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: Large Hadron Collider torestart and
LHC Run-3 just started hunt for a fifth force of nature
-> until 2025 (450 ifb)

m PARTICLE PHYSICS

The Large Hadron Collider has
restarted with upgraded
proton-smashing potential

Latest run is expected to scrutinise findings from last year that
may turn into another blockbuster dlscovery

After a three-year break, protons have begun circulating again in the particle
accelerator

O The Large Hadron Collider has been given an upgrade ahead of its latest run, including the
addition of powerful magnets designed to squeeze protons into finer, denser beams. Photograph:
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Some anomalies to keep an eye on

dE/dx - anomaly in ATLAS

e Aim is to measure the masses of long-

lived particles (decaying or not)

= Idtify isolated tracks with large pT

= reconstruct mass

= use data-driven bkgs

® Energy-loss due to ionised radiation

different from known particles

e Points towards heavy new particle

Entries / 100 GeV

Data / Pred.

https://atlas.web.cern.ch/Atlas/GROUPS/
PHYSICS/PAPERS/SUSY-2018-42/

dE/dx in (2.4, o0]

e Stat. signfic. 3.6 sigma local and 3.3 sigma global
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Taus in CMS

e Search for vector-like leptons
= final state 4b + 0/1/2 taus (hadr) + jets

= rel. hard (b)-jets, HT > 400 GeV
=DNN classifier (tt=signal vs tops)

= Comb. 2017/18 -> 96.5 ifb -> 2.8 sigma

e Di-tau resonances at 0.1 and 1.2 TeV

= Selection of leptonic, semileptonic
and hadronic tau pairs

= Isolation criteria for muons/electron

= Transverse/Inv. masses point to two

excesses:
% 100 GeV resonance 3.1 (2.7) local (global)
(similar excess in 2 photon decay)

% 1.2 TeV resonance ~ 3 sigma
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https://cds.cern.ch/record/2803669/ files/EX0O-21-010-pas.pdf
1‘38 b’ (13 TeV)

[N} AL L B B T 0]
o dI_Je-I-S In CMS —g 1;7CMS Preliminary XX oy g
§101F f \\// """ ] o.9§_>
= Search in events with 4 jets for large 10\/?05
m_inv and di-jet combinations with ml~m2. 10‘3{3"V 777777777777777 — 1y
10-4i ,,,,,,,,,,,,,,,,,,,,,, o
= In resonant 4-jet production el

0.5 1 1.5 2 2.5 3

pp — Y — XX — (]]) (]]) Dijet resonance mass [TeV]
find 3.6 (1.6) sigma local (global) at m4j=8TeV and m2j=2 TeV

= In non-resonant 4-jet find 3.6 (2.5) sigma local (global) at m2j=0.95 TeV

e CP-violation in ATLAS https://arxiv.org/abs/2006.15458
&HWB //\2 =1.8 TeV~2

= Search in ELW Zjj production 0.3

= |eptonic decay of Z boson 0.0 —_I_LI_I

= VVBF event selection cuts 03 Ag;;
- A¢jj sensitive to CP-odd interactions TEEEEEEREELT
= Disfavours SM ~ 3 sigma 88 sBRERE

—_— e —
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BaBar hadronic tag
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Belle hadronic tag
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Belle SL tag
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See also talk by
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Interplay between Classification, Interpretation and Precision
makes LHC (high-energy collider) unique discovery tool

Interpretation

Classification

new observables UV Models

Exclusive
final states

new methods Hierarchy Problem etc

e.g. (Q)ML or MEM

EFTs & Simplified
models

Discoveries

BSM
Physics

Phase space
exploration

Stat. Fitting

UV/IR
correspond
ence

Precision
Observables

PDFs
Parton Showers
Amplitudes & Merging

Resummation (N)NLO

Precision
calculations
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Interplay between Classification, Interpretation and Precision
makes LHC (high-energy collider) unique discovery tool

A. Butt
urrer A. Dos Santos

Interpretation

I. Moult Classification
Y new observables UV Models J. Talbert
Z.Yu Exclusive
n?(\g/)rhrﬁlﬁthoﬁﬂsEM final states \ Hierarchy Problem etc N. Okada
v Dong e.g. or
EFTs & Simplified
A Halli Phase space Discoveries models D. Goncalves
- Ratlin exploration BSM B .
R B Physics Stat. Fitting L. Lewis
- parman Precision corl::sl::)n d
. | .
B. Dillon Observables ence M. Smylie
PDF
" Parton Showers S. Willenbrock
S. Martin Amplitudes & Merging
Resummation (N)NLO G. Paz
R. Ruiz Precision
3. Bourjaily calculations Loopfest 12.05-14.05
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Interpretation
Qosﬂ-eo

