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It is very likely that in the foreseeable future, exploration of fundamental physics at HL-LHC

and beyond will only be possible through precision studies.

ATLAS SUSY Searches™* - 95% CL Lower Limits

ATLAS Preliminary

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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G, G—gks Oe,u 2-6 jets E;'a‘“ 140 | ¢ [1x,8x Degen.] 1.0 1.85 m(e’ <400 GeV 2010.14293
8 mono-jet  1-3jets  EP™ 140 G [8x Degen.] 0.9 m(G)-m(¥))=5 GeV 2102.10874
S 2% 2—qab Oe,u 26jets EPS 140 | & 23 m(¥1)=0 GeV 2010.14293
& g Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
c% 28, 8—qqWXx, Tepu 2-6 jets 140 |2 2.2 m(xl)<eoo GeV 2101.01629
Q32 2-oqqthY ee, ju 2jets  Ep™ 140 |2 2.2 m()? )<700 GeV 2204.13072
@ 33, ZoqqWZX, Oe,u 7-11jets  EP™ 140 z 1.97 mm(? <600 GeV 2008.06032
3 SSe,u 6 jets 140 |2 1.15 m(g)-m(t))=200 GeV 2307.01094
S g3 gty 0-1epu 3b EMs 140 | & 2.45 m(E})<500 GeV 2211.08028
SSe,u 6 jets 140 |z 1.25 m(z)-m(¥})=300 GeV 1909.08457
bib Oe,u 2b  EP 140 | By 1.255 m(F})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
o biby, by—btS = bht) Oe,u 6b Eﬁfs 140 by Forbidden 0.23-1.35 Am(¥3,71)=130 GeV, m(¥}) =100 GeV 1908.03122
]§ 2 27 2b EF™ 140 | B 0.13-0.85 Am(¥5.%7)=130 GeV, m(¥})=0 GeV 2103.08189
(&) .
S2 A, il 0-1e,u >1jet EF™ 140 | & 1.25 m(tY)=1GeV 2004.14060, 2012.03799
2 g iy, > Whts 1epu Bjets/1 b EMiss 140 |7 Forbidden 1.05 m(¥})=500 GeV 2012.03799, ATLAS-CONF-2023-043
Q5 Ah,h-Tiby, #1-1G 127 2jets1b EPS 140 |4 Forbidden 1.4 m(#1)=800 GeV 2108.07665
Y A e 4 Oe,u 2c  Ep™ 361 |@ 0.85 m(¥})=0 GeV 1805.01649
5ol ] 0e,pu mono-jet  EF' 140 f 0.55 m(7,¢)-m(¥ ) 5GeV 2102.10874
i, iy, Aa—Z/ W) 12e,u 145 EMS 140 |G 0.067-1.18 m(F2)=500 GeV 2006.05880
hiy, hoh +Z Bepu 1b EPSS 140 | 7 Forbidden 0.86 m(¥})=360 GeV, m(7; )-m(¥})= 40 GeV 2006.05880
/\71i~(2) via Wz Multiple ¢/jets E£M 140 &/)?g 0.96 m(}?) =0, wino-bino 2106.01676, 2108.07586
ee, i >1jet EFS 140 Xy 1%, 0.205 m(¥T)-m(¥7)=5 GeV, wino-bino 1911.12606
XX viaww 2ep EXS 140 xl 0.42 m(E)=0, wino-bino 1908.08215
Xi¥) via Wh Multiple ¢/jets EP 140 |Xj/¥; Forbidden 1.06 (¥1)=70 GeV, wino-bino 2004.10894, 2108.07586
. XX vialL/v 2e.u EMSss 440 | FF 1.0 (P 7)=0.5(m(¥s)+m(t})) 1908.08215
= g it tol) 27 EMS 140 Y R, 0.34 0.48 m(E%)=0 ATLAS-CONF-2023-029
WS 7 rlig, 000 2e.p 0 jets E;a‘“ 140 |7 0.7 m(¥)=0 1908.08215
ee, up >ljet EPS 140 |7 0.26 m(?)-m(¥})=10 GeV 1911.12606
HHA, A-hG/ZG Oe,pu >3b Eaf“ 140 i 0.94 BR(X; - hG)=1 To appear
dep Ojets ~ Ep™ 140 | & 0.55 BR(Y) — ZG)=1 2103.11684
Oeu > 2large jets EP™ 140 )24 0.45-0.93 BR()(I - ZG)=1 2108.07586
2eu >2jets EMS 140 | @ 0.77 BR(! — ZG)=BR(¥! — hG)=0.5 2204.13072
Direct X1 ¥7 prod., long-lived X Disapp. trk  1jet  EMS 140 A:’: 0.66 Pure Wino 2201.02472
S X1 0.21 Pure higgsino 2201.02472
(%] .
g % Stable g R-hadron pixel dE/dx EPS 140 g 2.05 2205.06013
SE Metastable g R-hadron, §—qqgt! pixel dE/dx Ep 140 | & [x(® =10ns] 2.2 m(¥1)=100 GeV 2205.06013
S 8 776G Displ. lep EMiss 140 i 0.7 7(f)=0.1ns 2011.07812
O q ’ T 2
= ) 7 0.34 ) =0.1ns 2011.07812
pixel dE/dx EP'S 140 T 0.36 (H)=10ns 2205.06013
Xixi /)(l KT —ze—eet Beu , 140 | ¥[/¥) [BR(Zr)=1, BR(Ze)=1] 0.625 1.05 Pure Wino 2011.10543
T 00 - WW/th’ffvv 4e,u Ojets  EP™ 140 | X5/, [Aiss # 0, duz # 0] 0.95 1.55 m(¥})=200 GeV 2103.11684
28, 8-qa%), ¥} - qqq >8 jets 140 |z [m(¥))=50 GeV, 1250 GeV] 1.6 2.25 Large 17, To appear
S 0T i) XY S obs Multiple 36.1 i [A),=2e-4,1e-2] 0.55 1.05 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& if, i>bXT, X1 — bbs > 4b 140 i Forbidden 0.95 m(¥1)=500 GeV 2010.01015
iy, i —bs 2jets+2b 36.7 | l[qq.bs] 0.42 0.61 1710.07171
fif, h—qt 2eu 2b 36.1 i 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
Tu DV 136 | & [1e-10< ), <1e-8,3e-10< 4, <3e-9] 1.0 1.6 BR(7; —qu)=100%, cos6,=1 2003.11956
X103 13, 19, —tbs, X7 —bbs 12eu  >6jets 140 | ® 0.2-0.32 Pure higgsino 2106.09609
L L L L L L L I L L L L L
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]
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Accessing the full potential of precision physics at future colliders will (probably)
require a foundational change in how simulations for precision collider physics are
performed, to make them reliable and sustainable.

