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in bbWW channel

ion of HH

* Test Beam study of CMS phase 2 tracker 2S module

Outline
* A few Phenomenological studies

* Do not let the neutrino escape

* Non-resonant product
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Search for Non-Resonant HH production
in bbWW decay channel in p-p collision
using CMS data at J/s = 13 TeV at the

LHC



LHC

Circumference: 27 km
Centre of mass energy: 13 TeV
Designed luminosity:

0 (10*) cm™%s!

450 GeV to 6.5 TeV
Higgs discovered

S | 25 GeV to 450 GeV
W, Z discovered (SppS)

Proton or lon beam Protons to PSB:
P PS acceleration 2 GeV
Pb - PS: pushes to 25 GeV




CMS

SLERL KELUKIN YUKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm) ~1m? ~66M channels
Overall length ~ :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

| | T T T T T T
MUON CHAMBERS om Im 2m 3m 4m Sm 6m 7m
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers Legende .
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

v Muons
Electrons
- Hadron chargé
PRESHOWER ~ — - -Hadron neutre
Silicon strips ~16m? ~137,000 channels = = «ww«« Photons @

Il

FORWARD CALORIMETER c. =1
Steel + Quartz fibres ~2,000 Channels =) ‘
! /

Trajectographe

\ Calorimeétre :
\ '- lll“ électro- g
/" N\, \_ magnétique :
CRYSTAL \ \ ' Calorimétre Aimants H
ELECTROMAGNETIC \ Vue tansverse hadronique  (supraconducteurs) ‘ Il é
CALORIMETER (ECAL) de CMS Chambres a muons
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA

Brass + Plastic scintillator ~7,000 channels
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Higgs Interactions tfo SM particles

No evidence yet

Probably needs
future colliders

First Second Third
generation generation generation

=125 GeV ¢?

(1)

Mass =2.2 MeV ¢ =1.27 GeV ¢ =173 GeV ¢c™?

Higgs
boson

=4.7 MeV ¢ =93 MeV ¢

Established

Down ~91.2 GeV c2

=0.511 MeV ¢?

‘o
|

Electron

First evidence

To be conclusively
established at the LHC
within 5-10 years

No evidence yet

No clear route
to conclusively
establishing
Standard Model

couplings

O Quarks Q Leptons ‘ Vector bosons

O

Ratio to SM

CMS 138 fb~' (13 TeV)
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Higgs self-coupling

scalar = DungD“gb — V(nggb) with ¢ = (o™ ng)T doublet under SU(2)
V(9'g) = —1*(97¢) + A(¢9)?

Ly = laﬂHB“H — 1 (2 )\v2) H?2 An alternative
2 5 o 2 , o o potential
g v — 1+ 1 (g + g, )'U v
N ( 4 ) W W+ 3 ( 4 Iud Standard Model
2,2\ 9 2 12 ,,2 potential
-+ Al —HW W+ + g™+ 97 lHZuZ“
4 Jov F 4 v
2,,2 2 12\ ,,2
gv\ 1 o L@ +g" )"\ 1 V(@)
+(4>v2HW#W“ +§< 1 EHZ,LZ“’
_ \wH? — éH‘l n év‘l Higgs field value
4 4 in our Universe
1 ) _/ Current
T2 172 3 4 4y, 4 experimental
V(H) = 2mHH + AupnH® + AgpunH 4)\’0 - knowledge
;o 0 1
H )/ P
_______ (\
\_H Self coupling can be directly probed by studying HH production
H H . Not only SM, possible deviations arising fromm BSM contributions can
be examined
H \\ H




Hl g g S S el F- cou P I In g Lscatar = D' DP — V(¢19) with ¢ = (o1 ¢°)" doublet under SU(2)
. V(6'6) = —1*(¢'¢) + A(¢'¢)’

An alternative
LBEH = —8 Ho*H — — (2)\’0 ) H? potential
Standard Model
gv H+ l + 9,2 7 potential
+ ( 1 ) w, W 2 ( ) 2,7
12 V(@)
_I_(gv ) 2HW Wht 4+ ( g +g%)v )lHZ”Z“
4 4 U Higgs Lie[d value
1 1 2 + 12\ ,,2 1 in our Universe
+ (94’0 ) = szﬂ-Ww 4 . ((9 49 v ) ?Hz 7, 7" N / (e:f;ﬁ?;emm
3 A 4 A 4 \E/ knowledge
— A'UH — ZH -+ Z'U . 0 y 1
1 1 Measurement of the trilinear coupling:
V(H) — §m%IH2 + /\HHHH3 + )‘HHHHH4 — Z)\'U4. p g
oh Test of the Standard Model
H P
''''' N Probe the shape of the scalar
\ H potential
" - Potentially sensitive to BSM

y effects :: Need
o7 T Parameterisation [EFT]




