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Additional neutral Higgs bosons

Predicted by two Higgs doublet models (including

the MSSM). MSSM predicts h, H and A.
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Vector Leptoquarks

Theorised to simultaneously explain the b
anomalies.
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https://arxiv.org/pdf/2103.16558.pdf

Both theories offer signals in high p_ di-tau tails with possible additional b-jets.


https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
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https://arxiv.org/pdf/2103.16558.pdf

Tau Decay
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« Taus decay leptonically (e,u) or hadronically (t,).
« We search for 4 di-tau final states: t,1,, €t,, UT, and ep.

* Hadronic taus selected by the DeepTau algorithm.

https://arxiv.org/pdf/2201.08458.pdf
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Finding Taus in CMS Detector
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* For the moo!el independent resonance search: Use both low and high Low Mass Analysis (m¢< 250 GeV)
mass analysis
No b-tag b-tag
* Vector Leptoquark search: Use only high mass analysis. Medium-D; Highe D Medium-D; High-D

p, < 50 GeV]| p, < 30 GeV|

* MSSM search: Use high mass analysis combined with the CMS SM H - 1t

an aIyS | S¥ http:/icds.cern.chlrecord/27255902?In=en

p, =200 GeV P, 200 GeV]

Tight-mp Tight-mp
P, <50 GeV|
TT = eT,

High Mass Analysis (m 2 250 GeV)

Tight-my Tight-my

No b-tag | b-tag

TT — €l Low-Dy¢ | Medium-D¢ || High-D¢ | Low-D¢ | Medium»D<|| High-D¢

i
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P, < 50 GeV|
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TT—>ThTh| ||

- Control region I:I Signal region (SR)
- Control region

Discriminator: d
m tot — [m (T T )2 +m (T ,E miss)z +m (T ,E miss)2]1/2 ISCI'ImlnatOI' htt tps: legn 9%?1%?5/6%3 on gllgatlclello.los
2 N v m_ (SVFit mass)



http://cds.cern.ch/record/2725590?ln=en
https://iopscience.iop.org/article/10.1088/1742-6596/513/2/022035/pdf
https://iopscience.iop.org/article/10.1088/1742-6596/513/2/022035/pdf
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« The most dominant backgrounds are from genuine di-1 pairs or jet- 1,
misidentification.
Genuine Di-tau

Jets Faking Hadronic Taus Production

Background Compositions

7,7, NO b-tag er;, no b-tag ur, No b-tag ep no b-tag

[ Diboson
JetFakes
- [0 Embeddin
* Other backgrounds from processes with <21 e.g. = QCD i
diboson, tt, Z - Il. )
. . . Remaining
« Di-1 (embedding method), jet- 1, backgrounds (F_ i bitad DNt o %, K. contributions

method), and QCD (same sign T pairs) are estimated
from data-driven methods. ~90% of background
modelling.

OB

« Smaller remaining backgrounds estimated from MC.




F. Method

Q

7
_ NAR

w; = 7
2 Nar
J

i,j € {QCD, W+jets, tt}

y ~ Ftt
W+jets F
FFQCDNQ

DRqgep

fTaken from simulation

Estimates all backgrounds with

jets faking hadronic taus (j-T,).

Calculate weight (F,) as the

ratio of two Tau ID working
points from fake 1, enriched

sideband regions.

Apply weights to data passing
alternative working point.

Embedding Method

r— 7 — pp Selection j

Z — 77 Simulation RN 7 — pp Cleanin

>

Simulate 7 leptons Remove energy
th same k nematic B deposits from muons.
s,

QNS

Merge simulated and
cleaned event.

Estimates backgrounds with real di-t
pairs, mainly Z - 11, but a smaller
contribution from tt and diboson.

Replace muons selected in data with
simulated 1 lepton decays, utilising lepton
flavour universality.

