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Double Higgs production and decays

Non-resonant HH production ™7 j B(HH sxx yy)
® Sensitive to AHHH = f‘gg g o 1253(;)(;/

o Test non-resonant BSM effective models W|th Svmmetry 2029, 14(T). 1467

anomalous couplings k) At kv, Ky

[ IIIIII| | L 11

o Affects the kinematic distributions as mnn

Resonant HH production
o Study different BSM models predicting 77

JUUIIII | 1 IIIIII|

resonances at the TeV scale —
. . YY | 026%  0.1%
o Warped Extra Dimension (WED) model, | | | | .

\4

SM Higgs pair produced from decay of heavy tarer 0 WW 99 TT 77 Yy

>

particle X rarer
» Spin 0 (radion) or spin 2 (graviton-bulk) bbtt channel: good trade-off between BR and

e mx € [250, 3000] GeV signal purity
o Enhancement in onn around its mass ABHH — bbrr) ~ 7.3 %
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https://doi.org/10.3390/sym14071467

Warped Extra Dimensions (WED)

® Introduction of a compact extra dimension with a warped geometry connecting two 3-branes

e Large hierarchy between Planck and electroweak scales is naturally generated by the exponential warp
factor

o WED fields emerge from 5D metric excitations
and KK decomposition

9 Two scenarios: Hidden Visible

e Randall-Sundrum (RS): SM fields propagate only in IR 3-Brane 3-Brane

e Bulk: SM fields allowed to propagate between IR and UV

|Focus on TeV scale particles predicted: |

Radion - spin 0

Planck Scale TeV scale

KK-1 mode Graviton - spin 2 |
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BR(R* — HH) ~ 25%
for large masses

BR(G — HH) can reach

up to 25% under certain

hypotheses
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https://arxiv.org/pdf/1404.0102

The Large Hadron Collider (LHC

https://cds.cern.ch/record /2800984 g
+@+ R=%)-06 LHC parameters during Run 2

Energy/beam 6.5 TeV

- Bunch-cross frequency 40 MHz

T/ AWAKE o(pp, inel) 80 mb
Peak inst. luminosity |2 x 103* cm=2 5!

MEDICIS
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This thesis ..

Today

A | HL-LHC
/ LEIR - Run 1 Run 2 Run 3 ‘ Run4-5...
3 13 TeV E82 13.6 TeV 13.6 - 14 TeV
- P Diodes Consolidation : enersy
splice consolidation cryolimit LIU Installation ) d HL-LHC
Act|ve S| nce 2009 7Tov 8T_eV bun:;;:::;:z:ors Irr;tgei:;c;'on Civil Eng. P1-P5 pllot beam Irgr&ieart}o ﬁrtnit installation
. . ||||||m»
2012: H Iggs boson d |SCOV€ ry ATLAS - CMS 5 to 7.5 x nominal Lurﬂi_JI
experiment upgrade phase 1 A1;-ILLAS - (‘:’MS /
. beam pipes _ ) 2 inal Lumi > L upgrade
Many experiments (not only LHC ones!) omnalum | DTTELmY AUCE-LMC e :
' : ' a - 3000 b
Long term schedule, high luminosity to collect huge EXrd 190 o EXd :3‘:%’3@%3

HL-LHC TECHNICAL EQUIPMENT: ™=

amount of data for subsequent analysis

DESIGN STUDY <3 ’ PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. ||H PHYSICS

Source: HL-LLHC schedule
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https://cds.cern.ch/record/2800984
https://hilumilhc.web.cern.ch/article/ls3-schedule-change

The Compact Muon Solenoid

CMS
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ment

BRIL
Pixels
Tracker
ECAL
HCAL
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STEEL RETURN YOKE

~13000 tonnes

Total weight
Overall diameter
Overall length
Magnetic field

SILICON TRACKER

Pixels (100 x 150 um?)
~1m? ~66M channels

Microstrips (80-180um)
~200m? ~9.6M channels

BRIL
Luminosity Telescope: ~200k Si pixels (100 x 150 um?)
Beam Monitors: 80 diamond sensors, 40 quartz counters

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)

~76k scintillating PbWO, crystals

PRESHOWER

Silicon strips (6cm x 2mm)

( ~16m? ~137k channels

SUPERCONDUCTING
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Niobium-titanium coil

carrying ~18000 A FORWARD

CALORIMETER
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HADRON CALORIMETER (HCAL) ~2k channels
: 14000 tonnes Brass + plastic scintillator MUQON CHAMBERS
:15.0 m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
:28.7m Endcaps: 473 Cathode Strip & 432 Resistive Plate Chambers
:38T

Angular separation: AR(i, j) = \/(nl- — 1) + (¢ — ¢)°

Pseudo-rapidity: n = — ln(mn(g))

ﬁ‘

R (cm)

02 03 0.4 0.5 0.6 0.7

0.8

per

(84.3°)(78.6°)(73.1°)(67.7°) (62.5°) (57.5°) (52.8°) (48.4°) (44.2°) (40.4°)

1.1 1.2
(36.8°) (33.5°)

1.3
(30.5°)

INMNB VAV

600

500

400

300

200

100

700 .
(wheel 0;

(mMB4 )

wheel D [wheel 2,

(MB3

--------------------------

ME2/1
Il
I!ﬂ

KM

-

3/1

iﬂu |

|
|

-

L
==

oooooooooooooooooooooooooo

1.4
(27.7°)

1.5
(25.2°)

1.6
(22.8°)

1.7
(20.7°)

1.8
(18.8°)
19
(17.0°)
2.0
(15.4°)

2.2
(12.6°)

center of /

the LHC

Valeria D’Amante

X - HH — bbtt at CMS

22/05/2025


https://cds.cern.ch/record/1223872

Resomnant HH searches im bbtt channel

State of art - current public
results from ATLAS and
CMS

95% CL limits on ¢ (pp — X — HH) [fb]

This analysis

2016 (Run B-F) “preVFP” (19.5 fb1)
2016 Run(F-H) “postVFP" (16.8 fbl)
| 2017 Run(B-F) (41.4 fb1)
2018 Run(A-D) (59.8 fb1)

l Total mtegrated Iummosuty 138 fb 1}

107

10

| Full Run 2 data (2016-2018)
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Improved ECAL calibration

— better energy resqutron

ii New (and more) advanced partrcle ,
reconstruction and ID technlques !

Part of methodology |ner|thed from :

n non- resonant Hbett anaIysrs |
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https://link.springer.com/article/10.1007/JHEP07(2023)040
https://www.sciencedirect.com/science/article/pii/S037026931830008X
https://cds.cern.ch/record/2803419?ln=it

The bbtt final state

CMS Experiment at the LHC, CERN
% 8 Data recorded: 2018-Jun-05 00:03:03 GMT
Y. ™ Run/Event/LS: 317434 / 317344378 / 239

All H(tt) final states (“channels”)

reconstructed

Channels used for signal extraction:

eTh, WTh, ThTh covering ~ 88 % of tt decays

Hadronic jet(s)

from T

Missing energy tn the transverse plane

Llor electron or jet from hadronic t, depending on the channel

— HH — bbtt at CMS 22/05/2025



The bbtt final state

H — t™t reconstruction and

CMS Experiment at the LHC, CERN
% 8| Data recorded: 2018-Jun-05 00:03:03 GMT
™ Run/Event/LS: 317434 / 317344378 / 239

“

selection

Trigger targets: (e, 1, Th, MET)

Offline objects reco & ID

H(tt) pair assessment

Hadronic jet(s)

from T

Missing energy tn the transverse plane

Llor electron or jet from hadronic t, depending on the channel
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Irggers

All triggers lists and

performance i backup

Single electron €Th, €€, el

Cross €Th €Th

MTh, HM,e
Cross LTh LTh

Single Muon

di-Th ThTh

single th (high-pt)
MET

€Th, KTh, ThTh

€Th, KTh, ThTh

Valeria D’Amante

Online requirements Online-Offline
& matching within
Offline selection: validity regions AR=0.4
pr(£1) (GeV) 7 (41)] pr(£2) (GeV) 7(£2)]
Singlele o @ 2.5 (2016) - o @ 2.5 (2016)
2.1 (2017, 2018) 2.1 (2017, 2018)
CrossEleTau > 25 <21 AND > 35 <21
SingleMu >pr (1) <24 OR >pr (1) <24
CrossMuTau > 22 <21 AND > 25 <21
Di-tau > 40 <2.1 AND > 40 <2.1
SingleTau > pr (T) <21 OR > pr (T) <21
MET MET-nou > pr (MET)

