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- Width of Higgs boson decay to b-quarks in SM

- Status of Higgs boson decay to b-quarks before Summer 2018

- ATLAS & CMS: analysis with 2017 data

- ATLAS & CMS: combination with previous data
     
- Conclusions

based on 
- ATLAS and CMS papers submitted in Aug. 24, 2018
- ATLAS and CMS presentations in Aug. 28, 2018 @LPCC CERN

Outline    
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Motivation    
ü̺ͩ oͮ͞͞ϡ ̜ΧϡΧΗ ͮΗ ϫ̺ͩ ð�

xȣ ʉǞƟ ðࡪ� ʉǞƟ oǩǊǊɻ ȝƟƁǞŒȣǩɻȝ ɠɫȴʻǩƌƟɻ
ȝŒɻɻƟɻ ʉȴ ŷȴɻȴȣɻ Œȣƌ ǇƟɫȝǩȴȣɻ
• oǩǊǊɻ ŷȴɻȴȣ ƌǩɻƁȴʻƟɫˈ ǩȣ ߿߾߽߿ ȴɠƟȣɻ Œ ʿǞȴȋƟ
ȣƟʿ ɻƟƁʉȴɫ ȴǇ ʉǞƟ �ŒǊɫŒȣǊǩŒȣ

• ĳʞȅŒʿŒ ƁȴʞɠȋǩȣǊɻ ȣȴʉ ɫƟɧʞǩɫƟƌ ŷˈ Dīð#
) Œƌ࢙ǞȴƁ ɻȴȋʞʉǩȴȣ ʉȴ ǊƟȣƟɫŒʉƟ ǇƟɫȝǩȴȣ ȝŒɻɻƟɻ

�Œǩȣ ɧʞƟɻʉǩȴȣɻ ʉȴ ŒȣɻʿƟɫ
• xɻ ʉǞƟ ð� ɻʉɫʞƁʉʞɫƟ ȴǇ ʉǞƟ �ŒǊɫŒȣǊǩŒȣ ƁȴɫɫƟƁʉ ࡲ
• �ɫƟ ʉǞƟ ʻŒȋʞƟɻ ȴǇ ʉǞƟ ƁȴʞɠȋǩȣǊɻ Œɻ ɠɫƟƌǩƁʉƟƌ ǩȣ
ʉǞƟ ð� ࡲ

) #ɫȴŒƌ ɠɫȴǊɫŒȝȝƟ Œʉ ʉǞƟ �o+

ࡱ£ �ȴɫŒȣǊƟ ࢍ ��� ´ɫɻŒˈ ࢎ ࠃࠀࡷ߿
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SM Higgs boson production @LHC    
oͮ͞͞ϡ ̜ΧϡΧΗ ϑϘΧ̭Ϻ̤ϫͮΧΗ ˺ϫ ϫ̺ͩ �o+

oǩǊǊɻ ŷȴɻȴȣ ßɫȴƌʞƁʉǩȴȣ
• ࠁ ȝŒǩȣ ƁǞŒȣȣƟȋɻ Œʉ ʉǞƟ �o+
• üȴʉŒȋ Ɓɫȴɻɻ࢙ɻƟƁʉǩȴȣ �m = ࠃࠂ ɠŷ Œʉ h2oࠀ߾
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• +ɫȴɻɻ࢙ɻƟƁʉǩȴȣ ɻʉƟƟɠȋˈ ǇŒȋȋǩȣǊ ʿǩʉǞ oǩǊǊɻ ŷȴɻȴȣ
ȝŒɻɻ

cȋʞȴȣ Ǉʞɻǩȴȣ ࢎ`ǊǊࢍ
• 5ȴȝǩȣŒȣʉ ȝȴƌƟ ऻࠅࠅࢍ
ȴǇ ʉǞƟ ʉȴʉŒȋࢎ

ĨƟƁʉȴɫ ŷȴɻȴȣ Ǉʞɻǩȴȣ
ࢎ`#Ĩࢍ
• ऻࠄ ȴǇ ʉǞƟ ʉȴʉŒȋ

ğm = Ģm/Ķm
• ऻࠀ ȴǇ ʉǞƟ ʉȴʉŒȋ

ʂ̄ʂm
• ऻ߾ ȴǇ ʉǞƟ ʉȴʉŒȋ

ࡱ£ �ȴɫŒȣǊƟ ࢍ ��� ´ɫɻŒˈ ࢎ ࠃࠀࡷࠀ
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SM Higgs boson decay @LHC    

oͮ͞͞ϡ ̜ΧϡΧΗ ̭̺̤˺Сϡ

oǩǊǊɻ ŷȴɻȴȣ ŷɫŒȣƁǞǩȣǊ ɫŒʉǩȴɻ
üǞƟ oǩǊǊɻ ŷȴɻȴȣ ƁȴʞɠȋƟɻ ʉȴ ȝŒɻɻ

) �Œȣˈ ƌƟƁŒˈ ȝȴƌƟɻ ŒƁƁƟɻɻǩŷȋƟ Œʉ ʉǞƟ �o+
) ŶŶ̄ ȋŒɫǊƟɻʉ #æ ⇠ %ࠅࠂ
) +ȴʞɠȋǩȣǊ ʉȴ �� ȴɫ ǈǈ ʉǞɫȴʞǊǞ ȋȴȴɠɻ

m ! ŶŶ̄ Œȣƌ oǩǊǊɻ ŷȴɻȴȣ ƁȴʞɠȋǩȣǊɻ
• üȴʉŒȋ ʿǩƌʉǞ ȣȴʉ ƌǩɫƟƁʉȋˈ ȝƟŒɻʞɫŒŷȋƟ Œʉ ʉǞƟ �o+
) ´ȣȋˈ ƁȴʞɠȋǩȣǊ ɫŒʉǩȴɻ ʉɫʞȋˈ ȝȴƌƟȋ࢙

ǩȣƌƟɠƟȣƌƟȣʉ
• oˈɠȴʉǞƟɻǩɻ ȴǇ ð� ɻʉɫʞƁʉʞɫƟ ȴǇ ʉǞƟ ȋȴȴɠɻ Œȣƌ ȣȴ
#ð� ƌƟƁŒˈɻ

) ŶŶ̄ ȋŒɫǊƟɻʉ #æࡩ ƌɫǩʻƟɻ ʉȴʉŒȋ ʿǩƌʉǞࡪ ʉǞʞɻ ȝƟŒ࢙
ɻʞɫƟȝƟȣʉɻ ȴǇ ŒŷɻȴȋʞʉƟ ƁȴʞɠȋǩȣǊɻ

• xǇ #ð� ɠŒɫʉǩƁȋƟɻ ŒȋȋȴʿƟƌ ǩȣ ȋȴȴɠɻ Œȣƌ ƌƟƁŒˈɻ
) �ƟŒɻʞɫǩȣǊ m ! ŶŶ̄ ȋǩȝǩʉɻ #ð� ŷɫŒȣƁǞǩȣǊ