HH Production
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HH production at 14 TeV LHC at (N)LO in QCD

My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

1 L
10 op—ZHH
-4 3 2 -1
o(pp — H)
o(pp > HH) ~ BT
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Ac  _ A4 around SM

A4

o A GGF

MadGraph5 aMC@NLO
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HH Production [BSM] oo
Lovert = Lsum —I-S:Sj A;—‘l Q@

Effective field theory approach >4 EFT Lagrangian for HH GGF production :
2

g “0000° - H g “—Q - - -
Yyt AHHH - 1 1
m{;&:> h-mf\ LM = §8MH3“H — §m?{H2 — kyMH?
g my

(v + K H (;zHH) (Ertr + h.c.)

g Co _~ H & (V)
P Q Co
t Y .. : S (CgH g HH) GZVGCI,I—LV
g “H ¢ 127mv 2V

SM : ki =ky=1 and co=c;,=cy =0

Rup = 9zo/os = Ayky + Agcs + (Aski + Ayco)ky + Ascay + (Agca + Arkykiy ki
2
+ (Agkikiy + Agcyhy)cy + Ajgcacy, + (Aj1cyky + Aacyy) Ky

+ (A13K’)\cg + A14629)K'tn)\ + AISCQCQQK')U
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HH Production [BSM]

o0 (d)
LsverT = Lsu + S: S: X;_4 O§d)
Effective field theory approach o1 EFT Lagrangian for HH GGF production :
& 70000 ye Aunn -~ H 2 1 1
/mTto\v>- - -« LM = 56‘”H8"’H — §m%IH2 — ky\\SMH?
O H h
S T C2 T
kH + ZHH) (fytg + hec
& co _-H () (U : () ( LoR C)
AP % (1 - 2HH) G2, G
g S~ H 127v 2V -

5D parameter space:

Very expensive for a full scan

BPs based on the kinematics: (my;;;, cos0};,)

Deviation from the SM couplings (k; > 1) can be expected
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So ... Main Motivations !
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Search for HH
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HH Non-Resonant Analyses: Status!

bb ZZ
Expected: 40
Observed: 32

Multilepton

Expected: 19
Observed: 21

bb vy
Expected: 5.5
Observed: 8.4

bb 1t
Expected: 5.2

Observed: 3.3

bb bb
Expected: 4.0

Observed: 6.4

Combined
Expected: 2.5

Observed: 3.4

CMS 138 fb~' (13 TeV)
L | I \l 1 1 | l | L I L] 1 L\ | L) | L I
Ky =K =1 —e— Observed  =-e-- Median expected
Ky =Koy =1 £2==1 68% expected
===== 95% expected
1 1 1 1 | 1 I 1 1 | | 1 1 11 I
1 10 100

95% CL limit on o(pp — HH)/aTheory
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Nature volume 607, pages 60—68 (2022)
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95% CL limit on o(pp — HH) fb

CMS

138 fb~' (13 TeV)

2

-'l"‘ ""
- Ky =Ky =Ky =1

] L L l e & 8 ] - 8 @ ] w8 i l l T I

—— Observed @ ----- Median expected !
& Theory prediction 5% 68% CL expected -
----- 95% CL expected

102k \
: \
N
N |
§ Excluded
\< B
N\
10, , . I I I als LN -
-6 -4 0 2 4 6 8 10
Ky
CMS 138 fb~' (13 TeV)
103 L_ Al L) LJ l L) T l Ll L] T L] l L] Ll L] T ] T L] Ll L] ' L] L] L] L] —-
- Kk, =Kk,=ky=1 —— Observed ----- Median expected
&= Theory prediction §##8 68% CL expected -
----- 95% CL expected -
AN :
102 N E
§
Excluded Excluded
.
10 N\ -
: \ ;
N\

>—r—r—
/
g
/

>

SIS S S
SIS S
S/

T
;/ ,///’
/S

/7 /
-

—




HH -> bbWW

i YR4, arXiv:1610.07922
10-2 NHH—)bBW"‘W‘ — NHH X BRbBW"’W_ = 1000

g - 0.0067 0.0350 0.0954

- 29 0.0103 0.0268 0.0731 107 / q
E cc = -1167—33 0.0124 0.0337 104 w w
— ? Lo "o v Lo q

77 - qoos 5% 1% 0.0112 0.0305 I / /

1 10~° w w
vy 1o-e [ Y v v
2.35  6.96 - 106
oyl a0e o ' 120 events 475 events
1 473 667 988 114 126 273 3.56  9.30
K 1078 2077 1007 -107°% .107°% -107° 107° -10° l l