X - HH — bbtt at CMS

PT (GeV)

2018

2017

2016

MET

33
26
190
150

33
29
190
150

26
26
130
130
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The t lepton reco and 1D

T — pv, v, (Tu) - muon

T — ev, U, (Te) - electron

9 Reco: Trk + ECAL
o |D: MVA

ECAL

T — U_+ hadrons () - jet
9 Reco: Trk + Muon system
9 |D: Cut based

9 Reco: HPS algorithm
o |D: DeepTau

T-jet axis

try A

signal cone R ¢ g >

/G
X
e
Tracker PR
A
S
1y

QCD

process

Muon Vertex

Th

Algorithms description and

E(»miss Z 5 perjormance in backup
T
l
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H(tt) candidate selection

;| |dyy| Iso ID
0.2 0.045 PF RellIso03 < 0.3 HVALSONPSD
- . < U. < U. S0o0s < U.
® General requirements on leptons —————» OR MVANOISOWPSO

<02 <0.045 PF RelIso03 < 0.3 TightID

VSe > VLoose WP
VSjet > VVVLoose WP

® Trigger validity regions, in slide 10 | VSmu > Tight WP

h | |

PF Rellso03<(0.15 MVAIsoWP80

o H(tt) pair assessment inherited from H(tt) analysis, in backup

PF RelIso03 < 0.15

. . - VSJet > Medium
® Channel-driven selection @ —0ooo—uu L2 - :

PF RelIso03 < (0.15 MVAIsoWP80

- MVANoIsoWP80

PF RelIso03 <0.15 -

pr(GeV) |yl |do|  |dxyl ID

® Third lepton veto 510 <25 <02 <0.045 MVATSoWP90

. : u >10 <24 <02 <0.045 (TightID OR MediumID)
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https://twiki.cern.ch/twiki/bin/viewauth/CMS/HiggsToTauTauWorkingLegacyRun2#Pair_Selection_Algorithm

The bbtt final state

H — b b recon St ru Ct | oNn an d W CMS Experiment at the LHC, CERN

Data recorded: 2018-Jun-05 00:03:03 GMT

Run / Event / LS: 317434 / 317344378 / 239

selection

Jet reco: AK algorithm

Resolved “"AK4" jets selection

H(bb) pair assessment: HH-bTag

g T
X T o Hadronic jet(s)
______ Y j?rr. 01N, T
X Hadronic jets
. H from b-quarks
b

Llor electron or jet from hadronic t, depending on the channel

X - HH - bbtt at CMS 22/05/2025



Resolved H(bb) candidate

pr (GeV) |n|  AR(jetleps) Other
5 2 resolved jets (AK4) passing this selection e | JetID = 2
AK4 jets > 20 <25 > 0.5
pr >50GeV OR PuJetID
9 HH-bTag: DNN trained for identifying H(bb) final state AK8jets >250 <25  >0.8 Mo frrop > 30 GeV
e Introduced for non-res analysis, retrained for resonant
.. .o 2018
o Best performances w.r.t. prev. training and other similar spin-0 hypot. ) )
algorithms . et *
: o . ° . . ° °
_ Nmatch (2 jets from H(bb) correctly selected) 0s2{ o L
purity = > * ., .
Nmatch 5 0.90- ° . o ©
. ® ParticleNet
. NMatch _ N(gen-reco matched obj) *®1 & DeepFlayv |
¢® HH-BTagvl
. . . . 0841 @ HH-BTag v2
9 H(bb) candidate: 2 jets with highest HH-bTag score B S R e N
mX [GeV]

Valeria D’Amante X - HH — bbtt at CMS
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The bbtt final state

H — bb reconstruction and

selection

Jet reco: AK algorithm

Boosted "AK8" jet selection

H(bb) boosted candidate: pNet

CMS Experiment at the LHC, CERN
- %| Data recorded: 2018-May-04 12:01:36.569856 GMT
P/ > | Run/Event/LS:315703 /518669567 / 518

Merged jet

q
q g
Boson Boson Boson _%
q
q
q

Low boost

X - HH — bbtt at CMS

22/05/2025

High boost



Boosted H(bb) candidate

pr (GeV) ||  AR(et,leps) Other

o At least one merged jet (AK8) passing this selection

JetID = 2
AK4 jets > 20 <25 > 0.5

pr >50GeV OR PuJetID

9 ParticleNet-MD: state-of-art for CMS boosted jet

_ AK8ijets >250 <25 > 0.8 Msoftdrop > 30GeV
tagging
o Graph based architecture: jet as a particle cloud. . 100 CMS Simulation Preliminary (13 TeV)
o - H— bb vs QCD bb o
e Mass decorrelation: trained with a flat distributions in pt S | 450<pr<600GeV, ini<24
u(]:) - 90 <mgp < 140 GeV g
and mass of the resonance. g 107f {1 R
MD g
P(Xbb (qv] 10—2_ _ O
D,, = - B
bb MD MD
107 —— ParticleNet-MD bbvsQCD 1 %
. . . . — DeepDoubleBvL { 5
O H(bb) candidate: the AK38 jet with hlghest PNet- ~— DeepAKB-MD bbvsQCD |
double-b
MD score 000 02 04 06 o8 1o

Signal efficiency
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https://cds.cern.ch/record/2866276

Background processes

q Y : : +
tt pair production . 2 Signal § T q QCD multi-jet
w- 7 - X v
t = e
b b
w+t “ o H )
Tt b
b _
! Process o(pb) !
Irreducible backgrounds v ant\l/’i/o(TV)p a: fe);:ducmn 6?22'69_7 Reducible backgrounds
. Z(11)+Jets 6077.22 ; St
b QCD o(109) -
\\M Single top (top, t-channel) 136.02 \/ _ -~ <
b Single top (anti-top, t-channel) 80.95 ,
Y Single top (tW) 7].'.7 q
y . : q
i SM HH bbtautau 0.03501
/ < l @6666666’\@
q a a
Z (£7) + Jets (“Drell-Yan") Not observable @ CMS right now W (£D) + Jets

eria, D’ Amante X - HH — bbtt at CMS 22/05/2025



QCD estimation

® Shape estimation in SR taking shape and transfer factor from orthogonal sidebands

® QObservables: 2nd lepton isolation and the leptons charge signs

® Subtraction of MC simulations in sidebands . CMS hh—bbrr 187.61 fb” (13 TeV)
S | CMSPrivate Work ~ H&aes _ getune.
D 7000 bbr, v jnclusive o [ W+Jets
: =i
: ]
% 6ooo:— No mass cuts EWK B TTX

- :
3 c 5000}
o i
: 4000

9 OS non-iso :
; 3000}
> :
2000}

Q i
2 1000}
A 5

§ OS iso ) 0-
g 1.4F
F?) % 1.2F
. . -~ 1;

= Signal region Sosf
0.6f

25

Opposite sign ~ Same sign
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Categories

H(bb) has 2 AK) jets passing

Reslb, Res2b, Boosted: deepFlavour Medium WP

o (Categories for signal extraction

\L Yes

® Designed to optimise the signal
sensitivity and reduce backgrounds

Inclusive: AKS Jet passes H(bb) hqs

® Not used for signal extraction Dyy low purity L jet passing
deepFl

o Only AK4 jets regardless of WP* cEPTLADOUT

' ‘¢
deepFlavour WP, no AKS8 jets Mediwum WP

Yes No Yes,

No
D,,, defined in !

