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~ Why is 4b awesome? ATEAR

EXPERIMENT
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Why is 4b ~Hard?
@ Backgrounds are BIG

Large multi-jet (QCD) backgrounds

in hadronic final states

[ ATLAS ttMC |
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Hard to simulate

ATLAS

EXPERIMENT

1 Fom ATLAS

bbyy HDBS-2018-34,
bbrr HDBS-2018-40, and

4 4b HDBS-2019-29

analyses.

Orders of magnitude
higher bkg for 4b

Multijet events modelled at leading order
Often lack of statistics

Needs a data-driven
background prediction!


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/

The 4b analysis landscape @ﬁlg{-}é

Publications
e | Resonant Non-Resonant
V % H]> ----- t[Lb Kb ----- t!Lb _,_é'/‘HLb
»a XS/HT: HNG "_QqH\Tbb
ReSOI\,ed v HH: Phys. Rev. D 105 (2022) 092002 ¢ ggF/VBF: Phys. Rev. D 108 (2023) 052003
v ggF/VBF: PhysRevl ett.129.081802
[ )
g
Boosted

v HH: Phys. Rev. D 105 (2022) 092002

\ ¢ )

v ggF/VBF: PhysRevl ett.131.041803

v HY: PhyslLetB.2022.137392



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://arxiv.org/abs/1806.03548
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://cds.cern.ch/record/2777083
https://arxiv.org/abs/2204.12413
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://arxiv.org/abs/2202.09617
https://arxiv.org/abs/2205.06667

Transfer function method
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CMS
. Resolved Analyses -
G Small-R jet b-tagging

e Pair jets into Higgs Candidates

A
= N m
- H2 region
125 ——
_—
e 1 =
125 m|—|1
- Also the two main handles for

~ estimating the backgrounds




Resolved analyses

&) HH resonant £ HH non-res " HH non-res

Fit variable(s): m,, m,_.An X BDT

Need a multi-dim background!

P
-
>
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Generalized ABCD method

Train Apply . . . .
Trick: Classifiers are likelihood
Four 4 t — AR / C
o T B A D ratios, e.g, w(x) = p,,(X) / p,,(X)
ISignaI Region
ot | | ! s .
btags A ¢ p4b(X) - W(X) p2b(X)’ X€R
Higg? mass HliggstCand my,
S, ” w(x) can be NN (ATLAS) or BDT (CMS)

Control Region

Graphic with ATLAS HH4b non-res ABCD regions,
same idea applies for other resolved analyses.



ATLAS

EXPERIMENT
Phys. Rev. D 108
(2023) 052003

Train NN* in Control Region
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Note: here m,  was not used to in the reweighting features

‘<\q' How to quantify

X (above plots), x € 912 including some jet pTs, angular variables, and jet multiplicity & “ an error on this
'g ' bkg pred?
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* Or BDT for the CMS model


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/

Background uncertainties

Alternative estimate  Nominal estimate

Train NNs in CR2

1 - Ch0|ce Train NNs in
of CR CR
Apply to Apply to
2b SR 8 g 2b SR
ggF SR o ggF SR
R2 weights ol CR1 weights

B1.075 _gly'fnﬂjffL,_'_l_r
€ 1.050
. [
Take theratioas 2'*=
e b e e
an error bar 8 i
[ r
E 0350;
03257*
00 500 800 1000
mun [GeV]

2. NN initialization

L

1612.01474 + fig modified
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@ Random initialization
—> 3L /dw, atinit

@ Converged weights

Retraining the NN N
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uncertainty from
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Phys. Rev. D 108
(2023) 052003
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https://arxiv.org/abs/1612.01474
https://arxiv.org/abs/1912.02757
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/

HH resonant
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Systematics

ATLAS

EXPERIMENT

@ i Phys. Rev. D 108
aas HH non-res (2023) 052003
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Different NN trained for each of the three years


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/

Impact of systematics: ATLAS HH NR ATLAS

EXPERIMENT
Phys. Rev. D 108
(2023) 052003

ATLAS —— Observed limit

Gomeme .| Recall from Marco Valente's talk : ATLAS 4b upper limit
on HH signal strength: 5.4 (8.1) obs (exp).”

