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Introduction

Di-Higgs Searches
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Higgs boson’s self- Not accessible
coupling constant at the LHC
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Introduction

Di-Higgs Searches

2
my
LM S y(@) =V, Y S ) R b
LO ggF Feynman Diagrams

Latest constraints on the Higgs boson’s
self-coupling constant:

—13<k; <6.7

AHHH/A?II\I/!IH

Combination of ATLAS and CMS searches for Higgs boson
pair production at /s = 13 TeV with the ATLAS detector
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https://arxiv.org/abs/2602.23991

Introduction

The HH — bbyy Channel
B bb Ww 1T Y AVA vy
High contribution from HH — bbyy in di-Higgs
searches bb
Latest results of the HH — bbyy analysis )
using full Run 2 and partial Run 3 data: ww et
A

—16 <K, <6.6 73% | 27% | 039%
: New b-tagging algorithm
With S Ssiie A oo 77 | 81% | 11%
ame photo identification procedure
== [mplement new photon ID for next analysis YY 0.10%
(e. g. BDT, gives ~5-10 % more efficiency)
mmp Calibrate the new photon ID b Y
. . o - | = - 44
Study of Higgs boson pair production in the HH — bbyy final state with H H
308 fb~! of data collected at /s =13 TeV and 13.6 by the ATLAS B y

experiment
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https://arxiv.org/pdf/2507.03495

Introduction

Photon ID in HH — bbyy Run3 ggF HH SM for Full Simulation
Selection Efficiency [Y0]

All events 100.00

About 15 % of HH signal events are lost because of non- event clean and dalitz filter 98.71
optimal cut-based photon ID. Pass trigger 59.39
2 loose photons 91.92

mmp Photon ID should be improved with a new ML-based trigger matching 09 41
technique 2 tight ID photon 85.77

2 tight ID and Iso photons 91.36

rel. pT cuts 92.45

myy in [105,160]GeV 99.91

Nlep =0 99.68

at least 2 Nj 88.04

Nj central<6 97.70

At least 2 b-jets with 85% WP 49.91

Hind Taibi 28th September 2026 -



Photon Identification in
ATLAS
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Photon Identification in ATLAS

Prompt (7rue) and Non-Prompt (Fake) Photons

True photons: photons in the final state not |
coming from hadron decays (H — yy) ||||

\ \ 1"\ ]'\ |

| |

Fake photons: photons coming from the decay \ \\ Il\ |

of neutral mesons in QCD jets (7° = yy) : |
\ \ My \ 1\1,1l lll Illlrwr

| I\ It

== Highly collimated photon pair N

== Dominant source of background in H - yy

Display of prompt-photon Display of non-prompt-photon
event event
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Photon Identification in ATLAS

Shower-Shape Variables for Photon Identification

Es
— ] . S 2 '
e ' _ I » 2N 2 A S S
- | N=5| o BB o — [ EEME _ (Em; AE=ES . —ESt
z s T side = n LE; XE; . :
c - rue y = l l
B b ey — ruer . " | o B —Fae
- pre[20,25] [GeV . [ppp— . — width in a 3x5 (An x A¢) | e ratio = —=
- Pre(20.28(1 Ey2. Susmmss Ey?, Eus region of cells in § z E |+F 2
- _ =3x7 EEEEEE 33 mEm : 2 p “max. max,2
Ro =5 HEEHE Ro = 5" B
o 7%x7 sEESESE “3x7 88 e
: LE;(i— ‘ml\
E fphad s = \/
C Rhad o= —I—F "
ob- T wy3 uses 3x2 strips (1 X @)
00 0?1' 0?2 0?3 0f4 olls ' ofs 0.7 '.".,;_:—:__/_1_'—_- ol J ||‘| Wit is defined 5lmlldrly
S ac M) ctring
fi 1 Hadronic .l“ll b but uses 20 x2 strips
Second layer S»

Strips S

—

Legacy approach: rectangular cuts on shower-shape variables (SSV)

mm) [ 0o0se and Tight photon ID

New approach: use SSV to train a machine-learning (ML) ~ Must be calibrated to be used in analyses

algorithm (e. g. BDT)
mm) ML-based photon ID
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Photon Identification
Calibration with Radiative Z
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Radiative Z Method
% T T T ]
0] |~ ATLAS Intemal Cutonm;
Z 120DataZ - puy ]
g [ _"itn

100

80

60

40

|

lIl‘lIl|

1 1 1 1 I 1
~ 100 120
mﬂy /1 GeV

10°

i 104

J 103

i 102

10!

