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The big picture



Eight years of searches…
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๏ Extensively searched in all 
possible directions 

๏ Done more than expected, 
with new ideas and original 
approaches to data taking 

๏ Our new-physics target 
evolved towards more 
complicated scenarios 

๏ EXAMPLE: the SUSY we 
search for today is very 
different than what is in 
the ATLAS/CMS TDRs



๏ We started looking for mSugra-inspired 
models. Thanks to large gluino and 
squark cross sections, exclusions 
became soon very strong 

๏ We then moved to Natural-SUSY 
scenarios, with focus on t and b 
squarks 

๏  We moved to simplified models as a 
generalization of search strategies 
(with 100% BR assumptions) 

๏ We recently generalized simplified 
models to BR-independent results 

๏ And we extended model interpretation 
to large-dimensional scans (pMSSM)

SUSY: a moving target
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๏ Today’s BSM search today expanded in 
many new directions 

๏ Better identification of complex 
objects (e.g., tau leptons, b-jets) 

๏ New Standard Model candles (e.g., the 
Higgs boson) 

๏ New reconstruction strategies (e.g., 
boosted jets) 

๏ Better understanding of the detector  
! better sensitivity to soft particles 

๏ More and more exotic signatures: 
displaced vertices, disappearing 
tracks, heavy stable charged 
particles, etc

New search tools
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Figure 6: The observed 95% CL upper limits on the production cross section for higgsino-like
chargino-neutralino production are shown. The charginos and neutralinos undergo several
cascade decays producing either Higgs or Z bosons. We present limits in the scenario where the
branching fraction of the ec0

1 ! HeG decay is 100% (left) and the scenario where the branching
fraction of the ec0

1 ! HeG and ec0
1 ! ZeG decays are each 50% (right). The dotted and solid black

curves represent the expected and observed exclusion region, and the green and yellow bands
represent the ±1 and ±2 standard deviation regions, respectively. The red solid and dotted
lines show the theoretical production cross section and its uncertainty band.

for neutralinos decaying to a Higgs boson and a goldstino LSP (eG) with 100% branching frac-
tion. Finally, we exclude charginos with mass below 130 GeV for the case where the branching
fractions of the ec0

1 ! HeG and ec0
1 ! ZeG decays are 50% each.
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Figure 3: The diphoton mass distribution in the search region bin with MR > 600 GeV and
R2 > 0.025 in the HighPt category, along with the background-only fit (left) and the signal-plus-
background fit (right). The red dot-dashed curve represents the fitted background prediction;
the green dashed curve represents the best-fit signal; and the blue solid curve represents the
sum of the best-fit signal and the background.
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Figure 4: The observed significance in units of standard deviations is plotted for each search
bin. The significance is computed using the profile likelihood, where the sign reflects whether
an excess (positive sign) or deficit (negative sign) is observed. The categories that the bins be-
long to are labeled at the bottom. The bins in the HighRes and LowRes categories are fitted
simultaneously and yield a single combined significance. The yellow and green bands repre-
sent the ±1 and ±2 standard deviation regions, respectively.

and the next-to-lightest neutralino ec0
2 are mass-degenerate and are produced together, with the

chargino decaying to a W boson and the LSP (ec0
1) and the ec0

2 decaying to a Higgs boson and the
LSP (ec0

1). The production cross sections are computed at NLO plus next-to-leading-log (NLL)
precision in a limit of mass-degenerate wino ec0

2 and ec±
1 , light bino ec0

1, and with all the other
sparticles assumed to be heavy and decoupled [48–50]. In the second scenario, we consider a
GMSB [7, 8] simplified model where Higgsino-like charginos and neutralinos are nearly mass-
degenerate and are produced in pairs through the following combinations: ec0

1 ec0
2, ec0

1 ec
±
1 , ec0

2 ec
±
1 ,

๏ Today’s BSM search today expanded in 
many new directions 

๏ Better identification of complex 
objects (e.g., tau leptons, b-jets) 

๏ New Standard Model candles (e.g., the 
Higgs boson) 

๏ New reconstruction strategies (e.g., 
boosted jets) 

๏ Better understanding of the detector  
! better sensitivity to soft particles 

๏ More and more exotic signatures: 
displaced vertices, disappearing 
tracks, heavy stable charged 
particles, etc

New search tools

 10

CMS-SUS-16-045 



๏ Today’s BSM search today expanded in 
many new directions 

๏ Better identification of complex 
objects (e.g., tau leptons, b-jets) 

๏ New Standard Model candles (e.g., the 
Higgs boson) 

๏ New reconstruction strategies (e.g., 
boosted jets) 