ǇɫŒƁʉǩȴȣ ŒȋȋȴʿƟƌ

´ŷɻƟɫʻƟƌ ƌƟƁŒˈɻࡩ ⇠ %߾ࠀ

5ȴȝǩȣŒȣʉ ŶŶ̄ ƌƟƁŒˈࡩ ⇠ %ࠅࠂ

ࡱ£ �ȴɫŒȣǊƟ ࢍ ��� ´ɫɻŒˈ ࢎ ࠃࠀࡷࠁ
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Higgs boson width to b-quarks upto N4LO    

Author's personal copy

+ Xt

�
1� 4.913as

+ a2
s(�72.117� 20.945Lt)

�

Lt = ln(M2
H/m2

t ), Xt = GFm2
t/(8�2

�
2), mt is

the t-quark pole mass, mb = mb(MH) and

�QED =
�

0.472� 3.336
m2

b

M2
H

�
a

�1.455a2 + 1.301aas . (11)

Using a � �(MH)/�=0.0027 ( �(MH)�1 � 129),
mt = 175 GeV, MH = 120 GeV, mb = 2.8 GeV,
GF = 1.1667� 10�5 GeV�2 we get

�t =
�
4.84 · 10�3 � 1.7 · 10�5 (12)

+ 2.27 · 10�3 + 1.85 · 10�4

+ 3.2 · 10�3 � 5.75 · 10�4 � 2.42 · 10�4

�
,

�QED =
�
1.1 · 10�3 � 4.5 · 10�6 (13)

� 9 · 10�6 � 1.2 · 10�4

�
.

Comparing the numbers presented in Eq. (8) and
Eq. (13–14), we conclude that �4

s-terms can be
neglected at the current level of the experimen-
tal precision of “Higgs-hunting” at Fermilab and
LHC. Indeed, one can see, that even for the light
Higgs boson the numerical values of the order �4

s-
contributions to Eq.(8) are comparable with the
leading MH- and mt- dependent terms in Eqs.
(12–13).

An another approach for �Hbb, where the RG-
controllable terms are summed up, may be writ-
ten down as

�Hbb = �b
0

�
as(MH)
as(mb)

�(24/23)

(14)

� AD(as(MH))2

AD(as(mb))2

�
1 +

�

i�1

��b
i ai

s(MH)
�

�
�
1� 8

3
as(mb)� 18.556 as(mb)2

� 175.76 as(mb)3 � 1892 as(mb)4
�
,

where

AD(as)2 = 1 + 2.351 as (15)
+ 4.383 a2

s + 3.873 a3
s � 15.15 a4

s.

Here, an important relation between pole and
running masses of Refs. [35,36,10] has been used.
Detailed comparison of �Hbb in RG-improved
(Eq. (14)) and in pole mass truncated (Eq. (2))
approaches was presented in Refs. [9,10].

The behavior of the RG-resummed expressions
for �Hbb and RHbb are more stable than in the
case, when RG-summation of the mass-dependent
terms is not used [4–9], [10] (Figures 1,2). Di�er-
ence of ��Hbb calculated the truncated pole-mass
approach and the RG-improved parametrization
of �Hbb is becoming smaller in each successive
order of perturbation theory.

Indeed, for the phenomenologically interesting
value of Higgs boson mass MH = 120 GeV we find
that at the �2

s-level ��Hbb � 0.7 MeV, while for
the �3

s-level it becomes smaller, namely ��Hbb �
0.3 MeV. At the �3

s-level of the RG-improved
MS-scheme series one has �Hbb � 1.85 MeV for

Figure 1. Higgs boson width in the pole (on-shell)
mass approach.

V.T. Kim / Nuclear Physics B (Proc. Suppl.) 198 (2010) 223–227 225

Author's personal copy

Figure 2. Higgs boson width in the approach with
explicit RG-resummation.

MH = 120 GeV. For this scale the value of �Hbb
with the explicit dependence from the pole-mass
is 16 % higher, than its RG-improved estimate.

There are di�erent approaches to the treatment
of the typical Minkowskian �2-contributions in
the perturbative expressions for physical quanti-
ties, which demonstrated remarkable convergence
properties [13–16]. At the moment, these ap-
proaches are developing for di�erent phenomeno-
logical applications, which will alow a comparison
with the existing methods.

3. Higgs boson decay into �+��

Width of Higgs boson decay into �+, �� -
leptons in the MS-scheme can be read as [37]

�H�� = ��
0

m2
� (MH)
m2

�

�
1 + a(MH)���

1 (16)

+ a(MH)2���
2 + a(MH)3���

3

+ a(MH)2as(MH)�QEDxQCD

�
,

where ��
0 = (

�
2/8�)GFMHm2

� , a(MH) �
�MS(MH)/�, m� (MH) are QED running parame-
ters and as(MH) � �MS

s (MH)/� is QCD parame-
ter, and �QEDxQCD is a mixed QED-QCD correc-
tion to the coe�cient function. Evolution of run-
ning � -lepton mass in QED is similar to Eq. (6),
but with �QED, �QED

m , ���
2 and �QEDxQCD, com-

plicated by quark fractional electric charge depen-
dence [37]. �QED

3 is known since [38], and �QED
3

[23] is consistent with QED-limit of Ref. [21]. At
present for �H�� to get accuracy of �Hbb at �s3-
level it is enough to keep 2-loop running � -lepton
mass and 1-loop coe�cient function ���

1 [37].

4. Summary

Di�erent approaches based on the running and
pole b-quark masses for the decay width of the
H � bb process become consistent in higher or-
ders of perturbative QCD. However, di�erent con-
vergence in di�erent approaches demonstrates an
existence of additional theoretical QCD uncer-
tainties, which are not usually considered in phe-
nomenological studies.