100

Photon Identification Calibration with Radiative Z

ot

Yields

=

L mllYy = m?

== Clear bump at ~91 GeV
in m!" distribution

—

A cut on the m* distribution, alongside other selections on the
leptons, removes initial state radiation (ISR)

== Pure samples with a true photon in the final state

== Photon ID efficiency can be estimated from the
photon ID performance on these samples

Hind Taibi
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Photon Identification Calibration with Radiative Z

L — JN L L L L L L =
General Procedure S o [ATLAS Intema N ostt
e : : . = = Zopyy 0 - Back d post-fit 3
We use the distribution of the invariant mass m'Y in Z — lly B = <7 HHY Tmaf;g‘;” postit 3
. : 6 —
decays to estimate the number of signal events before and g 10°E" Unconverted y ¢ Data =
after PhOtOl’l ID. "UE’ 105 _? p; < [1 5, 20[ GeV N3=4233?1216 :—
Ng 2 T E mcooos _ =
€ld. = 4 After BDTy: ID omoe —
Ng 10 = . Ng'®™-50436+205 3
10" g ________________ e

100 -

: | ||I|l|]| LU

¢

*f* oy 0 0% 0 4. _é A
#7000 T o ettt S mnnetossorTe TN ety 1y o ¢

Data / Model
(4% ]

PIab

L1l
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My, [GE‘V]
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Photon Identification Calibration with Radiative Z

General Procedure S gL ATLAS Intema Sgralpostt -
We use the distribution of the invariant mass m'Y in Z — lly g = Sopwy T .?;‘:gprgl;”d post-it 3
: : 6L —
decays to estimate the number of signal events before and S T1O°E Unconverted y ¢ Data E
@ — ¥ < [15, 20[ GeV .
after Photon ID. D 2 sl Prefis200Ge Ng=42887:216  —=
Ng 2 = [n'|<€[0.0,0.6] -
€D = N - 104 = After BDTy¢ ID —
§ = Ng'®™-50436+205 3
| o | | 10° | =
In MC the number of signal events is obtained by integrating = =
the m!Y distribution. 102 == =
10! g ---------------------- ﬂi;
10° =
Vb e
o + —
= % S
E_ 1 ;—*—*‘iﬁﬁﬁhﬁtﬁﬂw!'—ﬂi‘*ﬂﬁ{é{f +"+T£
g 0 [ A R ST T N T SN T S NS U SR N SO SN SRR NS S S
60 70 80 90 100 110 120
My, [GE‘V]
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Photon Identification Calibration with Radiative Z

General Procedure 3 [ ATLAS Intera Signalpostft ]
We use the distribution of the invariant mass m'Y in Z — lly g = Sopwy T E;‘:gprgl;”d post-it 3
decays to estimate the number of signal events before and < mﬁ%_ Unconverted y ¢ Data =
after Photon ID. D 2 k- py <15, 20[ GeV Neo428874216

Ny S = InY]€[0.0, 0.6] 5
P i = Ng=512+43 -
ID N 1[]4 — After BDTwe ID ) —
S = Ng'®™-50436+205 3
| o . | 10° - =
In MC the number of signal events is obtained by integrating = e
the m!! distribution. 10° - eve =
------- T T e " -
. . . . 1 pammr? T =N
In data the number of signal events i1s estimated with a 10 ? %
template fit where PDF = PDFyc + PDFpy, 1s fitted to the 100 = o

data and yields Ng and N g are the free parameters of the fit.