[ Expected limit +20

Train NNs in CR1
......................................................... Nominal

Uncertainty on estimate

(0]
signal rate 9.0% @ )

All other theory Tran NNs n CR2

. 1.4% ‘ 1G9
uncertainties Altematlve c ’
estlmae

Control Reglon 7 59,
Interpolation

/ Py @ Random initialization

I —> -3.L /3w, atinit

@ Converged weights

NN retraining (100x) 7 1% \ . \

+ bootstrapped dataset

A .
3b non-closure 2.0% X ' . W

Deep ensembles error: Variance of the (A
predictions from different local minima

All other experimental systematic uncertainties < %-level impact

Background model drives the sensitivity for 4b analyses! 12
* CMS 4b resolved: 3.9 (7.8) for obs (exp) upper limit HH signal strength


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://indico.ihep.ac.cn/event/18025/contributions/133685/

CMms, ! )
Boosted analyses YWATLAS
a Less multijet background at high energy

'/,

Higgsi,z

. #
Higgs 1
: =
” 5 = <y
a;l '; \ !'. - \. }é::f‘
i

| e tt becomes more prominent

CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-13 16:51:13.749568 GMT 13
Run / Event / LS: 278803 / 465417690 / 259



Boosted analyses @ATLA

| HH/HY &) HH
Similar methods as
Measure & apply
transfer function resolved analyses
In-situ transfer function measurement
2 Xbb D
>< tags Signal
Region - P 100 = l QCD'owtag x TF
®.___ X o]l g 1 e o] 1| 35T CAROT FiT uhy TE Sovne
E(>t>oc>- e . E co- .| .I /
§uooo- > § | I
° yo =| | o |
TF in this case is _ .. "l TR
called “pass-to-fail” o e . . 20+ -
ratio: R, _ -1 T I 0 O D o7 [OI.-.
0.0 25 5.0 ﬂAS;’SB,NS 10.0 12.5 15.0 (o] 5 ; L: z ; ‘:) |.2 ‘:‘

MASS BINS
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In-situ Transfer Function measurement ATLAS

EXPERIMENT

If transfer function (or R, ;) is difficult to model...

Rtrue
. P/F
(1) Do an initial — s RR fi
. Rlnlt atio
estimate P/F
e In simulation (CMs-PAS-B2G-20-004)  (2) Fit the residual difference CMS resonant HY4b search
e In CR (PhysLetB.2022.137392) (PhysLetB.2022.137392)
/ CMS Preliminary 138 fo-! (13Tm / 1000 CMS Preliminary 138 fb-! (13TeV) \ 1000 CMS Preliminary 138 fo! (13TeV)
0.020— T ™ T T — 2.02 — —_—
> 1.93 A = R
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0.015f- . — 184 = = v —
] ‘ 1 3 s o 33 3000 Py
X > ’ — S 2.24 g
0.010F |l . 1.66 2500 1 Moo >
187 1.88 x
i 2000 §
0.005- —— Quadratic function fit ’ 1.70 3:_\
————— Rpe fit uncertainties 1% 18 X
+ Observed Rpjr ] 180 1% Q)
0000 L s

100 200 300 400 v 500 600 100 200 300 400 500 600 1.21 100 200 300 400 500 600
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/index.html
https://cds.cern.ch/record/2777083
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/index.html

Background uncertainties ATLAS

inti : ey Uncertainty on R _..
Da_ta stat. uncert_alntles Uncertainty on initial R y Ratio
in low-tag regions parameters
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o
8 CMS simulation . i
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=
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> ] 2000 .
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————— Re/r fit uncertainties ] 4 139
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B Sade 0.000—56~""560 300 400 500 600 1M,
0.8 0.94 M Y [G eV] 300 400 500 600
H-candidate PartcheNet score Mj [GeV]

Figures from
CMS resonant HY4b search 16
(PhysLetB.2022.137392)



https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/index.html

EXPERIMENT

Impact of background uncertainties ATLAS

HH resonant “* |HY resonant
Phys. Rev. D 105 (2022) 092002 PhyslLetB.2022.137392 PhysRevl ett.131.041803

HH NR
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= Background-only fit i 5 ot Myx=2000 GeV S 10 . i
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g D orpd, e m(X) =1 TeV 10% Totalbkg. _ Mx=3000 GeV | 102 Lp : P . HP ]
. TR W, e m(X) =2 TeV uncertainty My=400 GeV : :
- 2| _ i
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-1
§ 2 l 1 Bl 20 :
g3 o 2. :
8 & c_‘-, Iy 4+Tlr } 0 8‘ 15 1 l E i
8 R 1 ! ! ! 1 3 o 1.0 |
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=> CR stat. uncertainty
=>» Transfer factor unc.