Valeria D’Amante X - HH — bbtt at CMS 22/05/2025




Signal / Control Regtons

Include at least 70% of all

myy, € [70,150] GeV
m>Y € [80,170] GeV

signals

| No s TTCR

Orthogonal to SR
Entire phase space

Exclude 90% DY

i

L X 2T < o= i < o S o= ~ Y S, GnlScsi il < o S o= < ple N
o

¥ |\ | :

-4

b,

miis € [70,100] GeV TN 00 > 80 Gev [N DYCR
Yes Yes Include at least 68% of DY

) B,

3 3

d =

3 [] l' ‘.~~
| RS-SRS T eie T oo Sy e SRS S oy ¥

=

N/C

Channel Mirr Category i

m2Y . .
CTh, MTh, ThTh T Reslb, res2b, inclusive M(j1,j2)
ee, ML, EML T Boosted Msoftdrop
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Data/MC comparison in DYCR

Recap: Check DY MC samples Muons: larger discrepancies at high pt, due to
o ee, W channels inefficient behaviour of tightlD tagger. Muon
o |Include 68% of DY POG suggested to add a 5% uncertainty

CMS hh—bbrr 137.61 b (13 TeV) CMS hh—bbrr 137.61 b (13 TeV) CMS hh—bbrr 137.61 fb™ (13 TeV)
I I ; ——data obs - Stat. unc. - : —+-data obs = Stat. unc. — N ; —+—dataobs  Stat. unc.
> 0 CMS Private Work = QCD . EmDY Zol+jets  ~ =B000 CMS Private Work = QCD  EEDY Z— Il + jets 500 CMS Private Work = QCD  EDY 7— Il + jets
—| 2500 bbee res2b I it [ W+Jets —|o | bbuures2b W it [ W+Jets —|o F bbuures2b Wt [ W+Jets
O 1 Single topJH \_%OOO_— 1 Single top[JH O 000F- 1 Single top[JH
— i A% VvV - A% VvV ~—4 : NAY mA'A'AY
- L EMEWK mE@TTX - r EMEWK  m@TTX c EMEWK  mmTTX
2752000 21356000 2|733500
o = i 3 = 0 =
W5 I0(-S5000 (5| 53000
1500~ 2500}
i 4000
I 2000
1000 3000
1500
2000 1000
500
1000 500
0 0 — 0
O 14F O 14F O 14F
= = = = = 1.2F
=~ 1-2: ° ® - 1.2_ S~ - ° -——00—
..CE 15._{ - ——— o —eo o . — —® — _'(E 15__.__.__.__._ ——o ——_ . _% 1Eo-—e— . — T ———— — KRR KR KR KK KR KR KR KR KK KK KK KK KK KK,
S 0.8F S o8k S o08f
0.6 | | | | | | | 0.6F | | | | 0.6F | | | | | , ,
40 60 80 100 120 140 160 180 200 50 100 150 200 250 40 60 80 100 120 140 160 180 200
p.(lep) (GeV) p.(b)) (GeV) p.(lep) (GeV)
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Data/MC comparison in TTCR

|

| ; TTCR? observed PT b

o ee, uu channels: exclude 90% of DY

|
|
(

|
1
. . . . l
' candidates in tt data were found to be significantly } ® eTh, WTh, ThTh channels: out of SR
softer than predictions from MC simulations | o eu channel: entire spectrum
. — —— e ————————————
CMS hh—bbrr 137.61 fb™' (13 TeV) CMS hh—bbrr 137.61 fb™ (13 TeV) CMS hh—bbrr 137.61 fb™' (13 TeV)
6000— : —4-data obs  Stat. unc. S - ; —+—dataobs  Stat. unc. - ; —-dataobs - Stat. unc.
= I CMS Private Work =9QCD  EEDY Z— Il + jets > 900¢ CMS Private Work EIQCD  mEDYZ—l+jets = %OF CMS Private Work ==QCD  EmDY 7— Il + jetd
—|©o ¢ bbuures2b I tt [ W+Jets —(o t bbert, res2b I tt [ W+Jets —|© ¢ bbrrres2b B it [ W+Jets
O 3 Single top—H O 8ooF [ Single topJH O 80 [ Single top[JH
~—5000- m Vv A — m Vv AN — m Vv VWV
= EWEWK  mmTTX < 700F- EMEWK  mmTTX c 7ob EDEWK @ TTX
| = N|+= N N| = —
2|5 cl2 =
S| 4000 2 = goof = 60—
£ ITE= - .S C
L O O - O )
500F 50
3000 -
400F 40
2000 300 30
200 20
T 029292929090 THEEEEEEEEEEE N U909 e N $ 200090909090 0 ==
100 10
0 ——— 0 e ———————_—______________ . _
O 14F O 14F O 14F
%%-Lzé- %% 1.2F %% 120, 4
S o.gi— ekl Sos8f y 9 o_g; ™ ' +
0.6 _ . . . 0.6F . , , , 0.6 . . . . , , ,
50 100 150 200 250 50 100 150 200 ot 40 60 80 100 120 140 160 180_ 200
p_(Iep.) (GeV) p.(b) (GeV) p_(lep ) (GeV)
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my, € [70,150] GeV

Data/MC comparison in S < 50,1701 G

— -1 — -1 -
CMS hh—bbrr : 1 :7.61 be (13 TeV) 500 CMS_hh—bbrr 137.61 fb" (13 TeV) CMS hh—bbtr 137.61 b (13 TeV)
P - ; —+-data obs - Stat. unc. - ; —+-data obs -~ Stat. unc. - .
S geon OMS Private Work 5 0ch™ gDy 7 I+ ets = [ CMS Private Work  Zocp mDY 2 Il + ets — | CMS Private Work - 3&a0bs -gtj“-zﬂ‘ﬁ-”etc
—(@ " bbert res2b ltt [ W+Jets —|o - bbut res2b I tt [ W+Jets ~3 12F bbrt res2b =T ] W+Jets |
O) - 3 Single topJH O) - h 3 Single topH S n 3 Single top[JH
~ a0l VvV o VVV ~— 400\~ VvV o VVV - T I = VWV
WE= - B EWK ETTX wlS i B EWK ETTX = 10 I EWK mmTTX
o2 o2 L £l [
o = 250 o = I o = [ —+—
f-£ |-£ 300 bl s
200}~ 3 o
100
50
0 0 . Qe
Q1.4f O 1.4F Q14 _4—
i) 1o o —— —+— ) TR, + K, = 1Fe——e—o—e—o—o——o— i ———+—— 1 -— 1:\ 25 2% —+‘—" 9 5 5 % & & 5
S 0.8F B ; S 0.8F —+ ' S o8t | |
Qo Y-St Q 3 |
0.6F | | | | | | | | 0.6F | | | | 0.6F . . . .
20 40 60 80 100 120 140 160 180 20C 50 100 150 200 250 50 100 150 200 250
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DeepTau 2p5 jor t 1D

DeepTau: machine learning based multi-class th ID algorithm

Three discriminators built from scores: VSJet, VSEle, VSMu

DeepTau2017v2pl DeepTau2018v2p5

8 (Convolutional Deep Neural Network architecture 8 Adversarial ML techniques for domain adaptation during

® High-level reconstructed t features + low level information training
from all sub-detectors, objects reconstructed within the t 8 Training of sub-networks with competing goals: th
isolation cone classification and data VS MC discrimination

& Issue: data/MC disagreement at high deepTauVSJet e Maximise the th ID while preventing data/MC disagreement

Deprecated after run 2 Recommended for Run 3 analyses

In this presentation: preliminary results using Deep Tau2018v2p5 for Ty selection
Only for thth channel, expected higher gain for deepTauVSJet
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Data/MC comparison in SR: v2pl VS v2p5
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Data/MC comparison in SR: v2pl VS v2p5
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MC corrections

® Reco and ID techniques might have different behaviour in data w.r.t. MC.

e To overcome this issue, MC are corrected with scale factors (SFs)
o SFs are affected by both statistics and systematics uncertainties

e Introduction of systematic uncertainty to scaled MC samples

1 00CI\IS Simulation Preliminary 2018 (59.81b™")
g TTToHadrdnic. (prZSOGeV) | , o CMS Pre”minary 2018 (sgsfb-I)
£ - Deeplet i | ' ' | |
':3 @oeepcstv (L}') DeepJet M WP (comb) + System8 + Tag&Probe
£ | | 4 4l — fit + prrel + kin. fit
- SR I N S SN I S B it + (stat @ syst) + LT
$ g
s 1.2
YeS-u 1075 BUt-- 1'0
0.8/
DeepJet efﬁuency 1075 : 20 30 50 70 100 140 200 300 tSOOG :Iooo
0.0 0.2 04 06 b_pl? 10 jetpr (GeV)
jet efficiency
DeepJet WP-based scale factor
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Systematic uncert (Lmtes

| rewelght to match I\/IC W|th data ]
® Many sources of uncertainty ( ~ 150! ‘& PU profile &R [ ||

e Known un-modeled effects @

® SF com pUtatIOn M CMSS/mulatlon Preliminary 59.83 fb~!, 2018 (13 TeV)
et = — Cenrra | ;
e Theory prediction = o | ———
| Lum|n05|ty measurement: @
e Analysis techniques m dlfferent behaviour of detector
o Types: s
et : : | 11 Branchlng Fractions
o Normalisation: changing the yield of I — b L LIS
H error on H — bb :7 55
Processes