Loops Hard radiation Parton Shower Hadronization




Conceptually, precision physics is a relatively simple thing:

1) identify a quantity that can be accurately measured and reliably computed in the
context of a fundamental theory, e.g. the Standard Model of particle physics.

2) compute and measure this quantity;
3) compare the results;

4) If results agree, increase the accuracy of the computation and the measurement and
repeat the comparison, or move to a new quantity;

5) if they disagree, we have to make a difficult choice and, perhaps, the fundamental
theory has to go... This is the ultimate goal of the ““precision physics” that we are
after.

6) Yet, as the precision increases, it becomes more and more difficult to access the
credibility of claims that precision can really be controlled at the required level,
complicating the whole approach.



Because of high stakes associated with potential outcomes of such precision physics
studies, the observables and the theoretical tools that are needed to describe them should be
as transparent and simple as possible.

1) Perturbation theory is the best possible tool that we have, but the perturbative expansion
alone is almost never sutficient.

2) Standard Model precision physics and perturbative Standard Model physics are
certainly not the same thing, even at the energy frontier. It is only the question of the
requested precision, that the non-perturbative physics starts playing a role.

3) The question is one of balance. If parton showers or lattice methods, or other ways to
estimate non-perturbative effects are critical for claiming discrepancy (or agreement)
with the Standard Model, it is inevitable that the reliability of such complex theoretical
tools will be scrutinized.



A very instructive example of how precision physics works is the muon anomalous magnetic
moment. A significant deviation between theory and experiment that existed for more than
twenty years, seems to disappear thanks to new results of the BMW and CMD-3
collaborations. But experts still cannot pinpoint issues in other analyses of the hadronic VP
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Values of the strong coupling constant obtained from fits to event shapes and from more global
observables and the lattice measurements, disagree.

