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BSM HH production

Non-Resonant Production

3M?
)‘HHH 7é a

, for any mass range
v
Resonant Production
& y Asun_ -~ H
t -
S N -
g H

2 2
Resonance for p* ~ M3

N



Course on Physics at the LHC
LIntroduction
LThe HH production in the SM and Beyond

BSM HH production - EFT approach

L=Lgy + <cg— + cgg—Q) erNens
v v 4
H _ 2 5
- ;mtktyttt - W@titi + kA AgppH

Coefficients

Ek,: y/y:™: top yukawa coupling multiplicative deviation from SM

Ey : Apgpn/Nad: Higgs trilinear coupling multiplicative deviation
from SM

¢y : top pair coupling to Higgs pair
: gluon pair coupling to single Higgs

49+ gluon pair coupling to Higgs pair



Course on Physics at the LHC
Llntroduction
L-The bbr channel

Why use the bbr7 channel?

(One of ) the most sensitive
Sizeable branching ratio (7.3%) + small background contribution

I

sensitive channel for HH pair production

Name Decay mode B [%]
Te T —e L, 17.8
Ty (S TR 79 78 17.4
T T —hy, 63.0

Other modes with hadrons 1.8
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L Object Reconstruction
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L Object Reconstruction

Particle Flow - e*
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L Object Reconstruction

Particle Flow - h™
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L Object Reconstruction

Particle Flow - h”
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L Complex Objects

Complex Objects: Jets

Algorithms

1 Particle Flow
2 anti-kr

Jets are clustered with different radii
("AK4" and “AK8")

Pjet = Zp_;

(within 5 to 10 % of true momentum)
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LObject Reconstruction and Event Selection
L Complex Objects

Complex Objects: Jets

Algorithms

1 Particle Flow
2 anti-kp
3 soft drop

AKS jets' invariant mass is corrected by
iteratively decomposing the jet

e
filter
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Complex Objects: Jets

Algorithms
1 Particle Flow
2 anti-k
anti-kr Identifies 7 decay mode
3 soft drop

4 Hadron plus strips

Generated
Reconstructed T~ —=h vy |7 =>h sy |7 —h hTh
T~ = hy, 0.89 0.16 0.01
= h sy, 0.11 0.83 0.02
= = hhth 0.00 0.01 0.97

0 0
7 s denotes 1 or more 7
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Complex Objects: Jets

Algorithms
1 Particle Flow
2 anti-kp

3 soft drop jet
grooming

4 hadrons plus strips

Jet corrections from simulation data and confirmed in situ

u]
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I
i
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|dentifying 7,7,

Trigger

e or u in final state
Requirements for the selected events

> pp > 23 (27) GeV and |n| < 2.1 for p (e)
» pr > 20 GeV and |n| < 2.3 for 7,
» I" < 0.15 (0.10) for 1 (e)

> “medium” working point of multivariate isolation discriminant
— 60% signal efficiency, and 0.1 ~ 1% jet misidentification.

» tracks of e, u, 75, compatible with primary vertex

» Discriminants to rule out e and pu reconstructed as 73,
candidates
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|dentifying 7,7,
Trigger
Two T3, candidates
Requirements for the selected events

> pp > 45 GeV and |n] < 2.1

> “medium” working point of multivariate isolation discriminant
— 60% signal efficiency, and 0.1 ~ 1% jet misidentification.
Additional requirements for all final states

» both 7 leptons must carry opposite charges

» Only one isolated e or y to reduce Z/v" background
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|dentifying bb

Requirements
2 AK4 jets with pr > 20 GeV and || < 2.4

Resolved and Boosted

Resonant production of mg > 700 GeV: overlapping jets
Jets are reconstructed as 2 AK4 and 1 AKS8

If:

» AKS8 invariant mass > 30 GeV
> ppr > 170 GeV

» geometrically compatible
Then:
Boosted Separation between signal and ¢t background
Else: (tt is more spatially separated: no overlapping)
Resolved
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Signal Region and Discriminating Observables

m,.: Reconstructed from SVfit _
(combines kinematics from the two visible leptons and pT'™)

“Resolved”: my,; estimated from the 2 AK4 jet candidates

(m,, —116GeV)*  (my, — 111GeV)?
(35GeV)? (45GeV)?