3 7 Ste & 7. 7590
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s Statistical uncertainty dominates
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html

Does it work? ATLAS

Confirm the method by fitting in the Generate toy datasets and run
validation regions bias and signal injection tests

o (13 TeV) : »CI\‘IIS‘P‘re‘/i{n‘infary‘ - 138‘fp‘1(jQTFY?

g CMS simulation 54005 ;I :\;um_ + Data wo-| | 0CDw9 X TF

= . Mx=1600 GeV | § 350 et E .

3 Y Multiet = 5790 Gev ._ﬁSOOE_ + E aom | SIGNAL? SIGNAL!

g ; ] oy i

Eogs 2501 7 E s0= N \

§0.94 Tzz : § | 1 1 a f

ity 1

> o8 505 ‘ o b s - 7-‘

| — ° ; & r;:IASS élNS 'B ‘.2 ‘:‘

H—céndidate PérticIeNet score

MY [GeV]
CMS resonant HY4b search \
(EhysLetB.2022.137392) Goodness-of-fit p-value > 0.05
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https://cms-results.web.cern.ch/cms-results/public-results/superseded/B2G-21-003/index.html

RECIpE

r ’ ’ngred'e"fs

' Transfer function method
How tos:

1. Background-rich source region
e Invert a cut that doesn’t distort the shape of the fitted

distribution X @&
-

ackgrou

ransfer unct region

e Usually b-tagging requirement(s)

ATLAS

EXPERIMENT

2. Transfer function: fit in
control region

A 14D,

B Cc

Mass CR

3. Apply TF to source region for a background estimate in the signal region

4. Determine the estimation uncertainty?

TF unce"‘a‘“w

non-closure

direct fit to the data

el

Cc

ource shape uncertainty

CR

Selection

T
25

so 75 o
MRS BINS

oo= |
L]
|

QCD'owtag x

SIGNAL?

i 8 w
MASS BINS

TF
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Events/bin

What about tt background?

High p, regime suppresses QCD so tt
becomes significant in the signal regions

138 tb~'(13TeV) 138 fb~'(13TeV)

10°

10° ] & R UL I B B R T T T T T Ty
My=1600 GeV a5 F My=1600 GeV |
1o, CMS + pata — My=150 GeV gl CMS + pata ™ My=150 GeV |
-t My=2000 GeV S F . My=2000 GeV |

103 Multjet =" My=300 GeV G Multjet =" My=300 GeV
sz Total bkg. Myx=3000 GeV 10°¢ sz Total bkg. My=3000 GeV 7}

102 uncertainty — " My=400 GeV F uncertainty — " My=400 GeV
- — 21 . .
0(pp — X = YH — bbbb) = 1 fb L (PP — X = YH — bbbb) = 1 fb

P I A I N TR I I IS WS IS i A i
400 500 600 1000 1500 2000 2500 3000 3500 4000
MY [GeV] My [GeV]

v O v (O A ) L
100 200 300

CMS resonant HY4b search
(PhysLetB.2022.137392)

Similar shape as QCD

=> Jointly fit using TF method

Different shape from QCD

=>» Model separately using

simulation

20


https://arxiv.org/abs/2204.12413

Correcting tt simulation @!;\I!rﬁé

: Use them to extract

b-tagged jet and a lepton allow us to select ) : :

: . : data-to-simulation correction
a clean set of hadronically decaying top jets

factors
59.8 fb~! (13TeV)
>200:‘ A
8 | cms ~f Daa ;
o - 2018 Jets+lepton tight g tt baq
%150? tt bq g
- 125:_ B Other E
. % Total uncertainty -
100} ]
75?
50f

@ Apply correction factors to
simulation in the SR

- L PR N e R R IR R
60 80 100 120 140 160 180 200
M} [GeV]

CMS resonant HY4b search

(PhysLetB.2022.137392) 21



https://arxiv.org/abs/2204.12413

Data-driven methods crucial for HH4b analyses

In summary

Transfer functions (low — high tag) mostly used

ATLAS Internal
: T VS =13 TeV, 2018 57.7 fb
Quadratic function fit F Signal Region

Rpr fit uncertainties

+ Observed Rpf
100 200 300 400 500 600

MY [GeV]