ﬁ erroronH—>TT +165%

. . . . ) — 1 [
» Shape: changing the shape of distribution w [ - —p — 1 — — —— \
Mun(GeV) | - 7
e Limited size of MC samples ———— —

| \_ L_Addltlonal MuonlID uncertamty (5%) '
| To conS|der tlghtID mefﬁuency at hlgh PT . |

9 Some sources may affect both normalisation and

shape
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Systematic un cefr‘t (Lmtfbes

® Many sources of uncertainty ( ~ 150!1)

e Known un-modeled effects @

e SF com putation w _ CMS simutation Preliminary X41.48fb‘1,‘2017w(‘13'l;eV)
£ 1oof — Central |

. . w I |

e Theory prediction = —e

80[-

Uncertainty on T energy

60[-

e Analysis techniques A

| dlstr|but|ons
& Types: distnibutions i
o Normalisation: changing the yield of
DroCesses :

 Shape: changing the shape of distribution “ =

e Limited size of MC samples

9 Some sources may affect both normalisation and

shape
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Systematic uncertaimties

Impact Ar
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Stgnal extraction observable: HH-KinFit Mass

® Search for resonances: invariant mass of products is one of the most sensitive observables

o MET — loss of resolution of mun distribution ~ kinFit 't 't 't 't
My = My = = p{i +p{; +p£’1 +pljj2

o Kinematic fit applied to correct for this effect:

o Global y? fit as a function of the b-jets and recoil energies

e Minimising it to obtain corrected decay products 4-momenta used for the invariant mass calculation

CMS Simulation Preliminary 138.8 fb~!, (13 TeV) CMS Simulation Preliminary 138.8 fo-!, (13 TeV)
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Signal extraction observable in boosted category

o Kinematic fit not implemented in boosted categor Vis+MET __
P &O1Y Py = Puwb) T PH(zr) T Priss

due to computational complexity

. _ — o VISTMET __ vis+MET
o ml‘jngET IS used My = My = || PuH |

» despite its limitations in the resolved categories, it achieves best performance in boosted category

o particularly effective at high mass

CMS Simulation Preliminary 138.8 fb~!, (13 TeV) CMS Simulation Preliminary 138.8 fb~!, (13 TeV)
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Fit procedure

® Binned Maximum Likelihood Fit using the HH-kinFit/invariant mass to build the test statistics

o Calculated separately for the different selections using DeepTauV2pl and DeepTauV2p5
e 25 mass points
e spin-0 and spin-2 hypotheses
e eTh, UTh, and thth channels for DeepTauV2pl and thth channel for DeepTauV2p5
e 4 eras (2016H, 2016, 2017, 2018)

o Signal extraction: CLs statistical method (details in backup) - used by ATLAS & CMS

® Blind analysis: final fit using MC only
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Results - Spwn 0

o Model-independent 95% CL exclusion limits for a spin-0 resonance production cross section

times BR(X— HH — bbtt ) shown combining channels
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9 |ncreased Run |l statistics

o Improvements in analysis techniques ﬁ

& wider range w.r.t. previous search

m _ ((_e\/)\
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Results

SPIn. 2

o Model-independent 95% CL exclusion limits for a spin-2 resonance production cross section

times BR(X— HH — bbtt ) shown combining channels
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o Improvements in analysis techniques ﬁ
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Results: DeepTau 2p1 vs 2p5

o Model-independent 95% CL exclusion limits for resonance production cross section times

BR(X— HH — bbtt ) shown in each channel and compared to DeepTau2p5 channel

: 1
~ (,:N,Isl Work in pogress | 1,38| fo (13 TeV) CMS Work in progress 138 fb™' (13 TeV)
q:/ 4 B . B § | | | | | | | | | | | | | | | | | | | | | | | |
= 10 : —o— eTau — Median expected ] = 0tk —e— eTauy — Median expected —
'g E mutad S E muTau _
% N —&— tauTau 3 : —— tauTau
T 103 ~ =
T 10 3‘ % 103& |
U . t P .
T Spin-0 < Spin-2
a ! i \
o Q
T 10°F S0k
- © -
o c
= o
= E
O 3
-0 10 ¢ O 10
To) N 32 -
o Yo
o
| | | | | | | | | | | | | | | | | | | | | | | | | | |
500 1000 1500 2000 2500 3000

B ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] ]
500 1000 1500 2000 2500 3000
M (GEV) m.., (GeV)
HH

Valeria D’Amante X - HH — bbtt at CMS 22/05/2025



Conclustons and outlooks

9 The resonant X — HH — bbtt search with the full Run |l dataset has been presented

® Model independent 95% CL exclusion limits set on resonance production cross section with blind
approach (MC only)

Key highlight: hadronic T identification with ML-based Deep Tau algorithm
& Comparison between two training versions (v2pl VS v2p5) for the first time

» Relevant improvement in data/MC agreement for v2p5 while keeping similar sensitivity

» Crucial validation for ongoing Run 3

9 The analysis is under review process by the CMS collaboration and will be published after the
approval

9 Developing and testing advanced tools to enhance sensitivity is crucial to
e Enable more sensitive searches, wider phase space coverage

e .. And ultimately measure the SM Higgs self-coupling
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Thank you for the attentionm.

Questions

A special thanks to Agnese and Konstantin for supporting and guiding me

durtng my Ph.D.
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Limats of the Standard Model

® (ravity not included

® Lack of baryogengesis and matter-antimatter asymmetry motivation

© SM describes only ~ 5% of the matter/energy in the Universe. What about the remaining?
o Why exactly 3 fermion families?

® Neutrino oscillations demonstrate they have mass. Not included in the SM framework.

o Parameter values (masses, charges..) not predicted by the theory

® The hierarchy problem:

e Inconsistency between the small observed my value and the large quantum corrections it should receive due to

contributions from virtual particles at high energy scales Agumff, all canceled

o Severe fine-tuning issue
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Warped Extra Dimensitons - 101

k = AdS ture, ~ M
S M : d 2 _ d md N _f —2ky d 'ud U d 9 D j_cur\{a ure Pl
etrics S = §ynax adx =|ée n,,4x"ax + dy y = irection

\

Warp tactor Minkowski metric

& Quantum fluctuations around the classical metric solution

Hidden
20 (r. ) = h,(x, @) h,s(x, ) 3-Brane
h,u,S(x9 ¢) h55(~x9 ¢)
Axial ho=0 = =Rk
o Axial §alge. 1, 5 = Planck Scale TeV scale
MPl MPle—kL
—Z\ € ) r 1% -
ds? = e 2lechss o) (it e fh, (x, ) i + 72 (2 fass(e, p)]+ 1) dp?
Graviton modes (spin-2) Radion mode (spin-0)
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Resonant production - not only WED model

o Allows to study a large number of BSM models, predicting a heavy scalar decaying in HH in a

wide range of mass.

® The experimental signature of these resonance is a peak in the invariant mass spectra of the

Higgs pair candidates and an enhanced Higgs pair production cross section.

