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Physics Object Definitions

138 1b-1 (13 TeV) + 62 ! (13.6 TeV)

Conversion-safe electron veto,
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Mass resolution improvement using Z-constrained fit

o Allow p_(l) to vary within resolution to improve m using a parametric fit to m

1l,truth

1. Fit m distribution in signal MC

l,tru

2. Unbinned maximum likelihood fit of data constraining m, to pdf from fit to signal MC

refit,1 refit,2 1 .2 oY _ 2 refit,1 1 refit,2 2
L (PT Pr 7 m | pr PT:Up.}rG’p%rﬁ) =L (”112 | ﬁ) - Gauss (PT | p1/ Up%) - Gauss (PT | 1/ Jp%)

~ 1)
m P m, / :
pT(ll) ] ldp'l-{]l}‘ ’PT(ll) * lapT{]l}
. ot line shape ;
Fit to MC , Example pT(llmﬁ‘)-—ﬁi j E A Resolution of
truth b} reco. p, (1)
Example m I—;" E
—5 R S R T [G ;]90 P S T (R [ i (él'*f") 3 {”4
m e P4 - P\,
I p.0) [GeV]

®

FSR recovery for Z — pp included in kinematic refit procedure



Signal resolution and constrained fit to Z line shape

e Good m, signal resolution is crucial for signal extraction

e Constrained fit to Z line shape to improve signal mass resolution

® Signal resolution metric is half of minimum interval containing 68.3% of signal MC (o, . )
Z—e'e LZ—pw Signal mass resolution by category
138 b (13 TeV) + 62 b’ (13.6 TeV) 138 b (13 TeV) + 62 fb™ (13.6 TeV) s — o
o O ' 0 N T L . 2 I %ESJ_CMSI I 28 L A e o 2 Z —>e'e Zﬂ}}t}u
8 1_5'_ g:f‘.gﬁon . —— wiout Z-mass fit | | O ~t o —— wlout Z-mass fit | Category 068.3% UEIS.?)%,I'EH[‘ 0&8.3% 068.30fu,l'ﬁ'ﬁt
g i Wi Z-mass fit g o —— wl Z-mass fit [GEV] [GEV] [GEV] [GEV]
3 | 3 ggF 2.6 21 17 1.5
& T @ 15 VBF 2.5 2.0 1.8 1.5
L w ttH leptonic | 2.4 19 1.7 1.5
osl 1 ¥ VHN, >3 | 26 2.1 1.8 1.6
i 0.5 ttH hadronic | 2.3 1.8 1.7 1.5
_ I 1| VH pmiss 27 2.0 1.9 1.6
Q90710 120 130 140 350 Qoo ——Ti0 120 130 140 _js0 | Untagged 2.8 2.2 20 1.7
Meey Mypy

® Improvesm ) resolution by 20% (10%) for Z — ee (Z — ) events

Il

® Observe minimal to no change in m,

background shape
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Baseline Selection (w/ N-1 eff.)
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\r\-
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M S A e @) 0909

0.9910.85
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gol' BD'T Input Variables (Data v. MC: 120-130 GeV)

Type Variables
Boosted Higgs pTu/mypy
Photon Quality |-PhotonID MVA
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VBF BDT Input Variable (Data v. MC: 120-130 GeV)

T}r]}e . Vari
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ROC Curve Fold 1

gol' & VBF BDT Optimization =
g 0.8
. . . . 5 ﬁ 0.6
® Input variables selection optimized by S vs B separation F VBE
1 . N h E’M — Train (AUC: 0.839)
power & correlation wit mlh’ %, — ::;d{amg:t;g;::l;}.aaz) ROC
® = . T : A Random guess
Hyperparameters optimized to minimize overtraining gL Bemee, |

False Positive Rate (FPR)

(validation vs training) and to ensure consistent behavior ..

among folds R

. - . 1_rapidity 0.0 01 00 F
e Number of bins optimized by (-~ - = 58 Lot
photon rapiaity 0.0 EE4 0.0 [N corre atl()n

phi 0.0 00 0.0 ©.0 00 00
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ggF & VBF Categories BDT & m Datav. MC -
Y

e Simultaneously move all BDT boundaries and optimize Z (120-130)
e Background MC normalized to data sideband Z.. = V/2[(Ns + Ng) - In(1 + Ng/Ng) — Ng]
® Gooddatav. MC observed in BDT score distribution and m,

138 fb-" (13 TeV) « 62 tb-" (13.6 TeV)

