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Scientific Method
▻ Galileo was the father of the scientific method 


– Observe  phenomena in Nature with experiments 
– Make hypothesis about laws of Nature (models) 
– Make quantitative predictions 
– Verify predictions with new experiments  
– Successful predictive models promoted to  

be a new theory  
– Never stop verification and falsification  

of existing theories 
◦ taking advantage of theoretical and technological  

advancements
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▻ Extremely predictive theory since its inception


▻ Last missing piece discovered almost 10 years ago

– Compare to gravitational waves and general relativity 

▻ Has successfully resisted 50 years of falsification


▻ We already know it is incomplete 
– e.g. neutrinos are massive 

▻ It cannot address some basic  
curiosities and questions about  
our Universe
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Standard Model
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Questions and Curiosities
▻ What is the origin of mass?

▻ Have we found the Higgs boson?

▻ What is the origin of mass hierarchy?

▻ Do all leptons behave equally?

▻ Where is all the anti-matter in our Universe?

▻ What is Dark Matter?

4

b

c
s

u
d

e

t

Flavour Problem

LHC provides broad spectrum of measurements 
to tackle almost all these questions!
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Multi-prong Approach 
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From Telescopes...
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... To Particle Detectors
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Frontier of Energy

▻ Particle-Wave duality key to probe structure of matter


▻ Higher energy means 

− smaller wave length


◦  probe smaller constituents

− higher temperature


◦ recreate conditions closer to big bang
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⇤ ⇠ ?

Scale of New Phenomena
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Why Not?

If you look at energy scales...
why should there be a desert?
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▻ Since birth of particle 
physics, experiments 
have explored many 
orders of magnitude in 
energy


▻ New phenomena 
appeared at higher 
energy scales


▻ Standard Model and 
Electroweak symmetry 
breaking occurs up to 
TeV scale


▻ How to determine scale 
of new physics beyond 
Standard Model?
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Evolution of Particle Colliders
• Direct production of new 

particles typically searched 
at hadron colliders

– Increase of energy to 

access new 
production channels

‣ Lack of discovery implies 

new particles 
are heavier


– Accumulating data to 
probe  
weakly interacting 
particles 

‣ Particles are produced but 

with  
small cross section


• Alternatives

– Lepton colliders if we 

know  
where to look for
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LHC (CERN) 
13 TeV (2015)
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Probing The Universe
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pp physics at the LHC corresponds 
to conditions around here 
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Large Hadron Collider
▻ Provide ultimate test of our understanding of the universe


▻ A new machine at the frontier of energy

− Unexplored territory, not just precision test


▻ Primary objectives

− Find Higgs boson predicted in the Standard Model

− If found, measure its predicted properties


◦ decay rates, spin, quantum numbers highly constrained

− Search for new phenomena beyond Standard Model


◦ New bosons and fermions

◦ Compositeness

◦ Dark matter candidates


▻ Many questions arise

− Why so large?

− Why such high energy?

− How to discriminate signal from background?
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Four Experiments at LHC
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Facts About LHC

▻ Energy stored in LHC magnets when operating at 14 TeV: 10.4 GJ

− Enough to melt 12 tons of Copper! 
− The kinetic energy of an A380 at 700 km/hour 

▻ Kinetic energy of 1 proton bunch: 129 kJ

▻ Kinetic energy of beam: 362 MJ 
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Beam energy:           7 TeV 
Bunch per beam:      2835 
Protons per beam:   1011

Collision frequency: 40 MHz

Superconducting dipoles operated at 1.9 K
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Gigantic Digital Camera
▻ Very heavy digital camera


− 40 million pictures per second 
− Almost 100 million pixels 
− 3D pictures 

▻ >100’000 of CPUs used to quickly 
filter data

− 10’000 pictures selected each second 

▻ Only 1000 pictures stored on disk

− pictures selected within 100 ms 

▻ 22 million GigaByte of data each 
year (>1 million DVD)

− Data hosted and analysed at 

computing centers worldwide
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Compact Muon Solenoid
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Particle Identification

▻ Detectors record signals from hadrons, charged leptons, and photons

▻ Relativistic kinematics with energy and momentum conservation
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Energy Frontier after Higgs Discovery
▻ Intense scrutiny of Higgs and Yukawa sector 


▻ While keeping a wide open eye on new phenomena
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Higgs properties 
Higgs self interaction

Higgs coupling to bosons and fermions

CKM matrix and CP Violation

New light and heavy particles

Lepton flavour universality violation

Leptoquarks

SUSY

Long-lived particles

Dark matter

Precision Electroweak and 
QCD
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Means of Falsification
▻ Multiple and redundant measurements of well known quantities


− different methods 
− different contexts 
− different technologies 

▻ Measurement of very small and precise predictions

− variety of such observables across the spectrum 
− typically referred to as indirect search for New Physics 
− At LHC now merging with standard Physics thanks to amount of data 

▻ Search for the exotic

− chasing more or less crazy ideas by theory friends  
◦ often motivated by some big question 

− Taking advantage of capabilities of detectors for unconventional signatures 

▻ New computational tools for more efficient data mining and increasing 
sensitivity


▻ New technologies to improve detection techniques and try new 
avenues
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The Known Knowns

The Known Unknowns

The Unknown Unknowns
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New Physics through Precision
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Higgs 
From Discovery to Precision

Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.

Higgs boson production
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Pierluigi Bortignon LHCP 2021, 7-11 June 2021

Higgs at the LHC

• ggF and VBF observed independently in 
Run1


• ttH, ZH, WH observed independently in Run2


• Decay rate are proportional to the decaying 
particles mass


• Very large variation (for example 58% bb 
and 0.002% )μμ
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 = 48.61 pb σggF

 = 3.766 pbσVBF

 = 2.238 pbσVH

 = 0.507 pb σttH

D
ecay

More than 250 event categories

Production

A. Gilbert (CERN)10/4/18

Contributing analyses
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• Total of 250 individual categories (counting signal and control regions) and ~ 5400 
nuisance parameters in the combined !t

ggF VBF VH ttH
H→ZZ→4l ● ● ● ●
H→γγ ● ● ● ●
H→WW ● ● ● ●
H→bb ● ● ●
H→ττ ● ● ●
H→μμ ● ●
H→inv ● ● ●

Analysis Reference

H→ZZ→4l JHEP 11 (2017) 047

H→γγ arXiv:1804.02716

H→WW HIG-16-042

VH→bb PLB 780 (2018) 501

H→ττ PLB 779 (2018) 283

H→μμ  (*) HIG-17-019

Boosted H→bb PRL 120 (2018) 071802

ttH→WW/ZZ/ττ arXiv:1803.05485

ttH→bb (leptonic) HIG-17-026

ttH→bb (hadronic) arXiv:1803.06986

H→invisible  (*) HIG-17-023
(*) included only for speci!c results

• Analysed all main production and decay modes on 2016 13 TeV dataset (35.9 fb-1):
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Higgs Physics
▻ A standard candle of Standard Model in just a decade since its discovery


− compare to top, W, and Z 

▻ Higgs now used as a probe in searches for new phenomena

− FCNC in top decays 
− Search for Supersymmetry 
− Search for Dark Matter WIMP candidates 
− Decay of heavy new particles to H+X 

▻ Couplings to 3rd generation established

− taus in 2017, top and b in 2018 

▻ Coupling to 2nd generation under way!

− evidence for muons, tackling also charm 

▻ So far it walks and talks like the Standard Model Higgs


▻ Falsification of the Higgs mechanism a critical component of High Energy 
Frontier program
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Means of Falsification
▻ Multiple and redundant measurements of well known quantities


− different methods 
− different contexts 
− different technologies 

▻ Measurement of very small and precise predictions

− variety of such observables across the spectrum 
− typically referred to as indirect search for New Physics 
− At LHC now merging with standard Physics thanks to amount of data 

▻ Search for the exotic

− chasing more or less crazy ideas by theory friends  
◦ often motivated by some big question 

− Taking advantage of capabilities of detectors for unconventional signatures

23
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The Known Unknowns

The Unknown Unknowns
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Flavor Changing Neutral Currents

▻ Forbidden in Standard Model at tree level


▻ Typically small predicated rates and hence sensitive to new particles in strong 
and electroweak penguin loops


▻ Rich area of probe in b, c, s, and now also top decays using Higgs!