5 MSSM /2HDM: Additional Higgs doublet — 5 new scalar particles, of which two are CPeven
neutrals Higgses. The scalar boson observed at the LHC is interpreted as the light Higgs
predicted by the model

o Singlet Model: Additional Higgs singlet with and extra scalar Higgs having a not negligible width

250 400 600 800 1000 2000 3000 mx [GeV]

‘ i MSSM/2HDM | Singlet model | WED

at high mass
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Compartson with global results - spin 0
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Compartson with global results - spin 2

138 fb' (13 TeV)
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Double Higgs Production

Resonant, spin-0: state of art
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Double Higgs Production
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Resonant, spin-2: state of art
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MC samples and background modelling

Signals: MC simulation of resonant HH production via Gluon Gluon fusion at LO Before: Initial NanoAOD
(centrally produced)

o spin-0 ‘radion-like’, 25 masses points between 250 GeV and 3 TeV

Luminosity Afrer.
_ ‘ _ L _ ter: general loose
o spin-2 ‘graviton-like', 25 masses points between 250 GeV and 3 TeV sreselection
Backgrounds: Z( ) ‘
- Wpu - W t
o tt (NLO): MC simulation, dedicated phase space region to verify NTPS); = L -- pu_ 7 gen) lafter
data/MC agreement Z(wpu . wgen)lbefore
o DY+jets (NLO): 3 different MC simulation sets: inclusive, pt-binned (Stitched) Cross
and nJets- binned, and dedicated region to check data/MC agreement section
o W+Jets (LO): MC simulation, combination of 2 different sets: inclusive,
. . NNLO
binned in nJets _ _NLO/LO 1 0.
| | . S i = U; 'K NLO/LO
o Single Higgs, VV, VVV, TTX, Single Top - (NLO/LQO) - MC simulations K o ’
inc

o QCD: huge cross-section ~ ub/mb . Complex to simulate, thus estimated
with data-driven method (see slide 17)

K depends on the number of
MC sets

Valeria D’ Amante X - HH — bbtr at CMS 22/05/2025 |



T'rigger paths - 2016

Valeria D’Amante

Trigger Channel HLT path name
. HLT_DoubleMediumCombinedIsoPFTau35_Trkl_eta2pl_Reg
diTau T4, T,
HLT_DoubleMediumIsoPFTau35_Trkl_eta2pl_Reg EFra H
. HLT_VLooselIsoPFTaul20_Trk50_eta2pl
SingleTau | 7,7, T, TT)
OR HLT_VLooselIsoPFTauld40_Trk50_eta2pl
MET ThThy TuTh, TeTy | HLT_PFMETNoMul120_PFMHTNoMul20_IDTight
SingleMu Ty Thy TuTy HLT_IsoMu24 OR HLT_IsoTkMu24
HLT _IsoMul9_eta2pl_LooselsoPFTau20 WIP
MuTau TuTh OR HLT_IsoMul9_eta2pl_LooseIsoPFTau30
OR HLT_IsoMul9_eta2pl_LooselsoPFTau20_SingleLl
SingleEle TeTh, TeTe HLT_Ele25_eta2pl_WPTight_Gsf
HLT_Ele24_eta2pl_WPLoose_Gsf_LooselsoPFTau20 WIP
eTau TeTh OR HLT_Ele24_eta2pl_WPLoose_Gsf_LooselsoPFTau20

OR HLT_Ele24_eta2pl_WPLoose_Gsf_LooselsoPFTau20_SingleLl

X - HH - bbtt at CMS 22/05/2025




Trigger paths

Trigger

HLT path name

diTau

HLT _DoubleTightChargedIsoPFTau35_Trkl_TightID_eta2pl_Reg
OR HLT_DoubleTightChargedIsoPFTau40_Trkl_eta2pl_Reg
OR HLT_DoubleMediumChargedIsoPFTau40_Trkl_TightID_eta2pl_Reg

SingleTau

ThThy TuTh, TeTh

HLT _MediumChargedIsoPFTaul80HighPtRelaxedIso_Trk50_eta2pl

MET

ThThy TuTh, Te'Th

HLT_PFMETNoMul120_PFMHTNoMu120_IDTight

SingleMu

HLT_IsoMu24

MuTau

HLT_IsoMu20_eta2pl_LooseChargedIsoPFTau27_eta2pl_CrossL1

SingleEle

TeTh, TeTe

HLT_Ele32_WPTight_Gsf

eTau

Te Th

HLT_Ele24_eta2pl_WPTight_Gsf_LooseChargedIsoPFTau30_eta2pl_CrossL1

2018—

Valeria D’Amante

Trigger

HLT path name

HLT_DoubleMediumChargedIsoPFTauHPS35_Trkl_eta2pl_Reg (hﬂC;I?un 21317509)

HLT_DoubleTightChargedIsoPFTau35_Trkl_TightID_eta2pl_Reg
OR HLT_DoubleTightChargedIsoPFTau40_Trkl_eta2pl_Reg
OR HLT_DoubleMediumChargedIsoPFTau40_Trkl_TightID_eta2pl_Reg

SingleTau

ThThy TuTh, TeTy

HLT_MediumChargedIsoPFTaul80HighPtRelaxedIso_Trkb50_eta2pl

MET

ThThy TuTh, TeTh

HLT_PFMETNoMu120_PFMHTNoMul120_IDTight

SingleMu

HLT_IsoMu24

MuTau

HLT_IsoMu20_eta2pl_LooseChargedIsoPFTau(HPS)27_eta2pl_CrossL1

SingleEle

TeTh, TeTe, TeTy

HLT_Ele32_WPTight_Gsf

eTau

Te'Th

HLT_Ele24_eta2pl_WPTight_Gsf_LooseChargedIsoPFTau(HPS)30_eta2pl_CrossL1
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Inclusion of MET +simgleTauw tfmggefr‘s
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Trigger efficiencies - 1

| . .
CMS Preliminary ~ 35.9/41.5/59.7 fb ' (2016 /2017 / 2018) > L i _ CcMs 136 fb (13 TeV)
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https://cds.cern.ch/record/2678958/files/DP2019_012.pdf
https://arxiv.org/pdf/2410.17038
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Trigger efficiencies
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https://arxiv.org/pdf/2410.17038

Trigger efficiencies - 3
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https://arxiv.org/pdf/2410.17038
https://indico.cern.ch/event/982713/contributions/4138615/attachments/2162407/3653661/TauId_SingleTauTrigger.pdf
https://indico.cern.ch/event/1384895/contributions/5820945/attachments/2803232/5057056/UPDATE_Answers.pdf

Lepton iwsolation

T-jet axis

Muon Vertex

Muon isolation cone in AR Tau isolation cone in AR

1, =) pieet 4 max[O 2 prerathad 2 ph - p'TDU], 2 P, + max (0 2 Pr— Aﬁ)

; charged
re
Ipp = IPF / Py

AB=04576 Y p;

charged

e/u from T decays have small activity
around the lepton direction with respect

to the lepton inside the quark or gluon
jet
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Electron reco and 1D performauces

> 1,1(?,",".3,....,..,,,..,,],.,,,,,,f‘,‘,.5.f?,.??,T?.Y)?.°,‘.7
Electron through material = bremsstrahlung— e-+e- 5
. il 77 = _ :g EE*#‘C‘—‘—‘—'_ i'—‘—' Y=
pairs — “shower” in detector e o oo ‘f i
S o8 { t —
Reconstruction: ECAL + Tracker 2 o - 20en <4500V
RS
o ECAL: Cluster formation — seed cluster choice o 110325250062\,
(highest energy) — Superclustering s
-~ 1F---
T = .
. . . ® o9k * | :
o Tracker: Gaussian Sum Filter algorithm, O I {5 T 05 0 05 T 15 2 25
_ _ _ CMS Simulation (13 TeV) 201 7 N
reconstructing electron trajectories, based on tracks g 008E T T Al
CD - . il 3
selected by either trk driven or ECAL driven match g>%'F Zooram
cD 006_ .
. (e . _ 2 E_—ECAL Barrel _
ldentification: MVA 5 0055 L\ Endenr
0.04;
 Two BDTs with a set of observables 3 003
includi 3 0.02} e
e One including Iso Yoo o
e Other without Iso 0% 0.65 0.7°0.75 0.8 0.65 0.9 0.95 1

Signal efficiency
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Muon reco and ID performances

& Reco:
e Standalone muons: from muon system only
e Tracker muon: extrapolating tracks in the inner tracker propagating to the muon system (“inside-out")
e Global muons: matching standalone with tracker muons (“outside-in") - [

G |z zn-w 2]

o |D: relies on muon observables, many different WP based on the physics needs 3% = 3 pi +max |0
h*,PU

h*HS

® |so: to distinguish prompt from non-prompt muons

€ =>< €reco+IDX€(1SO|ID) >< In slide 54
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Hadromac T reco