Currently, for width of Higgs boson decay into
heavy leptons �H�� to have accuracy of �Hbb at
�3

s-level it is enough to take into account 2-loop
running � -lepton mass and 1-loop coe�cient func-
tion ���
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mass region specified above (for reviews see [1]–[4]). There is also a possibil-
ity that the signal for H → b̄b process may be seen at Tevatron [5] through
WH- and ZH- channels and at CMS-TOTEM [6] or/and FP420 [7] experimen-
tal proposals at LHC, aimed at searches of central exclusive H production, as
discussed from theoretical point of view, e.g., in Refs. [8, 9]. The mentioned
experimentally-oriented motivation is pushing ahead the intention to study in
more detail the dominant theoretical effects to Γ(H → b̄b) in the region of rel-
atively light Higgs boson. These effects are related to high-order perturbative
QCD predictions with their intrinsic uncertainties. Moreover, the comparison of
various representations for Γ(H → b̄b) = ΓHb̄b is rather important for planning
the experimental program of high energy linear e+e−-colliders for measuring
Higgs boson couplings [4].

2 QCD expressions for ΓHb̄b

Let us first consider QCD theoretical prediction for ΓHb̄b expressed in terms of
running b-quark mass and the QCD coupling constant in the MS-scheme as

ΓHb̄b = Γb
0

m2
b(MH)

m2
b

[

1 +
∑

i≥1

∆Γi a
i
s(MH)

]

. (1)

Here Γb
0 = 3

√
2/8πGFMH m2

b, mb and MH are the pole b-quark and Higgs boson
masses, as(MH) = αs(MH)/π and mb(MH) are the QCD running parameters,
defined in the MS-scheme. The coefficients ∆Γi are known analytically up to
4-th order correction of perturbation theory [10]. They consist of the posi-
tive contributions dE

i , calculated directly in the Euclidean region, and from the
proportional to π2 kinematic effects, which appear as the result of analytical
continuation from the Euclidean space-like to the Minkowskian time-like region.
This π2-term arises first in Eq. (1) at the a2

s-correction [11]. Its coefficient was
corrected later in [12], [13], but the kinematic π2-term remained unaffected.
Using the notations of Ref. [14] one can write down the following relations:

∆Γ1 = dE
1 =

17

3
; (2)

∆Γ2 = dE
2 − γ0(β0 + 2γ0)π

2/3 ; (3)
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+ γ0(β0 + γ0)(β0 + 2γ0)(3β0 + 2γ0)π
4/30 , (5)
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´̜ϡ̺ϘЖ˺ϫͮΧΗ Χ͘ m! ŶŶ̄ ̭̺̤˺Сϡ ˺Η̭ Χ͘ ğm ϑϘΧ̭Ϻ̤ϫͮΧΗ Йͮϫͩ
ϫ̺ͩ �ü��ð ̭̺ϫ̺̤ϫΧϘ

£ǩƁȴȋŒɻ �ȴɫŒȣǊƟࡪ
´ȣ ŷƟǞŒȋǇ ȴǇ ʉǞƟ �ü��ð +ȴȋȋŒŷȴɫŒʉǩȴȣ
�o+ ðƟȝǩȣŒɫ  +Dæ£ࡪ ࠅ߾ࡷࠅ߽ࡷࠅ߿

H->bb searches @LEP    First Hobb ̄ searches started at LEP…

13

mH > 114.4 GeV @ 95%CL

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS
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Evidence of H->bb @Tevatron    

Significance
2.8σ observed @ 125 GeV

…and continued at Tevatron…

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 14

(1.5σ expected)

3.1σ in full mass range



HEPD seminar, NRC KI – PNPI, 25 Sep. 2018         Victor Kim                     Hbb @ATLAS & @CMS 
10

´̜ϡ̺ϘЖ˺ϫͮΧΗ Χ͘ m! ŶŶ̄ ̭̺̤˺Сϡ ˺Η̭ Χ͘ ğm ϑϘΧ̭Ϻ̤ϫͮΧΗ Йͮϫͩ
ϫ̺ͩ �ü��ð ̭̺ϫ̺̤ϫΧϘ

£ǩƁȴȋŒɻ �ȴɫŒȣǊƟࡪ
´ȣ ŷƟǞŒȋǇ ȴǇ ʉǞƟ �ü��ð +ȴȋȋŒŷȴɫŒʉǩȴȣ
�o+ ðƟȝǩȣŒɫ  +Dæ£ࡪ ࠅ߾ࡷࠅ߽ࡷࠅ߿

Searches for H->bb @LHC: challenges    

īͩС ϡΧ ΉΧΗ͞ ϫΧ Χ̜ϡ̺ϘЖ̺ ϫ̺ͩ Ή˺Ϙ̺͞ϡϫ #æ ࡲ

ĨƟɫˈ ȋŒɫǊƟ ȝʞȋʉǩ࢙Ŷ࢙ǽƟʉɻ ɠɫȴƌʞƁʉǩȴȣ Ɓɫȴɻɻ࢙
ɻƟƁʉǩȴȣ Œʉ ʉǞƟ �o+

• xȣƁȋʞɻǩʻƟ oǩǊǊɻ ŷȴɻȴȣ ɠɫȴƌʞƁʉǩȴȣ ߿ࢍ Ŷ࢙ǽƟʉɻ ǩȣ ˨ȣŒȋ
ɻʉŒʉƟࢎ ȴʻƟɫʿǞƟȋȝƟƌ ŷˈ ŷȅǊɻ ŷˈ ȝŒȣˈ ȴɫƌƟɫɻ ȴǇ ȝŒǊ࢙
ȣǩʉʞƌƟ

ċɻƟ ŒɻɻȴƁǩŒʉƟƌ ɠɫȴƌʞƁʉǩȴȣɻ ʉȴ ɫƟƌʞƁƟ ŷȅǊɻ
ǊǊ` ´ȣȋˈ ɠȴɻɻǩŷȋƟ ǩȣ ŷȴȴɻʉƟƌ ɫƟǊǩȝƟ
Ĩ#` xȣƁȋʞɻǩʻƟ ɻƟŒɫƁǞ ऍ ƟˇƁȋʞɻǩʻƟ Ĩ#`ऍ� ɻƟŒɫƁǞ
ğm �ȴɻʉ ɻƟȣɻǩʉǩʻƟ ƁǞŒȣȣƟȋ
ʂʂm �ȋɻȴ ǩȝɠȴɫʉŒȣʉ Ǉȴɫ ʉȴɠ ĳʞȅŒʿŒ ƁȴʞɠȋǩȣǊ

ࡱ£ �ȴɫŒȣǊƟ ࢍ ��� ´ɫɻŒˈ ࢎ ࠃࠀࡷࠃ
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Higgs boson production modes for H->bb search    