24

Rare decays of b hadrons

Flavour-changing neutral-currents (FCNC) forbidden at tree-level in SM:

W�

W�

�

u, c, tb s

u, c, t

u, c, t

�

H
�b s

Sensitive to new particles at higher scales than direct searches.

Model-independent description: Operator Product Expansion.

He↵ /
X

i

⇣
CSM
i + CNP

i

⌘
· Oi

I Wilson Coe�cients (Ci ) are extracted from global fits to the data.
I Any deviation from SM calculations would point to New Physics e↵ects.

Carla Marin (carla.marin@cern.ch) Rare, radiative and EW decays at LHCb Moriond EW 2019 1 / 15

Loïc Valéry | FCNC searches in ATLAS and CMS !2

FCNC

• Flavour Changing Neutral Currents 

• Forbidden at tree-level in SM: need more complex diagrams to achieve 
• Very low branching ratio in SM 

• BR(            ) ~ 10-15  
• BR(            ) ~ 10-14

Introduction

t

u, c

W

f
b, d, s

f

• Enhanced in many BSM theories  

• 2HDM models (~10-6) 
• Including RPV SUSY scenarios 

• MSSM (~10-7) 
• Extra-dimensions (~10-5) 
• …

t → qH
t → qZ

Constraints on FCNC         Constraints on new phenomena⇔

t → Zq

t
Z

u/c

!

!

t → Hq

t
H

u/c

Top quark rare production and decay processes |  LHCP 2021 | C. A. Gottardo18

FCNC tHq summary

Branching ratio
16−10 13−10 10−10 7−10 4−10 1−10

Zu→t

Zc→t

gu→t

gc→t

uγ→t

cγ→t

Hu→t

Hc→t

SM 2HDM(FV) 2HDM(FC)
MSSM RPV RS
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  ATLAS   CMS95%CL upper limits
[1] JHEP 05 (2019) 123 [2] JHEP 02 (2017) 079
[3] JHEP 06 (2018) 102 [4] PLB 800 (2019) 135082 (LH only)
[5] JHEP 04 (2016) 035 [6] EPJC 76 (2016) 55
[7] JHEP 02 (2017) 028 [8] JHEP 07 (2018) 176
[9] CMS-PAS-TOP-17-017 [10] JHEP 07 (2017) 003

from arXiv:1311.2028
Theory predictions

ATLAS+CMS Preliminary
LHCtopWG

September 2020

all other processes are zero
Each limit assumes that

New CMS-PAS-TOP-20-007 

B(t→Hu) < 1.9×10-4 

B(t→Hc) < 7.3×10-4 

Previous bound from t→H(bb̄)q (JHEP 06 (2018) 102) 

B(t→Hq) < 4.7×10-3 

Searches with 36 fb-1 
t→H(γγ)q JHEP 10 (2017) 129 
t→H(ML)q Phys. Rev. D 98, 032002 
t→H(bb̄, ττ)q JHEP 05 (2019) 123 

Most stringent bound from t→H(bb̄, ττ)q 
B(t→Hu) < 1.2×10-3  
B(t→Hc) < 1.1×10-3 

SM
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B! D⇤⌧⌫

B

D∗

W+b
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ν

µ+/τ+
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D∗

LQ

b

c

ν
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• In the Standard model, the only di↵erence between B! D(⇤)⌧⌫ and
B! D(⇤)µ⌫ is the mass of the lepton

• Theoretically clean: ⇠ 2% uncertainty for D⇤ mode

• Ratio R(D(⇤)) = B(B! D(⇤)⌧⌫) / B(B! D(⇤)µ⌫) is sensitive to e.g
charged Higgs, leptoquark

• Current world average for R(D(⇤))in ⇠ 4� tension with Standard Model!

Introduction 2

• Fractional	electric	charge	
(�5/3,	�4/3,	�2/3,	�1/3	e)

• Spin	0	(scalar)	or	1	(vector)
• Inter-generational	mixing	

suppressed	to	meet	
experimental	constraint

LQ

q

l

L,	B

(unknown)
coupling	l

Recently	got	particular	
attention	as	it	might	
explain	observed	B-
anomalies

LQ	that	preferentially	couples	to	
2nd/3rd	generation	favored:
Can	be	even	at	O(1)	TeV scale

t+

µ-µ-

Direct	searches	at	CMS	

LQ phenomenology 

  new scalar (J=0) or vector (J=1) particles 
color, L, B, fractional Q (±1/3, ±2/3, ±4/3, ±5/3) 
  decay to lepton + quark via unknown coupling λ
  realised in some BSM theories 

  GUT-inspired models, technicolor, compositeness, RPV SUSY, … 
  free parameters (scalar case): MLQ,  λ,  β = BR(LQ→l±q) = 1-BR(LQ→νq’) 
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 = 1.0 contours2χΔ

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)
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Motivation

B-physics anomalies, g � 2

Deviations from SM prediction
measured in b-flavor observables and
muon AMM

I R(D(⇤)) = �(B!D
(⇤)⌧⌫̄)

�(B!D(⇤)`⌫̄)
(⇠ 4�)

I R(K (⇤)) = �(B!K
(⇤)µµ)

�(B!K (⇤)ee)
(⇠ 2.5�)

I B0 ! K⇤0µµ angular obs. (⇠ 3.4�)
I Muon AMM aµ (⇠ 3.5�)

Leptoquarks possible solution
I Strong coupling to 3rd generation
I Weakest flavor constraints on 3rd gen
I Mass at TeV scale
I LQ! tµ also elegant solution for aµ
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  tree-level explanation of  
  B-anomalies  

 

  preferred: couplings to 2nd/ 3rd 
generation 
  mass could be O(1) TeV 
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  tree-level explanation of  
  B-anomalies  

 

  preferred: couplings to 2nd/ 3rd 
generation 
  mass could be O(1) TeV 

Standard Model

New Physics

Figure 1: Feynman diagrams in the SM of the B0! K⇤0`+`� decay for the (top left) electroweak
penguin and (top right) box diagram. Possible NP contributions violating LU: (bottom left) a
tree-level diagram mediated by a new gauge boson Z 0 and (bottom right) a tree-level diagram
involving a leptoquark LQ.

bin at 6.0 GeV2
/c

4 is chosen to reduce contamination from the radiative tail of the J/ 

resonance.
The measurement is performed as a double ratio of the branching fractions of the

B
0! K

⇤0
`
+
`
� and B

0! K
⇤0

J/ (! `
+
`
�) decays

RK⇤0 =
B(B0! K

⇤0
µ
+
µ
�)

B(B0! K
⇤0

J/ (! µ
+
µ
�))

�
B(B0! K

⇤0
e
+
e
�)

B(B0! K
⇤0

J/ (! e
+
e
�))

,

where the two channels are also referred to as the “nonresonant” and the “resonant” modes,
respectively. The experimental quantities relevant for the measurement are the yields
and the reconstruction e�ciencies of the four decays entering in the double ratio. Due
to the similarity between the experimental e�ciencies of the nonresonant and resonant
decay modes, many sources of systematic uncertainty are substantially reduced. This
helps to mitigate the significant di↵erences in reconstruction between decays with muons
or electrons in the final state, mostly due to bremsstrahlung emission and the trigger
response. The decay J/ ! `

+
`
� is measured to be consistent with LU [24]. In order to

avoid experimental biases, a blind analysis was performed. The measurement is corrected
for final-state radiation (FSR). Recent SM predictions for RK⇤0 in the two q

2 regions are
reported in table 1. Note that possible uncertainties related to QED corrections are only
included in Ref. [26], and these are found to be at the percent level. The RK⇤0 ratio is
smaller than unity in the low-q2 region due to phase-space e↵ects.