® Reco: Hadron + strips (HPS) algorithm combining:

e PF Candidates for jets — hadronic jets

e EM showers in ECAL which are elongated in ¢ — strips

® 3 reconstructed decay channels in older version — now 4

Hadron + Strip ~ Three Hadrons

decay modes are identified

o |D: deepTau, multiclass T identification algorithm based

HCAL

on a convolutional deep neural network

A 21 x21cells (n X ¢ = 0.05 X 0.05)

A =

o Particles (PF candidates, or fully reconstruction

/ 11 x 11 cells

leptons) belonging to the signal and isolation cones are "1 (1 ¢ = 0.02 X 0.02)
split into nxg two grids b-om oy |
I : / ~Signal cone
DeepTau discriminator S Isolation cone
) P - T
D; (p) = , Where a € {e, y,j}
P:+ Pq

ECAL

tracker
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Cut-based

u — T misid. probability

DeepTauw v2p1 performances

C
1

MS Simulation

1 CMS Simulation (13 TeV)
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DeepTauw v2p1 performances
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DeepTau v2pd architecture

o Network Structure: I pota anatic ST M
o Input: high-level reconstructed features + info afables oo > EE: ; >
on PF candidates o me U = i <8LCM/8iI§ "
o within and around 1 x @ grid format (Grid  ouereass o > — o >§ R >§ ‘:'ﬂf%‘% = "
. : . : i Ep B E 2 | IS]|S) &) & Yr
data processed by convolutional layers) NSy L L. R Yiet
o |ast stage: all features combined and pass . 19 put e > eiz;jﬂ_:mg s ouputs e >_ §_;:m§| e
through 5 dense layers ot LT . T
e Final output: Probability of of being genuine 4 _ """ T Data and MC
or a misid electron/muon/jet < — _>"
® Improvements . ﬁ%ﬁ
e Domain adaptation techniques to mitigate :>: ;222? o > (Y,
mismodelling (with respect to real data) in > rorward Pass <:a“au|
MC events used for training < | Backpropagation % B .
e Shuffle and Merge to balance events across S— ;

TP: trainable parameter

all regions of the phase space

e Feature Standardisation and Hyperparameter
o T . CMS-DP2024-063
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https://cds.cern.ch/record/2904699/files/DP2024_063.pdf

DeepTau v2p5 Performance
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https://cds.cern.ch/record/2904699/files/DP2024_063.pdf

H(tt) mass reconstruction

® me is reconstructed with SVFit, a likelihood based algorithm: m>" SVt details in

e Recovers the information of missing transverse energy from neutrinos [

e Improves the reconstruction of the tau pair invariant mass w.r.t. visible mass

CMS Simulation Preliminary 138.8 fb~', all (13 TeV) CMS Simulation Preliminary 138.8 fb~', all (13 TeV)
s L L ettt L L b

o 0.040 — . o 0.040 — |
§ Z e my = 125 GeV : § : e my = 125 GeV _
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https://iopscience.iop.org/article/10.1088/1742-6596/513/2/022035

The H(tt) pair assessment

Define all the possible leptons pairs in the following priority order: pu, ey, ee, ut, et, TT

The H(tt) candidate in the lepton pairs selecting:

® The pair with the first “leg’ (electron for et, ee and e, W for ut, pu and t for tt)
having;:

e Highest iso (PF Iso for electron and muons, deepTauVSJet for taus)
e Highest pt
e Highest |7

® Otherwise same criterion looking at the second leg

o |t there are still ambiguities, discard the event

Valeria D’Amante X - HH — bbtt at CMS 22/05/2025



The SVFait algorithm

SVfit is a likelihood based algorithm for the reconstruction of h boson
decaying to T leptons. Uvis

® The kinematics of T decays can be parameterized by following
variables:

e O — the angle between the boost direction of the t lepton and the
momentum of the visible decay products in the rest frame of the .
e ¢ — the azimuthal angle of the t in the CMS detector frame.

e myy — invariant mass of the invisible momentum system for
leptonic T decays

® The kinematics of the T pair decays depends upon 4-6 parameters,
which are constrained only by 2 observables from MET

® Using Dynamical Likelihood Methods, SVfit reconstruct kinematic
quantities on an event-by-event basis.

Valeria D’Amante X - HH — bbtt at CMS 22/05/2025



Jet reconstruction

Main clustering algorithm: anti-kt Distance between partlcles | peew [ antkRE
Infrared and collinear safe N SO O - AR SR R
. : |dij — IIllIl(pT (l)va (])) X 7 | 104 - e T h
® |nsensitive to underlying event and R ; B
: : : | With d f d : | 6" . ; f o \
multiple interactions | Ith a detine garameter. . SR
® Disfavours clustering between pairs of | dip _pT (1) | .
. . ¢ 3 O tAL peueE asaupie
® Cones with well defined area | min(dj;, dg) < d | . SRR ¢
___________ y
Pileup mitigation algorithms in CMS ( \
© Charged Hadron Subtraction (CHS) +
PU jet ID - AK4 jets
o PileUp Per Particle lIdentification
(PUPPI) - AK8 Jets
Reconstructed Jet Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi) Small Radius Jet Large Radius Jet

AK4 (anti-kt with R = 0.4) AKB8 (anti-kt with R = 0.8)
N\ /-

N — ) i

. Light-flavour quarks | | Boosted objects (W
‘ ﬂ , l»
92/05/23.;5

Pileup Interestmg Plleup Plleup Interestlng Plleup Plleup Interestmg Plleup a—t C |\ /I S
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Jet reco and 1D peT‘fow‘manceS

N0|se Jet ID | ' PUJetID |

Dlscrlmmator for noise VS phyS|ca| jets | | PUJets:
t © Exploits jet energy fraction and multiplicity QCD Jet ke fror_n one PU vertex: rejected from PU
_ j I mitigation techniques
variables, ‘, { © Stochastic PU jets from multiple different PU vertices:
* sensitive to different sources of noise coming | {  removed from PUJetID
| from ECAL and HCAL. | | * BDT trained on jet vars
"A' . . . ' i o Applied to CHS only
L O Three WP fined: | ight and tight . . .
<€ s defined: loose, t ght 5 i © Three WPs defined: loose, medium, tight
lepton veto. i o In this analysis: loose (only for Jet pr < 50 GeV)
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Jet Calibration
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AKJ jet b-tagging performance

DeepFlavour:

® Multi-class flavour DNN-based tagging algorithm
® 16 (6) features of the 25 leading charged (neutral) PF Jet constituents + 12 features of the vertices + 6 global
variables containing jet-object information such
® Training on simulated events from QCD and top quark pair production
o Qutput: 6 nodes for b-tagging, c-tagging and quark/gluon tagging
o Three WPs are defined: loose, medium and tight, corresponding to misidentification rates of 10%, 1% and 0.1%
\s=13 TeV s =13 TeV
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The HH-bTag tool

® Machine-learning based tool aiming to identify the b-jet pair from H—bb decay for T inoats .
the HH — bbtt analysis

® Specially trained DNN (HH-btag), documented at AN-19-283

N: x TimeDistributed Dense Layers

& Features - NN inputs :
o Jets: deepFlavour, pt, n, M/pT, E/pT RNN layer 1
e H(tt) candidate: pT, n, Ae(MET, H), pr(MET)/pt(H) ANN layer 2
o Ap(jets, H), An (jets, H) :

RNN layer N2
e Year, channels

Nz x TimeDistributed Dense Layers

® Generator level information is used as the ground truth

Final TimeDistributed Dense Layer

o Recurrent NN assigns a score to each jet in the event

® Two trainings with even/odd samples + validation on 25% of entire dataset Normalization
® Bayesian optimization to chose best NN hyperparameters "'°°"6'J{tht" ------- :

.....................

® Trained during non-resonant analysis and re-trained (v2) for this analysis

Valeria D’Amante X - HH — bbtt at CMS 22/05/2025



AKS8 Jet tagging: ParticleNet

5 ParticleNet-MD state-of-art for CMS boosted jet tagging. H. Qu, L. Gouskos, PRD 101, 056019 (2020)

o Graph based architecture describing the jet as a particle

cloud (unordered sample). a8 / ey S0~ /.