Imperial College CMS\
London
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QCD Model

Aiso()

0.2

.
OS SS

Estimated (only in the ep) in a
sideband with same sign ep pair.

Use correction based off muon
isolation.




Gluon fusion and b associated
production signals

Masses between 60 GeV and 3.5 TeV.

p, reweighting to separate gluon fusion
loop.
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Vector leptoquark signal

Look for U, vector leptogquark through t-channel process with mass

between 1 and 5 TeV.

V2

Two benchmark (BM) scenarios

considered:

« VLQBM 1: B.=0 - no RH
couplings
VLQ BM 2: B =1 - Pati-
Salam-like leptoquark

Other matrix parameters set to
best fit of b anomalies.

Interference with background
also included.

Phenomenology follows https:/larxiv.org/pdf/2103.16558.pdf
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https://arxiv.org/pdf/2103.16558.pdf

Most sensitive categories shown,

with all years and semi-leptonic
tau decay channels combined.

Small excess observed in m_
bins around 100 GeV.

The best fit signal strengths for
gg¢d is shown.

The excess is fit well by a gg¢
resonance of mass 100 GeV.
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m_ bins.
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Model Independent Limits

* 95% CL limits are placed on gluon fusion
production and production in associated
with b-quarks.

o CMS Preliminary 1381’ a3 Tev)
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p-value Scan for Gluon Fusion

1CMS Preliminary 138 b (13 TeV)

Low mass ngh mass

Local p-value

95% CL limit on 6(ggo)}BR(0—11) (pb)
95% CL limit on o(bbo)BR(®—1t) (pb)
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* The excesses observed in gluon fusion production have the below local (global)
significances:
At 100 GeV: 3.10 (2.70)
e At1.2TeV: 2.80 (2.40)

L ]
60 100 200 1000 2000
m, (GeV)



MSSM

Model dependent 95% exclusion
contours shown for MSSM Scenario
Mh125.

Red hatched band — theory uncertainty.

138 fb™ (13 TeV)

C M S 95% CL Excluded:

ll \:l Observed M 68% expected
Prehmlnary Expected 95% expected

M125 scenarlo (h H A—>1:1)

Y m, # 125 +3 GeV |
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600 1100 1600 2100 2601
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Vector Leptoquark

The green shaded band represents the 95% CL preferred region

for a vector leptoquark to explain the B-anomalies.

Analysis sensitive to vector leptoquark that could explain the B-

anomalies.

138 fb? (13 TeV)

138 b (13 TeV)

CM s 95% CL Excluded:

. [JObserved 68% expected
Preliminary ----Expected  95% expected

CMS

Preliminary

95% CL Excluded:
[]Observed 68% expected
---- Expected 95% expected

T
VLQ BM 1

|:| 95% CL preferred region

T
VLQ BM 2

|:| 95% CL preferred region ]

3 4

5

m, (TeV)

3 4 T s
m,, (TeV)




Two local excess observed for gluon fusion production
but no signals with global significances larger than 30.

« m, =100 GeV: Local (global) significance 3.10 (2.70).

e o= 1.2 TeV: Local (global) significance 2.80 (2.40).

The observed b associated production lies for all mass
points with 2o of the expectation.

Strongest constraints placed on the MSSM Higgs sector.

Excess not compatible with either leptoquark model
considered as you would expect more events in b-tag
categories.

Analysis sensitive to leptoquarks that could explain the
B-anomalies.