The remainder of this paper is organised as follows: section 2 describes the LHCb
detector, as well as the data and the simulation samples used; the experimental challenges
in studying electrons as compared to muons are discussed in section 3; section 4 details

2

Tree Penguin
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Previous RKú and RK results (LHCb Run 1 data)

LHCb: PRL113(2014)151601

BaBar: PRD86(2012)032012

Belle: PRL103(2009)171801
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q2 [GeV2/c4]
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0.5
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1.5

2.0

R
K

�0

LHCb

LHCb

BaBar

Belle

LHCb: JHEP08(2017)055

All LHCb results below SM expectations:

I RK = 0.745
+0.090

≠0.074
± 0.036 for 1.0 < q2 < 6.0 GeV2

, ≥ 2.6 ‡ from SM;

I RKú = 0.66
+0.11

≠0.07
± 0.03 for 0.045 < q2 < 1.1 GeV2

, ≥ 2.2 ‡ from SM;

I RKú = 0.69
+0.11

≠0.07
± 0.05 for 1.1 < q2 < 6.0 GeV2

, ≥ 2.4 ‡ from SM;

Together with b æ sµµ results, RK and RKú constitute an interesting pattern of anomalies,

but the significance is still low.
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6 4 Analysis method
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Figure 1: Illustration of the angular variables q` (left), qK (middle), and j (right) for the decay
B0 ! K⇤0(K+p�)µ+µ�.

components, the angular distribution of B0 ! K⇤0µ+µ� decays can be written as [25]:
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where FL denotes the longitudinal polarization fraction of the K⇤0. This expression is an exact207

simplification of the full angular distribution, obtained by folding the j and q` angles about208

zero and p/2, respectively. Specifically, if j < 0, then j ! �j, and the new j domain is [0, p].209

If q` > p/2, then q` ! p � q`, and the new q` domain is [0, p/2]. We use this simplified version210

of the expression because of difficulties in the fit convergence with the full angular distribution211

due to the limited size of the data sample. This simplification exploits the odd symmetry of the212

angular variables with respect to j = 0 and q` = p/2 in such a manner that the cancellation213

around these angular values is exact. This cancellation remains approximately valid even after214

accounting for the experimental acceptance because the efficiency is symmetric with respect to215

the folding angles.216

For each q
2 bin, the observables of interest are extracted from an unbinned extended maximum-

likelihood fit to four variables: the K+p�µ+µ� invariant mass m and the three angular vari-
ables q`, qK, and j. The unnormalized probability density function (pdf) in each q

2 bin has the
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Table 2
The measured signal yields, which include both correctly tagged and mistagged events, the P1 and P ′

5 values, and the correlation coefficients, in bins of q2, for B0 →
K∗0µ+µ− decays. The first uncertainty is statistical and the second is systematic. The bin ranges are selected to allow comparison with previous measurements.

q2 (GeV2) Signal yield P1 P ′
5 Correlations

1.00–2.00 80 ± 12 +0.12 +0.46
−0.47 ± 0.10 +0.10 +0.32

−0.31 ± 0.07 −0.0526

2.00–4.30 145 ± 16 −0.69 +0.58
−0.27 ± 0.23 −0.57 +0.34

−0.31 ± 0.18 −0.0452

4.30–6.00 119 ± 14 +0.53 +0.24
−0.33 ± 0.19 −0.96 +0.22

−0.21 ± 0.25 +0.4715

6.00–8.68 247 ± 21 −0.47 +0.27
−0.23 ± 0.15 −0.64 +0.15

−0.19 ± 0.13 +0.0761

10.09–12.86 354 ± 23 −0.53 +0.20
−0.14 ± 0.15 −0.69 +0.11

−0.14 ± 0.13 +0.6077

14.18–16.00 213 ± 17 −0.33 +0.24
−0.23 ± 0.20 −0.66 +0.13

−0.20 ± 0.18 +0.4188

16.00–19.00 239 ± 19 −0.53 ± 0.19 ± 0.16 −0.56 ± 0.12 ± 0.07 +0.4621

Fig. 3. CMS measurements of the (left) P1 and (right) P ′
5 angular parameters versus q2 for B0 → K∗0µ+µ− decays, in comparison to results from the LHCb [33] and Belle [34]

Collaborations. The statistical uncertainties are shown by the inner vertical bars, while the outer vertical bars give the total uncertainties. The horizontal bars show the bin 
widths. The vertical shaded regions correspond to the J/ψ and ψ ′ resonances. The hatched region shows the prediction from SM calculations described in the text, averaged 
over each q2 bin.

the four Gaussian terms to vary at a time. The maximum change 
in P1 and P ′

5 for either of the two control channels is taken as the 
systematic uncertainty for all q2 bins.

The q2 bin just below the J/ψ (ψ ′) control region, and the q2

bin just above, may be contaminated with B0 → J/ψK∗0 (B0 →
ψ ′K∗0) “feed-through” events that are not removed by the selec-
tion procedure. A special fit in these two bins is performed, in 
which an additional background term is added to the pdf. This 
background distribution is obtained from simulated B0 → J/ψK∗0

(B0 → ψ ′K∗0) events, with the background yield as a fitted param-
eter. The resulting changes in P1 and P ′

5 are used as estimates of 
the systematic uncertainty associated with this contribution.

To properly propagate the uncertainty associated with the val-
ues of FL, FS, and AS, taking into account possible correlations, 
10 pseudo-experiments per q2 bin are generated using the pdf pa-
rameters determined from the fit to data. The number of events 
in these pseudo-experiments is 100 times that of the data. The 
pseudo-experiments are then fit twice, once with the same pro-
cedure as for the data and once with P1, P ′

5, A5
S , FL, FS, and AS

allowed to vary. The average ratio ρ of the statistical uncertain-
ties in P1 and P ′

5 from the first fit to that in the second fit is 
used to compute this systematic uncertainty, which is proportional 
to the confidence interval determined from the Feldman–Cousins 
method through the coefficient 

√
ρ2 − 1. The stability of ρ as a 

function of the number of events of the pseudo-experiments is 
also verified. As cross-checks of our procedure concerning the fixed 
value of FL, we fit the two control regions either fixing FL or 
allowing it to vary, and find that the values of P1 and P ′

5 are 
essentially unaffected, obtaining the same value of FL as in our 
previous study [31]. Moreover, we refit all the q2 bins using only 
the P-wave contribution for the decay rate in Eq. (1) and leaving 

all three parameters, P1, P ′
5, and FL, free to vary. The differences 

in the measured values of P1 and P ′
5 are within the systematic 

uncertainty quoted for the FL, FS, and AS uncertainty propagation.
The effects of angular resolution on the reconstructed values of 

θK and θ$ are estimated by performing two fits on the same set of 
simulated events. One fit uses the true values of the angular vari-
ables and the other fit their reconstructed values. The difference in 
the fitted parameters between the two fits is taken as an estimate 
of the systematic uncertainty.

The systematic uncertainties are determined for each q2 bin, 
with the total systematic uncertainty obtained by adding the indi-
vidual contributions in quadrature.

As a note for future possible global fits of our P1 and P ′
5

data, the systematic uncertainties associated with the efficiency, 
Kπ mistagging, B0 mass distribution, and angular resolution can 
be assumed to be fully correlated bin-by-bin, while the remaining 
uncertainties can be assumed to be uncorrelated.

6. Results

The events are fit in seven q2 bins from 1 to 19 GeV2, yielding 
1397 signal and 1794 background events in total. As an example, 
distributions for two of these bins, along with the fit projections, 
are shown in Fig. 2. The fitted values of the signal yields, P1, 
and P ′

5 are given in Table 2 for the seven q2 bins. The results 
for P1 and P ′

5 are shown in Fig. 3, along with those from the 
LHCb [33] and Belle [34] experiments. The fitted values of A5

S vary 
from −0.052 to +0.057.

A SM prediction, denoted SM-DHMV, is available for compari-
son with the measured angular parameters. The SM-DHMV result, 
derived from Refs. [18,25], updates the calculations from Ref. [52]
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Anomaly stands still

▻ New angular analysis in 

− Discrepancy wrt predictions similar to  
− CP Asymmetries and averages compatible with SM

B0
s → ϕμ+μ−

K*0μ+μ−
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RK measurement at LHCb

Need two inputs to measure RK : yields and e�ciencies.