๏ Better understanding of the detector  
! better sensitivity to soft particles 

๏ More and more exotic signatures: 
displaced vertices, disappearing 
tracks, heavy stable charged 
particles, etc

New search tools

 11



๏ Today’s BSM search today expanded in 
many new directions 

๏ Better identification of complex 
objects (e.g., tau leptons, b-jets) 

๏ New Standard Model candles (e.g., the 
Higgs boson) 

๏ New reconstruction strategies (e.g., 
boosted jets) 

๏ Better understanding of the detector  
! better sensitivity to soft particles 

๏ More and more exotic signatures: 
displaced vertices, disappearing 
tracks, heavy stable charged 
particles, etc

New search tools

 12



๏ Today’s BSM search today expanded in 
many new directions 

๏ Better identification of complex 
objects (e.g., tau leptons, b-jets) 

๏ New Standard Model candles (e.g., the 
Higgs boson) 

๏ New reconstruction strategies (e.g., 
boosted jets) 

๏ Better understanding of the detector  
! better sensitivity to soft particles 

๏ More and more exotic signatures: 
displaced vertices, disappearing 
tracks, heavy stable charged 
particles, etc

New search tools

 13



๏ In the rest of this talk, I will give some highlight 
example of how BSM searches @LHC evolved 

๏ I will not discuss the implications of LHCb anomalies 
(dedicated flavor session) 

๏ I will then cover new strategies to extend our reach, 
to give you a sense of what is happening and could 
happen in the future 

๏ CAVEAT: the picture is much broader than what I can 
discuss in 30 minutes

Talk Outline
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Run II Highlights:    
Resonances



๏ ATLAS and CMS were designed 
(also) to probe the TeV scale  

๏ We did very well in searching 
for TeV objects 

๏ Even if we often assume narrow 
width, mass-peak searches have 
potential to wide resonances  

๏ Other techniques allow to 
probe wide resonances beyond 
the bump-hunt scenario

From heavy to light

 16

ATL-EXOT-2016-05
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Figure 5: Limits from the high-mass search. The observed 95% CL upper limits on the product
of the cross section, branching fraction, and acceptance for quark-quark (top left), quark-gluon
(top right), and gluon-gluon (bottom left) type dijet resonances. The corresponding expected
limits (dashed) and their variation at the 1 and 2 standard deviation levels (shaded bands) are
also shown. (bottom right) The observed limits (solid) are summarized. Limits are compared to
the predicted cross sections of string resonances [18, 19], excited quarks [24, 25], axigluons [21],
colorons [23], scalar diquarks [20], color-octet scalars [26], new gauge bosons W0 and Z0 [27],
and RS gravitons [28].

CMS-EXO-16-032 

ATL-EXOT-2016-05



๏ ATLAS and CMS were designed 
(also) to probe the TeV scale  

๏ We did very well in searching 
for TeV objects 

๏ Even if we often assume narrow 
width, mass-peak searches have 
potential to wide resonances  

๏ Other techniques allow to 
probe wide resonances beyond 
the bump-hunt scenario

From heavy to light
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CMS-EXO-12-059 

Factor ~5 sensitivity loss for 
30% width. Still, some 

sensitivity retained



๏ Extending these searches to 
the small-mass/small-coupling 
regime implies dealing with 
trigger constraints 

๏ To overcome this, analyses are 
moved to X+ISR final states 
(e.g., jet, γ) 

๏ Selecting high-pT ISR recoil 
allows to use standard 
triggers 

๏ Forcing the X!qq system in a 
boosted regime allows better 
S/B thanks to jet substructure

light Z’→qq with ISR recoil
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These days, we run HT 
triggers with threshold ~ 

900 GeV



light Z’→qq with ISR recoil

 20 ATL-EXOT-2017-01

๏ Extending these searches to 
the small-mass/small-coupling 
regime implies dealing with 
trigger constraints 

๏ To overcome this, analyses are 
moved to X+ISR final states 
(e.g., jet, γ) 

๏ Selecting high-pT ISR recoil 
allows to use standard 
triggers 

๏ Forcing the X!qq system in a 
boosted regime allows better 
S/B thanks to jet substructure



light Z’→qq with ISR recoil
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CMS-EXO-17-001๏ Extending these searches to 
the small-mass/small-coupling 
regime implies dealing with 
trigger constraints 

๏ To overcome this, analyses are 
moved to X+ISR final states 
(e.g., jet, γ) 