Presentated at Moriond 2022, link to conference note
here.
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Local p-value
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Summary of Results

T NO b-tag

138 b (13 TeV)

138 fb™ (13 TeV)
T 3

—TT) (ph)

‘
95% CL limit on o(ggo)}BR(®:

CMS Preliminary
1 T

138 fb™ (13 TeV)
T

5 CM§ Preliminary

Low-mass

—e— Observed
-+ Expected

[ 68% expected

[ 95% expected

High-mass

10°
me* (GeV)

138 b (13 TeV)

4 L
70 100 200 300

.
1000 2000
m, (Gev)

13810 (13 Tev)

Low-mass High-mass

4

\f

V

99¢

n
60 100 200

.
1000 2000
m, (GeV)

CMS

Preliminary

e

T T T
1> scenario (h,H,A—t)

CMS

Preliminary

95% CL Excluded:
[JObst erved 68% expected

S m,#125 +3Gev ]

T
VLQBM1

- Expected  95% expected
T

[ s cupretensaregen

1100 1600

\ \
3 4

Compact Muon Solenc



https://cds.cern.ch/record/2803739
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Backup

13/12 04/04/22 Search for NP in di-tau final states at CMS g.uttleyl9@imperial.ac.uk
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Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
Photon

Silicon
Tracker

3 Electrormagnetic
i }|! ]] Calorimeter

Hadran Superconducting
Calorimeter Solenoid

Transverse slice
through CMS

Iran return yoke interspersed
with Muon chambers

e

T Barngy, CERN, Febraaay 2004
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* Luminosity « Fake-factor uncertainties (statistical and systematic)
* e,Mid, iso and trigger efficiency and energy scales * QCD (ep) OS/SS statistical and systematic
(for e only) uncertainties
* Hadronic tau ID and trigger efficiency and energy * Prefiring
scales

« Embedded MET energy scale and resolution
* Db-tagging efficiency and mis-tag
* MET Recoil corrections

« JES/JER
* DY mass and pT reweighting contamination in
» Background cross sections embedded samples
« | - 1, fake rates and energy scales * Top quark pT reweighting
« Embedding normalization due to selection efficiency * Bin-by-bin uncertainties

of double muon trigger ) B
« Signal theory uncertainties

« Embedding p,/mass shape from Z - yu closures
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* Trigger Selections:

T,1,: single-tau OR double-tau

eT1,: single-electron OR electron-1, cross OR single-tau
T, : single-muon OR muon-T, cross OR single-tau

* ep: Muon-electron cross

* Thresholds:
* eM: 2016/2017/2018: e(12) & u(23), e(23) & U(8)

- e1.:2016: e(25), e(24) & 1,(20/30), 1,(120)
2017: e(27), e(32), e(35), e(24) & 1,(30), T.(180)
2018: e(32), e(35), e(24) & 1,(30), 1, (180)

o pt.:2016: u(22), u(19) & 1,(20), 1,(120)
2017: u(24), u(27), u(20) & 1,(27), 1,(180)
2018: u(24), u(27), u(20) & 1,(27), 1,(180)

« T.T.:2016:1,(35) & 1,(35), 1,(120)
2017: 1,(35) & 1,(35), 1,(40) & T1,(40), T,(120)
2018: 1,(35) & 1,(35), 1,(40) & 1,(40), T,(120)

single 2 + single
T

Single 2

P @

di-t +single T,
+single T,

di-t+
single T,

p,(T,,)
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e T.,=0(9g9$) X BR(¢ - 11) (pb)

* 100 GeV gluon fusion resonance shown.

m ¢=100 GeV m ¢=100 GeV

= Global Best Fit == Global Best Fit
htt_em - -
[

10 15 20 15
best fit FogH best fit FagH

p-value=0.50 p-value=0.58
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e T, =0(9g9$) X BR(¢ - 11) (pb)

* 1.2 TeV gluon fusion resonance shown.

m, = 1200 GeV m, = 1200 GeV

= (Global Best Fit
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= Global Best Fit
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*« MSSM signal model composed as linear combination of templates for h, H, and A bosons.
* SM and BSM contribution BSM templates scaled to XS and BR prediction from benchmark scenario.

« Hypothesis Test: For each considered parameter point in the m,, tanf3 plane of the considered benchmark scenario
perform hypothesis test for BSM vs. SM model prediction with the LHC test statistics.