RK =
B(B+ æ K+µµ)

B(B+ æ K+ee)

?
B(B+ æ K+J/Â(µµ))

B(B+ æ K+J/Â(ee))

=
N(K+µµ)

N(K+J/Â(µµ))
· N(K+J/Â(ee))

N(K+ee)
· Á(K+J/Â(µµ))

Á(K+µµ)
· Á(K+ee)

Á(K+J/Â(ee))

Electron and muon tracks very di�erent in LHCb:

I Electrons interact with material and emit

bremsstrahlung;

I worse mass and q2 resolution;
I lower reconstruction e�ciency.

I Better PID and trigger performances for muons.

e track

µ track

Critical aspect in the analysis: get the electron e�ciencies fully under control.

∆ use double ratio to cancel out most systematic uncertainties.

4 Thibaud Humair

b→sl+l- : RK & Bs→μ+μ-

10

• Full LHCb data set, theoretically clean observables

Fig. 2. The fit is of good quality and the value of RK is measured to be

RK(1.1 < q
2
< 6.0GeV2

/c
4) = 0.846 +0.042

� 0.039
+0.013
� 0.012 ,

where the first uncertainty is statistical and the second systematic. Combining the
uncertainties gives RK = 0.846 +0.044

� 0.041. This is the most precise measurement to date and is
consistent with the SM expectation, 1.00± 0.01 [3–7], at the level of 0.10% (3.1 standard
deviations), giving evidence for the violation of lepton universality in these decays. The
value of RK is found to be consistent in subsets of the data divided on the basis of
data-taking period, selection category and magnet polarity (see Methods). The profile-
likelihood is given in Methods. A comparison with previous measurements is shown in
Fig. 4.

The 3850±70 B
+
! K

+
µ
+
µ
� decay candidates that are observed are used to compute

the B
+
! K

+
µ
+
µ
� branching fraction as a function of q2. The results are consistent

between the di↵erent data-taking periods and with previous LHCb measurements [33].
The B

+
! K

+
e
+
e
� branching fraction is determined by combining the value of RK with

the value of dB(B+
! K

+
µ
+
µ
�)/dq2 in the region (1.1 < q

2
< 6.0GeV2

/c
4) [33], taking

into account correlated systematic uncertainties. This gives

dB(B+
! K

+
e
+
e
�)

dq2
(1.1 < q

2
< 6.0GeV2

/c
4) = (28.6 +1.5

� 1.4 ± 1.3)⇥ 10�9
c
4
/GeV2

.

The limited knowledge of the B+
! J/ K

+ branching fraction [2] gives rise to the dominant
systematic uncertainty. This is the most precise measurement of this quantity to date
and, given the large theoretical uncertainty on the predictions [7, 112], is consistent with
the SM.

A breaking of lepton universality would require an extension of the gauge structure of
the SM that gives rise to the known fundamental forces. It would therefore constitute a
significant evolution in our understanding and would challenge an inference based on a
wealth of experimental data in other processes. Confirmation of any beyond the SM e↵ect
will clearly require independent evidence from a wide range of sources.

Measurements of other RH observables with the full LHCb data set will provide further
information on the quark-level processes measured. In addition to a↵ecting the decay rates,
new physics can also alter how the decay products are distributed in phase space. An
angular analysis of the electron mode, where SM-like behaviour might be expected in the
light of the present results and those from b! sµ

+
µ
� decays, would allow the formation

of ratios between observable quantities other than branching fractions, enabling further
precise tests of lepton universality [13, 15, 27,115,116]. The hierarchical e↵ect needed to
explain the existing b! s`

+
`
� and b! c`

+
⌫` data, with the largest e↵ects observed in tau

modes, then muon modes, and little or no e↵ects in electron modes, suggests that studies
of b! s⌧

+
⌧
� transitions are also of great interest [117,118]. There are excellent prospects

for all of the above and further measurements with the much larger samples that will be
collected with the upgraded LHCb detector from 2022 and, in the longer term, with the
LHCb Upgrade II [119]. Other experiments should also be able to determine RH ratios,
with the Belle II experiment in particular expected to have competitive sensitivity [120].

In summary, in the dilepton mass-squared region 1.1 < q
2
< 6.0GeV2

/c
4, the ratio

of branching fractions for B+
! K

+
µ
+
µ
� and B

+
! K

+
e
+
e
� decays is measured to be

RK = 0.846 +0.044
� 0.041. This is the most precise measurement of this ratio to date and
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Figure 1: Mass distribution of the selected B0
(s)! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid and the di↵erent components are detailed: B0
s ! µ+µ� (red solid

line), B0! µ+µ� (green solid line), B0
s ! µ+µ�� (violet solid line), combinatorial background

(blue dashed line), B0
(s) ! h+h0� (magenta dashed line), B0 ! ⇡�µ+⌫µ, B0

s ! K�µ+⌫µ,

B+
c ! J/ µ+⌫µ and ⇤0

b ! pµ�⌫µ (orange dashed line), and B0(+)! ⇡0(+)µ+µ� (cyan dashed
line).

The correlation between the B0! µ+µ� and B0
s ! µ+µ�� branching fractions is �23%,183

while the correlations with B0
s ! µ+µ� are below 10%. The mass distribution of the184

B0
(s)! µ+µ� candidates with BDT > 0.5 is shown in Fig. 1, together with the fit result.185

An excess of B0
s ! µ+µ� candidates with respect to the expectation from background186

is observed with a significance of 10 standard deviations (�), while the significance of the187

B0! µ+µ� signal is 1.7 �, as determined using Wilks’ theorem [45] from the di↵erence188

in likelihood between fits with and without the specific signal component.189

Since the B0! µ+µ� and B0
s ! µ+µ�� signals are not significant, an upper limit on190

each branching fractions is set using the CLs method [46] with a profile likelihood ratio as191

a one-sided test statistic [47]. The likelihoods are computed with the nuisance parameters192

Gaussian-constrained to their nominal values. The test statistic is then evaluated on193

an ensemble of pseudo-experiments where the nuisance parameters are floated according194

to their uncertainties. The resulting upper limit on B(B0 ! µ+µ�) is 2.6⇥ 10�10 at195

95% CL, obtained without constraining the B0
s ! µ+µ�� yield. Similarly, the upper limit196

on B(B0
s ! µ+µ��)mµµ>4.9GeV/c2 is evaluated to be 2.0⇥ 10�9 at 95% CL.197

The e�ciency of B0
s ! µ+µ� decays depends on the lifetime, introducing a model-198

dependence in the measured time-integrated branching fraction. In the fit the SM value199

for ⌧µ+µ� is assumed, corresponding to Aµµ
��s

= 1. The model dependence is evaluated200
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Fig. 2. The fit is of good quality and the value of RK is measured to be

RK(1.1 < q
2
< 6.0GeV2

/c
4) = 0.846 +0.042

� 0.039
+0.013
� 0.012 ,

where the first uncertainty is statistical and the second systematic. Combining the
uncertainties gives RK = 0.846 +0.044

� 0.041. This is the most precise measurement to date and is
consistent with the SM expectation, 1.00± 0.01 [3–7], at the level of 0.10% (3.1 standard
deviations), giving evidence for the violation of lepton universality in these decays. The
value of RK is found to be consistent in subsets of the data divided on the basis of
data-taking period, selection category and magnet polarity (see Methods). The profile-
likelihood is given in Methods. A comparison with previous measurements is shown in
Fig. 4.

The 3850±70 B
+
! K

+
µ
+
µ
� decay candidates that are observed are used to compute

the B
+
! K

+
µ
+
µ
� branching fraction as a function of q2. The results are consistent

between the di↵erent data-taking periods and with previous LHCb measurements [33].
The B

+
! K

+
e
+
e
� branching fraction is determined by combining the value of RK with

the value of dB(B+
! K

+
µ
+
µ
�)/dq2 in the region (1.1 < q

2
< 6.0GeV2

/c
4) [33], taking

into account correlated systematic uncertainties. This gives

dB(B+
! K

+
e
+
e
�)

dq2
(1.1 < q

2
< 6.0GeV2

/c
4) = (28.6 +1.5

� 1.4 ± 1.3)⇥ 10�9
c
4
/GeV2

.