—
(©)
b=
Ll
o
=
-~
x
0]
x

Error estimation and validation
is the name-of-the-game

tt relevant in boosted

‘W[, Ll
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EXPERIMENT

ATLAS : Comparison of the NR channels ATLAS

- . I
Comparison between the signal and - *
backgrounds for ATLAS’s three most > | s
sensitive HH channels: Ok <8 | 1° -
i | T
e bbyy (HDBS-2018-34) 10000 — .
e Dbbrr (HDBS-2018-40) g | o ]
e 4b (HDBS-2019-29) 0= ' =
F ]
For this heuristic comparison, a loose @ 0.1 -
cut on the bbrr MVA discriminants was
used to mimic the bbyy BDT categories. 00= : OOTOO B
1.0 —
Q
‘E Y —
@ e
0.0 i

; |
bbyy bbtr 4b 23


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/

ATLAS / CMS comparison sl from Refeel ATLAS

EXPERIMENT

HH - bbbb ® ggFonly, oy =31.1fb
ATLAS CMS

[
o
w

X ggF+VBF, oyy=32.8 b
— Lim = k/L%, a= 0.65
— Lim = k/L%, a= 0.80

=

o
N
L

Expected 95% CL limit on signal strength

10! - ’¢ b
¢
CMS
boosted
ggF+VBH
100 1 L] 1 1 1 1 T
20 40 60 80 100 120 140

Integrated luminosity (fb~1)
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Events / 25 GeV

Data/Pred

"

It works

Post fit plot

for ATLAS HH4b non-res in analysis categ

ATLAS

EXPERIMENT
Phys. Rev. D 108
(2023) 052003

T | RAAAS RARAD RAARS | T AR AR T ARAANRRASH RARAS A T T T d"um T

‘505- A— 13 TeV, 2017 436 b’ PRy E
V= ev, 1 2 Rl
9gF Signal Region + 4bData .

100~ [ 400xSMHH o

F 200 x %, =6 HH

s0f-

0 e

150 e

I.O = S S N -

osbliessl l‘.'+17£_..l‘].. seil
§ § & B §
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L T 1l f il . 11 T 1l T il - J
|Bnky| <0.5, Xuw <0.95 0.5 < |Anuy| < 1.0, Xy <0.95 |{Anu|> 1.0, X144 <0.95 |1Bnyu| <0.5, Xy >0.95 0.5<|Anuul < 1.0, Xy >0.95 |Bnyu| > 1.0, Xips>0.95
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/

Input variables used for the resolved analyses ¥’ ATLAS
reweighting
ATLAS: NN 2b = 4b CMS: BDT 3b = 4b

Variable description | ggF | VBF Variable description | ggF VBF

log(AR;): between the closest two HC jets v PT.1,PT,2, P13, P14° Pr Of the four chosen b-jets v v

log(ARy) between the other two HC jets v’ myH 4jet i.nvari‘ant mass ) ) v v

log(py) of the 4th leading HC jet v mp1, mye: invariant mass of the Higgs Cand.ldates ‘ v’ N

log(pr) of the 2nd leading HC jet v pgr H1, Pr,H2: transverse momentum of the Higgs Candidates ; j

(Inl): average a.l.Jsolute value of the HC jets n v’ N lSc:J(ani;iile of bjets o

Number of jets in the event v’ Vector sum pr o bjots %

log(pr,zrar) v ARH1(bb), ARP2(bb): opening angle between jets in HCs v

ARy v’ AR,,in out of the three possible pairings between b-jets v’

A¢ between the jets in the leading HC v’ | Anmaz| out of the three possible pairings between b-jets v

A¢ between the jets in the subleading HC v’ | cos 8*|: Abs value of the angle of one of the HCs with respect to | v/

log(X ;) s o the beam line in the center-of-mass frame of the four jets

Trigger bucket index 7 v | cos871|: Angle of one of the b-jets in the leading Higgs in the | v/

Vesr indee N Higgs reference frame . . .

Second smalle-st AR‘b.etween the jets in the leading HC (out of v’ b%fgeg.eglzgsoﬁl:a}i;e?;hgig ;:: 1:::::2; siof hertimes tightesh WE' |

the three possible pairings) NZE: Number of the above three jets passing the tight DeepJet | v

Maximum di-jet mass out of the possible pairings of HC jets v’ WP

Minimum di-jet mass out of the possible pairings of HC jets v’ |A(Hy, Hy)| %

Energy of the leading HC v’ m;j between the VBF jets v

Energy of the subleading HC v |An;;| between the VBF jets v’
MVA score of ggF vs VBF BDT v’

Same variables for non-res ggF and resonant resolved analyses.