> EdgeConv block: ‘//\' '//\'

X
i

e NN module part of the ParticleNet architecture;

e New features vector associated to each jet constituent and /T ~ i e ma
based on the features of the k-nearest neighbors. © B e
® Mass decorrelation: e ;dgecé:vef@f
_’%l L Global Average Pooling ‘
e Trained on Monte Carlo (MC) simulations containing T T G
. - - - - _.—BE%L Ful Co:nected
boosted resonances (X) with a flat distributions in both of pr Compe o2 Rl os |
_ . | ' " Fully Connected |

and mass, as the signal sample, and the QCD multijet S =, S

sample (reweighted to yield flat distributions) as the EdgeCo,,vb}ock
(inspired by ResNet) ParticleNet architecture

background sample.
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MET reco and ID performances

Measured in events with Z/y + jets, Z — uu (ee)

e MET resolution dominated by the hadronic activity (5-20%)

o Hadronic recoil system is defined as the vector p;sum of all PF candidates except for the muons fro

o Transverse: uy
o Parallel Uy

« MET resolution estimated by |g(Z)| —

e The intrinsic resolution, after removing the P
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b-tag weights and scale factors

The reweirghing method for calibration

® From the twiki: b-tag SF methods can be grouped into two general categories: methods that involve

event reweighting and those that do not. Which method to apply depends on the analysis, but BTV
Recommended methods are the following:

e Event reweighting using scale factors and MC b-tagging efficiencies when only working with b-tagging

working points
e Event reweighting using discriminator-dependent scale factors when working with the whole b-tagging
discriminator shape

9 This analysis uses the working points AND discriminator shapes so we did studies about which

method to use and our conclusion brought better data/MC agreement for the second method.
F — —data

“MC
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https://twiki.cern.ch/twiki/bin/view/CMS/BTagSFMethods

b-tag shape calibration
Niets
o The b-tag related weight w takes in account all the selected jets: Weyvent = H SF(D;, pris 1),

o Expected event yields should be preserved: the number of events (i.e. the sum of event weights)
before and after applying b-tag weights should be identical.

9 One should measure the sum of event weights before and after applying b-tag event weights,

without requiring any b-tag selection in both cases.

o The ratio r = Z wbefore/Z W, frer TEPresents a phase space extrapolation and should be

multiplied to the b-tag event weight.
o This extrapolation could in general depend on further variables, most notably the jet
multiplicity. But in this analysis we made studies and show that we don't need to slice histograms

per jet multiplicity
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Signal / Control Regions

o Signal-enriched region (SR) where performing statistical inference, square cut on m,, and My by

e eT, UT, TT channels, including 98% of signals (all masses)

9 Control Regions (CRs): verify data/MC agreement, especially for tt and DY in dedicated signal-

depleted and background-enriched regions, estimate trigger and ParticleNet SFs (see backup),
defined by applying selection on m,,

e Drell-Yan control region (DYCR): multiple MC sets, combined with stitching technique

> ee, uu channels, including 68% of DY samples

e TT control region (TTCR): Observed pt spectra of top quarks in tt data were found to be

significantly softer than predictions from MC simulations
> ee, ed, MM channels, excluding 90% of DY samples

> eT, uT, Tt channels, exluding 90% of DY samples and 95% of signals (all masses)
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Thriggers Efficiencies

Cross-Fsingle lepton

Single Cross
o Trigger efficiency in phase-space region where more Trigger Trigger

than one trigger are active

€lxirg) = \¢ L

pass single pass single and cross pass Cross
Yes, but.. we don't have ¢, €data €L Er €l=5Ll El €7
but we can replace the last term Sk = EMC Er €L €L

with

This accounts cases where single lep trigger is

€(xtrg) — €], T €€,

fired and the cross lep is not and vice-versa
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Thriggers Efficiencies
MET trigger B

o Orthogonal dataset: pu final state channel Events passing baseline selection

Events passing baseline selection && passing MET (no—pu) trigger selection

e Not used in main analysis (only for CR checks)

¢d
Data: Muon dataset — orthogonal to Met-no-u trigger _ _Qata - - -
’ 5 HHTIEE Sk = - mmd) atio of the two sigmoids
e MC: ttbar, DY and W+ Jets MC
e Events with two b-jets passing Loose deepFlavour WP . CMS preliminary 50.7 " (13 TeV)
e No mass cut § E?::g::kr\au;mommzo : '?'?;r+DY+WJets
=S | mati ittt ik iy
=
o Estimated as function of MET-pT () .oF
o Fit with sigmoid function above the turn-on f(a,b,c) = C L 0.65_ :
_a m_ . “.
& Validation in uth channel lte 04l e
& Uncertainties: 0.2f- ity
. - {t
o Efficiencies: Clopper-Pearson interval Of- ~ecat®™ | ,
_ _ _ _ _ =0.95
o Ratio: error propagation of fit of the two sigmoids §Ogg§ . —
0.75E e
o Used for the analysis to get up/down variations ) A S —
50 100 150 200 250 MET ?nOS-“) [Ge:\?’/]SO
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Thriggers Efficiencies
Sigle Tauw trigger

o Measurement performed in region enriched in W*(mW?* > 200 GeV) — tv with little hadronic activity
e high-pT tau balanced with MET
o Determination of tau trigger efficiency SFs: Npass

o follows closeley determination of tau id efficiency SFs for high-pT taus ~ Npass + Nrail
o define samples of passing and failing probes
e passing probe: tau matches filter of any of the two single-tau triggers
o failing probes: otherwise
measurement performed differentially in tau pT
perform simultaneous ML fit of samples of passing and failing probes to improve modeling of shapes
tau Id SFs & normalization SF for W* sample not applied, cancel in the determination of the efficiencies

© o0 o0 O

apply TES correction & uncertainty from low-pT tau measurement, uncertainty inflated by factor 3

= 1 = 1 w 2

" | Data “ 1 Mc ? sk

0.8': 0.8': T 15:

[ 4 r f#‘_{_—ﬁ r
o8- | i_{_ o6 T L . |
0.4 ’ ' T T L +

0.4

- 2016
—— 2017
- 2018

|| -~ 2016 [ -~ 201
02 + * — 2017 02 N :t — 201;3
- 2018 t - 2018

e ol . . ol .
10° 10° 10°
tp, [GeV] tp, [GeV] tp, [GeV]

05— T |
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ParticleNet Scale Factors

DY- and TT- like events

. CMSrprivate Work 1951 (13Tev) ~ , CMSPrivate Work ___ 1681b™" (13 TeV)
§ . DY §25; DY
5 Corrections provided by the BTV POG for signal-like jets, " -3
(H'>bb, Z->bb) 2‘0:” or
® For background originated jet: custom SF provided in this . | I IR R S I
analysis (latest update from S. Palluotto et al) | o |
o Two classes of SF dedicated to the most relevant L L . B A L P,
- . . CMS Private Work 4151 (13 TeV) . i’
irriducible backgrounds (DY, TT) gupr T ey g CMiSea ek 7 (19700
Ezsl o E L DY
e DY-like events from DYCR in the boosted category 5 1 i
o TT-like in TTCR, signal channels and boosted category = . . { I
o N . | 3
n - u - - 1.0 - 1. L iR —
o Efficiency definition i | |
051 3 05k fru
® |Images taken from Simona Palluotto's presentation ooy .

PT,0p[GeV]
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https://indico.cern.ch/event/1451226/contributions/6253601/attachments/2977214/5241283/HHbbtautau_updates_29_11_2024.pdf
https://indico.cern.ch/event/1451226/contributions/6253601/attachments/2977214/5241283/HHbbtautau_updates_29_11_2024.pdf

ParticleNet Scale Factors

DY- and TT- like events

3OCM,SP”‘,V3,te,WOfk‘ I 19'5.fb,_1(1,3 TeV) S.OCMSPriyavte'WO(k_ | 168" (13 TeV)
§25~ It ;L“'%zs I
o Corrections provided by the BTV POG for signal-like jets, 3 | 3
20 | 20
(H->bb, Z->bb) '
1.5} 1.5
® For background originated jet: custom SF provided in this R R S N — :
analysis (latest update from S. Palluotto et al) | 1 ot
® Two classes of SF dedicated to the most relevant P
. . n CMS Private Wor. ) -1 e CMS Frivate Wor 9.7fb" (13 TeV
irriducible backgrounds (DY, TT) L S AiRi Aaans nanas nanss Il i Aanns Raans Ranas RasS
o T @ T
~ 25 © 28
e DY-like events from DYCR in the boosted category g 3
20 20
e TT-like in TTCR, signal channels and boosted category 1 s
o Efficiency definition T T 1 " [ ——F——— :
® |Images taken from Simona Palluotto's presentation 1R N I Y e
' 0077300 200 500 800 N \“//;)O ~ 300 400
Pt bhla€
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Normalisation uncertamties