Hobb ̄ searches continue at the LHC
• Very large datasets at LHC give access to several production modes to 

search for Hobb̄

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 15

CMS:  PRL  120 (2018) 071802

ATLAS: arXiv:1807.08639 submitted to PRD
ATLAS: JHEP 11 (2016) 112

CMS: HIG-16-003
CMS: PRD 92 (2015) 032008

ATLAS: JHEP 05 (2016) 160
ATLAS: PRD 97, 072016 (2018)

CMS: JHEP 09 (2014) 087
CMS: arXiv:1804.03682 submitted to JHEP

CMS: JHEP 06 (2018) 101
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VH(bb) @LHC: search modes    

�ΧΧ΄ͮΗ͞ ͘ΧϘ ğm(ŶŶ)

ßɫȴƁƟɻɻƟɻ
• Ķm Œȣƌ Ģm ɠɫȴƌʞƁʉǩȴȣ

• �ƟɠʉȴȣǩƁ ƌƟƁŒˈɻ ȴǇ Ķ/Ģ Ǉȴɫ ŷȅǊ ɫƟǽƟƁʉǩȴȣ Œȣƌ ʉɫǩǊǊƟɫ
• ࠀ ƁǞŒȣȣƟȋɻࡩ ࡪ߽ ࡪ߾ ߿ ƟȋƟƁʉɫȴȣɻ ȴɫ ȝʞȴȣɻ
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VH(bb) results @LHC with 2016 data    
VH(bb̄) results at LHC

• VH(bb) evidence at LHC established 
with 2016 data by both ATLAS and CMS
– Detectors clearly demonstrated ability to deal 

with very high pile-up for such complex analysis
• Signal strength uncertainty ~40%

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 16

signal 
strength

significance 
(exp)

significance 
(obs)

ATLAS Run 1            [1] 2.6σ 1.4σ

CMS Run 1               [2] 2.5σ 2.1σ

ATLAS+CMS Run 1  [3] 3.7σ 2.6σ

ATLAS 2015+2016   [4] 3.0σ 3.5σ

CMS 2016                 [5] 2.8σ 3.3σ

[1] JHEP 01 (2015) 069
[2] JHEP 08 (2016) 045
[3] JHEP 08 (2016) 045
[4] JHEP 12 (2017) 024
[5] PLB 780 (2018) 501
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ϫ̺ͩ �ü��ð ̭̺ϫ̺̤ϫΧϘ
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New H->bb analysis: key elements     

- increased datasets 

- improved b-tagging

- improved dijet invariant mass resolution mbb

- high pT-kinematics



HEPD seminar, NRC KI – PNPI, 25 Sep. 2018         Victor Kim                     Hbb @ATLAS & @CMS 
16

´̜ϡ̺ϘЖ˺ϫͮΧΗ Χ͘ m! ŶŶ̄ ̭̺̤˺Сϡ ˺Η̭ Χ͘ ğm ϑϘΧ̭Ϻ̤ϫͮΧΗ Йͮϫͩ
ϫ̺ͩ �ü��ð ̭̺ϫ̺̤ϫΧϘ

£ǩƁȴȋŒɻ �ȴɫŒȣǊƟࡪ
´ȣ ŷƟǞŒȋǇ ȴǇ ʉǞƟ �ü��ð +ȴȋȋŒŷȴɫŒʉǩȴȣ
�o+ ðƟȝǩȣŒɫ  +Dæ£ࡪ ࠅ߾ࡷࠅ߽ࡷࠅ߿

Data: stunning LHC performance    The Large Hadron Collider

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 4

A big
THANK YOU!

to CERN and the LHC team

• After successful Run 1, LHC has produced >3 years of 13 TeV data 
with stunning performance

• Expected integrated luminosity >150 fb-1 by the end of 2018
• DESIGN peak luminosity exceeded by a factor of 2

– Average pileup ~38 in 2017 and 2018

• Incredible machine availability, >50% of time in stable operation

The Large Hadron Collider
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• üǞŒȣȅɻ ʉȴ

• ðʉʞȣȣǩȣǊ ɠƟɫǇȴɫȝŒȣƁƟ ȴǇ ʉǞƟ �o+ࡩ
ȋʞȝǩ ʞɠ ʉȴ ⇥߿ ߾�ɻ߿�Ɓȝࠁࠀ߽߾ 

• DˇƁƟȋȋƟȣʉ ȴɠƟɫŒʉǩȴȣ ȴǇ ʉǞƟ �ü��ð ƌƟʉƟƁʉȴɫ
! ǞǩǊǞ ƌŒʉŒ ɧʞŒȋǩʉˈ

• 5ŒʉŒɻƟʉɻ
• æʞȣࡩ߾࢙ ࠂ⇠ Ǉŷ߾�Œʉ ࡪh2oࠄ ⇠ ߽߿ Ǉŷ߾�Œʉ h2oࠅ
• æʞȣࡩ߿࢙ ߽ࠅ⇠ Ǉŷ߾�Œʉ h2oࠀ߾

• 5ȴʿȣɻǩƌƟࡩ ǞǩǊǞ ɫŒʉƟɻ Œȣƌ ȋŒɫǊƟ ɠǩȋƟ࢙ʞɠ
• +ǞŒȋȋƟȣǊƟɻ Ǉȴɫ ʉɫǩǊǊƟɫɻࡪ ǽƟʉɻ ɫƟƁȴȣɻʉɫʞƁʉǩȴȣࡪ Ŷ࢙ʉŒǊǊǩȣǊࡱࡱࡱ
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b-tagging: ATLAS    �Η˺ΉСϡͮϡ �̺С ̺Ή̺Γ̺Ηϫ ࡩ߿ Ŷ࢙ϫ˺ͮ͞͞Η͞

Ŷ࢙ʉŒǊǊǩȣǊ
• 5ƟɠƟȣƌɻ ƁɫǩʉǩƁŒȋȋˈ ȴȣ ʉǞƟ ƟˇƁƟȋȋƟȣʉ ȴɠƟɫŒʉǩȴȣ ȴǇ ʉǞƟ
ʉɫŒƁȅƟɫ

• ßƟɫǇȴɫȝŒȣƁƟ ǩȣ æʞȣ ߿ ɫƟȋˈǩȣǊ ȴȣ
• £Ɵʿ x#� ƌƟʉƟƁʉȴɫ ǩȣɻʉŒȋȋƟƌ ǩȣ �ð߾ ࢎࠁ߾߽߿࢙ࠀ߾߽߿ࢍ
• üɫŒƁȅǩȣǊ ȴɠʉǩȝǩ˔Ɵƌ Ǉȴɫ ǞǩǊǞ࢙ßċ Œȣƌ ǞǩǊǞ࢙ɛh Ɵȣʻǩɫȴȣ࢙
ȝƟȣʉɻ