“Boosted": my,, estimated from the AK8 jet candidate

80 < m,, < 152GeV
90 < My < 160GeV

Signal efficiency: 80%, background reduction: 85%
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Boosted Decision Trees
Training for 7,7, and 7,7,

Further discriminates signal vs. background for “resolved” events
Training Regions

» Resonant production w/ mg < 350 GeV and Non-Resonant
» Resonant production w/ mg > 350 GeV

Discriminating Variables
> mmﬂFit : Kinematic Fit to mpp

> mTo( “stransverse mass”): largest parent particle mass
compatible with kinematics

Signal Efficiency Background rejection
65% - 95% depending on mg 90% (70%) for (non-)resonant
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Background Estimation

Process Generator
tt production POWHEG 2.0
Z|y = MADGRAPH5_aMC@NLO 2.3.2
QCD multijet estimated from data

single top production
SM single H production
W+ jets

diboson production

POWHEG 2.0
MADGRAPH5_aMC@NLO 2.3.2
MADGRAPH5_aMC@NLO 2.3.2
MADGRAPH5_aMC@NLO 2.3.2

Resonant HH production
Non-Resonant HH production

MADGRAPH5_aMCQNLO 2.3.2
MADGRAPH5_aMCQNLO 2.3.2

Z/y" — 0l is imperfect at LO — corrected from data
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Systematic Uncertainties

> Imperfect Knowledge of detector response
» Discrepancies between simulation and Data

» Limited knowledge of the background and signal processes

Shape Uncertainties: affect the distribution

» Kinematics of ¢¢ background: < 1%

» Limited number/statistical fluctuations of multijet
background: < 7%

> 75, and jet energy scales - correlated with normalization
uncertainties



Course on Physics at the LHC

L Systematic Uncertainties

Normalization Uncertainties

Systematic uncertainty Value Processes
Luminosity 2.5% all but multijet, Z/y" — ¢/
Lepton tri .
cpton trigger 2-6% all but multijet
and reconstruction
T energy scale 3-10% all but multijet

Jet energy scale 2-4% all but multijet

b tag efficiency 2-6% all but multijet
Background 1-10% all but multijet, Z/~v* — £¢
cross section
Z/y" = 00 . .
SF uncertainty 0.1-2.5% Zjy = e
Multijet normalization 5-30% multijet
Scale unc. +4.3%/—6.0% signals
Theory unc. 5.9% signals
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Results

Signal tell-tales
Resonant production: Localized excess in mf\} " distribution
Non-Resonant production: Excess in the tails of m, distribution

No evidence for HH pair production

Upper Limit: 95% asymptotic confidence limits
Interpretation as exclusion plots for h(MSSM
Interpretation as exclusion plots for BSM couplings (EFT
approach)
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Results - Distributions

CMS 35.9 fb™ (13 Tev)
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Results- 95%C L, and hMSSM

35.9 fb (13 Tev)
H 3] CMS 35.9 fb! (13 TeV)
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Results- 95%C'L, and EFT
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Summary

Results compatible with the expected SM background
contribution

No evidence for signal — upper limits at the 95% confidence
level

Resonant Production: narrow resonance of mass

mg € [250,900] GeV

hMSSM context: m 4 € [230,360] GeV and tan 3 < 2 is
excluded at 95% CL

EFT: 95% CL on HH o as a function of ky and k;,
Observed (expected) CL: 30 (25) times the SM prediction

Highest sensitivity achieved so far for SM HH production at
the LHC
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The stransverse mass
Signal

pp—HH+X = (b+b)+ (7 +77)+X
Dominant Background

pott+ X = b+WH+OG+W )+ X

=+ )+ O+ + o)+ X
MmTy. mass-bound variable

A= B '+ B uvisible
A—-B+C

o my =m
C invisible A A

greatest lower bound on m 4 = m , given kinematic
constraints

[m]

=
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The

stransverse mass

signal backgrounds
o [fb] hh | bbBWW | bbrT | bbTT ew. S/B
Before cuts | 13.89 | 10792 | 2212 | 82.3 1.06 x 1073
trigger 1.09 | 1966 | 372 15.0 | 0.463 x 10~°
eventsel. | 0248 | 383.0 | 437 | 208 |0.578x10°
m(rT77) | 0128 | 107.4 | 160 | 0789 | 1.02x 10"
m,(bb) 0.093 | 291 | 403 | 0351 | 2.79x10°
P45 0.041 | 0.480 | 0.247 | 0.079 0.050
mTs 0.034 | 0.194 | 0.204 | 0.074 0.072
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b-tagging

Combined Secondary vertex algorithm: b jets vs multijet
Resolved: medium working point — b-tagged
— 2 groups:
2b (best sensitivity)
1b1j (increases signal acceptance)
Boosted: loose working point for both AK4 jets — b-tagged

Working points

medium: ~ 60% efficiency ~ 1% misidentification
loose: ~ 80% efficiency ~ 10% misidentification
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