JLpL Zy vy ZZ ce TT gge WW bb
H - XX

Event Selection

-1 Lepton triggers ~ 106

> 2 1(/2) leptons o events

~ 1010

1 At least one b-tagged jet
pbackground events 0 Kinematic requirements

l

15 events 06 events

15



HH -> bbWW

EGroup Samples Type Descriptions
§ /GluGluToHHT02B2VLNu2J node_cHHH* NLO CHHH* : {0, 1, 2.45, 5}
ol s S
SL
/NBFHHT02B2WToLNu2J CV_* C2V_* C3 * LO {CV_* C2V_* CHHH_*}:(0.5,1,1), (1.5,1,1), (1,0,1), (1,1,0), (1,1,1), (1,1,2), (1,2,1)}
bbWWE /GluGluToHHTo2B2VTo2L2Nu_node_cHHH* NLO CHHH* : {0, 1, 2.45, 5}
DL | T e T D
/NVBFHHT02B2VTo2L2Nu_CV_*_C2V_*_C3_* . LO {CV_*_C2V_* CHHH_*}:(0.5,1,1), (1.5,1,1), (1,0,1), (1,1,0), (1,1,1), (1,1,2), (1,2,1)}
" /GluGluToHHTo2B2Tau_node cHHH* NLO CHHH* : {0, 1, 2.45, 5}
tautau ©
= /VBFHHT02B2Tau_CV_*_C2V_* C3_* LO {CV_*_C2V_* CHHH_*}:(0.5,1,1), (1.5,1,1), (1,0,1), (1,1,0), (1,1,1), (1,1,2), (1,2,1)}
-1 SM backgrounds: T Luminosity

— . ry (fb-l)
U1 tt + jets : Di-leptonic and semi-leptonic decay of 7 pair. Contribute to both channels, SL and DL 2016. 17

1 Single top: t or tW + jets contributes significantly 2016, 17, 18

[ W+ jets : All jet and p; binned MC samples are stitched (2106.04360) together. Significant for SL

2016+17+18
only 2016,17 | | ]

138.1

01 Z + jets : Data driven estimation, used for DL only. For SL, MC samples are stitched 2016, 17, 18

01 Others: VV(V), tt V(X), single Higgs

2018

16



Analysis Strategy

Boosted

Baseline Selections

At least one fakeable lepton ‘
Single lepton trigger |

p4 > 25 GeV or py.> 32 GeV
T;, veto
my > 12 GeV & Im” - le > 10 GeV

Leading fakeable lepton must be tight

nAk4-Jets > 3 & nAk4-bJets > 1 & nAk8-Jets =0 : |
Resolved [nAk4-bJets =1 or nAk4-bJets > 2] |

nAk8-bJets > 1 & nAk4Jets (Ak8b-cleaned) > 1 :

At least two fakeable leptons
Single or double lepton trigger |

lepton-1 p;> 25 GeV, lepton-2 p; > 15 GeV
Opposite charge
my;>12 GeV & |my; — m,| > 10 GeV

Not more than 2 tight leptons

nAk4-Jets > 2 & nAk4-bJets > 1 & nAk8-Jets=0: |
Resolved [nAk4-bJets =1 or nAk4-bJets = 2] |

nAk8-bJets > 1 : Boosted

17



Analysis Strategy

Baseline Selections

At least one fakeable lepton
Single lepton trigger

p4 > 25 GeV or py.> 32 GeV
T, veto

my; > 12 GeV & |m; — m,| >10 GeV
Leading fakeable lepton must be tight

nAk4-Jets > 3 & nAk4-bJets > 1 & nAk8-Jets =0:

Resolved [nAk4-bJets =1 or nAk4-bJets > 2]

nAk8-bJets > 1 & nAk4Jets (Ak8b-cleaned) > 1 :
Boosted

At least two fakeable leptons
Single or double lepton trigger

Opposite charge
my;>12 GeV & |my; — m,| > 10 GeV
Not more than 2 tight leptons

nAk4-Jets > 2 & nAk4-bJets > 1 & nAk8-Jets=0:
Resolved [nAk4-bJets =1 or nAk4-bJets > 2]

nAk8-bJets > 1 : Boosted

lepton-1 pr> 25 GeV, lepton-2 py >15 GeV

Process Cross-section [pb] | Total yield YEZII_dChanenF"IZ] Y?eLI dChanenF!%]—
tt (fully leptonic) 88.4 1.210° [1510°| 125 |1510°| 125
tt (semi leptonic) 365.52 5010 |1.910%°| <0.01 |1.110"| 21.8
tt (fully hadronic) 377.85 5.2 10 0 0.0 [2.910%|<0.01
Drell-Yan 6077.22 8.4 10° 2.010°| 0.02 [4210°| 0.05
W-jets 61526.7 8.510° |2.110%|<0.01 |2.810°| 0.03
ST 292.04 3.9 10° 7910*| 02 [1310°| 34
WW 62.87 8.7 10° 2.210°| 0.03 |5510*| 0.63
ZW 10.03 1.4 10° 1.210° | 0.09 [2210°| 0.16
77 6.78 9.4 10° 2510° | 0.27 |5.510°| 0.58
ttW 0.60 8.3 10" 2.110°| 251 |1.310%]| 15.36
ttZ 0.95 1.3 10° 26 10° | 2.00 |1.6 10* | 12.40
HH — bbWW (GGF) 0.03105 113.1 /4688 | 150 | 9.56 | 96.1 | 20.50
HH — bbWW (VBF) 0.00173 6.3 / 26.1 055 | 878 | 3.83 | 14.69