The limited knowledge of the B+
! J/ K

+ branching fraction [2] gives rise to the dominant
systematic uncertainty. This is the most precise measurement of this quantity to date
and, given the large theoretical uncertainty on the predictions [7, 112], is consistent with
the SM.

A breaking of lepton universality would require an extension of the gauge structure of
the SM that gives rise to the known fundamental forces. It would therefore constitute a
significant evolution in our understanding and would challenge an inference based on a
wealth of experimental data in other processes. Confirmation of any beyond the SM e↵ect
will clearly require independent evidence from a wide range of sources.

Measurements of other RH observables with the full LHCb data set will provide further
information on the quark-level processes measured. In addition to a↵ecting the decay rates,
new physics can also alter how the decay products are distributed in phase space. An
angular analysis of the electron mode, where SM-like behaviour might be expected in the
light of the present results and those from b! sµ

+
µ
� decays, would allow the formation

of ratios between observable quantities other than branching fractions, enabling further
precise tests of lepton universality [13, 15, 27,115,116]. The hierarchical e↵ect needed to
explain the existing b! s`

+
`
� and b! c`

+
⌫` data, with the largest e↵ects observed in tau

modes, then muon modes, and little or no e↵ects in electron modes, suggests that studies
of b! s⌧

+
⌧
� transitions are also of great interest [117,118]. There are excellent prospects

for all of the above and further measurements with the much larger samples that will be
collected with the upgraded LHCb detector from 2022 and, in the longer term, with the
LHCb Upgrade II [119]. Other experiments should also be able to determine RH ratios,
with the Belle II experiment in particular expected to have competitive sensitivity [120].

In summary, in the dilepton mass-squared region 1.1 < q
2
< 6.0GeV2

/c
4, the ratio

of branching fractions for B+
! K

+
µ
+
µ
� and B

+
! K

+
e
+
e
� decays is measured to be

RK = 0.846 +0.044
� 0.041. This is the most precise measurement of this ratio to date and
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Figure 1: Mass distribution of the selected B0
(s)! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid and the di↵erent components are detailed: B0
s ! µ+µ� (red solid

line), B0! µ+µ� (green solid line), B0
s ! µ+µ�� (violet solid line), combinatorial background

(blue dashed line), B0
(s) ! h+h0� (magenta dashed line), B0 ! ⇡�µ+⌫µ, B0

s ! K�µ+⌫µ,

B+
c ! J/ µ+⌫µ and ⇤0

b ! pµ�⌫µ (orange dashed line), and B0(+)! ⇡0(+)µ+µ� (cyan dashed
line).

The correlation between the B0! µ+µ� and B0
s ! µ+µ�� branching fractions is �23%,183

while the correlations with B0
s ! µ+µ� are below 10%. The mass distribution of the184

B0
(s)! µ+µ� candidates with BDT > 0.5 is shown in Fig. 1, together with the fit result.185

An excess of B0
s ! µ+µ� candidates with respect to the expectation from background186

is observed with a significance of 10 standard deviations (�), while the significance of the187

B0! µ+µ� signal is 1.7 �, as determined using Wilks’ theorem [45] from the di↵erence188

in likelihood between fits with and without the specific signal component.189

Since the B0! µ+µ� and B0
s ! µ+µ�� signals are not significant, an upper limit on190

each branching fractions is set using the CLs method [46] with a profile likelihood ratio as191

a one-sided test statistic [47]. The likelihoods are computed with the nuisance parameters192

Gaussian-constrained to their nominal values. The test statistic is then evaluated on193

an ensemble of pseudo-experiments where the nuisance parameters are floated according194

to their uncertainties. The resulting upper limit on B(B0 ! µ+µ�) is 2.6⇥ 10�10 at195

95% CL, obtained without constraining the B0
s ! µ+µ�� yield. Similarly, the upper limit196

on B(B0
s ! µ+µ��)mµµ>4.9GeV/c2 is evaluated to be 2.0⇥ 10�9 at 95% CL.197

The e�ciency of B0
s ! µ+µ� decays depends on the lifetime, introducing a model-198

dependence in the measured time-integrated branching fraction. In the fit the SM value199

for ⌧µ+µ� is assumed, corresponding to Aµµ
��s

= 1. The model dependence is evaluated200
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to integrated luminosities of 1.0 fb�1, 2.0 fb�1 and 5.7 fb�1, respectively. The
branching fraction B(B0

s ! µ+µ�) =
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3.09+0.46+0.15

� 0.43� 0.11
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lifetime ⌧(B0
s ! µ+µ�) = 2.07 ± 0.29 ± 0.03 ps are measured, where the first

uncertainty is statistical and the second one systematic. No significant signal
for B0 ! µ+µ� and B0

s ! µ+µ�� events is found and the upper limits B(B0 !
µ+µ�) < 2.6⇥10�10 and B(B0
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effective field theory Wilson coefficient fits

preliminary

3.1 σ

Jacco De Vries, Tuesday 15:27

Chris Parkes,  LHCb Highlights

Yanting Fang, Tuesday at 14:51

Rare decays of b2sd sector | LHCP 2021

𝑹𝑲 measurement @ LHCb [arXiv:2103.11769] 

• Measuring 𝑅𝐾 with

• extracted as a parameter of a simultaneous fit of muon & 
electron modes

• Supersede the previous LHCb analysis
• Below SM prediction with a tension of 3.1𝜎

• Branching ratio for electron mode measured as well

𝑅𝐾 =
𝑁𝑟𝑎𝑟𝑒
𝜇+𝜇−

𝑁𝑟𝑎𝑟𝑒𝑒+𝑒− ⋅
𝜀𝑟𝑎𝑟𝑒𝑒+𝑒−

𝜀𝑟𝑎𝑟𝑒
𝜇+𝜇− ⋅

𝑁𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝐽/𝜓(𝑒+𝑒−)

𝑁𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝐽/𝜓(𝜇+𝜇−) ⋅

𝜀𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝐽/𝜓(𝜇+𝜇−)

𝜀𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝐽/𝜓(𝑒+𝑒−)

[Eur. Phys. J. C76 (2016) 440, 
JHEP 06 (2016) 092]

Yanting Fan 20

• Run 1 + 2 data

• Angular decay rate

• Observables: FL, 𝑆3,4,7, 𝐴𝐹𝐵𝐶𝑃 , 𝐴5,8,9
• CP asymmetries and averages compatible with SM, 
𝐹𝐿 below SM at low 𝑞2

𝑞2 ∈ 0.1,0.98 ∪ 1.1,8.0
∪ [11.0,12.5] ∪ 15.0,18.9 GeV2/𝑐4

• Δℛ𝑒 𝐶9 = −1.3 below SM hypothesis at 1.9𝜎

Rare decays of b2sd sector | LHCP 2021

𝑩𝒔
𝟎 → 𝝓𝝁+𝝁− @ LHCb

[LHCb-PAPER-2021-022, in preparation] 
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Tackling Anomalies at High Mass
▻ Tree-level explanation of B anomalies with preferred coupling to 2nd and 3rd 

generations

− Pair- and single-production of leptoquarks

28Halil Saka (University of Cyprus)                                                                                       Experimental Results on Exotic Searches  -  LHCP 2021              25

Leptoquark searches 
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Figure 2: Expected and observed exclusion contours at the 95 % confidence level for pair-produced scalar third-
generation down-type leptoquarks with decays LQd

3 ! 1a/Cg, as a function of the leptoquark mass and the branching
fraction B(LQd

3 ! Cg) into a charged lepton and a quark. The area shaded in gray corresponds to the observed
exclusion contours from the previous ATLAS publication [1] based on 36.1 fb�1 of data taken in 2015 and 2016. In
addition to the dedicated searches for leptoquarks, the plot includes a reinterpretation of the search for pair production
of supersymmetric bottom squarks with no leptons (sbottom-0✓) in the final state.
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Figure 1: Expected and observed exclusion contours at the 95 % confidence level for pair-produced scalar third-
generation up-type leptoquarks with decays LQu

3 ! Ca/1g, as a function of the leptoquark mass and the branching
fraction B(LQu

3 ! 1g) into a charged lepton and a quark. The area shaded in gray corresponds to the observed
exclusion contours from the previous ATLAS publication [1] based on 36.1 fb�1 of data taken in 2015 and 2016. In
addition to the dedicated search for leptoquarks, the plot includes a reinterpretation of the search for pair production
of supersymmetric top squarks with no leptons (stop-0✓) in the final state.
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B! D⇤⌧⌫

B

D∗

W+b

c

ν

µ+/τ+

B

D∗

H+b

c

ν

µ+/τ+

B

D∗

LQ

b

c

ν

µ+/τ+

• In the Standard model, the only di↵erence between B! D(⇤)⌧⌫ and
B! D(⇤)µ⌫ is the mass of the lepton

• Theoretically clean: ⇠ 2% uncertainty for D⇤ mode

• Ratio R(D(⇤)) = B(B! D(⇤)⌧⌫) / B(B! D(⇤)µ⌫) is sensitive to e.g
charged Higgs, leptoquark

• Current world average for R(D(⇤))in ⇠ 4� tension with Standard Model!