< ©
o
) ‘Tﬂ .
Naturalness

fermionic scalar
ol t tners
top partners » op par

simplified models

Effective
Theory
Lo =Y CiO;

simplified models

Lucfwig Wittgenswin

The limits of my (anguage

Leptons width Measurements Jets
mass MET oost  Photons i ference mean the [imits of my world
Connecting measurements with UV physics
Kappa EFT Simplified Full (UV)
Framework Models Model

* SM degrees of
freedom and degrees of
symmetries freedom

* NP models simple
rescaling of couplings

* No new Lorentz

» New kinematics/
-structures or

Lorentz structures

* New low-energy

» Subset of states of
full models, reflective

> Very complex and often
high-dimensional
parameter space

> Allows to correlate

11.05.2022

kinematics at scale of high-scale.and low-
measurement scale physics
Complexity/Flexibility
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EFTs currently lingua franca for elw-scale collider pheno

Basis
>Complete
> Inspired by UV physics?
Several available:
Warsaw Basis [1008.4884]
SILH Basis  [hep-ph/070164]
Primary/Higgs Basis [1405.0181]

Practicality / Assumptions
*Manageable number of operators for fit
>bottom up vs top down
>loop-induced operators vs tree-level operators

Validity
*Validity range of EFT set by Kinematic of
measurement

Precision
*RGE improved pert. theory / full NLO
> At what dimension to truncate

Al models are wrong,

some are useﬁt[
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LHC (or future pp collider) can provide unique view on UV models
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Inferring the scale of new physics with EFTs [Bhattacharya et al “14]
[Alonso, Grinstein, Camalich ‘15]

By 1 1

1 — o B - ) )
T(QLOGVMQ%J)(LLUQ'YMLZL) T2 2¢, 00T v + A2 SLYbLE Y
A > r

i b
SU(2). triplet operator b L L pr
o VL 5L 753

Ap,=34TeV < Ap_ =31TeV

What is the new physics scale?

/R Vis Lpsm = % (St7abr) (B 1)
W
m 0 No suppression: ¢ =1 A =31 TeV
4 MFV: ¢ = Vi A =6 TeV
/ MFV + loop: C = Vts/47T A=0.5TeV
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[Di Luzio, Nardecchia ‘17]

e

— /sy <92 TeV and /sp, <84 TeV - No-loose for HE/HL LHC?

“Fermi constant”
of the process

[SU(3)c x U(l)em
invariant EFT]

PHENO 2022

Pittsburgh

Scale of the SMEFT
operator

[SU(3)c x SU(2). x
U(1)em invariant EFT]

@3@3 — Vapcrbr

AQ33L33/ V |‘/Cb| —

ARD(*)

//

Scale of unitarity
violation (/s = Ay

saturates pert.
unitarity criterium)

v

4

AU — \/g ‘AQiijl}

13 Michael Spannowsky

Anomaly O FSq FSy A4[TeV] | |[Ao| [TeV] | Ay[TeV] | M,[TeV]
b— 17 | Ogslas | 1 1 3.4 3.4 9.2 43
b— ctv | Q3slss | |V 1 3.4 0.7 1.9 8.7
b= s | Ouslan | 1 1 31 31 84 390
b— sppi | QszLas | [Vis] 1 6.2 17 8

*

NDA mass scale
in the strongly-
coupled regime

‘9*‘ = 4r

v

Ao
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Inferring UV quantum numbers with precision observables

' SM quantum numbers o Can we infer The
BSM field | Spin Mass
SUB). | SU2), | U), quantum numbers of
S 0 1 L 0| ms 1S the UV model from
A L 3 0 [ ma | Scal l EFT constraints from
calars elw.
S 0 1 1 L | ms | inalet/multiolet low-energy
S 0 1 1 2 . | O Singlet/mulriple
= Te S 9 uitiptet, observables?
A 0| 1 3 L | ma | E color singlet
Ho 0 1 2 —% My, 8
> 0 1 4 Lo, e Each UV resonance
o1 0 3 1 1|y, realisation will only
e | 0] 3 1| -t lg_ induce a subset of
& | 0] 3 2 | 5 |me ' effective operators
0, 0 3 2 z me,
Scalar
Q 3 3 -1 | mq |
- T ; T - Leptoquarks, e Shows a completely
1 3 X1 | . .