๏ Selecting high-pT ISR recoil 
allows to use standard 
triggers 

๏ Forcing the X!qq system in a 
boosted regime allows better 
S/B thanks to jet substructure



light Z’→qq with ISR recoil
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Figure 4: Distribution of (a) hm``i = 1
2 (m12+m34) and (b) m34 vs m12, for events selected in the H ! X X ! 4` (15 <

mX < 60 GeV) analysis. The example signal distributions in (a) correspond to the expected yield normalized with
�(pp ! H ! ZdZd ! 4`) = 1

10�SM(pp ! H ! Z Z
⇤ ! 4`). The crossed-through points in (b) fail the Z

Veto. The events outside the (shaded green) signal region in figure (b) are events that fail the m34/m12 > 0.85
requirement. The diagonal dashed line marks where m12 = m34, and in this range of dilepton masses all events will
have m34 < m12.

7 H ! XX ! 4µ (1 GeV < mX < 15 GeV) analysis

7.1 Monte Carlo simulation

The generation of the signal processes H ! ZdZd ! 4` and H ! aa ! 4µ follows the prescription
described in Section 6.1. Four samples were generated with Zd masses of 1 GeV, 2 GeV, 5 GeV and
10 GeV, while the mass of the a-boson was varied for 10 di�erent signal hypotheses in the range
0.5 GeV  ma  15 GeV.

The background processes considered in this analysis are described in the following:

H ! ZZ
⇤ ! 4`: The modelling of this process is the same as for the H ! Z Zd ! 4` analysis,

described in Section 5.1.

ZZ
⇤ ! 4`: This process was simulated with S����� 2.1.1 due to an implicit particle-level

requirement on the mass of the Z
⇤ in the P�����-B�� MC sample used for the high-mass selection

described in Section 6.1. The gg-initiated production mechanism was modelled in the same way
as for the H ! Z Zd ! 4` analysis, see Section 5.1. Both production mechanisms are estimated
using the CT10 PDFs.

VVV/VBS: The modelling of this process is described in Section 6.1.

7.2 Event selection

In this search, only events with at least four muons are considered. Similarly to the searches described
above, the selected muons are combined into 4µ quadruplets in all possible permutations of pairs of

17

Dark Photons
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ATL-EXOT-2016-22

CMS-HIG-17-029

๏ With muons, one can even go 
lower in momentum, exploiting 
multiple production 
mechanisms (e.g., for dark 
photons) 

๏ at ATLAS/CMS, looking for 
pair production, production 
from H decays, etc 

๏ at LHCb, looking for prompt 
production, thanks to 
detector geometry, rapidity 
region, high-rate trigger 
capabilities, and the 
sensitivity to displaced 
objects

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-22/


Dark Photons
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CMS-HIG-17-029
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Dark Photons
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๏ With muons, one can even go 
lower in momentum, exploiting 
multiple production 
mechanisms (e.g., for dark 
photons) 

๏ at ATLAS/CMS, looking for 
pair production, production 
from H decays, etc 

๏ at LHCb, looking for prompt 
production, thanks to 
detector geometry, rapidity 
region, high-rate trigger 
capabilities, and the 
sensitivity to displaced 
objects

LHCb-PAPER-2017-038



Run II Highlights:                   
long-living particles



๏ Signatures can be very 
tricky 

๏ Depending on the lifetime, 
different detector 
components are involved 

๏ Some of these detectors 
cannot be operated in L1 
trigger (and sometimes 
also at HLT) 

๏ Trigger can be a 
challenge 

๏ More than one analysis 
is needed for a given 
model, depending on the 
parameter space

What a LLP looks like in a detector
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Not pictured:
out of time decays



What a LLP looks like in a detector

 28
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Disclaimer 4

Particles with a similar lifetime may leave different signals in 
different experiments 

on the other hand different phenomenological models can give similar signature 

I will try to group similar signatures together 
even if different experiments may have  
considered different models and the results may not  
always be directly comparable

1m 2m 3m 4m 

๏ Signatures can be very 
tricky 

๏ Depending on the lifetime, 
different detector 
components are involved 

๏ Some of these detectors 
cannot be operated in L1 
trigger (and sometimes 
also at HLT) 

๏ Trigger can be a 
challenge 

๏ More than one analysis 
is needed for a given 
model, depending on the 
parameter space



๏ Reconstruction of displaced jets 
has very specific challenges 

๏ physics background from b and 
τ jets 

๏ Projective geometry of the jet 
compromised (problematic e.g. 
for association of tracks to 
jets in particle flow) 

๏ Displacement exploitable in 
trigger only starting from HLT 

๏ Despite these difficulties, 
several analyses exist that 
probe this scenario. Example: 
inclusive search for displaced-
jets events