• #ƟʉʉƟɫ �� ŒȋǊȴɫǩʉǞȝɻ

æʞȣ ߿ ɠƟɫǇȴɫȝŒȣƁƟ
• æƟǽƟƁʉǩȴȣ ȴǇ ȋǩǊǞʉ ࡷ ƀ ǽƟʉɻ ߽߽ࠀ ࡷ ࠅ Œʉ ऻ߽ࠄ Ŷ࢙ǽƟʉɻ ƟǇ˨ƁǩƟȣƁˈ
• īƟȋȋ ȝȴƌƟȋȋƟƌ ǩȣ ɻǩȝʞȋŒʉǩȴȣ
• cȴȴƌ ɠƟɫǇȴɫȝŒȣƁƟ ƟʻƟȣ Œʉ ǞǩǊǞ ɠǩȋƟ࢙ʞɠ

) ċɻƟ ȴȣȋˈ ƟʻƟȣʉɻ ʿǩʉǞ ߿ Ǌȴȴƌ Ŷ࢙ʉŒǊɻ

Ŷ࢙ʉŒǊǊǩȣǊ ƌǩɻƁɫǩȝǩȣŒȣʉ
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b-tagging: CMS    

Compact Muon Solenoid
• Multipurpose detector at the LHC: silicon tracking, electromagnetic & hadronic

calorimeters, a 3.8 T superconducting solenoid, & muon tracking chambers

• Pixel detector upgraded for 2017 data taking
– Large impact on b-tagging performance (as discussed later)

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 6

b-jet identification
• Continuous effort to improve b-tagging at CMS

– New pixel detector (4 layers)
– DNN algorithm (DeepCSV) with additional per-track information
– Contamination from q/g < 1% for efficiency ~70%

• MC corrections derived on data with tt ̄ events
• Good agreement between data and MC verified in all analysis regions

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 25
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Dijet mass resolution mbb    
�Η˺ΉСϡͮϡ �̺С ̺Ή̺Γ̺Ηϫ ࡩࠀ 5̺ͮϫ ͮΗЖ˺Ϙͮ˺Ηϫ Γ˺ϡϡ

�Œɻɻ ɫƟɻȴȋʞʉǩȴȣ ǩȝɠɫȴʻƟȝƟȣʉɻ
oǩǊǊɻ ŷȴɻȴȣ ƁŒȣƌǩƌŒʉƟ Ǉɫȴȝ Œ ɠŒǩɫ ȴǇ Ŷ࢙ǽƟʉɻ
• �ƌƌ ȝʞȴȣɻ ǩȣ ʉǞƟ ʻǩƁǩȣǩʉˈ ࡱȋƟɠ࢙ɻƟȝǩࢍ ƌƟƁŒˈɻࢎ
• ðǩȝɠȋƟ ŒʻƟɫŒǊƟ ǽƟʉ ɛh ƁȴɫɫƟƁʉǩȴȣ

• �ƁƁȴʞȣʉɻ Ǉȴɫ ȣƟʞʉɫǩȣȴɻࡪ Œȣƌ ǩȣʉƟɫɠȋŒˈ ȴǇ ɫƟɻȴȋʞʉǩȴȣ Œȣƌ ɛh
ɻɠƟƁʉɫʞȝ ƟǇǇƟƁʉɻࡱ

• �Œɻɻ ɫƟɻȴȋʞʉǩȴȣ ǩȝɠɫȴʻƟȝƟȣʉࡩ ⇠ %ࠅ߾

�ǩȣƟȝŒʉǩƁ `ǩʉ ǩȣ ȋƟɠʉȴȣ࢙߿ ƁǞŒȣȣƟȋ
• `ǩȣŒȋ ɻʉŒʉƟ Ǉʞȋȋˈ ɫƟƁȴȣɻʉɫʞƁʉƟƌ
• oǩǊǞ ɫƟɻȴȋʞʉǩȴȣ ȴȣ ȋƟɠʉȴȣɻ
• +ȴȣɻʉɫŒǩȣ ǽƟʉ ȅǩȣƟȝŒʉǩƁɻ ŷƟʉʉƟɫࡩP

~ɛh(`) = � ~ɛh(ŶŶ) ȝȴƌʞȋȴ ɻȴǇʉ ɫŒƌǩŒʉǩȴȣ
• �Œɻɻ ɫƟɻȴȋʞʉǩȴȣ ǩȝɠɫȴʻƟȝƟȣʉࡩ ⇠ %߽ࠁ
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• �ƌƌ ȝʞȴȣɻ ǩȣ ʉǞƟ ʻǩƁǩȣǩʉˈ ࡱȋƟɠ࢙ɻƟȝǩࢍ ƌƟƁŒˈɻࢎ
• ðǩȝɠȋƟ ŒʻƟɫŒǊƟ ǽƟʉ ɛh ƁȴɫɫƟƁʉǩȴȣ

• �ƁƁȴʞȣʉɻ Ǉȴɫ ȣƟʞʉɫǩȣȴɻࡪ Œȣƌ ǩȣʉƟɫɠȋŒˈ ȴǇ ɫƟɻȴȋʞʉǩȴȣ Œȣƌ ɛh
ɻɠƟƁʉɫʞȝ ƟǇǇƟƁʉɻࡱ

• �Œɻɻ ɫƟɻȴȋʞʉǩȴȣ ǩȝɠɫȴʻƟȝƟȣʉࡩ ⇠ %ࠅ߾

�ǩȣƟȝŒʉǩƁ `ǩʉ ǩȣ ȋƟɠʉȴȣ࢙߿ ƁǞŒȣȣƟȋ
• `ǩȣŒȋ ɻʉŒʉƟ Ǉʞȋȋˈ ɫƟƁȴȣɻʉɫʞƁʉƟƌ
• oǩǊǞ ɫƟɻȴȋʞʉǩȴȣ ȴȣ ȋƟɠʉȴȣɻ
• +ȴȣɻʉɫŒǩȣ ǽƟʉ ȅǩȣƟȝŒʉǩƁɻ ŷƟʉʉƟɫࡩP

~ɛh(`) = � ~ɛh(ŶŶ) ȝȴƌʞȋȴ ɻȴǇʉ ɫŒƌǩŒʉǩȴȣ
• �Œɻɻ ɫƟɻȴȋʞʉǩȴȣ ǩȝɠɫȴʻƟȝƟȣʉࡩ ⇠ %߽ࠁ

ࡱ£ �ȴɫŒȣǊƟ ࢍ ��� ´ɫɻŒˈ ࢎ ࠃࠀࡷ߿߾
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Backgrounds    #˺̤΄͞ϘΧϺΗ̭ϡ