~

Z(data | pu, 0,)
F(data] 4, 6;)

P(data|p) = (datal 1 (5 — Ssp) + Sy + Sp) + Sy + b)




Comparison of
ATLAS and CMS
model
independent
limits.

ATLAS analysis
searches for a
mass range of 200
GeVto 2.2 TeV.

95% CL limit on o(ggd)BR(0—1T) [pb]
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Comparison of
using m."*as
discriminator

instead of the m_

VS .

138 fb (13 TeV)
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* Model independent
limits from the CMS 35.9fb" (13 TeV)
analysis performed T T T T o
on 2016 data.

https:/larxiv.org/pdf/1803.06553.pdf

—.— Observed

I 68% expected

68% expected
[ 95% expected Il 6% expe

|:] 95% expected

—— Expected b quark only
—— Expected t quark only

1U_1§

95% CL limit on o(ggd)-B(0—1t)(pb)
95% CL limit on o(bb¢)-B(¢—1t)(pb)

1072 2
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https://arxiv.org/pdf/1803.06553.pdf

* Model dependent limits on the
MSSM M, ** scenario from the

CMS analysis performed on 2016
data.

https:/larxiv.org/pdf/1803.06553.pdf
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https://arxiv.org/pdf/1803.06553.pdf
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* DeepTau is a multiclass tau identification algorithm based
on a convolutional deep neural network (DNN).

Architecture
* DeepTau combines information from the high-level
reconstructed tau features together with the low level
information from the inner tracker, calorimeters and muon Highfeve i
sub-detectors within the tau isolation cone. e

208819 TP

Ou 11 Gl
I
er cells ‘u:t

concatenated

https:/larxiv.org/pdf/2201.08458.pdf

1CMS Simulation (13 TeV) it

Inner cells [

§  MVA vs. jets (JINST 13 (2018) P10005) s
I MVA (updated decay modes) S
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Filters w/ 1 % 1 window to
reduce number of nodes for
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Jet — 1, misid. probability

64 nades for subsequent convolution

5 convolution layers & 64
filters w/ 3 x 3 window

Applied similarly for inner and outer cells

Applied similarly for inner and outer cells TP: wainable parameter
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High Mass Analysis (m 2 250 GeV) Low Mass Analysis (m < 250 GeV)
* Definitions of variables No b-tag | b-tag No b-tag b-tag
used in Categorisation TT — el |Low-D; | I\Iedium-D[“High-D( | Low-D | Medium-D(” High-D, | Medium-1; High-D; Medium-12; High-D;
' o <50 GeV <50 GeV|
and dlscrlmlnators. TT —» €Ty, | Loose-mr Tight-mr | Loose-mr Tight-mt TT — el % .
TT — UTh | Loose-mr Tight-my | Loose-m Tight-mp
TT — ThTh | | | | gt

o) L ] rr e,
l:l Signal region (SR)
- Control region Tightoms Tightomr

Discriminator: TT = pum, :
mTtOt fot [mT(t]_’Tz)z + mT(Tl’ETmiSS)Z + mT(tl’ETmiss)Z]llz PJ'EZOOGW

P, < 50 GeV
TT —F ThTh

Variable definitions: Category definitions: B0 GeY |
DZ = pzmiss AT 0.85pzobs tt(e“) DZ <-35 GeV tt(ew) _
pmss = pmies. T Low-D,: -35 < D, < 10 GeV [ ] signal region (sR)

pzvis = (pZe+pZu) . Z MEdium-DZ: 10 < D( < 30 GeV - Control region

¢ is the vector that bisects p and p * H_igh'Dz: D, > 30 Ge\/ DiSCriminator:  pusmscierce oporgariceno s
m_(A,B) = [2p.p,3(1-COSAY®)]V2 Tight-m_: m_(e/y,E.™) < 40 GeV m_ (SVFit mass)

Loose-m.: 40 < m.(e/u,E,™*°) < 70 GeV
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