Displaced Jets

 29

CMS-EXO-16-003
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Broad class of signatures 
Massive particles decaying with displaced vertices associated to large number of  
track based invariant mass 

ATALS looks for long lived gluinos in split susy 

CMS aims to a model independent search and  interprets the results in a couple 
of benchmark scenarios one being stop production in RPV decays to b-quarks+leptons  

makes use of an ad hoc trigger to select jets associated to displaced tracks 

One of the main background coming from interactions  
with the detector material. 

detailed maps with the material descriptions are used to compute the  
interaction probability

ATLAS and CMS Displaced vertices and appearing jets 12

CERN-EP-2017-202

EXO-16-003
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๏ For smaller lifetimes, displacement 
becomes typically small

Displaced Vertices
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๏ NP particles 
would decay in 
the inner tracker  

๏ can use pixel 
vertexing in 
all its power 

๏ have physics-
induced SM 
backgrounds to 
deal with



๏ Disappearing tracks happen when 

๏ the LLP comes with charge 

๏ it decays to an invisible 
particle 

๏ the mass difference is small 
(i.e., any other decay product 
is undetectable) 

๏ Can be exploited with different 
detectors, depending on lifetime 

๏ That’s why it is important to go 
closer and closer to the beam

Disappearing Tracks
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ATLAS and CMS Disappearing tracks 10

CERN-EP-2017-179

EXO-16-044

Chargino and neutralino production plus one or more jets 
triggering on the rest of the events 

Very few events expected, almost background free…

ATLAS and CMS Disappearing tracks 10
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Chargino and neutralino production plus one or more jets 
triggering on the rest of the events 

Very few events expected, almost background free…Very clean signature->can be ~ 
background-free search
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Re-interpretation of prompt searches 

"Poor man" approach 
do not need any special reconstruction 

consider loss in acceptance due to non zero lifetime 

or category migration due to the presence of more b-like tagged particles 

Impact measured in terms of exclusion limits 
an example from CMS: search for split supersymmetry
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๏ Prompt analyses are sensitive 
to small displacements (i.e., 
to small lifetime) 

๏ This is why some traditional 
prompt analysis was recasted 
to long-living particle 
scenarios 

๏ The result is already good in 
probing large portion of 
parameter space 

๏ The deterioration of 
sensitivity with lifetime is 
less pronounced than what 
would expect

Reinterpreting Prompt Searches
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Searching for New Physics 
in the trigger system



๏ Too many data, too large data ! need to filter online 

๏ Filters based on pheno bias: we might be loosing good events

The Trigger Problem

 34

High-Level  

Trigger
L1 

trig
ger

1 KHz  
1 MB/evt

40 MHz

100 KHz

‣ L1 trigger: local, hardware based, on FPGA, @experiment site 

‣ HLT: local/global, software based, on CPU, @experiment site 

‣ Offline: global, software based, on CPU, @CERN T0 

‣ Analysis: user-specific applications running on the grid
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Real-time new physics search with large datasets 

๏ Run reconstruction in the trigger farm 

๏ Avoid resource limitations: write less information (a few 
floats) for more events  

๏ Probes unexplored territory, previously left behind  

Problem: practical (so far) only for specific topologies

High-Level  

Trigger farm

full event

L1 trig
ger

Scouting

1 KHz  
1 MB/evt

1/300 the 
events size 

x6 more events 

40 MHz

100 KHz

Doing more with less



๏ In Run I, dijet search was the first BSM analysis published by CMS 

๏ Quick improved results from Tevatron in a wide range of mass spectra 

๏ Quickly forced to reduce mass range under investigation, due to 
increasing trigger rates vs limited resources 

๏ Scouting was introduced to recover the lost territory (500 to 1100 GeV) 

Why did we do this?

energy E is defined as the scalar sum of the calorimeter
tower energies inside the jet. The jet momentum ~p is
the corresponding vector sum of the tower energies using
the tower directions. The E and ~p of a reconstructed jet are
corrected as a function of pT and ! for the nonlinearity
and inhomogeneity of the calorimeter response. The cor-
rection is between 43% and 15% for jets with corrected pT

between 0.1 and 1.0 TeV in the region j!j< 1:3. The jet
energy corrections were determined and validated using
simulations, test beam data, and collision data [12].