18



Analysis Strategy

Baseline Selections

At least one fakeable lepton

Single lepton trigger

pr>25GeV or pr> 32 GeV

T;, veto

my; > 12 GeV & |my; — m,| >10 GeV
Leading fakeable lepton must be tight

nAk4-Jets > 3 & nAk4-bJets > 1 & nAk8-Jets =0: |
Resolved [nAk4-bJets =1 or nAk4-bJets > 2]

nAk8-bJets > 1 & nAk4Jets (Ak8b-cleaned) >1:
Boosted

i nAk8-bJets > 1 : Boosted |

At least two fakeable leptons

D)
Single or double lepton trigger -

lepton-1 p;> 25 GeV, lepton-2 p; > 15 GeV
Opposite charge

my;>12 GeV & |my; — m,| > 10 GeV

Not more than 2 tight leptons

nAk4-Jets > 2 & nAk4-bJets > 1 & nAk8-Jets =0: |
Resolved [nAk4-bJets =1 or nAk4-bJets > 2]

Fake background:

prompt

non-prompt

19

Measurement region

mie = \/ 21 B3 (1 — cos Ag),

N

f" _ pass
Npass + Nfail

FF application




Analysis Strategy

Events

Data - Expectation

Data - Expectation

Data - Expectation

CMS Preliminary 138 fb" (13 TeV)
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Analysis Strategy
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Analysis Strategy
Baseline Selections Statistical Analysis

———

| Multi-class DNN

¢ At least one fakeable lepton

¢ Single lepton trigger

o pk>25GeV or pt>32 GeV Process  Description Process Group Sub-Categories
© 17, veto HH(GGF)  Gluon fusion Higgs boson pair production HH(VBF) | Resolved Ib | Resolved 25 | Boosted
HH(VBF) Vector boson fusion Higgs boson pair p. Top + Higgs Resolved Boosted
| vomy > 12 GeV & |m” - mZ| > 10 GeV tt TOp quark palr p. omit;]_‘ I;Eizssizz
o Leading fakeable lepton must be tight ST Single top quark p.
‘o nAkd-Jets >3 & nAkd-bjets =1 & nAk8-Jets =0:  VVJets W boson with additional jets p.
| Resolved [nAk4-bJets =1 or nAk4-bJets=2] | H Single Higgs boson p. u
{ ¢ nAk8-bJets > 1 & nAk4Jets (Ak8b-cleaned) > 1 : It Other SL - All other, among them Drell-Yan SL Full Run2 limit

Q Boosted “

—— — =

Combined Full
Run2 limit

¢ At least two fakeable leptons

} Multi-class DNN
¢ Single or double lepton trigger

Process Description 11
o lepton_] Dr> 25 GeV, lepton_z pr > 15 GeV EII:II(GGF) Gluon fusion Higgs bo.son pair prod.uction DL Full Runz llmlt
| (VBF) Vector boson fusion Higgs boson pair p.
¢ Opposite charge tt Top quark pair p. Process Group Sub-Categories
o m>12 GeV & | "M —m I > 10 GeV SDTY ?)Te%f\{t:f quark p. HH(GGF) Resolved 1b | Resolved 2b | Boosted
| Il 1l yA e Single Higgs boson p HH(VBF) Resolved 1b | Resolved 2b | Boosted
o Not more than 2 tight leptons | ttV(X) Top quark pair associate vector boson p. ]l;? _: %t(\\e;; Resol;::j Sive Boosted

with possible additional vector or Higgs boson

¢ nAk4-Jets > 2 & nAk4-bJets > 1 & nAk8-Jets=0: | (tEV, tEVV, tEVH)
Resolved [nAk4-bJets =1 or nAk4-bJets > 2] VV(V) Multiple vector boson p.
(WW,WZ,ZZ WWW,WWZ,WZ2Z,777)

',i
| ® nAk8-bJets >1 : Boosted ‘ Other DL All other, among them W boson p. with additional jets
L L o - . 7 ]
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Machine Learning: Neural Network

Global cost minimum
Jmin(w)

X,
&
"
) o
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() =
( | 3
O Bias Node S
. - : INnK
L,»J L
( -
—— -y \
. ) : N
( ,‘ ; : :
— () . Summation and Bias Activation Output
—_— C ) | ).
' (
: )
] @ Initial .
lnput ' j———— Output J(W) l' Gradlent
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) A i ~ Neuron
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_ weight layer
Hidden layers : f( x) l relu
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X
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LBN + DNN