2@

¢
Colored graphic from J. 26
Conway'’s 2018 SSI |lecture


https://indico.cern.ch/event/701949/contributions/3008126/attachments/1698127/2733779/Conway-SSI18.pdf

Likelihood ratio trick ATLAS

Suppose that we train a classifier, D(x) € (0,1), to classify between 2 classes,

e (:2bclass
e 1:4bclass

Train Wlth binary Cross entropy (maximize the probability of the correct class, or minimize negative log likelihood = loss)

If D(x) is p,,, then 1-D(x) is p,,, because there are only 2 classes and the prob need to sum to 1

£ =-E,_, llog DX)]-E,_, [log(1-D(x))]

1 Sanity check:

L i - — e Ifp, ishighandp,, is~0, D*x)=1
The minimum of this loss is: D*(x) = 1 + D, (X) / Py (X) . AS‘;;L is'high and;,"“:qom(x?:()as expected

_ 1 This classifier D*(x) gives us the
Rearrange for the weight: w(x) = p, (x)/ p,,(x) =D 1 likelihood ratio Pu(X) / P, (X) @
27



Background reweighting ATLAS

EXPERIMENT
classifier
Loss function ATLAS 4b resolved actually uses... iteration on a elassical-theme.

e Multi-dimensional reweighting 2b = 4b.

CR1: Derive nominal estimate
180; CR2: Assess systematic on estimate
SR : Apply background estimate

Pap = W(X) - p(%) 1
* 14o:—

Warni to learn this

120

e Let Q(x) be a NN mapping from 2b = 4b.

100

ZI0M)] = [EXNsz [exp <%>] + [Ex~P4b [exp (_ Q;x))] "t 80 i00 120 40 160 180

M1 [GeV]
Minimize bods in Contlrot /?egzm

P4p(X) .

> w(x) = e2*® Apply w(x) to 2b Signal Region
Pp(x)

to get 4b prediction

Q*(x) = arg inn Z[Q(x)] = log

28



Train NNs in CR1

Nominal
estimate
Train NNs in CR2
Alternative
estimate

4'=HI"} Apply to
pply >

2b SR

Apply to

2b SR

Entries

800

400

200r

600

Choice of Control Region

aggF SR
CR1 weights

1:7— Alternative
- 1'075'; = Symmetrized

0

Entries

600

400

200

1000~

800}

|
600 800 1000

myy [GeV]

© f
£ 1050

Take the ratio
as an error bar

ggF SR
CR2 weights

| L [
400 600 800 1000

myy [GeV]

600 800 1000

myy [GeV]
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Relative Uncertainty

ATLAS

EXPERIMENT

Systematics oz oszona

o
3y

_lllllII|l||||||||||||l||||1|l|||||||| |5||||||||||||l||l||||||||||¢|‘|||||| Il|l||ll|||||||||l|||||||||||||||||I| |||||Il||||||||]||||||||||||||I||l||| ll]l||||||I|||||||||I|l||||||||l||l|| II||||||||I(||||1|1|I||||l|||||||||||

r Total Background Uncertainty

- ATLAS [ cAfihape U .
04~ V§=13TeV, 2017 436 fo-" Irape ncertainty

- “4bwgFsianal Feglon [ Bogistrap Uncertainty
0.3 || 2b Htatistical Uncertainty _d a

3btf Non-Closure Uncertaint A¢
w A
0.2
0.1
I|ll|||l||l|l

T T T T T T
|Ar|HH| <05 0.5< |AnHH| <1 1< |AnHH| <15 |AI’]HH| <0.5 05< |AI’]HH| <1 1< |AT]HH| <15

1
Xip < 0.95 0.95 < Xy < 1.6
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/

Background validation @g«lgﬁé

Q: Does this proposal work?
— Invert every cut!!

Trigger d N
X 3 b-jets SV oy

v __
AMS Anun > 1.5

> Some mismodeling
— Add uncertainty

= i Shift the (_:_e_nter (5x)

-~

Modeled by existing
uncertainties

N
AN ) sauug

o [ (M= 124 GeV 2+ My — 117 GeV'\ 2
2 0.1my, 0.1my,

SR: Xy < 1.6

& Phys. Rev. D 108
(2023) 052003
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Background Validation ATLAS