Introduction 2

• Fractional	electric	charge	
(�5/3,	�4/3,	�2/3,	�1/3	e)

• Spin	0	(scalar)	or	1	(vector)
• Inter-generational	mixing	

suppressed	to	meet	
experimental	constraint

LQ

q

l

L,	B

(unknown)
coupling	l

Recently	got	particular	
attention	as	it	might	
explain	observed	B-
anomalies

LQ	that	preferentially	couples	to	
2nd/3rd	generation	favored:
Can	be	even	at	O(1)	TeV scale

t+

µ-µ-

Direct	searches	at	CMS	

LQ phenomenology 

  new scalar (J=0) or vector (J=1) particles 
color, L, B, fractional Q (±1/3, ±2/3, ±4/3, ±5/3) 
  decay to lepton + quark via unknown coupling λ
  realised in some BSM theories 

  GUT-inspired models, technicolor, compositeness, RPV SUSY, … 
  free parameters (scalar case): MLQ,  λ,  β = BR(LQ→l±q) = 1-BR(LQ→νq’) 

 

Johannes Haller 3rd generation leptoquarks at CMS 2 
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Motivation

B-physics anomalies, g � 2

Deviations from SM prediction
measured in b-flavor observables and
muon AMM

I R(D(⇤)) = �(B!D
(⇤)⌧⌫̄)

�(B!D(⇤)`⌫̄)
(⇠ 4�)

I R(K (⇤)) = �(B!K
(⇤)µµ)

�(B!K (⇤)ee)
(⇠ 2.5�)

I B0 ! K⇤0µµ angular obs. (⇠ 3.4�)
I Muon AMM aµ (⇠ 3.5�)

Leptoquarks possible solution
I Strong coupling to 3rd generation
I Weakest flavor constraints on 3rd gen
I Mass at TeV scale
I LQ! tµ also elegant solution for aµ
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  tree-level explanation of  
  B-anomalies  

 

  preferred: couplings to 2nd/ 3rd 
generation 
  mass could be O(1) TeV 
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Light Z’ boson
▻ Search for new gauge boson below the Z mass 


− New ideas taking advantage of 2017 data

29

Z
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q̄

q
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µ≠

µ+
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EXO-18-008

http://cds.cern.ch/record/2621297?ln=en
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Lepton Universality in W decays
▻ Compare W branching fraction in 


▻ Very good agreement between LHC and Standard Model

e, μ, τ

30June 7, 2021 CMS Highlights 

Test of τ/µ and τ/e Universality in W Decays

9

Using tt̄ events in the dilepton channel, select relatively unbiased samples of on-shell W bosons

Trailing lepton pT used to discriminate between 
prompt W → e/μ decays from W → τ → e/μ 
decays in ee, μμ, and eμ events

CMS-PAS-SMP-18-011

A long-standing LEP 
“tension” (>2.5σ) is 

gone

result consistent with SM and with recent 
ATLAS (most-precise) τ/μ result CMS LU result is consistent with and 

improves on LEP/ADLO result

Run-2 2016, 35.9 fb−1 
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Branching fractions W → e, μ, τ
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Branching fractions W → e, μ, τProperties and decays ⌘ Tests of lepton universality

⌘ Measurement of R(⌧/µ) = B(W ! ⌧⌫⌧ )/B(W ! µ⌫µ) in t̄t in the di-lepton channel @13TeV by ATLAS

⌘ “Tag and probe” approach on di-lepton t̄t events:
• one lepton serves as “tag”
• the µ serves as “probe” to count un-biased

⌘ the number of prompt W ! µ⌫µ decays and
⌘ those with an intermediate ⌧ : W ! ⌧⌫⌧ ! µ⌫µ⌫⌧

⌘ Event selection
• isolated, central µ or e for “tag”
• isolated, p? > 5 GeV µ for “probe”
• at least two central b-tagged jets
• eµ and µµ events with Z-mass veto

⌘ Z ! µµ calibration sample for transverse impact
parameter |dµ

0 | (defined w.r.t. beam-line)
• 2 µ with same requirements as above but
• Z-mass veto reversed

⌘ wider mass-range for control sample to normalise Z-peak
• no requirement on jets

⌘ Likelihood fit to templates of |dµ
0 | from prompt (Z ! µµ)

and non-prompt (⌧ ! µ⌫µ⌫⌧ from t ! Wb) muons and
fakes

arXiv:2007.14040, accepted by Nature
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ATLAS
-1 = 13 TeV, 139 fbs

LEP (Phys.Rept. 532 119)

ATLAS - this result
Statistical Uncertainty

Systematic Uncertainty
Total Uncertainty

R(⌧/⌫)

⌘ R(⌧/µ) = 0.992 ± 0.007stat ± 0.011syst

S. Menke, MPP München ⇣ Top production and decay ⌘ LHCP2021, 8 June 2021, Zoom 13



DM INTERACTIONS WITH ORDINARY MATTER

• Dark#Ma\er#interacCons;#important#to#get#the#right#relic#abundance
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The Dark Matter Mass Spectrum
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Dark Matter 
The known unknown



▻ In addition to classic MET + SM-object(s)  search, also constraining mediator 
mass and coupling in simplified models


▻ Search for hidden sector also at very low mass

Shahram Rahatlou, Roma Sapienza & INFN

Dark candidates at LHC
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `

inv
⌫)+ j final states. In the latter case the charged lepton ` is

lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j1)| < 2, and events
are vetoed if there is a second jet with |⌘(j2)| < 4.5 and with either pT (j2) > 60 GeV or
��(j2, /ET ) < 0.5. Any further jets with |⌘(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j1)| < 2, and
events are vetoed if there is a second jet with |⌘(j2)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j2, /ET ) < 0.5. Any further jets with |⌘(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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boson fusion (VBF) followed by the Higgs boson decay into DM particles can also lead to events with
large Emiss

T and two or more jets. Especially the ggH signal has a contribution comparable to or even
stronger than the VH process, since its cross section is about 20 times larger and the jets originating from
initial state radiation are more central than in the VBF process. The free parameter of this model is the
branching ratio BH!inv.. The cross sections for the di�erent Higgs boson production modes are taken to
be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production (a) in association with a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [20]; (b) via decay of the Higgs boson H
produced in association with the vector boson [9–13]; (c) in association with a final-state Z 0 boson via an additional
heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain a
Z 0 boson in the final state; the Z 0 boson is allowed to decay only hadronically. The Z 0

! tt̄ decay
channel, kinematically allowed for very heavy Z 0 resonances, is expected to contribute only negligibly to
the selected signal events and therefore the branching ratio BZ0!t t̄ is set to zero. In the first model, the
so-called dark-fermion model, the intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as
well as the lighter DM candidate fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a
free parameter of the model, in addition to the DM candidate mass m�1 , the mediator mass mZ0, and the Z 0

couplings to �1�2 (gDM) and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined
by the choice of the mass and coupling parameter values, assuming that the only allowed decay modes are
�2 ! Z 0�1, Z 0

! qq̄ and Z 0
! �2�1. Under these assumptions the decay widths are small compared to

the experimental dijet and large-radius-jet mass resolutions. In the second, so-called dark-Higgs model,
a dark-sector Higgs boson hD which decays to a �� pair is radiated from the Z 0 boson as illustrated in
Figure 1(d). The masses mhD , m�, mZ0 and the constants gSM and gDM are free parameters of the model.
The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0. Similar to the
dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined by the values of the
mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks or radiate an hD
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Can we recover the sensitivity? visible decays
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Di-muon low-mass resonances
1 - Selection: resonance appears as peak wrt SM invariant mass

≥1 opp.-sign μ pair + di-muon vertex (DV) quality criteria 
dedicated μμ trigger: low pT thresholds, high rate, retain 
only 4-momentum, isolation, track information 
no constraints on DV displacement from interaction point 

categories on pT(μμ), DV xy-displacement, μμ isolation 

2 - Bkg:  
wrong DV association, prompt μ and material vertices 

3 - Results: 
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Hidden dark sector
dark/SM sectors interaction through dark 

photon ZD, which can decay into SM particles

CMS: EXO-20-014see H. 