P
P2y
[ L1

$
¢ *"ﬁ“‘ .-,'-“ .‘tti.‘.w!.!.—lﬂ !* ¢—+ ﬁ{é q+— —+}-;

Data / Model
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Photon Identification Calibration with Radiative Z

General Procedure S L ATLAS Iemal  — Sgnaipostni
We use the distribution of the invariant mass m'Y in Z — lly g = £ HHY - E;‘:gprgl;”d post-fit =
decays to estimate the number of signal events before and < mﬁ%_ Unconverted y ¢ Data =
after Photon ID. D 2 osl Prelis 20(Gev Nooa2887s216 o)

Ng 2 = [n'|<€[0.0,0.6] -
Ep = w o Ng=512+43 -
N 104 |~ After BDTye ID _ —
A) = Ng'®™ =50436+205 =
In MC the number of signal events is obtained by integrating = =
the m! distribution. 102 - *en, =
e gam et T % ]
. . . . 1 pammart " e

In data the number of signal events is estimated with a 10 ? ﬁﬂ%
template fit where PDF = PDFyc + PDFpy, 1s fitted to the 100 = .
data and yields Ng and N g are the free parameters of the fit. - | | | | | -
- 2 T T | T T —]
Scale factors to correct the MC difference w. r. t. data: % |§+ $ -
= 1 __*_*ﬁ by __do .-—’.W“!'!.—ﬂ o, . i L—
Data s [ M ¢ *‘**ﬂ {ﬂ +Tf
8 4= — —
SF — I]l\)/[C g 0 I T NN T S SO NN S SN SO S N S ST ST AU T ST [ S S S R

M 60 70 80 90 100 110 120

My, [GE‘V]
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Photon Identification Calibration with Radiative Z

Efficiency

ia In¥l £[0.0, 0.6 ia In¥l< [0.6, 0.8] ia lp| < [0.8, 1.37]
Y E ATLAS Intemal + 80Ty 10 3 ¥ E ATLAS intemal + EDTy 1D “  E amLAS intemal + B80T,
12" Data Z iy + Tehtld — "2 Data Z iy + Tignt 1D 12FData 2 liy + TignD
1.1 E_Unconverted ¥ _E 1.1 E_Uncon-.'eried ¥ 1.1 E_Unconveried v
1_05-— —E 1_03— 1.02-—
g — g —+ E e :
oo e E wf | adt— o e : BDT was trained on JF MC samples
a8, Lo 3 0.8 oe s 3 el T, . .
- E = E = with shower shapes corrected with
O.TZ —: 0?5_ —: O.?; . .
oef E osf. E osE notmalizing flows.
L e : : - - : : : = . 9 -
gL . £ E ] g .
'ﬂD_] |o__“"+—o-—h-.-—-—_._—o—_: lﬂD—] |0:_-h+—o——0—-9-+-—9—-—07_: ,g 10:_—-——0—-—...__._.-9__._4.7_:
20 40 60 80 100 20 40 &0 80 100 20 40 &0 20 100 :
: oo ,. Efficiency of BDT-based photon ID
Pl [GeY) pY [GeV] pr[GeV)
¥ =[1.52, 1.81] Y] £[1.81, 2.01] In¥]=[2.01,2.37] has been Computed
o 13 T - o 13 e : - o L3 — : -
¥ | ATLAS Internal + BOTy 0 3 Y E ATLAS Internal + BOTID 3 Y E ATLAS Intemal + 80T 0 3 0 .
— Tight 1D —3 — + TightlD — — + Tightlb —
N i " "2 Dwaz oy 0 "2 omazo E =) 5.20 % improvement on Photon
1.1 E=Unconverted y — 1.1 E=Unconverted y - 1.1 E—Unconverted y — . .
E E LE E LB E ID efficiecny by using BDT-based
= —t— E 3 E 3 .
= 4, 3 = 3 = E
wof 4] S 05 Mos = 0sf- S  — ID instead of cut-based ID.
- i —+— 3 e —O—T _+_ - - C +—0—:t + -
o = F + = F oo+ ¥ =
0B et = 08, 4+ - oab-—=. =
E - = E, * 3 E J
0.7 ;7_ = 0_?:3' . — 0.7 —
o_sf— —f 0.6; —f U-Sf— —f
055 ' ' . 05— ' : ] 05E ! ' ]
+ 1.5_ T T . £ 1.5_ T T T . £ 1.5_ T T T 7
= = - = = - o = -
= = g ] = - ] = = =
E i 0—_ e, - E i 0—_ e —+7_ E 1I0—_-!-—o—_._+—0—+—+—-—07_
8 ¢ . . 3 a ¢ . . 3 a L, : . 7
20 40 1] B0 100 20 40 B0 :hi) 100 20 40 60 a0 100
P} [GeV] pY [GeV] pr1GeV]
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Photon Identification Calibration with Radiative Z