5ǩŷȴɻȴȣ ĢĶࡪ ĶĶ
• ðǩȝǩȋŒɫ ʉȴ ğm
• �ȴʿƟɫȝŒɻɻࡪ ȋŒɫǊƟɫ Ɓɫȴɻɻ࢙ɻƟƁʉǩȴȣ
• ðȴǇʉƟɫ ɛh(ğ) ɻɠƟƁʉɫʞȝ
• ðǞƟɫɠŒ ߾ࡱ߿ࡱ߿

ĶऍǞǇࡪ ĢऍǞǇ
• ðŒȝƟ ˨ȣŒȋ ɻʉŒʉƟ Œɻ ğm
• ȣȴȣ࢙ɠƟŒȅǩȣǊ
• ðǞƟɫɠŒ ߾ࡱ߿ࡱ߿

ʂ̄ʂࡪ ɻǩȣǊȋƟ࢙ʉȴɠ
• ߿ ȋƟɠʉȴȣࡩ ɻŒȝƟ ˨ȣŒȋ ɻʉŒʉƟ Œɻ ɻǩǊȣŒȋ
• ߽ Œȣƌ ߾ ȋƟɠʉȴȣɻࡩ ŒƌƌǩʉǩȴȣŒȋ ǽƟʉɻ
Œȣƌࡷȴɫ ȋƟɠʉȴȣɻࡪ ȣȴʉ ɫƟƁȴȣɻʉɫʞƁʉƟƌ

• ßȴʿǞƟǊऍßˈʉǞǩŒ

�ʞȋʉǩǽƟʉ
• ĨƟɫˈ ȋŒɫǊƟ Ɓɫȴɻɻ࢙ɻƟƁʉǩȴȣ Œȣƌ ǞǩǊǞ ɫƟ࢙
ǽƟƁʉǩȴȣ ǇŒƁʉȴɫɻ

• £ƟǊȋǩǊǩŷȋƟ ǩȣ ࢙߽ Œȣƌ ȋƟɠʉȴȣ࢙߿
• ðȝŒȋȋ Œȣƌ ƌŒʉŒ࢙ƌɫǩʻƟȣ ǩȣ ȋƟɠʉȴȣ࢙߾
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+ȴȣɻƟɧʞƟȣƁƟɻ
• 5ǩŷȴɻȴȣ ɠɫȴƁƟɻɻࡩ ʻŒȋǩƌŒʉǩȴȣ ȴǇ ʉǞƟ ŒȣŒȋˈɻǩɻ
• ȚŶŶ ࡪ �ß(Ŷ, Ŷ) ʻƟɫˈ ɠȴʿƟɫǇʞȋ ʻŒɫǩŒŷȋƟɻ
• ðࡷ# ƌƟɠƟȣƌɻ ȴȣ ȣʞȝŷƟɫ ȴǇ ǽƟʉɻ ǩȣ ʉǞƟ ƟʻƟȣʉ
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High-pT kinematics    �Η˺ΉСϡͮϡ �̺С ̺Ή̺Γ̺Ηϫ ࡩࠁ ɛh࢙ͩͮͩ͞ Ϙ̺ͮ͞Γ̺

xȝɠɫȴʻǩȣǊ ðࡷ#
• oŒɫƌƟɫ ɛğh ɻɠƟƁʉɫʞȝ Ǉȴɫ ɻǩǊȣŒȋ ʉǞŒȣ ŷȅǊɻ

• cȴǩȣǊ ʉȴ ǞǩǊǞ࢙ɛh ǩȝɠɫȴʻƟɻ ðࡷ#
• ċɻƟƌ Ǉȴɫ ƟʻƟȣʉ ƁȋŒɻɻǩ˨ƁŒʉǩȴȣࡩ
ࠂࠄ < ɛğh < ࡪcƟĨ߽ࠂ߾ ɛğh > cƟĨ߽ࠂ߾

• �ƌƌƟƌ Œɻ ǩȣɠʞʉ ʻŒɫǩŒŷȋƟ ǩȣ �Ĩ� ŒȣŒȋˈɻǩɻ
• £ƟƟƌ ȋŒɫǊƟ ŷȅǊ �+ ɻʉŒʉǩɻʉǩƁɻ ǩȣ ʉŒǩȋɻ ȴǇ ƌǩɻʉɫǩŷʞʉǩȴȣɻ 
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• m ! ŶŶ̄ ǩɻ Œ ɻǩȝɠȋƟ ˈŷȴƌ࢙߿ ƌƟƁŒˈ
• �ʉ ǞǩǊǞ ɛh ࡪ ƁŒȣ Ɓʞʉ ǞŒɫƌ ȴȣ�ß(Ŷ, Ŷ) ʿǩʉǞ ʻƟɫˈ ǞǩǊǞ ɻǩǊȣŒȋ
ƟǇ˨ƁǩƟȣƁˈ

• oƟȋɠɻ ɫƟƌʞƁǩȣǊ ŷŒƁȅǊɫȴʞȣƌɻ ɻǩǊȣǩ˨ƁŒȣʉȋˈ
• �ȴɻʉ ɠɫȴȝǩȣƟȣʉȋˈ ʂ̄ʂ
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VH(bb): analysis strategy - 1    

18Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS

VH(bb): Analysis strategy
• Analysis strategy:

– 3 channels with 0, 1, and 2 leptons and 2 b-tagged jets 
• To target Z(νν)H(bb), W(lν)H(bb)and Z(ll)H(bb) processes

– Signal region designed to increase S/B
• Large boost for vector boson
• Multivariate analysis exploiting the most discriminating variables (mbb ̄, ΔRbb ̄, b-tag)

– Control regions to validate backgrounds and control/constrain normalizations

28/08/2018
normalization from  data, shapes from MC 

Z+bb ̄

W+bb ̄

tt ̅

single t

0-lepton (MET)
1-lepton [e,μ]
2-leptons [ee,μμ]
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VH(bb): analysis strategy - 2    

19Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS

VH(bb): Analysis strategy

28/08/2018
used to validate the analysis strategy 

and di-boson, of course0-lepton (MET)
1-lepton [e,μ]
2-leptons [ee,μμ]

• Analysis strategy:
– 3 channels with 0, 1, and 2 leptons and 2 b-tagged jets 

• To target Z(νν)H(bb), W(lν)H(bb)and Z(ll)H(bb) processes
– Signal region designed to increase S/B

