelihood and experimental uncertainties

We parametrize the DY binned (18 log-spaced bins) likelihood (in the W&Y case) as

N
L (WY, 0%, 057 079,67, 0%) = H Poisson [ng|uy (W, Y,0%,0:°7, 07", 077, 60%)]
I=1

X o, (0°) feor (07°F) fru (67") fexp (0P) fL(0%)

fr = oth (1+Z [\/ﬁ}

J

H?W—%OLQBL)
1J

1= W=Y=-5x10" = W=Y=-5%10"
I _— -4 :_ v |
gt W=Y=-10 g WeY=-1
e (Ul i S T <1072 e
= &{:;IIIITT = 0 TIIIIIT
UF 1072 T J-J.l ___________________ ““T —1072L —m_l l
= —107'F g - = (S
) —W=Y=10" = A _l:h_u:‘r:ml .
owey=sxat T —W=Y=5x10"
500 1000 2000 500 1000 2000
0. 1.—1
my [GeV] L = 3ab mr [GeV]
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Results: data

Farina et al., 1609.08157

LEP |-

d s
i s

_gl CMS vs=8TeV 19.7f

' ATLAS Vs = 8TeV 20.3fb™"

Y
Wx 103

Considering only neutral DY at 8 TeV the LHC is already competitive with LEP
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Results: projections
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Results: W&Y single vs triple differential

The results further improve when using the fully differential information instead of the

single differential one
8

. HL-LHC
95% CL

2r mm Charged

10*Y

Neutral

0 _ m Combined

,.
A - = =
ol F
& -~

[ Solid: __
—2+ Fully differential Ry
| Dashed: h < | _
| Single differential Hpagio et al., 2103.10532
& -4 =2 0 2 4

10* W
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Impact of uncertainties

To quantify the impact of the various sources of uncertainties we have performed one-
parameter fits for W and Y for different hypotheses on the uncertainties

Combined bound
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[ e L
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Comparison with direct searches

A simple Z' model would generate a Y parameter, making direct vs indirect constraints
complementary

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

1af -:
I Direct ]
1.2t searches :
X: 5
N 0.8f :
e . 100" ]
U‘b; Jab™t A
0.4} :
0.2} LHC@13TeV 1
) 10 15 20 29 30

M|[TeV]
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Bounds on general 4-fermion

(Generic current-current

O}? = (lory*1)(@roryuar) »
O(lj (ILy"L)(Qrvuar) ;
Oeu = (er7"er)(UrVuUR) ,
Oca = (€rv*er)(drv,dR) .
O, = (1L9*1L)(UgY4uR) ,

O = (1zv*1L)(drvudr) ,

Oqe — (EIL’}MC]L ) (éRﬁfpeR)

Panico et al.,

2103.10532

W&Y current-current

! 2 & a,l ya
ow =9I JL

Ol =d% Hy s

dg" = %:Tﬂ;-ﬂrﬂf
Jy = ;ﬁ-#vf,

GP - Gm

G.}; - _%GQB Geu = _?‘;GEB
Ged = 3Ghp G = —3Ghg
Gia = _GQB Gge = _%GEB

A fully differential (double differential for charged and triple differential for neutral)
analysis allows to constrain more directions and is essential for the general 4-fermion

case
95%CL single parameter profiled

(1073 TeV~2]| fully diff. fully diff. lin. single diff. fully diff.  fully diff. lin. single diff.
G (—~1.09, 1.03] [-1.06, 1.06] [-1.35,1.25] | [~1.19, 1.06] [-1.30, 1.30] [—1.51, 1.27]
GE;) [—4.68, 7.51] [-5.66, 5.66] [—5.11, 10.64] | [—8.62, 10.56] [—35.6, 35.6] [—9.72, 13.5]
Goe | [-471,862] [-6.57, 657 [~6.11,10.9] | [-7.23,9.37 [-375, 375 [-109,11.3 LAC@14TeV
Gl [—4.22, 6.42] [-5.01, 5.01] [—5.88, 10.6] (—6.05, 10.3]  [—187, 187 [-11.6, 13.7]  300/fb
Gia [—16.3, 10.2] [-18.0, 18.0] [—19.2, 12.5] (—16.9, 14.9] [-419, 419] [-20.2, 20.9]
Geu [—3.10, 3.54] [-3.30, 3.30] [-3.29, 3.83] [—6.20, 10.3] [—46.9, 46.9] [—7.25, 11.7]
Ged [—13.5, 8.18] [-10.3, 10.3] [—15.5, 8.69] (—16.9, 16.0] [—121, 121] [-17.9, 18.7]
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Conclusions

The (HL)-LHC legacy may be given by “BSM measurements” which extend the
concepts of SM measurement, NP search, and global fit

There are several issues to be addressed (precise theory predictions, combination of
experimental analyses, definition of observables, large parameter space and signal
generation, EFT in backgrounds, treatment of TH uncertainties, etc.) but the path is
clear

LHC has the unique opportunity of doing precision in the high-pT region, which allows
to set unprecedented constraints on a large class of poorly constrained EFT
operators

The high-pT precision program is a clear BSM direction complementary to (on-shell)
Higgs properties and “low energy” precision (Z-pole EW, flavour, etc.)

| gave an extensive example of this direction for the simplest process: neutral and
charged DY (work in progress to release full DY likelihood)

Some results already exist also for di-jet, ttbar, dibosons, but this only consists of a
handful of studies and most of the work has yet to be done

Riccardo Torre The legacy of HL-LHC for the Standard Model EFT
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Precision in di-let at LHC: Z

95% CL bounds on Z x 10* for /s = 8 TeV

Analysis Sno-jet - 1bin | Spejet - 2bins | Sjet - 1bin
dijet -9.4,4-4.9] [-2.6,+2.1] | [-2.1,41.8]
inclusive jet | [-13.8,+4.2] [-2.5,42.3] | [-2.7,+2.1]

Alioli et al., 1712.02347

95% CL bounds on Z x 10* for /s = 13,100 TeV
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Precision in ttbar at LHC

CMS (35.8 b ")
expected (dotted)
300 fb~" (thick)
3000 fb~" (thin)
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Farina et al., 1811.04084
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Precision in di-bosons at LHC

SILH Basis Franceschini et al., 1712.01310

0 71 - H ”
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