EXPERIMENT

PP SR IV I N AN RN B = " , r—r—— |3 s [Tt
G - ATLAS |:] Reweighted 2b Data |} © ATLAS D Reweighted2bData | || &  ATLAS :] Reweighted 2b Data
w s ! 3 2 ] 0 500— & ") —
9 VS=13TeV,201857.70"" N\ Stat. + Syst. Error 9 1000~ v5=13TeV,201857.7 fo-' X 4 Il Q50 s-13Tev, 201857710 Siafs Skt Bror
= 1500 QQF@MVHWREM N e ZE goF Upper Center Vaidation Region Stak:+:Syst Emor 1)5 | ooF Upper ight Vaidation Region + Syst ]
£ 1250 + 4bData g 800/ b + 4bData 4 I & “°F ol + 4bData =
> B > - .
W 4000 w 4 I s00f- -
750% F 200k E
< | 13
o .
N foial
2
S
| | | E N I ]
700 800 800 1000 500 600 700 800 900 1000
myy [GeV] My [GeV]
P S yppp T e
& 5° ATLAS [ ] Rewelghtedszata— & L ATLAS :] CR2 Reweighted 2b Data |
Q sool. VS =13TeV, 2018 57.7 b~ = 1000/ VS=13TeV,201857.7 " \ =]
2500: ;gF Center Right Validation Region N\ tat. + Syst. Error B @ - agFLowerRtghlVahdalm Regnn\\ Stat. + Syst. Error
£ 00b- + 4bData 4 2 800 N + 4bData ~
2 1 % - ]
u";wo:— = 600 N ~
200 - 400~ -
100 = 200{— ~
0IAIIIIIIIIIIIII!IIIIIIIII - + 0:,,,‘1,,‘,|,,,,|,,,, I ¥l 1
P i SN LML L L L L L | 15
8., EX Gt 8 Phys. Rev. D 108
§ 1.0 S R 5 10 e ~ S TR VS. REV.
syl e il pon ol g e eyl por ol ey o i il vaedls vis phmin
05 30 400 500 600 700 800 900 1000 e~ EE TR (2023) 052003
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EXPERIMENT

Background Validation: rev An ATLAS

Phys. Rev. D 108
(2023) 052003
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4b boosted ATLAS

(resonant)



4b resonant ATLAS

EXPERIMENT

Still a multidimensional reweighting (Low tag -> high tag)
B ; QCD fit in CR with

e Shape: iterative spline reweighting
z e Norm: combined fit with tt to m . shape

Reweight

tagged . untagged | > P T T T T TR T
: large-R jets & | ATLAS TR, 5
: 810°E (s=13TeV, 139 b ] Multijet
: - Background-only fit Ett
£ 10° = Boosted channel, 4b Uncertainty
: 3 0 wom(X) =1 TeV
----- m(X) =2 TeV

: m(X) =3 TeV
tagged : tagged

Dedicated categories for number of
b-tagged track jets: 4b, 3b and 2b-spilit.

7000 1500 2000 2500 3000 35
m(HH) [GeV]




~ Details of the background estimate ATLAS

/8 T

Still a multidimensional reweighting (Low tagged jet -> high tagged jet)

= ==

x10%

200

= P
3 2
= (0]
E" 180 302
2b-2f 2b-1f 1b-1f 4 ?_é»
R R . 160 52

2.0

In this region, the stat unc is o . ‘,
so high, that the 2b-2f Iterative spline ) i e

shape is taken directly as is : H
(no transfer function). rewelg htl ng 1.0
(transfer function)

60 80 100 120 140 160 180 200

m(H,) [GeV]
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Iterative spline reweighting ATLAS

Alex Emerman’s thesis

For each “iteration”, sequentially correct a set

- — : - 1.5 e
é 1.6 Thesis = g E Thesis E
. . . £ sf Vs =13 TeV, 139 fo”! & 14 (s=13TeV, 139 1" =
of reweighting variables 1 P L i
Tg 145 —fter1 —ter2 —iter3 —Merd —iters E; [ —her1 —Her2 —Her3 —Herd —Her5 E
$ 13 —Mers —iter7 —iters —lers —Her1o g 1.2 _fters —iter7 —lter8 —lter9 —lter10 E

Spline fit to ratio of tagged / 1 v
- untagged 1d histograms M

—lter6 —lter7 —lter8 —lterd —lter10 |
“w \

|” are the kinematic reweighting variables:

1
0.95F
0.9F

1 L L L L L J
00 1000 1500 2000 2500 500 1000 1500 2000 2500
W ( f ( ) p,(H) p,(H)
._—W.l)( all x.) — +
l = l g\ . S : ‘ A8
& 16~ Thesis b & 125k Thesis E
. & I Vs=13TeV, 139 b ] £ “E {s=13TeV, 13910 E|
J 5 14 4 unweighted Data = S5 12F | Unweighted Data E
g) L —Mer1 —iter2 —Mter3 —ltera —lter5 g’ 1'155 —lter1 —lter2 —lter3 —lterd —lters E
g 12 © 11 —er6 —Mer7 —Mer8 —herd —Her10

1.05(

- 4 0.85

¢ pT Of the tagged Iarge-R Jet 0‘60 560 10‘00 15‘00 2060 25‘00 0'80E 160 2(‘)0 360 4(;0 560 660 76!)E

e p;andn of the b-tagged VR track jet p) xn
e AR(lead trk jet, subl trk jet) [when applicable]

After 10 iterations, the fit has converged.