• Large boost for vector boson
• Multivariate analysis exploiting the most discriminating variables (mbb ̄, ΔRbb ̄, b-tag)

– Control regions to validate backgrounds and control/constrain normalizations
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Analysis validation: VZ(bb)  @CMS    Validation: VZ(bb)
• VZ analysis using Z(bb) standard candle next to H(bb) peak
• Same “technology” used for VH(bb) fit

– Same DNN inputs (but dedicated training), same Control Regions, 
VH(bb) normalized to SM and left free to float

– Larger m(bb) window in Signal Region to fully include Z(bb) peak

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 32

Significance
5.0σ  expected
5.2σ  observed
Signal strength
µ = 1.05 ± 0.22
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VH(bb) results with 2017 data @CMS    VH(bb) Results with 2017 data
• Results with 2017 data compatible with SM expectations

– Observed significance 3.3σ, signal strength 1.08 ± 0.34
– O(5-10%) increase in analysis sensitivity wrt 2016, depending on channel
– Remarkable channel compatibility

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 33

2016                 2.8               3.3             1.2 ± 0.4
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VH(bb): Run 1 + Run 2 combination @CMS    
Combination of VH(bb) results

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 37

2017

Run 2 (2016+2017)

Run 1 + Run 2
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VH(bb): Run 1 + Run 2 combination @ATLAS    +ΧΓ̜ͮΗ˺ϫͮΧΗ Йͮϫͩ æϺΗ ߾ Ϙ̺ϡϺΉϫ

+ȴȝŷǩȣŒʉǩȴȣ
oȴʿ ʉȴ ƁȴɫɫƟȋŒʉƟ ɻˈɻʉƟȝŒʉǩƁ ʞȣƁƟɫʉŒǩȣʉǩƟɻ ࡲ
• +ȴɫɫƟȋŒʉƟ Ŷ࢙ǽƟʉ ƟȣƟɫǊˈ ɻƁŒȋƟ ʞȣƁƟɫʉŒǩȣʉ ࡪ̍ Œȣƌ
oǩǊǊɻ ŷȴɻȴȣ ɠɫȴƌʞƁʉǩȴȣ Ɓɫȴɻɻ࢙ɻƟƁʉǩȴȣɻ

• üƟɻʉ ƁŒɫƟǇʞȋȋˈ ʉǞŒʉ ȴʉǞƟɫ ƁȴɫɫƟȋŒʉǩȴȣɻ ǞŒʻƟ ȋǩʉʉȋƟ
ǩȝɠŒƁʉ

æƟɻʞȋʉɻ
• ğm(ŶŶ) ɻǩǊȣŒȋ Œʉ �ࠆࡱࠁ �߾ࡱࠂࢍ Ɵˇɠࢎࡱ
• ðǩǊȣŒȋ ɻʉɫƟȣǊʉǞ ƁȴȝɠŒʉǩŷȋƟ ŷƟʉʿƟƟȣĢm Œȣƌ Ķm
ȝȴƌƟɻ Œʉ ऻ߿ࠄ

bb
VH
µ
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+0.21                                0.17−
+0.19                                                 (                 )         

0.35−
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+0.24                                0.27−
+0.29                                                 (                 )         

( Tot. ) ( Stat., Syst. )
Total Stat.

ATLAS bb→VH,H = 7 TeV, 8 TeV, and 13 TeVs
-1, and 79.8 fb-1, 20.3 fb-1      4.7 fb
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Best Fit
 68% CL Obs.
 95% CL Obs.
SM
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H(bb): production mode combination @CMS    Combination of Hobb measurements
• Combination of CMS Hobb measurements : VH, boosted ggH, VBF, ttH

• Most sources of systematic uncertainty are treated as uncorrelated
– Theory uncertainties are correlated between all processes and data sets

• Measured signal strength is µ = 1.04 ± 0.20

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 40

Significance
5.5σ  expected
5.6σ  observed

Observation of the Hobb decay 
by the CMS Collaboration
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H(bb): production mode combination @ATLAS    +ΧΓ̜ͮΗ˺ϫͮΧΗ Χ͘ m! ŶŶ̄ ϡ̺˺Ϙ̤̺ͩϡ

m ! ŶŶ̄ ƁȴȝŷǩȣŒʉǩȴȣ
• +ȴȝŷǩȣƟ æʞȣ߾࢙ Œȣƌ æʞȣ߿࢙ ŒȣŒȋˈɻƟɻ ǩȣ
ğmࡪ Ĩ# ࡪ̀ ʂ̄ʂm ɠɫȴƌʞƁʉǩȴȣ ȝȴƌƟɻ
• ࠃ߾߽߿ऍࠂ߾߽߿ æʞȣ߿࢙ ƌŒʉŒ Ǉȴɫ Ĩ#` Œȣƌ
ʂ̄ʂm

• ċȣƁƟɫʉŒǩȣʉˈ ȝȴƌƟȋ Ǉɫȴȝ ɠɫƟʻǩȴʞɻ
æʞȣ߾࢙ Œȣƌ æʞȣ߿࢙ ƁȴȝŷǩȣŒʉǩȴȣɻ

• æƟɻʞȋʉɻ ŒɻɻʞȝƟ ð� oǩǊǊɻ ŷȴɻȴȣ ɠɫȴ࢙
ƌʞƁʉǩȴȣ Ɓɫȴɻɻ࢙ɻƟƁʉǩȴȣɻ

æƟɻʞȋʉɻ
• ´ŷɻƟɫʻŒʉǩȴȣ ȴǇ m ! ŶŶ̄ ƌƟƁŒˈɻ Œʉ
�ࠁࡱࠂ �ࠂࡱࠂࢍ Ɵˇɠࢎࡱ

• µm!ŶŶ = ±߾߽.߾ ߽߿.߽
• +ȴȣʉɫǩŷʞʉǩȴȣɻ ȴǇ Ĩ#` Œȣƌ ʂ̄ʂm ƁǞŒȣ࢙
ȣƟȋɻ �ࠂࡱ߾ Œȣƌ �ࠆࡱ߾

• +ȴȝɠŒʉǩŷǩȋǩʉˈ ȴǇ ʉǞƟ ࠃ ȝƟŒɻʞɫƟȝƟȣʉɻ
ऻࠁࠂ
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+ΧΓ̜ͮΗ˺ϫͮΧΗ Χ͘ ğm ϡ̺˺Ϙ̤̺ͩϡ

ğm ƁȴȝŷǩȣŒʉǩȴȣ
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VH production combination @ATLAS    
+ΧΓ̜ͮΗ˺ϫͮΧΗ Χ͘ ğm ϡ̺˺Ϙ̤̺ͩϡ
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Conclusions: ATLAS    