. P h |, 9| color non-singlet agnostic bottom-up
w | 0| 6 HEIENE: approach often not
Xa 0 6 1 Lo my, useful
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Flavour precision obs

Electr k precisi bs
eciroweak precision o Baryon/Lepton Nr violation

W W Que | (Liryuly) iy y)
|
et B W Qee | (Eivue;)(Exy™er) etc
\ | /
h ~a- h Qee |  (Livulj)(exy er)

Higgs measurements
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SM

[Dawson, Giardino ‘19]

[Bagglio et al. “20]

etfc

SM SM SM N NP SM SM ~~ WP
" NP NP SM
SM SM YN M7 o N SM
_ Higgs signal strengths ﬁ
h EWPO-LO #
1 2] 3 | 4|5 |6 | 7|89 10 1|12 | 13 |15 | 16 | 17| 18 | 19
Heavy G301 | Qup | Qu | Qru | Qua | QHe ng QS? S} QS.‘;’B, Qrws | Quo | Que | Quw || Qn | Qc | Quae | Qer | Qua | Quu
felds
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Xz

Al X

X2 | Xs

Ay

X3
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X1

X4
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01]02] Q2
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—

Existence and hierarchy of operators allows to infer the quantum
numbers of the UV resonance

—

PHENO 2022

O,

But more data needed to pin down UV scenario

Pittsburgh

qq

X1

Xa

S

©2

S2

—

[Das Bakshi, Chakrabortty, MS “20]

[Dawson, Homiller, Lane ‘20]

[Anisha et al '21]

Michael Spannowsky
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Data / Bkg

Going beyond SMEFT

e Response to 750 GeV excess shows the way:

G2 G é’lw 2 F F'W
935 — ) + €28 ( LA ) e
(2A 2, 2A, 24, ; (Yps + 1750p5) Y

—-f  New particle added to SM + effective operators

Wl s e e Expand the SM particle
Dimuon Search Selection [l Top Quarks
. ot content by new degrees
—Z’x (4 TeV)
o —HETY V4 . of freedom

ol 7 e Expand Lagrangian

107"

Data / Bkg

e ‘ 1 f consistently by effective
1oE i | = . !

e B | interactions

E ;Z A¢'¢#++H%HJ:.

**S56—200 300 1600 2000

Dimuon Invariant Mass [GeV]

Dimuon Invariant Mass
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Automation progressed tremendously in recent years

® MatchingTools: Python package, Integrates out heavy degrees up
to tree level, removes oper. redundancies [criado ‘17]

® CoDEXx: Calcs EFT operators, up to 1 loop, [Das Bakshi,
automatically integrating out BSM fields, Chakrabortty,
RGE evolution Patra ‘18]

® SuperTracer: Mathematica package to calculate |
functional supertraces to match UV [Fuentes-Martin
model onto EFT up to 1 loop. et al. "20]

® STrEAM: Mathematica package to calculate functional  [Cohen, Ly,
supertraces to match UV model onto EFT. Zhang "20]

e Matchmakereft: fully automated tool to compute the tree-level
and one-loop matching of arbitrary models onto

/ L l ’ 1 i i
[Carmona, Lazopoulos arbitrary effective theories

Olgoso, Santiago ‘21]
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Classification

e Benefits of exclusive phase  [[E. 20700 000 it ]
space and novel Il
reconstruction methods often | I
neglected in studies, see eg. u |
‘Input to European Strategy’ o | [l | ‘

[De Blas, Cepeda, D'Hondt, Ellis, 107 ‘ L2

Grojean, Heinemann, Maltoni, Nisati, ‘ I ‘ )‘ |
Petit, Rattazzi, Verkerke '19] O oo o °¢v: °¢B°° ‘T O Ous °2w°3vlv “
Pl iako

0y 0r Ow 0a “Opn O O, og o, O,

oy

025 Ozw Osw Og

® Many new methods to improve signal/background discrimination:

= (Quantum) Machine Learning methods

= Matrix Element Methods:
HY TREES, Shower/Event Deconstruction etc

PHENO 2022

Pittsburgh

20 Michael Spannowsky
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Energy <-> Precision

ASI\H—BSM ~ 14 E_2
-ASM A2

LHC can match LEP accuracy in high E regime

0.1 % at 100 GeV —¥% 10% at 1 TeV

LEP energy LHC energy

accuracy

Higgs dynamics at high energies

e at high goldstone equivalence allows to

test Higgs dynamics AAAA 2 A S ¢*, ¢

o Interference between the SM and new-physics (at dim-6 level) only at longitudinal