Examples

ele trg SF (res2b, eth channel)
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Shape uncertamties

Examples

TES-DM1 SF (boosted, pth channel) JER (res2b, eth channel) QCD scale (reslb, thth channel)

; - P 1 CMS Simulation Preliminar 19.5 fo1, 2016_HIPM (13 TeV)
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2.0 — Up 1 1200p — Up 1 esp — Up 2
— Down | j — Down | f — Down
i 1000|- 1
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i 15?
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Limated sitze of MC stmulations

Method proposed by Barlow and Beeston [1]

® Introduction of a nuisance parameter (NP) multiplying the expected yield in each bin from each MC
simulated sample

® The nominal value of such parameters is 1 and they are left floating with some prior distribution (e.g. Pois,
Gaus, Binom)

s Introduction of massive number of nuisances: set of non lin equations in -ln(-L) (NLL) minimisation

® Practical purpose: ROOT minimiser (MINUIT MINGRAD) has technical problems in finding the numerical
approximation of the values that minimise the NLL, so they are factorised in only 1 NP for each bin

- “Contribution to NLL in each bin

=5

- 1) |

—In(Z(u, p)) = — nypdn(f - (s + b)) + - (us + b) A > i

' 0p !

When minimising NLL (with other NP fixed) |

o(—In(Z)) |

| 5 =0 =>,B2+((//ts+b)-6ﬁ2—1)-,B—n0bsaﬂ2=0 )
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https://www.sciencedirect.com/science/article/pii/001046559390005W

Statistical treatment

Higgs analyses statistical treatment explained in [2]

1. Construct the likelihood function

o Binned distribution: product of Nbins Poissonian with
signal and background vyields

9 Systematic uncertainties (assumed uncorrelated),
included as nuisance parameters

N | (usy(6) + b(0)" N

Number of expected yields divided into signal and backgrounds:
N,., = ps() + b(6)

Where:
o W is the POI, represents the signal strength and its value is 1 in SM case
9 @ are the nuisance parameters (in other expressions will be represented

WITHOUT the vector symbol for simplicity)
9 s is the expected number of signal events in SM case
9 b is the expected number of background events

Zu,0) =] -

i=1 J

Shape analysis:

o~ (s (0)+b(0)) le ( éi | HZ) ‘
=1

Probability for the true value to be equal to 6;, given its

‘\ . .y .
Relies on event yield comparison in data with signal + backgrounds best estimate (from auxiliary measurements in CR/MC)

ones AND on their distribution in the discriminating observable

Histogram with N bin (Pois disturb in each bin), equivalent to N
counting experiments.

Normalisation: logNormal distribution

Shape: Variate Template Morphing technique |

[2] Procedure for the LHC Higgs boson search combination in Summer 2011. Technical Report CMS-NOTE-2011-005. ATL-PHYS-PUB-2011-11, CERN, Geneva, Aug 2011.
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https://cds.cern.ch/record/1379837/files/NOTE2011_005.pdf

Statistical treatment

Higgs analyses statistical treatment explained in [2] 0

, - conditional MLE of 6 given p

o . data - actual or toy MC data
1. Construct the likelihood function Y

0 and /i : MLE

2. To compare the compatibility of the data with the background-only and signal4+background hypotheses, where the
signal is allowed to be scaled by some factor p: construct the test statistic

Two hypotheses: Hi=H,s+b and Ho=Hp / o In(L(data | u, é’u))
Test statistic based on profile likelihood ratio '{ : In(Z(data | i, 0))

Set an exclusion limit on signal presence: find the | Signal rate must be positive to make physics

'5 - . ¥ sense W
| value of p to reject H hypothesis in favour of Ho_ || o cieq confidence incerval (non detached |
from zero) {

Upward fluctuations not considered as %

evidence

—e = - T ——————— —————

— ||

[2] Procedure for the LHC Higgs boson search combination in Summer 2011. Technical Report CMS-NOTE-2011-005. ATL-PHYS-PUB-2011-11, CERN, Geneva, Aug 2011.
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https://cds.cern.ch/record/1379837/files/NOTE2011_005.pdf

Statistical treatment

Higgs analyses statistical treatment explained in [2]

1. Construct the likelihood function

2. To compare the compatibility of the data with the background-only and signal4+background hypotheses, where the
signal is allowed to be scaled by some factor p: construct the test statistic

3. Find the observed value of the test statistic for the given signal strength modifier p under test.

4. Find MLE of the nuisance parameters for both the hypotheses @st and @8’”

5. Generate toy Monte Carlo pseudo-data to construct pdfs f(g, | 4, é’zbs) and (g, | u, é’zbs) nuisance parameters are fixed
to the observed values by fitting the observed data, but are allowed to float in fits needed to evaluate the test statistic.

[2] Procedure for the LHC Higgs boson search combination in Summer 2011. Technical Report CMS-NOTE-2011-005. ATL-PHYS-PUB-2011-11, CERN, Geneva, Aug 2011.
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Statistical treatment

Higgs analyses statistical treatment explained in [2]

104

pr—
—
—
—

— (@ _Ju=0)
— g _k=1)

o0

p, = PG, > 3| H,,,) = J 1@, |1 62)dd,

qlzbs

Observed value

o0

| —p, = P, = 3| Hy) = [ £(d,10.62)dg,

: i
P
CLs(u) = —" SENNRTE, v ANt | RS

(7))
>
@)
nfad
o
+ 10°
Q
0
=
-
=

[ Illllll

! | I ! IJ_| ]
T 1-p, 0 5 10 15 ”~20
Test Statistic q,

6. Define two p-values to be associated with the actual observation for the signal+background and background-only
hypotheses and calculate CLs(p) as a ratio of these two probabilities BN e
CLs method |

7. If, for p = 1, CLs < a, the signal is excluded with (1 — o) CLs confidence level; o is set to 0.05 provides _
conservative limits

[2] Procedure for the LHC Higgs boson search combination in Summer 2011. Technical Report CMS-NOTE-2011-005. ATL-PHYS-PUB-2011-11, CERN, Geneva, Aug 2011.
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https://cds.cern.ch/record/1379837/files/NOTE2011_005.pdf

Towards Run-3

o Lot of knowledge learnt during Run2 resonant and non-resonant analyses. But we can always do better and optimise our analysis

tools
o Several improvements for Run 3:
e New HH/HHH oriented triggers
e Including boosted taus
o Improvements in ML based tools for the signal extraction and for the object identification
e Including VBF (resolved and boosted)
© Many frameworks, for good coordination and dedicated studies (hopefully!):
o FLAF (Texas A&U - Pisa)
o« CCLUB (CIEMAT - CEA - LLR - UZH - Milano-Bicocca - Colorado-Boulder)
e Bamboo (UCLouvain)
e ColumnFlow (UHH - KBFI - LIP)

e Run 3 framework setup using coffea (CMU)

o PKU Further efforts targeting resonant production

Valeria D’Amante X - HH — bbtt at CMS 22/05/2025


https://cds.cern.ch/record/2868787
https://indico.cern.ch/event/1451215/#178-tamupisa
https://indico.cern.ch/event/1451215/#179-cclub-ciemat-cea-llr-uzh-b
https://indico.cern.ch/event/1451215/#181-columnflow-uhh-kbfi-lip
https://indico.cern.ch/event/1451215/#179-cclub-ciemat-cea-llr-uzh-b
https://indico.cern.ch/event/1451215/#180-pku

The analysts framework: FLAF

Flexible Law Analysis Framework

® Two frameworks, the “main” one and the “antagonist’: | am the main developer of the antagonist one

the latter, from scratch
® Luigi Analysis Workflow (LAW) for job submission handling
® Modular structure to integrate different selection, corrections, features
e People from other groups starting using it for HNL, HHbbWW, (Run3) HHbbtt and TTHH analyses
® |nput files: NanoAOD (not going in detail, but state-of-art recommended data format for analyses)
® Totally based on RDataFrame, using pyROOT and C++

® |n the meantime... : found bugs in the central CMS software (CMSSW) for the NanoAOD production,
helped to fix them
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