+ΧΗ̤ΉϺϡͮΧΗϡ

• ğm(ŶŶ) ŒȣŒȋˈɻǩɻ ʿǩʉǞ ߾�Ǉŷ߽ࠅ ȴǇ æʞȣ߿࢙ ƌŒʉŒ
• µŶŶğm = ±ࠃ߾.߾ ࡪࠃ߿.߽ ʿǩʉǞ Œ ɻǩǊȣǩ˨ƁŒȣƁƟ ȴǇ �ࠆࡱࠁ
• +ɫȴɻɻ࢙ƁǞƟƁȅƟƌ ʿǩʉǞ ʉǞƟ ȝƟŒɻʞɫƟȝƟȣʉ ȴǇ ʉǞƟ
ğĶ(ŶŶ) ɠɫȴƁƟɻɻࡪ Œȣƌ Œ ƌǩǽƟʉ࢙ȝŒɻɻ ŒȣŒȋˈɻǩɻ

• ´ŷɻƟɫʻŒʉǩȴȣ ȴǇ m ! ŶŶ̄ ƌƟƁŒˈɻ
• µm!ŶŶ = ±߾߽.߾ ߽߿.߽
• ´ŷɻƟɫʻŒʉǩȴȣ Œʉ �ࠁࡱࠂ ǩȣ ƁȴȝŷǩȣŒʉǩȴȣ ʿǩʉǞ ʂ̄ʂm Œȣƌ
Ĩ#` ɠɫȴƌʞƁʉǩȴȣ ȝȴƌƟɻ

• ऻࠆࠅ ȴǇ ʉǞƟ oǩǊǊɻ ŷȴɻȴȣ #æ ǩɻ ȣȴʿ ȴŷɻƟɫʻƟƌ 
• ´ŷɻƟɫʻŒʉǩȴȣ ȴǇ ğm ɠɫȴƌʞƁʉǩȴȣ
xȣ ƁȴȝŷǩȣŒʉǩȴȣ ʿǩʉǞ �� Œȣƌ `ࠁ ŒȣŒȋˈɻƟɻ
• µğm = ±ࠀ߾.߾ ࠁ߿.߽
• ğm ɠɫȴƌʞƁʉǩȴȣ ȴŷɻƟɫʻƟƌ Œʉ �ࠀࡱࠂ
• �ȋȋ ȝŒǩȣ ɠɫȴƌʞƁʉǩȴȣ ȝȴƌƟɻ ȣȴʿ ȴŷɻƟɫʻƟƌ 

• æƟɻʞȋʉɻ ɻʞŷȝǩʉʉƟƌ ʉȴ ß�#ࡩ ŒɫĲǩʻࠅࠀ߿ࠅ߽ࡱࠅ߽ࠅ߾ࡩ
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Conclusions: CMS    Conclusions
• CMS has reached a 5.6σ observation of the Hobb decay, 

with signal strength µ = 1.04 ± 0.20
– Combination of several production channels, dominated by VH(bb)
– Result contained in arXiv:1808.08242 and provisionally accepted for publication in PRL

• Thank you to PRL and its referees for their impressive turn-around in reviewing the paper!

• Standard Model assumption on Yukawa coupling 
to b’s confirmed within the present uncertainty

• This result is the culmination of Hobb searches 
that started at LEP, continued at Tevatron and 
at the LHC

• Achievement possible only thanks to the fantastic 
run of the LHC, and the CMS detector performance
– But is only a step towards the ultimate Hobb precision at LHC
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H(bb) systematic uncertainties: impact on measurement @ATLAS    ðСϡϫ̺Γ˺ϫ̤ͮ ϺΗ̤̺Ϙϫ˺ͮΗϫ̺ͮϡࡩ xΓϑ˺̤ϫ ΧΗ �̺˺ϡϺϘ̺Γ̺Ηϫ

�ȣŒȋˈɻǩɻ ƌȴȝǩȣŒʉƟƌ ŷˈ ɻˈɻʉƟȝŒʉǩƁ ʞȣƁƟɫʉŒǩȣʉǩƟɻ
�ƟŒɻʞɫƟƌ ŷˈ ǩȝɠŒƁʉ ȴȣ ɻǩǊȣŒȋ ɻʉɫƟȣǊʉǞ ࢎµࢍ

�Œȣˈ ǩȝɠȴɫʉŒȣʉ ɻȴʞɫƁƟɻ 
Ŷ࢙ʉŒǊǊǩȣǊ ŷȴʉǞ Ŷ Œȣƌ ƀ ǽƟʉ ʉŒǊǊǩȣǊ ƁŒȋǩŷɫŒʉǩȴȣ

• æƟɻɠࡱ ऻࠀ⇠ Œȣƌ ऻ߽߾⇠ ɠƟɫ ǽƟʉ
#ŒƁȅǊɫȴʞȣƌ ȝȴƌƟȋȋǩȣǊ Ķ+ǞǇࡪ Ģ+ǞǇࡪ ʂ̄ʂ

• �Œǩȣȋˈ ɻǞŒɠƟ Œȣƌ ƟˇʉɫŒɠȴȋŒʉǩȴȣ ʞȣƁƟɫʉŒǩȣʉǩƟɻ
ðǩǊȣŒȋ ȝȴƌƟȋȋǩȣǊ ȋǩʉʉȋƟ ǩȝɠŒƁʉ ȴȣ ɻǩǊȣǩ˨ƁŒȣƁƟ

• 5ȴȝǩȣŒʉƟƌ ŷˈ ɻˈɻʉƟȝŒʉǩƁ ʞȣƁƟɫʉŒǩȣʉǩƟɻ ȴȣ ʉǞƟ ŒƁƁƟɠ࢙
ʉŒȣƁƟ

�+ ɻʉŒʉɻ ȣƟʻƟɫ࢙ƟȣƌǩȣǊ ɫŒƁƟ ŷƟʉʿƟƟȣ ƌŒʉŒ ɻʉŒʉ Œȣƌ �+ ɻʉŒʉ
• ċɻƟ ȴǇ ƌƟƌǩƁŒʉƟƌ �+ ˨ȋʉƟɫɻ
• £ȴʉ ƟŒɻˈ ǩȣ Œȋȋ ƁŒɻƟɻࡪ ƟࡱǊ ʂ̄ʂ ɠǞŒɻƟ ɻɠŒƁƟ ǩȣ ȋƟɠʉȴȣ࢙߾ࡷ߽
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