Scale Factors

BDT Tot
SFNF USFﬁET
_ ATLAS Internal Z - lly (unconverted y) ATLAS Internal Z - lly (unconverted y) x10-2
>
& <l[60, 100] I1.oa g € [60, 100] 0.028 0.041 0.038
& €[50, 60] 7] & €[50, 60] 0.032 0.041
—1.06 i
€[45, 50 - c[45, 50[ 0.031 0.046 -
- — 4
€ [40, 45] 14 04 € [40, 45[ 0.025 0.034 0.032 ]
€[35, 40] | €[35, 40] 0.023 i
€[30, 35[ H 1.02 €[30, 35| a
€[25, 30| € [25, 30[
1.00
€[20, 25 €[20, 25
€[15, 20[ 0.98 €[15, 20
) @ ~ = = = ) 53 = = = ~
o o «@ «Q < ™ o o @ «Q < @
- - — — o od - - — — [aV] ol
2 puc ) ol - — 2 2 o0 o - -
v ¥ s 2 =2 3 v v e 2 2 3
W e Nt et W — i _—
W L W W W !
In¥| InY|

Scale factors are close to 1 with total unceratinty of ~1-6 %
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New BDT-Based Photon
Identification on HH — bbyy
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New BDT-Based Photon Identification on bbyy

Working-Point Definition

mc23a+d+e (NFdnadnfieyted y Bkg. rejection —e— Samejetrej. WP —a— Tight WP

8 Oaﬂn|e[d.o,0.6] +Inl€[0.6,0.8] jﬂn|e[0.s,1.15i _:JrnE[1I.15.1.37]_:Jrj|e[1.37.1.5:2] _:Jrne[1l.52.1.8|1]_iﬂq|e[1l.s1,2.0|1]_3ﬂme[zl.m.z.sI?]_:
g r T T T T T T T .
N T T T T T T T ]
2 0.6 . + + + + + + :*=
= 045 T + T ..‘.* + T + T M .
S 04r T R S o T T ‘h—+:: ﬁ* ‘—__—J ]
@ " —0-::..’.4+—::'f T T T T T ]
D{G U-E_J*. I - oI —__4+ o= oI oI -
>~ r T T T Th T T T .
P (L T I TV T L T TVEE TV 102 foT 10T i0z iosTor 102 fottor o iorior ior T iorior iorioe
prGeV] WP optimized such as we
keep the same background
AAEH i ici —e— Same jet rej. WP —+— Tight WP . .
ey mc23a+d{+e (NFg me):ted y Signal eff[|C|ency [ | r | [ g [ | efﬁ01ency as Tlght ID
ﬁ_ [Inl€[0.0,0.6] |nl<[0.6,0.8] ||n<[0.8,1.15] [ |n|[1.15,1.37] [ |n|[1.37,1.52] | |n|€[1.52,1.81] | |n|<[1.81,2.01] [ |g|<[2.01,2.37] ]|
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& 10 . 4 - T — += . 1 — L -— + 4
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= L& T o 1.7 T T Lo T T ]
__Q_ 0.8 _"l __.:‘ __.‘: __: i . __': __.‘A‘ __.‘ ]
& [+ 1= 1* T 1 I 1= 1 ]
= L 4 4 4 4 4 4 4 J
~ 06 —+ .+ -4 4} | HH .+ . —+ =
0 12F =l N X —:l —F I T T - =
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New BDT-Based Photon Identification on HH — bbyy