The dijet system is composed of the two jets with the
highest pT in an event (leading jets). We require that the
pseudorapidity separation of the two leading jets, !! ¼
!1 " !2, satisfies j!!j< 1:3, and that both jets be in the
region j!j< 2:5. These ! cuts maximize the search sensi-
tivity for isotropic decays of dijet resonances in the pres-
ence of QCD background. The dijet mass is given by

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE1 þ E2Þ2 " ð ~p1 þ ~p2Þ2

p
. We select events with

m> 220 GeV without any requirements on jet pT .
To remove possible instrumental and noncollision back-

grounds in the selected sample, the following selections are
made. Events are required to have a reconstructed primary
vertex within jzj< 24 cm. For jets, at least 1% of the jet
energy must be detected in the ECAL, at most 98% can be
measured in a single photodetection device of the HCAL
readout, and at most 90% can be measured in a single cell.
These criteria, which are fully efficient for dijets, remove
0.1% of the events passing the pseudorapidity constraints
and the dijet mass threshold.

Figure 1 presents the inclusive dijet mass distribution for
pp ! 2 leading jets þ X, where X can be anything, in-
cluding additional jets. We plot the measured differential
cross section versus dijet mass in bins approximately equal
to the dijet mass resolution. The data are compared to a
QCD prediction from PYTHIA [13], which includes a full
GEANT simulation [14] of the CMS detector and the jet
energy corrections. The prediction uses a renormalization
scale " ¼ pT and CTEQ6L1 parton distribution functions
[15]. The PYTHIA prediction agrees with the data within the
jet energy scale uncertainty, which is the dominant system-
atic uncertainty. To test the smoothness of our measured
cross section as a function of dijet mass, we fit the data with
the parametrization

d#

dm
¼ P0ð1"m=

ffiffiffi
s

p ÞP1

ðm=
ffiffiffi
s

p ÞP2þ P3 lnðm=
ffiffi
s

p Þ ; (1)

with four free parameters P0, P1, P2 and P3. This func-
tional form has been used by prior searches to describe
both data and QCD predictions [16,17]. In Fig. 1 we show
both the data and the fit, which has a $2 ¼ 32 for 31
degrees of freedom. In Fig. 2 we show the ratio between
the data and the fit. The data are well described by the
smooth parametrization.

We search for narrow resonances, for which the natural
resonance width is negligible compared to the CMS dijet

mass resolution. Figures 1 and 2 present the predicted dijet
mass distribution for string resonances and excited quarks
using the PYTHIA Monte Carlo and the CMS detector
simulation. The predicted mass distributions exhibit a
Gaussian core from jet energy resolution and a tail toward
lowmasses from QCD radiation. This can be seen in Fig. 3,
which shows examples of the predicted dijet mass distri-
bution of resonances from three different parton pairings:
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FIG. 1 (color online). Dijet mass spectrum (points) compared
to a smooth fit (solid) and to predictions [13] including detector
simulation of QCD (short-dashed), excited quark signals (dot-
dashed), and string resonance signals (long-dashed). The errors
are statistical only. The shaded band shows the effect of a 10%
systematic uncertainty in the jet energy scale (JES).
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FIG. 2 (color online). Ratio (points) between the dijet mass
data and the smooth fit, compared to the simulated ratios
for excited quark signals (dot-dashed) and string resonance
signals (long-dashed) in the CMS detector. The errors are
statistical only.

PRL 105, 211801 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

19 NOVEMBER 2010

211801-2

3 pb-1 @7 TeV in 2010 1 fb-1 @7 TeV in 2011
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The first attempt



The first attempt



What we accomplished
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๏ Recovered 
sensitivity to 500 
GeV resonances 

๏ Reached limitation 
of L1 seed-> need to 
improve our hardware 
trigger (more on 
this later) 

๏ Now extending the 
method to more final 
states (collected x3 
more data than the 
rest of CMS in 2017)



What we accomplished
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๏ Kept sensitivity 
to 500-1500 GeV 
resonances 

๏ Current 
limitation is L1 
efficiency 

๏ Can probe lower 
couplings by 
collecting more 
data



๏ Kept sensitivity 
to 500-1500 GeV 
resonances 

๏ Current 
limitation is L1 
efficiency 

๏ Can probe lower 
couplings by 
collecting more 
data

What we accomplished
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An established approach

 42

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP/2016-090
2018/05/15

CMS-EXO-14-005

Search for narrow resonances in dijet final states atp
s = 8 TeV with the novel CMS technique of data scouting

The CMS Collaboration⇤

Abstract

A search for narrow resonances decaying into dijet final states is performed on data
from proton-proton collisions at a center-of-mass energy of 8 TeV, corresponding to an
integrated luminosity of 18.8 fb�1. The data were collected with the CMS detector us-
ing a novel technique called data scouting, in which the information associated with
these selected events is much reduced, permitting collection of larger data samples.
This technique enables CMS to record events containing jets at a rate of 1 kHz, by
collecting the data from the high-level-trigger system. In this way, the sensitivity to
low-mass resonances is increased significantly, allowing previously inaccessible cou-
plings of new resonances to quarks and gluons to be probed. The resulting dijet mass
distribution yields no evidence of narrow resonances. Upper limits are presented
on the resonance cross sections as a function of mass, and compared with a variety
of models predicting narrow resonances. The limits are translated into upper limits
on the coupling of a leptophobic resonance Z0

B to quarks, improving on the results
obtained by previous experiments for the mass range from 500 to 800 GeV.