Saka’s talk 

Exotic searches

hypercharge portal Higgs portal

1. Introduction 1

1 Introduction
Cosmological evidence points to the existence of dark matter [1–4], whose origin remains one
of the outstanding problems in particle physics and cosmology. Dark matter is expected to in-
teract very weakly with standard model (SM) particles, if at all. This introduces the possibility
of a hidden (dark) sector of matter [5, 6]. Particles in the dark sector would only be able to
interact with the SM ones via weakly interacting mediators whose mass and lifetime are not
strongly constrained.

One compelling scenario involves a spontaneously broken dark U(1)D gauge symmetry, me-
diated by a dark photon, ZD [6]. In this scenario, the only renormalizable interaction with the
SM is through kinetic mixing with the hypercharge gauge boson. In addition, if a dark Higgs
mechanism is responsible for the spontaneous breaking of the U(1)D gauge symmetry, then
the dark Higgs boson has a renormalizable coupling to the 125 GeV SM-like Higgs boson, re-
sulting in mixing between the two physical scalar states. Thus, the hidden sector may interact
with the SM either through the hypercharge portal, via the kinetic mixing coupling (denoted
as e), or through the Higgs portal, via the Higgs mixing (denoted as k). The dark photon ZD
may also mix with the SM photon (g) and the Z boson through the hypercharge portal. In the
absence of hidden-sector states below the ZD mass, this mixing causes the ZD to decay exclu-
sively to SM particles, with sizable branching fraction to leptons, with the coupling of the SM
fermions to ZD being proportional to e. If e . 10�4, then ZD may be long-lived. Diagrams
in Fig. 1 illustrate the production of one or two ZD from a Higgs boson (h). Constraints have

Figure 1: Diagrams illustrating a SM-like Higgs boson (h) decay to four leptons via one or
two intermediate ZD [6]: (left) h ! ZZD ! 4`, through the hypercharge portal; (right) h !
ZDZD ! 4`, through the Higgs portal.

been placed on the visible dark photon decays by previous beam-dump [7], fixed-target [8],
collider [9], and rare-meson-decay experiments [10], by the LHCb experiment [11–13] and by
the CMS experiment [14].

Other scenarios may produce a low-mass long-lived resonance decaying into a dimuon pair.
For instance, one of the most minimal extensions to the SM adds a singlet scalar field f, which
mixes with the SM-like Higgs boson and couples to all SM fermions [15]. Such a scalar reso-
nance may be produced in the decay of a B hadron, B ! fX, as illustrated in Fig. 2. Constraints
on this model have been previously placed by the CHARM [16] and LHCb [17, 18] experiments.

We describe a search for narrow long-lived dimuon resonances using the dimuon scouting data
collected with the CMS experiment during the CERN LHC Run-2, in 2017 and 2018, using
a dedicated dimuon trigger stream with low transverse momentum thresholds, recorded at
high rate by retaining a reduced amount of trigger-level information. The scouting triggers
allow searching for dimuon resonances across mass and lifetime ranges otherwise inaccessible,

h
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Means of Falsification
▻ Multiple and redundant measurements of well known quantities


− different methods 
− different contexts 
− different technologies 

▻ Measurement of very small and precise predictions

− variety of such observables across the spectrum 
− typically referred to as indirect search for New Physics 
− At LHC now merging with standard Physics thanks to amount of data 

▻ Search for the exotic

− chasing more or less crazy ideas by theory friends  
◦ often motivated by some big question 

− Taking advantage of capabilities of detectors for unconventional signatures
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The Known Knowns

The Known Unknowns

The Unknown Unknowns



Exotic Phenomena 
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Credits: J. Antonelli
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Exotica Timeline
▻ Two-body resonances from day one: leptons, photons, jets


− detector effects not critical

− sensitive to bumps right away


▻ Increase complexity and multiplicity  
of final state

− better understanding and calibration  

of detector

▻ Final states with X + MET


▻ Really exotic signatures such  
as long-lived particles 

− control of detector conditions  

over longer period

− ultimate calibration and alignment

− optimisation of dedicated algorithms
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The Higgs or A Higgs?
▻ In BSM models with more Higgs bosons, some can resemble the Higgs


▻ Direct search for additional light and heavy Higgs bosons


▻ So far no excess or evidence and only exclusion in theory parameter space


▻ High-Luminosity LHC two provide x20 increase in statistics
36

2HDM
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Supersymmetry
▻ Many new searches targeting both strong  

and electroweak production

− No significant excess observed so far 

▻ Strong SUSY searches targeting  
masses ~ 2 TeV


▻ Searches now using also H→γγ  and exotic  
Higgs decays in electroweak production
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(Strong) SUSY production 
3 Mario Masciovecchio (UCSD), 18 March 2019 

•  SUSY may be that answer. 

0.3 fb 

o  Production cross section of 
strong SUSY is larger than 
EW, for the same masses 

o  Standard Model has been 
probed with success down 
to cross-sections � 0.5 fb 

à Expect to probe squarks & 
gluinos up to 2-2.5 TeV 

EW 
SUSY 

•  Expect ~50 SUSY events in full LHC Run II, for strong production of 
gluinos and/or squarks with mass ~ 2 TeV (140 fb-1 x 0.3 fb) 
o  If SUSY is there 

Chargino/Neutralino: Whàbb 
�  Search for hàbb final state with 105 GeV < mbb < 135 GeV 
�  Benefit from improved light-flavor rejection due to new IBL pixel layer! 
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�  Events triggered with MET > 200 GeV and selected with 
large contransverse mass mCT to reduce top backgrounds 

�  No excesses in either zero or one lepton final states 

Chargino/Neutralino: Whàγγ 
�  Search for narrow resonance from h->γγ decay in Wh signature 
�  Robust background estimation: 

–  Non-peaking contributions à side band fit in 105 GeV < mγγ < 160 GeV  
–  Peaking standard model Higgs à dominant contribution from Wh, taken 

from Monte Carlo and normalized to NLO cross section 
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Discovery p0 values: 
→  SR1Lγγ-a: 0.03 
→  SR1Lγγ-b: 0.09  
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Exotic Higgs decays with photons 

�  Gauge Mediated Supersymmetry Breaking (GMSB) model 
�  Events with MET > 95 GeV and no jets with pT>20 GeV 
�  Require balance between Zàll  and higgs + MET 
�  Dominant backgrounds 

–  Electron faking a photon (WZàevll)  
–  Z+jets with jet faking a photon  
–  SM Zγ à shape from MC, normalization in CRs 
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Data-driven 

Observations consistent with predictions 

ATLAS-CONF-2018-019 
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E. Resseguie (Berkeley lab) LHCP 2021: Searches for Supersymmetry
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Fully hadronic final state
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950 GeV!
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210×7• First LHC SUSY search for this final state signature