Improvement on HH — bbyy Analysis

e Expected limits (stat only) are set on the di-Higgs signal strength at 95% CLs.
. The same analysis categories were
- o -
Tight ID BDT-based ID A, % used as for TightID WP
H(HH) limit 3.44 3.37 -2.0 2.0% improvement for p(HH) upper limit
L is observed without changing analysis
HH significance 0.775 0.775 0 categories.
e Expected 68% and 95% CL limits for kl and k2v are observed via a profile log-likelihood scan.
{ J T T I LI | T T | LI ] L | LI I T I ] ‘: _| LI | I L I T T | LI I T T I L I T T I ]
£ - ATLAS Work in Progress _ 4 £ - ATLAS Work in Progress _ -
g S Vs =13.6TeV, 168 fo-! ’ = ;Eg?cf] 0 1 & 6.4 Vs =13.6TeV, 168 fb-" ° = ;’;‘Tﬁci o 1 0
I 5.6 HH- bbyy (Run3) g 4 T 56F HH-bbyy (Run3) J 4 ¢ :*\bouT 1%
a | g | improvement at
4.8 . - 4.8 - 95% CL is found for
- gacy . - Legacy ]
4 68% CL: K € [-1.02,6.10]  95% Gl 4 68% CL: kav € [-0.10,2.27] 95% CI-J expected kl.
- 95% CL: Ky & [-2.5T, 7.69] - - 95% CL: Koy € [=0.73, 2.90] 4
3.2 BDT ph. ID B 3.2 BDT ph. ID B
N 68% CL: Ky e [-1.00, 6.04] . N 68% CL: kav e [-0.10, 2.27] §
24 95% CL: Ky € [-2.46, 7.63] = 2.4 95% CL: kv € [-0.73,2.90] 1 o It seems that there
1.6 ] 1.6 - is no improvement
I 68% CL ] - .-..88% CL ]
0.8F - 0.8F - for k2v.
G:I ! ! 1 I ! L Il 1 1 1 L I Il 1 I_ 0:1 1 1 Il L 1 I L Il L I ! ! I :
4 -2 0 2 4 6 8 10 1.6 2.4 3.2 4 Katerina’s results
Kj Kay
Hind Taibi1 28th September 2026 15



Conclusion
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Conclusion

Conclusion

* Generic procedure of photon ID efficiency computation completed,
* 5-10% improvement in photon ID efficiency w. r. t. cut-based ID,
* New BDT-based photon ID gives us 5-10% more signal using the same background rejection working point.

* 1% improvement on expected k.
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Backup

— 10!§"’ L T T T LI T LI S B
% = ATLAS nternal MC Z+]{in SR)
Background Template & 0oy Faw 5k (1o el in CF)
[ e Sig. leakage (from MC Iy in CR)
4 10° E py=[10.150[GeV —— Bkg (sig. leak. substracted)
. . z n¥) = [0.0. 2.57]
Not enough statistics of MC Z + j g E ety
107 :g I
=) We use a data-driven background estimation approach -
102 = S
10! é—
10° ;g
107! é—
1U—Q_| U S W [ S WA TN W TN SO U S N SN SN SN S [ TN TR S T (SN S S S S
%} - ATLAS internal MC Z+j(in SR) -
% 100 Z - eey Bkg (sig. leak. substracted) —
§ = pre[n, 150[ Gev f
:.._=:31 B n¥| = (0.0, 2.37| 7
g 10! E_ Unconverled y —i
& F ]
107 = =
107 = =
*Control region (CR): anti-id.-and-anti-iso. region L il
**Signal region (SR): id.-and-iso. region 070 8o 80 00 110 120
mn’v [GEV]

Hind Taibi1 28th September 2026 19



Backup

— 10!5'— T T T T T T L T L B
'% = ATLAS internal MC Z+] (in SR)
BaCkground Template 8 10 Z-eey Raw bkg (fram data fly in CR)
& - Sig. leakage (from MC fly in CR)
4 10° E pre(10.150( GeV  —— Bkg (sig. leak. substracted)
. . z n¥) = [0.0. 2.57]
Not enough statistics of MC Z + j E E ey
. . . 10° b I T S,
=) We use a data-driven background estimation approach -
102 = S
10! ;—
Data Z — lly in CR* HE) W
(= Background + signal leakage) o b
10—'3:||1|IJ|||I||||I|||l|||.||l||l;|l1
% - ATLAS internal MC Z+j(in SR) -
% 10° = Z = eey Bkg (sig. leak. substracted) =
g E el =10, 150] GeV ;
:.._=:31 B n¥| = (0.0, 2.37| 7
g 10! E_ Unconverled y —E
107 E =
107 = 3
*Control region (CR): anti-id.-and-anti-iso. region - :
1U_dSD - I?ICI‘ - IEIUI - .QIDI - lIEIIUI - I11LCI. - ‘12|D‘