Lorentz boost network (LBN) as an input pre-processor to the DNN

Additional user defined

Variables 1 Architecture SL(DL):
Lorentz Boost Network 1 12 output particles from
: Input vectors Farticles Boosted particles Features ‘ the L BN
— Neural Network 1 235(239) features
Particle 4 | | ; r j y extracted: input to NN
momenta | J \ 1 3 ResNet blocks
W|‘th » ; Rest framesj : 5 > S>> — Objective Rel . .
additional ‘ ‘ \ / 1 Relu activation
Low-level . [ , g , 1 7(9) output nodes
VarlableS Trfzi.nable | I;)orem: Fealftfe _— b } . o
(geﬁhx) | | 00S1S extraction DI'OpOUt 10 /O
N x4 2-(Mx4) M x4 Fxl LR ~0.01
* Features created Batch normalisation
Combination of particle By LBN

and rest frames
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Data - Expectation

DNN Response

Events

CMS Work in progress 138 fb' (13 TeV) CMS Work in progress 138 b (13 TeV)
2]
10" Background categories, prefit IS 108 & GGF categories, prefit i
10" o Data m tt mm W+ijets o o Data i mm Wijets
10'° & [ HH- bbWW (GGF) B Fakes B Single Top LL 10" E ) HH— bbWW (GGF) B Single Top WM Fakes
10° -] HH— bbWW (VBF) B Drell-Yan R Rares 10° 7] HH— bbWW (VBF) B Drell-Yan B Rares
108 Uncertainty VV(V) e SMH . Uncertainty B SMH VV(V)
107 E Inclusive Wiets+other Resolved Top+H Boosted Top+H 104 Resolved 1b ! Resolved 2b Boosted
10° 10
2
10° 102
10°
10
1
107 10‘
1072 102
c 015_..... -(% c 05:— -----------------------------------------------------------------------------------------------------------------------------------------------------
% OE_ . 8 4 7 g% 0:_0.1: 77 +.. *055 s
3 : ) > . X 3 Z L ¢ ® e e 9 ® L §
- -
wl _01 :_ ................................................................................................................................................... % L _05 :_ _________________________________________________________________________________________________________________________________________________ +
e T S s 524
Idea DNN score bin # Ideq DNN score bin #
Let the fit determine the background normalization Quadratically decreasing set of thresholds (aggregated total
No need for much shape information (just enough background bin > threshold — start new bin)

variation in bin proportions)
Increase sensitivity to signal in the rightmost bins

Quantile binning
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Results

DL 2016
Expecied: 52
Observed: 31

DL 2017
Expeciad: 46
Observed: 30

DL 2018
Expeciad: 44
Observed: 37

DL Run-2
Expeciad: 26
Observed: 16

SL2016
Expeciad: 49
Observed: 50

SL 2017
Expeciad: 47
Observed: 35

SL2018
Expacied: 51
Observed: 54

SL Run-2
Expeciad: 26
Observed: 28

DL+SL 2016
Expected: 35
Observed: 28

DL+SL 2017
Expeciad: 30
Observed: 22

DL+SL 2018
Expeciad: 30
Observed: 32

DL+SL Run-2

Expecied: 18
Observed: 14

CMS Work in progr

—o— Observed

-=== Madian expacled

R 68% expacted
===+ 95% expected

HGGF+VBF

1 1 l 1 1 1 l 1 1 1 ' 1 1 1 I 1 L 1 l 1 1 1 ' 1 1 1 I

20 40

60 80

100 120 140
95% CL limit on olpp — HH)/ ¢
Theaory

DL 2016
Expecied: 810
Observed: 634

DL 2017
Expecied: 908
Observed: 579

DL 2018
Expecied 652
Observed: 583

DL Run-2
Expected: 414
Observed: 284

SL2016
Expecied: 1568
Obzered: 1953

SL 2017
Expected: 1678
Obzerved: 1675

SL2018
Expected: 1180

Obsarved: 1583

SL Run-2
Expected: 793
Observed: 1054

DL+SL 2016
Expecied: 686
Observed: 587

DL+SL 2017
Expecied: 758
Observed: 507

DL+SL 2018
Expected: 538
Obsered: 656

DL+SL Run-2

Expeciad: 351
Obsarved: 312

CMS Work in progress

Ulllll!llIlllllllllllllll!l!llllllllllllill

===« Madian expected

BRRE 68% expected
===+ 95% expacled

—o— Observed

HyBF
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Results

95% CL upper limit on o(pp — HH) (fb)