0.1179 £ 0.0010, PDG
as(Mz) =< 0.1135 £ 0.0010, thrust
0.1123 = 0.0015, ' — parameter

LEP event shapes receive significant (?) contribution from 3-jet events which are affected by their
own non-perturbative corrections. These corrections can be estimated”, but the computation of
such effects is certainly not a first-principles computation.

Hence, the fate of this one percent precision measurement of a fundamental quantity from a high-
energy observable, and the possible resolution of a decade-long stalemate hinges on a subtle non-
perturbative effects that we (currently, at least) do not fully control.



Another quantity where non-perturbative effects play a role and may obscure the outcome, is
the top quark mass. According to PDG, top quarks have different masses (pole, MS, MC..)
which are all quoted there.
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1) The MC top quark mass is a complex issue. Probably it is a combination of a technical
issue (hard cut-off in the event generators) and the physics question of how energy of
heavy quark jets is calibrated.

2) The pole mass of a top quark cannot be measured from a ¢t production cross section
with the accuracy that is better than O(Aqcp) -



The discussion of non-perturbative effects may have important consequences for the Z-pole
physics at future colliders where one talks about precision at the level of O(10-%) for quanities
such as Z-width, heavy-quark forward-backward asymmetry, strong coupling constant etc.

One can perhaps argue that non-perturbative effects in inclusive quantities are small. But
whether or not they are sufficiently small in quantities affected by fiducial cuts, is not obvious.



Tomography of a High-Energy Process

Loops Hard radiation Matching Parton Shower Hadronization

Energy scale

1 TeV 100 GeV 10 GeV 1 GeV



Loops and hard radiation are supposed to describe short-distance physics. Yet, these
contributions are divergent in the infra-red. Although these divergencies are similar and
are known to cancel in the sum of the two, they are handled very differently in practice.

)

Loops: mostly analytic computation of “loop integrals”, extraction of divergencies.

Real radiation: subtraction (or slicing away) of singular limits of amplitudes and phase-
spaces.

Analytic loop computations have been great for problems with small number of kinematic
invariants; but for high-multiplicity processes they become increasingly contrived. The scaling
with the number of loops and with multiplicities is very poor. At the same time, (integrated)
divergencies of such integrals are known for arbitrary processes, through N3LO.

Methods to address arbitrary real-emissions processes (subtraction and slicing) are now
available for NLO and NNLO computations. It is expected that slicing methods at N3LO will
be formulated sooner rather than later (all this for this massless final states).



Building upon the real-emission example, it is natural to ask if it is possible to remove
divergences from loop integrands by subtracting universal quantities from them, and arriving
at finite integrands directly in momentum space for arbitrary processes?

Can these subtractions be formulated in the language of amplitudes, rather than individual
Feynman diagrams, in an explicitly gauge-invariant way?

Can one even drop subtractions altogether and integrate over loop momenta and real emission
momenta in one go, cancelling singularities on the fly?



[f this were possible, perturbative computations in quantum field theory, at least through NNLO
and, perhaps N3LO, will be formulated as a problem of computing finite multidimensional
integrals.

)

Improving on the efficiency and quality of numerical integrations is very challenging, but also
necessary to make sure that perturbative computations have acceptable “efficiency” scaling with
final-state multiplicities.

Extending Monte-Carlo methods to sample over perturbative orders, (well-defined) quantum
histories etc. is another possibility to (perhaps) keep explosion of a computational cost in
perturbative calculations under control.



The need to combine parton showers with fixed-order computations may affect the logarithmic
accuracy and introduce unphysical features, such as negative probabilities. This emphasizes
the need to rethink the strict separation into different parts, shown below, and perhaps calls for
an approach that has a stronger unifying power from the start.

Loops Hard radiation Parton Shower Hadronization




To conclude, there are (at least) three major theoretical challenges in the context of precision physics
for HL-LHC and future colliders, that we need to address.

1) Desing a framework for perturbative computations that is sustainable both with respect
to partonic multiplicities, and perturbative order;

2) Find a way to combine fixed-order computations with parametrically-accurate parton
showers in a natural and seamless way, to allow efficient and physical generation of
multi-particle final-states.

3) Develop a theory of non-perturbative corrections, primarily the linear ones, to ensure
that ultra-precise measurements of important SM quantities and key observables are
indeed possible with the highest precision.