Submitted to Physical Review Letters

c� 2018 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license

⇤See Appendix A for the list of collaboration members

ar
X

iv
:1

60
4.

08
90

7v
1 

 [h
ep

-e
x]

  2
9 

A
pr

 2
01

6



๏ CMS uses Scouting since 2011 and now extended it to other 
final states 

๏ LHCb planned during Run I a gradual move to online 
processing for the full physics program (TurboStream + HLT 
upgrade for Run III) 

๏ ATLAS is producing trigger-level analyses since 2015 
(start of Run II) 

๏ ALICE is also moving to a real-time processing for Run III

An established approach

 43

A direction to explore in order to push 
sensitivity to new physics beyond the current 

technical limitations



๏ BSM searches deeply evolved since the LHC started 

๏ With stringent bounds being put with early data, new analyses focused on more 
complicated scenarios 

๏ light resonances 

๏ weak couplings 

๏ exotic signatures 

๏ So far, we manage to sustain the increasing challenges of the LHC experimental 
environment 

๏ recovered lost territory with new ideas (e.g., scouting) 

๏ not clear what will happen in the future (HL-LHC poses clear problems with 
scaling current techniques vs. foreseen computing power) 

๏ LHCb flavor anomalies are opening the possibility to surprises 

๏ Synergy between direct searches and indirect constraints 

๏ Focus even more than in the past on 3rd generation

Conclusions



Backup



Final remark: the power 
of precision



๏ New physics at high scale could 
also be probed using quantum 
effects 

๏ heavy particles could “run” in 
the loops and shift 
observables vs SM expectation 

๏ This can happen at many levels 

๏ Flavor physics 

๏ EW physics 

๏ Higgs couplings  

๏ …

No New physics: surprised?

 47



๏ This approach was extensively used before 
LHC 

๏ If no deviation observed ! lower bound on 
new physics energy scale 

๏ e.g. Flavor physics (O(10) measurements 
for 4 parameters)  

๏ EW precision: New Physics parameters 
parameterized in terms of effective 
form factors

pre-LHC knowledge

 48

Probing the TeV scale (and above) with Flavor

Physics

Maurizio Pierini 1

CERN-PH, 1211 Geneve 23, Switzerland

E-mail: maurizio.pierini@cern.ch

Abstract. Generalizing the unitarity triangle analysis to include new physics effects, we derive
upper bounds on the coefficients of the most general ∆F = 2 effective Hamiltonian. These
upper bounds can be translated into lower bounds on the scale of new physics that contributes
to these low-energy effective interactions. We conclude that the scale of new physics in models
that generate new ∆F = 2 operators, such as next-to-minimal flavor violation, has to be much
higher than the scale of minimal flavor violation, and it most probably lies beyond the reach of
direct searches at the LHC. Updated results are available on http://www.utfit.org.

The relevance of ∆F = 2 processes in constraining new physics (NP) has been established since
long time [1]. In particular, it has been noticed how the constraints from the mixing of neutral
mesons is particularly stringent for models that generate transitions between quarks of different
chiralities [2, 3, 4]. In Ref. [5], we updated the study of ∆F = 2 processes, combining the most
recent experimental developments to constrain NP in K0 − K̄0, D0 − D̄0, Bd − B̄d, and Bs − B̄s

mixing processes. We summarize here the main results of this analysis. The first step consists in
generalizing the relation among the experimental observables and the elements of the CKM [6]
matrix, introducing effective model-independent parameters that quantify the deviation of the
experimental results from the Standard Model (SM) expectations. In the case of Bq−B̄q mixing
(q = d, s), we introduce a complex effective parameter defined as:

CBq e2iφBq =
⟨Bq|H full

eff |B̄q⟩

⟨Bq|HSM
eff

|B̄q⟩
(1)

and write all the measured observables as a function of these parameters and the SM ones (ρ̄,
η̄, and additional parameters such as masses, form factors, and decay constants). Details are
given in refs. [5, 7, 8]. In a similar way, one can write