.. L el e L)
- K=Ky =1 = Observed = = Median expected - -:g: L K =K =Ky = —— Observed ~ ----- Median expected -
= Theory prediction [EEEE + 10 expected % = Theory prediction {88 + 1 expected
¥ SM prediction ~ s---- + 2 6 expected & ¥ SMprediction ~ ===-- + 2 ¢ expected
10 Excluded §\ . Excluded - ;: Excluded § § Excluded
\ 0 © 10° \ x g
\ ~ 5 10| \ \
- N N\ s \ \
N \ : \ \
N N S
N\ \ i
°F § § d =
102 N N 32 - N\
\ \ \
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95% CL upper limit onc(pp — HH) (fb)

Results

All are near to the SM
with similar sensitivity

CMS 138 b (13 TeV)
N e e e i e B e e B P B T [ R B B B B ) P
E - (Observed S=E= + 10 expected E
£ e Median expected @  ===-. + 2 ¢ expected -

B 1 SM point shows the
10 JHEP04(2016)01 | JHEP03(2020)91 | § exactsame position
. benchmarks benchmarks : as in k; scan.

R I 1  Deviations show the
. | effect of different
. Kinematics.

"'q“'

1 2 3 4 5 b [ B 91011128a 1 2 3 4 5 6 7SM
Benchmark scenario
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Results

bb ZZ
Expected: 40
Observed: 32

Multilepton

Expected: 19
Observed: 21

bb vy
Expected: 5.5
Observed: 8.4

bb 1t
Expected: 5.2

Observed: 3.3

bb bb
Expected: 4.0

Observed: 6.4

Combined
Expected: 2.5

Observed: 3.4

CMS 138 fb~7 (13 TeV)
L | I 1 1 1 | | 1 L I | | ) | ) LI I
Ky =Ky =1 —e— Observed ~ ===e- Median expected
Ky =Ky =1 £===1 68% expected
R 95% expected
1 1 : 1 1 1 ' 1 L1 1 l
1 10 100

95% CL limit on o(pp — HH)/"meory
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o

CMS
bb bb bb 11 =
i i i i
bb yy Combined =

| | | |
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---- Median expected
I 68% expected
95% expected
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Performance of the 2S module of new
CMS tracker



LHC -> HL-LHC

i’“Hing

. LARGE HADRON COLLIDER

LHC / HL-LHC Plan

LHC HL-LHC

Run 1 | | Run 2 | | Run 3 ‘

2y BT YR == s
e

| Run4-5...

13.6 - 14 TeV
energy
Diodes Consolidation l;
splice consolidation cryolimit LIU Installation ) ] - |
7 TeV 8 TeV button collimators interaction . ) inner triplet . HL LH.C ]
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Key changes:

5 to 7.5 times higher
instantaneous luminosity
than the present one

» Expected total integrated
luminosity would be > 3000
fb-1

*Level-1 Trigger rate would
be 750kHz instead of
100kHz

* Inclusion of tracking
information in L1

- HGCal and MTD installation
* Brand new CMS tracker




Current CMS Tracker
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New CMS Tracker
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Outer Tracker : 2S pT module
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1 2 parallel sensors with 2 x 1016
Silicon strip detectors

1 Strip length 5¢cm, pitch: 90 p
1 22S FEH : 2 x 8 FE chips (CBC3) Correlation layer

Stub
passed

Sensor

1 Position of consecutive hits i.e.

clusters with half-strip precision

1 Advantage of on-module track Seed layer
reconstruction above a pT Particle #1

threshold through “Stub”
formation
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1 Charge integration,N (Comparamn
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Shaping stage
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Beam Test

Reference Telesco

Plane P Telescope

Plane 5 Telescope

Plane4  plane 3 Telescope Telescope
Plane 2

Telescope
Plane 1 Plane 0

Beam

Scintillators DUT
on the rotation stage

Scintillators

Proton (120 GeV) / Electron (4 GeV) beam

DUT: Detector under test (2S module) with resolution ~25 ym
Telescope system: Six pixel detectors with resolution ~4 ym
Feld: Timing layer used for trigger

Telescope planes reconstruct tracks precisely

Tracks with hit at Fel4 are selected

Clusters or stubs matched with the ‘selected’ tracks describes
the performance of a DUT by the track matching efficiencies

Effect of radiation has been examined using irradiated module

Mainly two type of scans have been performed:

Threshold (V py) scan

1 Angular Scan
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Threshold Scans

Hit detection logic:
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Angular Scans

Irradiated with 23 MeV protons

up to a 1 MeV neutron equivalent fluence of 4.6 x 10 necm .