**Signal region (SR): id.-and-iso. region
mity [GeV|
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Backup

— 10!§"’ LI T T L —r 1T T —r T T T
'% = ATLAS internal MC Z+] (in SR)
Background Template i Faw o rom ata fy nCR
[ e Sig. leakage (from MC Iy in CR)
4 10° E py=[10.150[GeV —— Bkg (sig. leak. substracted)
. . z n¥) = [0.0. 2.57]
Not enough statistics of MC Z + j B0 ety e
. . . 1ol e N
=) We use a data-driven background estimation approach -
102 = Ty
10! ;—
Data Z — lly in CR* HE) 0
(= Background + signal leakage) 0 b
. . 10—'3:||1|I1|||I||||I|||1I||.||l||l;|l1
MC Z - lly in CR* = Signal leakage _ -
%} ~ ATLAS internal MC Z+j(in SR) .
% 10° = Z = eey Bkg (sig. leak. substracted) =
g E el =10, 150] GeV ;
:.._=:31 B n¥| = (0.0, 2.37| 7
g 10! E_ Unconverled y —E
107 =
107 3
*Control region (CR): anti-id.-and-anti-iso. region - :
1U_dSD - I?ICI‘ - IEIUI - .QIDI - ‘|EIIUI - I11LD. - ‘12|D‘

**Signal region (SR): id.-and-iso. region
mity [GeV|
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Backup

— 10!5'— ---- T T r—r T T T Tt
> = ATLAS internal MC Z+] {in SR)
Background Template S 1opzaeer o g o dta 0 O
S - Sig. leakage (from MC Ny in CR)
4 10° E py=[10.150[GeV —— Bkg (sig. leak. substracted)
. . z ¥|= [0.0, 2.37]
Not enough statistics of MC Z + j R
.F T T
. . . 10% = 5 = —
=) We use a data-driven background estimation approach 4
102 = Ty
10! ;—
Data Z — [ly in CR* H) wh
(= Background + signal leakage) 0 b
. . 10—?:||1|IJ||||||||||||l|||.||l||11|11
MC Z - lly in CR* = Signal leakage _ S ——
%} ~ ATLAS internal MC Z+j(in SR) .
% 10° = Z = eey Bkg (sig. leak. substracted) =
- Signal leakage = Background template used for the fit § | erenosoce =
= B n¥| = (0.0, 2.37| 7
. s . s 10 ] —
m) Shape to be compared with MC Z + j in SR** §  F Uremereay E
107 =
107 = 3
*Control region (CR): anti-id.-and-anti-iso. region ) - :
**Signal region (SR): id.-and-iso. region "o 70 80 80 0 10 120
mn’V[GeV]
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Backup

o [J
BDT Training
ATLAS Internal ——— BDTw: applied on S5 with FF (MC)
-- BDTy: applied on uncorrected S5 (MC)
Z-eey —— BDTys applied on SS with NF (MC)

4 BDTusondata
Unconverted y

Normalized yields
=]

 The BDT is trained on y-jet and jet-jet JF samples.

In¥| [0, 2.37]

ple[is, 100[ GeV

 Two BDT models: one for converted y and one for unconverted y.