F A RBARERSSRSEasss nanss nanss nasas nass

15F Thesis e

F Vs=13TeV, 139" E
—4— Unweighted Data

E —her1 —Her2 —lter3 —lters —ler5

“F Vs=13TeV, 139"

E —4— Unweighted Data

o —hert Iter2 —lter3 —lterd —lter5
E —ler6 —lter7 —lter8 —lter9 Iter 10

tagged / untagged
P
I
tagged / untagged
P
T

125 —iter6 —lter7 —lher8 —lterd —lter10 3

This shape reweighting happens directly on )
data inclusively for QCD and tt. e o
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Normalizations Phys. Rev. D 105 (2022) 092002 ATLAS

EXPERIMENT

Combined fit for the QCD and tt normalizations with the m ,, shape.

e QCD vyield from the low-tagged region
o ({itaken from MC

tag _ untag untag tag
Ivi,data_ ”QCD N, _ N T a;— NN,

1,data It 1,It

Fit separately for each of the three SRs (4b, 3b and 2b spllt) 6 norm factors

F700E  ATLAS | ¢ Dam 3 B0, ATLAS 4 Dan g "L ATLAS @ tDam ]
e 000— & E
- YS-13Tev, 130 fb" [ Multiet 2o b (s-=13Tev, 139" [ Multiet © gof {s=13TeV,139fp" [ Muttiet 3 Region 2b 3b 4b
2 Boosted channel | = ¢ [ Boosted channel it 2 [ Boosted channel It 3
:;) 2b control region Stat. uncertain ty_ g 8o 3b control region Stat. uncertalnty g s0f 4b control region Stat. uncertainty—  tgy 0.05435+0.00056 0.1204 +0.0023 0.0272 +0.0015
F F 1 a4 0.863 +0.011 0.786 +0.042 1

1 Correlation -0.74 -0.74 0

0
5 0.2 gl o gl 02 l 4 T f T
o V- D + o
r . a —t " a |
) L P S N et t 38 oty R R e S e T | =1
< Sl-02 8l-02 |
al-0.2] Bl ol-02r i vl
80100 10 1401607180 80 100 120 140 160 180 80 100 120 40 160 80
m(H‘) [GeV] m(H') [GeV] m(H) [GeV]
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)
T
I
T
X
T
Q
=
L
(=]
(=]
e}

Phys. Rev. D 105 (2022) 092002

10°: ATLAS
F Vs =13 TeV, 126139 fb! o
[ Spin-0

104k

Observed limit (95% CL)
- Expected limit (95% CL)
Expected limit 10
Expected limit £20
Resolved expected limit 1
Boosted expected limit |

Ll

102}

101k

100k .

250 500 1000 2000 3000 5000
m(X) [GeV]

ATLAS resonant combination

ATLAS-CONF-2021-052

SI T | I I 1 I T 1 T T I 1 1T T TTTrT I 1 I
= 10%E ATLAS Preliminary E
T - Vs=13TeV, 126 - 139 fb~! .
1 i Spin-0 ]
< —— Observed limit (95% CL)
© 10°F —--- Expected limit (95% CL) =
- =3 Comb.exp.limit+1c 3
i 1 Comb. exp. limit+20 ]
1022 E
101 E_ _ _E
- —— bbt*t” .
R bBYY i
100 —— Combined .
E ol ] | I TR R T B B A A A AN A | I 1 3
200 300 500 1000 2000 3000
myx [GeV]
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Definition of boosted control regions (1) ATLAS