2

120% of the max fluence a 2S module expects after 10 years of HL-LHC operation.
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pT can be emulated from
Incidence angle

In 3.8T B, a 2S5 module is
placed at the 4th layer of
outer tracker barrel with a

correlation window of 5
strips

On-module high pT track finding
logic seems perfect
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Phenomenological Studies



Search for exotic Higgs boson at the LHC

Flavor models based on Discrete symmetry groups with extended scalar
sectors known to yield CP-even and CP-odd spin-0 exotic states

S3 symmetric 3 HDM: 3 CP even, 2 CP odd neutral and 2 sets of charged
scalars with purely off-diagonal couplings (No H(X)VV coupling): Particles of
interest: CP even heavy scalar H, CP odd light pseudo scalar X ... Couplings of

interest: Huc, Xmutau
% = 1000 fb~!
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Major Bkgs: WZ+Jets, ZZ+Jets, t1Z+Jets
Phys.Rev.D 106 (2022) 5, 055032



DL: m, = 20 GeV
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https://arxiv.org/abs/2212.09061

Search for exotic Higgs boson at the LHC

Flavor models based on Discrete svmmetrv aroupns with extended scalar
Muon g-2 and W-mass in a framework of U

colored scalars

Type-X 2HDM is augmented with a color octet isodoublet: Y Ttbar

able to explain the observed value of W-mass by CDF and g-2
anomalies with minimal flavor violation.

Eur.Phys.J.C 83 (2023) 9, 870
A collider signature in bbtautau final state has been studied <

Significance
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Do not let the neutrino escape
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Event Selection

Dataset:
* DYJetsTolLL

2 tau candidates of opposite charge
12 < Invariant mass of two taus < 200

No extra electrons or muons

* Muon selection: » Electron selection:
. Pt > 20 GeV - Pt> 25 GeV
o Jletal < 2.4 * letal <25
+ ldxyl < 0.045 + ldxyl < 0.045
« |dz| < 0.2
© ldzf <0.2 - mvaFalll7V2Iso_WP80
° mediumld » Electron.DeltaR(Muon) > 0.2
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Jet 4

* Tau selection:

Pt > 20 GeV

letal < 2.3

|dz| < 0.2
idDecayModeNewDMs
DM: 0, 1, 2,10, 11

idDeepTau2017v2plVSjet >= 4, idDeepTau2017v2plVSe >=
2, idDeepTau2017v2plVSmu >= 1

Tau.DeltaR(Muon/Electron) > 0.2

o Jet selection:

Pt > 25 GeV

letal < 4.7

jetld ==

puld == 4 if pt > 50 GeV
Jet.DeltaR(ele/mu/tau) > 0.2

* Gen tau_nu selection:

Flags: isTauDecayProduct |
isPromptTauDecayProduct | isDirectTauDecayProduct
| isDirectPromptTauDecayProduct

|Pdgld| of mother == 15
Gen.DeltaR(tau) < 0.4
Pt > 0.1 GeV




Networks used

ResNet: Deep Neural Network with skip connections
Initial layer: 512 hidden nodes [4 ResNet blocks with three layers]

Activation: selu

Batch Normalization
Dropout: 10%

L2 Regularizer: 0.0001

LBN: Lorentz Boost Network + ResNet
LBN with 2 hadronic taus, 4 leading jets, MET
LBN outputs: 5 particles with ['E", "px", "py", "pz", "pt", "eta", "phi"”, "p", "m",
"pair_cos"]
Extra features concatenated with LBN output
Then the skip connections are the same as mentioned in ResNet



LosSS

Two types of loss functions are used

Huber: 5 — 1 g Huber loss function hs(x)
\. -== 06=1 /
6 " 6=2 /
T\ —— =3 /
%az for |a| < 4, \ y
4— : .
Ls(a) = 1 . |, /o
0 - (\a,\ — —5) , otherwise. RN S
7 NN Al
N 7
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mTT

Custom MAE loss:
sy a=1,p=1

Mean OF Za ‘ypred_ytrue‘ + ﬂ ‘ mit
y_pred and y_true include the px, py, pz only.

Adding this extra mass constraint in the loss



ResNet with Custom Loss
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Using scaled input features

* MET is considered as the reference object
* All the objects are rotated to the direction of MET
* Phi(object) - Phi(MET)

* To help the networks not to focus on the variation of Phi while predicting the shape of px,
py and pz

met_phi
10°

5
10
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Summary

Search for Non-
Resonant HH production with full-
run2 data

HH -> bbWW channel

Challenging for high background

yield: Machine learning based
classifier is used for better
sensitivity

Currently 5x better results than
2016 & will be added in HH
combination

Performance of
2S module for Phase-2 CMS
outer tracker

New tracking detector will
be installed at the HL-LHC

Outer tracker will have 25
modules

The performance of those
modules are tested in beam
test experiment

Tracks with pT > 2 GeV can
be used in L1 trigger for
(un)-irradiated 2S modules

Regression of
heutrino momentum

In Higgs to tau tau analysis
for CP violation, it is
important to get full tau
momenta

Several ML based approach
can be used to regress
heutrino momenta

The plan is to use more
granular event information
and advanced techniques for
better performance.
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Uncertainties

Normalisation uncertainty

Sources.