= - 1 1 1
S2 CMS Prafiminary . Dan " 1384 (13 TaV).« B2 V(14,6 TaV) - JEEHo: P12 ek Bo - (12 G Tev) 138 fb-" (13 TeV) + 62 ' (13,6 TeV) 138 fb-" (13 TeV) + 62 fo-' (13.6 TeV)
i VBS Z-y D ol T : o i : 2 =
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= Paper -z a0 . Signal VBS Zry - == Signal VBS Z+y & == Signal VBS Z+y oo = Signal VBS Z+y
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g - 51| @ m % ol supp. RS s
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VH & ttH Categories mllY Datav. MC

138 fbo~! (13 TeV) + 62 o' (13.6 TeV
2, 138 fo' (13 TeV) + 62 o' (13.6 TeV) = CNS { )+ { ) i 138 b (13 TeV) + 62 o' (13.6 TeV)
o - : Frelimi it “ >
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Category

ggF1l

ggF2 |

ggF3

ggF4 |
VBF1 |

VBF2
VBF3
VBF4

VH Ny >3
VH p[l_niSS

ttH leptonic |f
ttH hadronic |
untagged |

0 0.2 0.4 0.6 0.8 1

138 fb1 (13 TeV)
62 fbl (13.6 TeV)

Production mode
WH N ZH =
W'H m ttH ™

]

CMS Simulation Preliminary
H- Zy— Uy

stat. unc. &3

ggF =
VBF =

[
]

Expected event fraction

Production mode

7.5 %

138 fb1 (13 TeV)

CMS Simulation Preliminary

H— Zy — Wy 62 fbl (13.6 TeV)
Category
ggFl m VBF1 = VHN; 23 = untagged H
ggF2 = VBF2 = VH pi™° & stat. unc. &
ggF3 = VBF3 ttH leptonic =
ggF4 ttH hadronic

VBF4

= T I T T T T l T T T T [ T

0 0.2 0.4 0.6 0.8 1
Expected event fraction



Category

CMS Simulation Preliminary
H-Zy— Uy

Production mode
ZH m
ttH ™

138 b1 (13 TeV)
62 fb1 (13.6 TeV)

stat. unc. K

ggF1
ggF2

ggF3
ggF4 |

VBF1
VBF2
VBF3
VBF4

VH N, >3
VH p_rPiss

ttH leptonic
ttH hadronic |\{f
untagged

0.1 1 10
Expected number of events

100

1000

Production mode

4

]
CMS Simulation Preliminary 138 fb! (13 TeV)
H— Zy — by 62 fb1 (13.6 Tev)
Category
ggFl = VBF1 = VHN; 23 = untagged W
ggF2 = VBF2 = VH pyiss m stat. unc. &
ggF3 = VBF3 ¢ ttH leptonic ™
ggF4 VBF4 ttH hadronic =
. 1 1 L LI
ggF | H
VBF
W™H
W*H
ZH
ttH i
0.1 1 10 100 1000

Expected number of events



7.5 %

Category ggFl ggF2 ggF3 ggF4 VBF1 VBF2 VBF3 VBF4A VHN, >3 VHp7* tHhad. ttHlep. untag.
SM Signal Yield
-ggF 1.L18 830 78.1 139 0.78 443 121 12.1 0.10 0.24 0.09 0.00 3.56
-VBF 049 183 407 352 168 258 363 225 0.03 0.06 0.01 0.00 0.84
-VH 002 028 146 1.93 003 044 1.48 1.83 0.97 047 0.04 0.01 1.49
-ttH 000 000 000 000 000 002 007 013 0.13 0.00 0.68 0.62 1.02
-Total IRSTSS il 169 104 836 144 249 748 173 163 1.23 0.77 0.82 0.63 6.91
SM Bkg Yield 125 313 10367 68306 777 945 756 5237 48.9 44.1 19.7 3.02 1541
Data Yield 12 350 9787 64432 9 77 739 5058 77 92 33 7 1654
+eTe 7y 0y (GeV) 147 159 165 18 145 153 163 180 1.70 1.70 1.56 1.62 1.69
+ 1y g (GeV) 123 126 129 150 129 132 136 150 1.47 1.34 1.34 1.38 1.42
Z. 05 06 08 06 09 08 06 02 0.2 0.1 0.2 0.4 0.2

Combined 7. 1.2 1.3 I 0.5
Total Z_ :




gol'/VBF separation

e ggF and VBF signal have different topologies and 3x difference in number of events with at least
two jets. Difficult to find a simple cut to reduce enough ggF signal for a truly VBF-like category -
without discarding significant VBF signal
000000000 (63666 o002} | - e i =
_-_!—".__. i D 200 IK;U . 600 800 1G.ﬂﬂ 0 :' ; ;
m> . ,/ " E- ---;. . '"'_'“
ey - m—— . -2’1 ¢ (8
goF+2j (~39 events w. Nj ‘l>:2) VBEF (~13 eventsw. N >=2) e e e W e e

® Explored several strategies for splitting ggF and VBF production modes to balance purity,
sensitivity, and simplicity
o Sortjets differently by dijet kinematics
Split based on N 22 only