CϵK
=

Im[⟨K0|H full
eff

|K̄0⟩]

Im[⟨K0|HSM
eff

|K̄0⟩]
, C∆mK

=
Re[⟨K0|H full

eff
|K̄0⟩]

Re[⟨K0|HSM
eff

|K̄0⟩]
. (2)

Concerning ∆mK , to be conservative, we add to the short-distance contribution a possible
long-distance one that varies with a uniform distribution between zero and the experimental
value of ∆mK . For DD̄ mixing we use the result of the analysis performed in Ref. [9]. All
the other experimental and theoretical inputs used are quoted in Ref. [5]. The combined fit
of all the experimental observables selects a region of the (ρ̄,η̄) plane (ρ̄ = 0.167 ± 0.051 and
η̄ = 0.386 ± 0.035 at 68% probability, see the left plot of Fig. 1) which is consistent with the

1 On behalf of UTfit collaboration.

The 2007 Europhysics Conference on High Energy Physics IOP Publishing
Journal of Physics: Conference Series 110 (2008) 072033 doi:10.1088/1742-6596/110/7/072033

c⃝ 2008 IOP Publishing Ltd 1
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Figure 2. Summary of the 95% probability lower bound on the NP scale Λ for strongly-
interacting NP in NMFV (left) and general NP (right) scenarios.

Scenario strong/tree αs loop αW loop
MFV (small tanβ) 5.5 0.5 0.2
MFV (large tanβ) 5.1 0.5 0.2

MH in MFV at large tanβ 5
√

(a0 + a1)(a0 + a2)
(

tan β
50

)

NMFV 62 6.2 2
General 24000 2400 800

Table 2. Summary of the 95% probability lower bound on the NP scale Λ (in TeV) for several
possible flavor structures and loop suppressions.

The summary of the lower bounds on Λ is given in Tab. 2. While MFV scenarios are still
accessible at the energy scale that LHC will cover, a loop suppression is needed in all scenarios to
obtain NP scales that can be reached at the LHC. For NMFV models, an αW loop suppression
might not be sufficient. Anyhow, in case an accidental suppression of the NP contribution to ϵK

is induced by additional features of the considered model, the scale for weak loop contributions
might be as low as 0.5 TeV.
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๏ This approach was extensively used before 
LHC 

๏ If no deviation observed ! lower bound on 
new physics energy scale 

๏ e.g. Flavor physics (O(10) measurements 
for 4 parameters)  

๏ EW precision: New Physics parameters 
parameterized in terms of effective 
form factors

๏ EW precision: 
New Physics 
parameters 
parameterized 
in terms of 
effective form 
factors
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Figure 3. Two-dimensional probability distributions for the oblique parameters S and T (upper-
left panel), and T and U (upper-right panel). From darker to lighter the di↵erent regions correspond
respectively to 68%, 95%, and 99% probability. In the lower panel we show the two-dimensional
distributions for S and T fixing U = 0, together with the individual constraints from MW , the
asymmetry parameters sin2 ✓lepte↵ , P pol

⌧
, Af , and A

0,f
FB with f = `, c, b, and �Z . In this last plot the

dark (light) region corresponds to 68% (95%) probability.

the SM. Note that, as mentioned above, the �"i parameters include oblique corrections

Result Correlation Matrix

�"1 0.0007± 0.0010 1.00

�"2 �0.0002± 0.0008 0.82 1.00

�"3 0.0007± 0.0009 0.87 0.56 1.00

�"b 0.0004± 0.0013 �0.34 �0.32 �0.24 1.00

Table 7. Results of the fit for the �"i parameters (i = 1, 2, 3, b).
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Electroweak precision constraints at present and future colliders Jorge de Blas

95% prob. bound on ci

L2 [TeV�2]
Operator 1 op. at a time Global

OfWB [�0.009,0.006] —
OfD [�0.031,0.006] —
O

(1)
f l

[�0.006,0.011] [�0.013,0.034]
O

(3)
f l

[�0.012,0.006] [�0.065,0.008]
O

(1)
fe

[�0.017,0.005] [�0.028,0.009]
O

(1)
fq

[�0.025,0.046] [�0.099,0.077]
O

(3)
fq

[�0.011,0.016] [�0.179,0.007]
O

(1)
fu

[�0.065,0.091] [�0.230,0.410]
O

(1)
fd

[�0.159,0.054] [�1.11,�0.110]
Oll [�0.012,0.020] [�0.087,0.026]