Luminosity

Branching ratio

QCD scale, PDF, a,, EW
corrections

1 HH cross section
uncertainties

Fake non-closure

autoMCstats

(Barlow-Beeston)

Shape uncertainty sources:

1 PileUp reweighing

1 Trigger scale factors

Electron and Muon scale
factor

1 top pT reweighing

Jet pileup ID

Jet energy resolution, Jet
energy scale

b-tagging scale factors
PDF and PS weights
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ANGULAR SCAN: CHARGE SHARING
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EFT Shape Benchmarks
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SM 1.0 1.0 0.0 0.0 0.0 Figure 4: Distribution of points in the c2 X k: plane for different values of kx when (cg4, c24) = (0,0).
Circles describe clusters whose benchmark has Higgs boson pr (pr,1) peaking around 100 GeV. Downward-
Table 1: Parameter values of the final benchmarks selected by the clustering procedure [1|. The third pointing triangles describe clusters where pr u is peaking around 50 GeV or less, while upward-pointing

cluster is the one that contains the SM sample (defined by k) = Kkt =1, c2 = ¢4 = c24 = 0).

triangles describe ones with pt u peaking around 150 GeV or more. Finally, crosses describe clusters that
show a double peaking structure in the pr u distribution. Larger markers indicate benchmark points. The
gray lines correspond to iso-contours of constant cross section oun. See Fig. 8 in Ref. [1]| for more details.



EFT Shape Benchmarks

Cluster 1

1500»_-
[ Nsamples=2o
1m0I'AAAl-AAl.‘-l---1--
0 02 04 06 08 1
lcost*|
Cluster 5
2500
2000} ==
1500F
Nsamplos=36
1m0l'..ll...1...1...1..‘
0 02 04 06 08 1
lcosO”|

Cluster 9

sam

Nyampies = 187

PO T —

~02 04 06

0.8 1
lcosH*|

1608.06578

Cluster 2 Cluster 3
2500
200 s - |
1500 1500F
i Nsamples =36 ! Nsampfes =197
1000-..-:-.A1...1A..1A“ 1000P-AA1“-1-.-1---1.-.
0 02 04 06 08 1 0 02 0. 06 0.8 1
lcosH*| lcost*|
Cluster 6 Cluster 7
2500F
mow “
1500 iy |
[ Nsamp(es =16 [ Nsamp'os =112
1000 1000
0 02 04 06 038 1 0 02 04 06 08 1
lcos0*| lcos0*l
Cluster 10 Cluster 11
200 WOO%;H:%'
1500 1500f
- Nsamples =49 - Nsamp'es =23
1000t 1000
0 02 04 06 08 1 0 02 04 06 0.8 1
lcosB*| IcosB*|

59

Cluster 4
200
1500}
[ Nsammes=446
1000t
0 02 04 06 08 1
lcosh*|
Cluster 8

Nsamplos=86
10000
0 02 04 06 08 1
lcosO*|
Cluster 12
2000
1500}
Nsamp‘es=299
OOO‘---I---[;..IA.AIA..
0 02 04 06 08 1
lcosO*|



EFT Shape Benchmarks

Table 1.3 | Values obtained from clustering of the 12 benchmarks defined in Ref. [77],
with the additional "8a" point from Ref. [82].

Benchmark number | 1 2 3 4 5 6 7 8 9 10 | 11 | 12 8a
K\ 7511010 (-351101|24 |50 (150 1.0 |110.0| 24 |15.0| 1.0
Ky 10,1010 }15(10(10}10}|10 10|15 (10|10 ]| 1.0
Co -10(05(-15|-30/00(00| 00| 00|10(-10(00] 10| 05
¢, 00 -08{00|00|08|02|02|-10(-06| 00|10 0.0 |0.8/3
Cg 00,06 |-08/00(-10|-02|-0.2| 10 | 06| 00 |-1.0|] 0.0 | 0.0

Table 1.4 | Values obtained from clustering of the 7 benchmarks defined in Ref. [79].

Benchmark number 1 2 3 4 5 6 7
K\ 3.94 6.84 2.21 2.79 3.95 5.68 -0.10
Ky 0.94 0.61 1.05 0.61 1.17 0.83 0.94
o -1./3. 1./3. -1./3. 1./3. -1./3. 1./3. 1.
c, 0.5x1.5 0.0x1.5 0.5x1.5 -0.5x1.5 | 1./6.x1.5 | -0.5x1.5 1./6.x1.5
Caq 1./3.x(-3.) | -1./3.x(-3.) | 0.5 x(-3.) | 1./6.x(-3.) | -0.5 x(-3.) | 1./3.x(-3.) | -1./6.x(-3.)
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