Split based on N >2 and m,

Split using dedlcated BDT
Do not split

Worse performance, shapes background to be more VBF-like (backup)
Chosen strategy, good performance, but lower VBF purity

Optimal m, is 0 (~10% worse performance at mjj>350 GeV)

Similar performance, higher VBF purity, but more complicated (backup)

o ¢ o O

Similar performance, but no dedicated “VBF” category

e Conclusion: stick to a simple cut at Njet >=2. Treat both ggF and VBF as signal in the training

S P

® GGF-targeted category: Njet <= 1; VBF-targeted category: Njet e



. CMS Simulation 138 fb! (13 TeV)
Slgnal model :Sul,op{en?e.rluar.fy‘ I 62 f,b-l.(l.?"e‘f TEIEVE
0.8 f_VBF3category-pchanne| m = (124.830 + 0.012) GeV #
[ T Simulation (my =125 GeV L1 o = (1.463 + 0.009) GeV ]
Model: double-sided Crystal Ball with symmetric core o ;—3 DSF?'SC{ | oo
@ 0.6 £ Preliminary -
§ g5 ‘ :
Available simulation at 120 GeV, 125 GeV and 130 GeV 5 04
5 03F 4
8 ont
Due to low amount of simulated events: 0.1
o Sum all production modes and campaigns, independent model for each % ==——— i
combination of category and lepton flavour e 120 Mas; %(5;9\;) 130 19
o Fix tails parameters of 120 GeV and 130 GeV fits to values of 125 GeV
oo g « R ke o
Parametric model as a function of the mass CMS Preliminary st 370
o Linear fit between of 120, 125 and 130 GeV to extrapolate model at L SoepecoovensazsGev |
125.38 GeV (backup) > 030
o  In the final fit, all the parameters are fixed or function of mH (fixed) § 025
©  Nuisances on mean and sigma to account for MC scale/resolution % Eiz :
uncertainties W0k
0.05 ¢
Same model from the 125 GeV simulation for the small e
Mass (GeV)

resonant background from H—ppu+y, . (backup)

N 1

20



CMS Toy Simulation TR

Background model } _ =

® Model: “envelope” of functions, discrete profiling method (details)

o One envelope per category since background turn-on at different locations

Toy data from one category (ggF1) showing

® TWO kind Of flll'lCtiOI‘l families what 5+B fit might look like
O Convolution models  F(myp,;pg, 0G5, &) = / N(”’Ifﬁ —t UG, 06)0(t;s) f(t;a)dt,
(o]

where /N is the Gaussian function and £ is a function from selected families (Bernstein polynomials, power
laws, exponentials and Laurent series)

& Asymmetrie gaussian variants

e Emphasis on the robustness and reliability of the fit, multiple tests to select functions:

Goodness of fit on data
sidebands

Spurious signal
with high stats MC bkg

/ Final envelope

Bias (0 or different signal

Fisher (F) on data sidebands strength injected)




Spurious Signal Test

® Use the background-only high statistics simulation to SIS i i il e
test whether the S+B fit with a given background model e e
would bias the signal measurement, giving “spurious signal”

Events /(1)

KS P-value =0.11

® The spurious signal is defined as |&s| = max(0, [Ns| —2Ac) T e .
o EJ)\Z is the signal yield from the fit B e e i
o 4. . is the error of the signal yield representing the e et et SR
statistical uncertainty of the MC sample .
O 4N isalso the error of the signal yield but representing < « ; —

the expected uncertainty of the data

Ng = -8.53 L= 3.40
Age = 3,07

FATL. =%

15E
® To pass the test, on top of a good fit (y* p-value > 0.05), "
|€ 5| < 20% X ANS or ‘ésl < 100/0 X NEXp signal & i:"u'f'...t..- “:ﬁ..‘“h“.“iﬂ;.‘ﬁ’:.'+‘.'&*+;+I¢'+!"+'++'+f*
00 710 120 T30 140 150 m{GISEI'J
(example pIOtS n the bﬂ_Cku Q) B-only fit and S+B fit of Exp1 bkg model over

the high-stat MC of VBF2. Expl fails the test
with { = 3.40



Fisher (F) Test - Degrees of Freedom Optimization

® Festis used to determine how many degrees of freedom to
use to minimize overfitting

¢ Data Sideband NLL ﬁt Ofthe baCkground funCtiOHS ffom EMS Pre!r'fninary 138 fb"[13Te'V]f. 62f (13.6 Te\.q

the same family, use the difference between NLL to select E?"% \ - o
- T 18008
funCtIOHS %:i%f \\ ——
. * s . . Ll:-.l 1200 g_ - PowZ (best)
e Quantity Ffollows the y*(k = An) distribution where An is e N |
600 :

the difference of DOF of two models in the same family. P-value = e

Of the test 1s: § el ﬁ*"w**‘-’mt%r-*-.fir’ _.:“I,A;._T.:_.