Table 6: 95% probability limits on the dimension 6 opera-
tor coefficients entering in EWPD. See text for details.
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Figure 4: Projected sensitivities to dimension 6 in-
teractions at future colliders (1 operator at a time).
Different shades of the same colour denote results
including or neglecting future theory uncertainties.
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๏ This approach was extensively used before 
LHC 

๏ If no deviation observed ! lower bound on 
new physics energy scale 

๏ e.g. Flavor physics (O(10) measurements 
for 4 parameters)  

๏ EW precision: New Physics parameters 
parameterized in terms of effective 
form factors

๏ EW precision: 
New Physics 
parameters 
parameterized 
in terms of 
effective form 
factors
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Figure 3. Two-dimensional probability distributions for the oblique parameters S and T (upper-
left panel), and T and U (upper-right panel). From darker to lighter the di↵erent regions correspond
respectively to 68%, 95%, and 99% probability. In the lower panel we show the two-dimensional
distributions for S and T fixing U = 0, together with the individual constraints from MW , the
asymmetry parameters sin2 ✓lepte↵ , P pol

⌧
, Af , and A

0,f
FB with f = `, c, b, and �Z . In this last plot the

dark (light) region corresponds to 68% (95%) probability.

the SM. Note that, as mentioned above, the �"i parameters include oblique corrections

Result Correlation Matrix

�"1 0.0007± 0.0010 1.00

�"2 �0.0002± 0.0008 0.82 1.00

�"3 0.0007± 0.0009 0.87 0.56 1.00

�"b 0.0004± 0.0013 �0.34 �0.32 �0.24 1.00

Table 7. Results of the fit for the �"i parameters (i = 1, 2, 3, b).
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95% prob. bound on ci

L2 [TeV�2]
Operator 1 op. at a time Global

OfWB [�0.009,0.006] —
OfD [�0.031,0.006] —
O

(1)
f l

[�0.006,0.011] [�0.013,0.034]
O

(3)
f l

[�0.012,0.006] [�0.065,0.008]
O

(1)
fe

[�0.017,0.005] [�0.028,0.009]
O

(1)
fq

[�0.025,0.046] [�0.099,0.077]
O

(3)
fq

[�0.011,0.016] [�0.179,0.007]
O

(1)
fu

[�0.065,0.091] [�0.230,0.410]
O

(1)
fd

[�0.159,0.054] [�1.11,�0.110]
Oll [�0.012,0.020] [�0.087,0.026]

Table 6: 95% probability limits on the dimension 6 opera-
tor coefficients entering in EWPD. See text for details.
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teractions at future colliders (1 operator at a time).
Different shades of the same colour denote results
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The LHC outcome (so far) was 
the most probable thing to 

expect 
But the next 10 years will push 

us into new territory



Flavor Anomalies



๏ LHCb reported very interesting 
anomalies, questioning lepton 
universality 

๏ A confirmation at 5σ significance 
would change the picture above 

๏ would imply upper bound on the New 
Physics energy scale 

๏ would point the finger to a specific 
class of models (Z’, fundamental or 
composite leptoquarks, …) 

๏ Not all anomalies necessarily point to 
the same new-physics scale

A surprise to come?
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Figure 9. Distributions of the RK∗0 delta log-likelihood for the three trigger categories separately
and combined.

low-q2 central-q2

RK∗0 0.66 + 0.11
− 0.07 ± 0.03 0.69 + 0.11

− 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]

Table 5. Measured RK∗0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical and
systematic uncertainties.

Figure 10. (Left) Comparison of the LHCb RK∗0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30–32], flav.io [33–35] and JC [36]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK∗0 measurements with
previous experimental results from the B factories [4, 5]. In the case of the B factories the specific
vetoes for charmonium resonances are not represented.
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๏ This is pushing ATLAS and CMS to investigate more 3rd-
generation final states 

๏ Much of these final states are already searched for 

๏ Other bounds can be obtain re-interpreting existing analyses

Implications for ATLAS and CMS
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, etc etc



Z’ Searches
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๏ Z’ searches to tt final 
states already looked for (in 
the context of heavy Higgs 
searches) 

๏ Production in association 
with bb also part of this 
model 

๏ Direct translation of the 
result in terms of the Z’ 
advocated for flavor anomaly 

๏ Strong bound derived here, 
but much more data (and more 
collision energy?) needed to 
push search at tens of TeV 

CERN-EP-2017-199
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๏ Leptoquarks extensively searched for 
in Run I 

๏ Full exploration ongoing with Run II 
data 

๏ In this sense, reinterpretation/
adaptation of SUSY searches is 
pushing sensitivity forward

Leptoquarks
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