• Many interpretations considered


• Wino or higgsino production


• Bino/wino/higgsino/gravitino/axino LSP


• Various electroweakino branching ratios tested


•  Large R-jet boson tagging, similar to CMS


• W, H, Z with either b or light-flavor jets


• B-tagging applied for variable radius track jet inside jet


• Backgrounds:  Irreducible: VVV, tt+X, estimated from MC 
Reducible: Z(->vv)+jets, W+jets, VV, estimated in CRs


• Validated in 1 lepton/photon regions
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Towards High Luminosity

38

x5 Run1 x2 Run2 x10 Run3

Data sample to increase by x20 in next 20 years  

Run I Run II

HL-LHC

2027 2040

Delivered 
Luminosity 

[fb-1]

Run III

2022 2024



▻ First evidence for  H →μμ thanks to excellent detector performance


▻ First results now also on more challenging decay modes

− Higgs to Zγ

Rare Higgs Decays
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Sensitivity to charm coupling
▻ First CMS analysis for


▻ Run3 and HL-LHC needed for first evidence of this challenging decay

40

H(cc̄) +W/Z
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▻ Understanding Higgs sector requires measurement of its self-interaction


▻ Promising for next phase of  
LHC operation

− currently limited by statistics 
− room for even more sophisticated  

data analysis techniques with  
machine learning

Shahram Rahatlou, Roma Sapienza & INFN

Higgs Self-Interaction

41

Standard Model

New Physics
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Energy vs Luminosity
▻ Biggest jump in mass limits with increased energy at start of Run2


− Assuming maximal coupling to SM particles 
− Most searches published with 36 fb—1 of data 

▻ With Run3 data focus on exploring weakly coupled phenomena

42
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HIGH LUMINOSITY PROGRAM
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HINTS AND FLUCTUATIONS
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Figure 9: Observed (solid) and expected (dashed) 95% CL upper limits on the product of the
graviton production cross section and the branching fraction of Gbulk ! WW (left) and Gbulk !
ZZ (right). The cross section for the production of a bulk graviton multiplied by its branching
fraction for the relevant process is shown as a red solid (dashed) curve for k/MPl = 0.5 (0.2),
respectively.

ity of the sample is not large enough to allow us to set mass limits on the bulk graviton models
with k/MPl = 0.2 or 0.5. Fig. 10 (right) presents also the local p-value of the significance of
the excesses observed in the data. No excesses with significances larger than two standard
deviations are observed.

8.2 Model-independent limits

The analysis as presented above is specific to the case of a narrow bulk graviton model, but this
is not the only extension of the SM predicting resonances decaying to vector bosons. Therefore
it is useful to allow the reinterpretation of these results in a generic model. In this section
we present the exclusion limits on the visible number of events after having introduced some
modifications to the analysis that greatly simplify its structure, at a moderate price in terms
of performance. Together with the upper limits on the number of signal events, we provide
tables with the reconstruction and identification efficiencies for vector bosons in the kinematic
acceptance of the analysis. Following the instructions detailed in Appendix A, it is possible to
estimate the number of events for a generic signal model that would be expected to be detected
in CMS with the collected integrated luminosity and to compare it with the upper limit on the
number of events.

To avoid the dependence on the assumptions in the construction of the separate categories, we
perform a simplified analysis, reducing the event classification to one single category. We do
this by adding the muon and electron channels and dropping the low-purity category (whose
sensitivity is much smaller than the high-purity category). The loss in performance is very
small over a large range of masses. The effect of dropping the LP category is visible only at
very high masses, where the upper limit on the cross section becomes 15% less stringent.

A generic model cannot restrict itself to narrow signal widths, hence we provide limits as a
function of both mass (MX) and natural width (GX) of the new resonance. The generated line
shape is parametrized with a Breit–Wigner function (BW) and its width is defined as the G
parameter of the BW. The BW line shape is convoluted with the double-sided CB introduced
in Section 6.2 for describing the detector resolution. While different values of GX are scanned,
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graviton production cross section and the branching fraction of Gbulk ! WW (left) and Gbulk !
ZZ (right). The cross section for the production of a bulk graviton multiplied by its branching
fraction for the relevant process is shown as a red solid (dashed) curve for k/MPl = 0.5 (0.2),
respectively.

ity of the sample is not large enough to allow us to set mass limits on the bulk graviton models
with k/MPl = 0.2 or 0.5. Fig. 10 (right) presents also the local p-value of the significance of
the excesses observed in the data. No excesses with significances larger than two standard
deviations are observed.

8.2 Model-independent limits

The analysis as presented above is specific to the case of a narrow bulk graviton model, but this
is not the only extension of the SM predicting resonances decaying to vector bosons. Therefore
it is useful to allow the reinterpretation of these results in a generic model. In this section
we present the exclusion limits on the visible number of events after having introduced some
modifications to the analysis that greatly simplify its structure, at a moderate price in terms
of performance. Together with the upper limits on the number of signal events, we provide
tables with the reconstruction and identification efficiencies for vector bosons in the kinematic
acceptance of the analysis. Following the instructions detailed in Appendix A, it is possible to
estimate the number of events for a generic signal model that would be expected to be detected
in CMS with the collected integrated luminosity and to compare it with the upper limit on the
number of events.

To avoid the dependence on the assumptions in the construction of the separate categories, we
perform a simplified analysis, reducing the event classification to one single category. We do
this by adding the muon and electron channels and dropping the low-purity category (whose
sensitivity is much smaller than the high-purity category). The loss in performance is very
small over a large range of masses. The effect of dropping the LP category is visible only at
very high masses, where the upper limit on the cross section becomes 15% less stringent.

A generic model cannot restrict itself to narrow signal widths, hence we provide limits as a
function of both mass (MX) and natural width (GX) of the new resonance. The generated line
shape is parametrized with a Breit–Wigner function (BW) and its width is defined as the G
parameter of the BW. The BW line shape is convoluted with the double-sided CB introduced
in Section 6.2 for describing the detector resolution. While different values of GX are scanned,

ZZ hypothesis

WW hypothesis

13

Combination

CMS-EXO-13-009

8

Search for q* in γ+jet final state

• The analysis of the full 2016 dataset in progress:
• Studies of 24 fb–1 of data presented in mid-November: 

https://indico.cern.ch/event/586175

• Do not look at the M(γ; jet) distribution for now

EXO status and plans                                                                                                         1 December 2016

EXO-16-015

3.7σ excess 
(f=0.1)

not seen 
by ATLAS

not seen by 
CMS@Run1

2/12/2016 High mass diphotons 5

Summary of run 2 (so Far)

It has been quite a year since venice!

 Dec'15: modest
 excess @ 750 GeV

 Large interest from
 THEorists

Not confirmed by 2016 
data

29
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Preliminary results

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

Both SM-DHMV and SM-HEPfit uses the same form-
factors, and light-cone sum rule predictions are combined 
with lattice determinations at high q2 to yield more precise 
determinations of the form factors over the full q2 range
SM-DHMV the hadronic charm-loop contribution is 
derived from calculations
SM-HEPfit the hadronic contribution is derived from 
LHCb data

SM-DHMV: JHEP 01 (2013) 048, JHEP 05 (2013) 137
SM-HEPfit: JHEP 06 (2016) 116, arXiv:1611.04338

J/
ψ

Inner vertical bars ➜ statistical uncertainty
Outer vertical bars ➜ total uncertainty
Horizontal bars ➜ bin widths

Statistical uncertainty is the dominant contribution 
but in 5th and 6th q2 bins were it is comparable to 
systematic uncertainty

LHCb: JHEP 02 (2016) 104
Belle-preliminary: arXiv:1612.05014
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THE BIG PICTURE
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Outlook
• Standard Model continues to stand strong


• Higgs coupling to 2nd generation fermion ahead of schedule

– Take a look at physics TDRs released 15 years ago


• Flavor anomaly still there and to be pursued at low and high mass

– Redundant measurements and revamped interest for Z’ and LQ


• Bridging the gap between Searches and Standard Model physics

– Top, W, Z, Higgs entering precision era in pp and constraining new physics


• Upgraded detectors key for a successful physics program  
at high luminosity 

• Human ingenuity assisted by Artificial Intelligence  
putting us further ahead of statistics-only pace 

• Exploration of new territory  
for the first time without solid theoretical guidance
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