—Jpp  growth at high energy
VYV Vi, >‘ VLVLVLVL ‘

7z
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-0.05

-0.10

[Francesch

et al '17]

ini

| A ' Gupta, MS ‘1
W — Y — O ',“". > P adiasza
Zh
- LEP 1
\ B
i \ 300 ifb (light) |
. 3000 ifb (dark) .
\
I | I I I | I I I I A Y I I I | I ]
-0.04 -0.02 0.00 0.02 0.04
69"
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[Banerjee, Englert,

-:

WZ production

HZ / HW production

q W/Z

Q
/
en

e Boosted Higgs (H->bb)Z analysis

Michael Spannowsky 11.05.2022



Global fit including differential distributions

. o [Englert, Kogler, Schulz, MS '15]
Focus on linear contribution
of EFT for theory prediction:

M = Mgsm + My=s¢

IM|? = IMgm|? + 2Re{MsuMi_g} + O(1/A%)

S~

Number of predicted events: Niw=0(H+ X)xBR(H = YY)

x L x BR(X,Y — final state)
We assume that production and decay factorise to good approximation

Each channel has own prod. and decay efficiencies:

Nev — 6peal]\[th

Wilson coefficients can be (over) constraint in many decay and production
processes:

signal strength:

36 indep. meas. (300 ifb)
46 indep. meas. (3000 ifb)
Production: pp— H pp—Hj pp— Hjj ~-f  differential:

88 indep. meas. (300 ifb)
pp — HV  pp— ttH 123 indep. meas. (3000 ifb)

Decays: H—ff H—vy H-—=~Z
H—-»Z7z* H—WW*

PHENO 2022 Pittsburgh 23 Michael Spannowsky 11.05.2022



cd3
FNY N
S © o o ©°

Coefficients multiplied by 10°
Grey: signal strength only

Orange: differential distributions
at 14 TeV and 3000 ifb

e 66% CL (dark), 95% CL (middle), 99% CL (light)

] Parametrisation of cross sections with
: Professor and fit using Gfitter

g o

Including sensitivity on theoretical uncertainties
see [Englert, Kogler, Schulz, MS ‘18]

PHENO 2022 Pittsburgh 24 Michael Spannowsky 11.05.2022



HW

1 | 1T 1T 1 l I 1T T/

Q

LI Grey: signal strength only

[T T T T 71

Orange: differential distributions
at 14 TeV and 3000 ifb

CL (dark), 95% CL (middle), 99% CL (light)

| [ | S I 1 1

Operators &
: o 104
| | | | affect tails of &
o e T distribution & 10°
-5 0 5 gl ’rcl) :
c . differently g 102
' @)
W “ 10
ICHW Y i Y i
s (D*H)'o"(DYH)W},, 1
v 107
1ICw g iS~7 » i e o
52 (HTU D“H> (D" W) 0 200 400 600 _ 800
T P, ,[GeV]

mw» Due to access to exclusive phase space regions
| sensitivity scales much better than /£ at HL-LHC
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Energetic final states not only important for effective couplings

Higgs-bottom coupling

\
\\ H b
.4 b
[Butterworth, Davison, Rubin,
Salam ‘08]

Off-shell Higgs (Width

9 9 0 2V

[Kauer, Passarino ‘12]
[Caola, Melnikov ‘14]

g

Boosted Higgs in H+jet

[Harlander, Neumann ‘13]

[Banfi, Martin, Sanz ‘13]

[Grojean, Salvioni, Schlaffer
Weiler ‘14]

Higgs-top c%upling
g

LR .

PR |
g t
[Plehn, Salam, MS ‘09]
[Moretti, Petrov, Pozzorini, MS ‘15]

HZ final state

J t,b h __
t,b t,b
g 7

[Englert, McCullough, MS ‘13]

PHENO 2022

[Plehn, Rainwater, Zeppenfeld ‘01]
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I'M
LOOKING

Classification Interpretation

new observables UV Models

new methods

states | Hierarchy Problem etc
e.g. (QML or MEM

EFTs & Simplified
models

Phase space

Stat. Fitting
recision

Resummation (N)NLO

shutterstck
Precision

calculations

e Coming LHC runs will provide tremendous improvement for
searches in exclusive phase space regions (beyond /£ )

m& will be more exciting than expected

e However, new analysis strategies need to be pushed to
make most of LHC data

~#» benefit currently still under appreciated

e Need strong support for high-energy collider
flagship experiment
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