* Shower-shape variables corrected with normalizing flows are used as input s
variables for the training. , i
« p) and [n?| are used as splitting variables for the BDT. 1 g
9 ¢ q g 9 q 0 :"”_ )
4

Data / MC
]
E‘Eﬁ | [
|

g 7 g g ol

Jet-jet samples: \ Y ’ s
for fake-photon statistics y-jet samples: 0.5 )

for true-photon statistics BDT score

Data / MC
o o
[
_ §§%:
|+
]
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  𝒃  𝒃 - 𝜸 𝜸


   𝓛  𝐒 𝐌 ⊃ V  ( 𝜱 ) =  V 0 −    m H 2 2  𝒉 2 +  𝝀  𝑯 𝑯 𝑯  𝐒 𝐌  𝒉 𝟑 +  𝝀  𝑯 𝑯 𝑯 𝑯  𝐒 𝐌  𝒉 4


  − 1 . 3 <  𝜿 𝝀 < 6 . 7


  ≡


   𝝀  𝑯 𝑯 𝑯 /  𝝀  𝑯 𝑯 𝑯  𝐒 𝐌


   s = 13


   𝓛  𝐒 𝐌 ⊃ V  ( 𝜱 ) =  V 0 −    m H 2 2  𝒉 2 +  𝝀  𝑯 𝑯 𝑯  𝐒 𝐌  𝒉 𝟑 +  𝜆  H H H H SM  𝒉 4


  𝑯 𝑯 → 𝒃  𝒃 - 𝜸 𝜸


  𝑯 𝑯 → 𝒃  𝒃 - 𝜸 𝜸


  𝑯 𝑯 → 𝒃  𝒃 - 𝜸 𝜸


  − 1 . 6 <  𝜅 𝜆 < 6 . 6


  H H → b  b - 𝛾 𝛾


   fb  − 1


   s = 13


  13 . 6  


  b


  𝑯 𝑯 → 𝒃  𝒃 - 𝜸 𝜸


  H H  


   𝜋 0 → 𝜸 𝜸


  H → 𝜸 𝜸


  H → 𝜸 𝜸


  𝒁


   𝒎  𝒍 𝒍 𝜸 =  𝒎 𝒁


   𝒎  𝒍 𝒍 𝜸


  𝒁


   m  l l


   m  l l 𝛾


  Z → l l 𝛾


   𝜺  𝐈 𝐝 . =    𝑵 𝑺  𝑰 𝑫   𝑵 𝑺


  𝒁


   m  l l 𝛾


  Z → l l 𝛾


   𝜺  𝐈 𝐃 =    𝑵 𝑺  𝑰 𝑫   𝑵 𝑺


  𝒁


   m  l l 𝛾  


   m  l l 𝛾


  Z → l l 𝛾


   𝜺  𝐈 𝐃 =    𝑵 𝑺  𝑰 𝑫   𝑵 𝑺


  𝒁


   m  l l 𝛾  


  𝐏 𝐃 𝐅 =   𝐏 𝐃 𝐅  𝐌 𝐂 +   𝐏 𝐃 𝐅  𝐁 𝐤 𝐠


   𝑵 𝑺


   𝑵 𝑩


   m  l l 𝛾


  Z → l l 𝛾


   𝜺  𝐈 𝐃 =    𝑵 𝑺  𝑰 𝑫   𝑵 𝑺


  𝒁


   m  l l 𝛾  


  𝐏 𝐃 𝐅 =   𝐏 𝐃 𝐅  𝐌 𝐂 +   𝐏 𝐃 𝐅  𝐁 𝐤 𝐠


   𝑵 𝑺


   𝑵 𝑩


  𝑺 𝑭 =    𝜺  𝐈 𝐃  𝐃 𝐚 𝐭 𝐚   𝜺  𝐈 𝐃  𝐌 𝐂


  𝒁


  𝒁


  𝑯 𝑯 → 𝒃  𝒃 - 𝜸 𝜸


  𝒃  𝒃 - 𝜸 𝜸


  𝑯 𝑯 → 𝒃  𝒃 - 𝜸 𝜸


  𝑯 𝑯 → 𝒃  𝒃 - 𝜸 𝜸


   𝜅 𝜆


  𝒁 + 𝒋


  𝒁 + 𝒋


  Z → l l 𝛾  


  𝒁 + 𝒋


  Z → l l 𝛾  


  Z → l l 𝛾  


  𝒁 + 𝒋


  Z → l l 𝛾  


  Z → l l 𝛾  


  𝒁 + 𝒋


  𝛾


  𝛾


  𝛾


  𝛾


   p T 𝛾


   |  𝜂 𝛾 |