C
&9 HH resonant %\J HY resonant
Physl etB.2022.137392
Phys. Rev. D 105 (2022) 092002 ysLetB.2022.13739
25 (13 TeV)
0]
20 _— o CMS simulation
b ) My=1600 GeV
180 % o Multijet * My=90 GeV
- o 1.0 o 5 Ts = T v
8 = .9 ° oo o 1o 9 o ".
%16 SOOE t %;SZ aqujVS3c y81 u| - OSR1
o @ L 098 et 0 ———fF ], o 0 7
51 2 © g% [*vsa| . vs2, |'SR2 .
= .E (] o % o Q;c 0 goo L 0° [ -
E120 4002 %0.94 o3 go&oé’m%gc’gﬁ 20 o’ fo "o of £
. £ CaorEY IR A IR I
8 Ogo%wh%gooo %m% o° o ooo o : ? coo :0 5
100¢ ! S%’ ) o 8] o B &0 P o"
200 > 08 83 8.0 oo ofg & @ 8 ° Lol o
}@;VB& 5,VB1 2| SB2-1:SB1
b3 opom, |00 s 00 00 8kt Vo b o
oo RIS et
. 0 og{og o?og%)%lg%%o o
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Definition of boosted control regions (2) @Eﬁlhﬁé

HH NR VBF | HHNRggF
PhysRevlett.131.041803 PhysRevl ett.131.041803

Jet2 Txwp Tagger
Transfer | factors
Jet mass e \ Bin2 .
sidebands A B n BI n 1
0.980 [-f---------- .
Application of | transfer factors Bi n 3 Bl n 2
Jet mass i \
close to my C D 0.950 '
Control region Signal region C R
L : .
ow High
ParticleNet ParticleNet 0.03 011 0.43 BDT Score
score score

AK8 1, region | 50 < md < 110GeV | 110 < m&ad < 150GeV | 150 < myzad < 200 GeV
50 < mﬁggl < 90GeV Transfer factor regions (A & B)

90 < mﬁggbl < 145GeV | Validation region (D) search region (D) Validation region (D)

145 < mfggl < 200 GeV Transfer factor regions (A & B)
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The background model ATLAS

Phys. Rev. D 108

2b 4b
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e 10 S ¢ =
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4 Apply model. - -
g 1 7 e 1 1.0
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( ) EXPERIMENT
CMS 36 b (13 TeV) CMS 36 fb* (13 Tev) CMS 36 fb™ (13 TeV)
£ HH—DBbB  § 2016 Data £ 400 HH bbb § 2016 Data £ 6o HHbobb 3 2016Daa
g ggF low-m,. G Bkg. model o igf high-m_ .. @ Bkg. model g XEF SM [ Bkg. model
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=~ SM ggF-HH x 100 —— SM ggF-HH x 100 —— SM ggF-HH x 50
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Figure 1: Distributions of the events observed in the Aéﬁ signal region for 2016 (top) and 2017-
2018 (bottom) data. The two leftmost columns show the BDT output in the low- and high-mass

categories, and the rightmost column shows the myyy; distribution in the VBF SM-like category. 44



CMS HH(4b) NR boosted: VBF

138 fb™ (13 TeV)

S 20 T T T T T T T e LT T o T T
® t CMS
8 18 ggF cat. 1
< 16F } paa [ oco. goF +. verH VH 3
0 [ ]
= 145- Bie-z5 JPies i B
Lﬁ 12 “ . V+jets, VV Total unc.
]
o
s
< 1
T i
D .

0.0

60 80 100 120 140 160 180 200 220

J > Myeq [GeV]

PhysRevLett.131.0

41803

Figure 1: The data and fitted signal and background distributions for the D -subleading jet
regressed mass are shown for the ggF BDT event category 1, the category accounting for most
of the sensitivity to the ggF HH signal. The SM HH (x,y = xy = x, = 1) signal is shown
scaled to the best fit signal strength 1 = 3.5. The lower panel shows the ratio of the data and
the total prediction, with its uncertainty represented by the shaded band. The error bars on the
data points represent the statistical uncertainties.
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Parametric function bkg. modelling o PATLA

e Directly model the shape with a function '

@
o

e Can be used when searching for a resonance
on a smoothly falling background

o Turn-on effects may be problematic
=4 600 700 800 900 100(:n):1(g)e\1/2)00
. Resonant HH_)4b SearCh, 201 6 data 35.9fb” (13 TeV) 35.91b" (13 TeV)
81400:_CMS 12:‘“"% Emoo CMS :?it =
(JHEP08(2018)152) fag | = F -
o Functional forms chosen in studies performed 5 o

before unblinding, using control regions
m Signal-free regions with kinematic
properties similar to events in signal e

i |73 |z 3

regions SER Ly gyttt ] BER
ngﬁrl T 1T %r+ 05:21

250 260 270 280 290 300 310 320 330 “"300 350 400 450 500 550 600
my (GeV) m, (GeV)