110 120 130 140 130 160 170

m,,/(GeV)

p = P(F > 2(NLL(n) — NLL(n + An))|x*(An))

Fisher test in the Power series family in
ggl3 category. Pow2 has noticeable

® If p-value < 0.05, the model with the higher DOF is improvement over Powl, thus both
é ) ; Powl and Pow2 are kept in the
preferred, otherwise only the lower DOF model is kept in envelope.

the envelope.



Profile Bias and Signal Injection Tests

In the profile bias test, we generate 1000 background-only toys for

each model in the envelope and estimate the envelope bias by

performing a S+B fits on the toys

o Toys fit with the envelope
© Thepull=(N _-N_)/o

sig fit sig exp sig fit
estimate of the bias for the envelope

should form a Gaussian whose mean is an

To pass the test, all the members of the envelope should have bias
smaller than 0.2

o In cases with high bias, a heat map is used to determine the functions

responsible for the biased fits

Signal injection test, in principle, is the same test as the profile
bias test, but where the toys are generating assuming 1x or Sx the

nominal signal

40

30

251

15

10f

o

45_" Coverage = 0.67 _ Maan

3s|

20F

vbf2 pow?2 0Signal Pull

| Enfries

St Dev
3=/ ndf

Sigma

N

[ | !

1 e, |

h

993 |
002601
1.029
368456
IT65+ 155

/1/ * Constant
/ % Mean | 0.08188 + 0.03420

1.022 + 0.028

10 1 2

3 4
Pull

Pull distribution of Pow2 toys in VBF2.

Bias is 0.08



Events/(1 GeV)

Ratio

Ratio

CMS Preliminary 138 fb (13 TeV) + 62 o™ (13.6 TeV)

-8 Data
—— Bern3 (best)

— Pow1

— Expi

Lau2

(a) ggF1 data sideband and final envelope

CMS Preliminary 138 fb! (13 TeV) + 62 fb! (13.6 TeV)

—8— Data
— Bern3
— Pow1
— Exp2
Lau2
— Lau3

Agg (best)

(c) ggF3 data sideband and final envelope

CMS Preliminary

138 o' (13 TeV) + 62 o™ (13.6 TeV)

-8~ Data

— Bern3

— Pow1

— Exp2
Lau2

— Modg

Agg (best)

Ratio
4|
?fu._
N
1% |
=
Z.'i'i
I
31—:’

150 o
m,,/(GeV)

(b) ggF2 data sideband and final envelope

CMS Preliminary 138 fb! (13 TeV) + 62 o' (13.6 TeV)
40000
= E —a— Data
8 L
o i W — Bem3
3 [
Z6000 i
=
L B
4000 —Asn
2000
.gl_--r_|....| L....l....l....|.+.,.|
B L i NN t
O e A Ul $+#++++W++*++ﬂ
099 120 130 140 150 160 170

m,, /[(GeV)

(d) ggF4 data sideband and final envelope




Events/(1 GeV)

Ratio

Events/(1 GeV)

Ratio

CMS Preliminary 138 b (13 TeV) + 62 b (13.6 TeV) CMS Preliminary 138 b (13 TeV) + 62 b (13.6 TeV)
7 i_ —e— Data % 50 E_ + ~®- Data
6 == O - — Bern3
= s = 4F —— Bern4 (best)
5 29 E
= —— Exp1 (best) c —— Pow]
4 ":‘— *e L% 30H + Exp2
3 b |® Ju e . — 50 — Lau2
j LT 10 !
1 ™ e
o 1A B OO e ... et
3 ] o® = )
Bl NI HW At
; R4 3¢ | , : T ;
100 110 120 130 140 150 100 110 120 130 150 160
m,, /(GeV) m,,/(GeV)
(a) VBF1 data sideband and final envelope (b) VBE2 data sideband and final envelope
CMS Ppreliminary 138 ' (13 TeV) + 62 o™ (13.6 TeV) CMS Preliminary 138 o' (13 TeV) + 62 o™ (13.6 TeV)
- —8— Data 9 - =Dt
:23 ; l — Bern3 (best) 8 800 E_ — Bern2 (best)
= A - — Powl
140F - Pow 5 P — Expt
120 — e S 400 Lau2
100 T p — Modg
80 308 5_ Agg
60 200 ;— ¥ iti-—r S a2
40 =
100
20 —
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(c) VBF3 data sideband and final envelope (d) VBF4 data sideband and final envelope




Events/(1 GeV)

Ratio

Events/(1 GeV)

Ratio

O
=
»
R
3
3
3
V]
S
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=

G E —e- Data ?D; 16 i_ e Data
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