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Higgs	Boson	
We	have	found	the	Higgs	boson.	
	
It	acts	consistent	with	SM	expectaVon	so	far.	
	
However,	high	priority	should	be	precision	studies	of	Higgs.	
	
1)  How	precise	are	the	current	LHC	measurements?	

2)  How	precise	do	we	need	the	measurements	to	be?	

3)  How	precise	can	the	LHC	measurements	become?	

4)  Can	future	colliders	do	substan'vely	be[er	than	the	LHC?	
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Table 17: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that |V |  1, where V denotes Z or W , and that BBSM � 0, while the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. BBSM = 0. The results for the combination of
ATLAS and CMS are reported with their measured and expected uncertainties. Also shown are the results from
each experiment. For the parameters with both signs allowed, the 1� intervals are shown on a second line. When
a parameter is constrained and reaches a boundary, namely BBSM = 0, the uncertainty is not indicated. For those
parameters with no sensitivity to the sign, only the absolute values are shown.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS

Measured Expected uncertainty Measured Measured

Parameterisation assuming |V |  1 and BBSM � 0

Z 1.00 1.00 �1.00
[0.92, 1.00] [�1.00,�0.89][ [�0.97,�0.94][ [�1.00,�0.84][

[0.89, 1.00] [0.86, 1.00] [0.90, 1.00]

W 0.90 0.92 �0.84
[0.81, 0.99] [�1.00,�0.90][ [�0.88,�0.84][ [�1.00,�0.71][

[0.89, 1.00] [0.79, 1.00] [0.76, 0.98]

t 1.43+0.23
�0.22

+0.27
�0.32 1.31+0.35

�0.33 1.45+0.42
�0.32

|⌧| 0.87+0.12
�0.11

+0.14
�0.15 0.97+0.21

�0.17 0.79+0.20
�0.16

|b| 0.57+0.16
�0.16

+0.19
�0.23 0.61+0.24

�0.26 0.49+0.26
�0.19

|g| 0.81+0.13
�0.10

+0.17
�0.14 0.94+0.23

�0.16 0.69+0.21
�0.13

|�| 0.90+0.10
�0.09

+0.10
�0.12 0.87+0.15

�0.14 0.89+0.17
�0.13

BBSM 0.00+0.16 +0.19 0.00+0.25 0.03+0.26

Parameterisation assuming BBSM = 0

Z �0.98 1.01 �0.99
[�1.08,�0.88][ [�1.01,�0.87][ [�1.09,�0.85][ [�1.14,�0.84][

[0.94, 1.13] [0.89, 1.11] [0.87, 1.15] [0.94, 1.19]

W 0.87 0.92 0.84
[0.78, 1.00] [�1.08,�0.90][ [�0.94,�0.85][ [�0.99,�0.74][

[0.88, 1.11] [0.78, 1.05] [0.71, 1.01]

t 1.40+0.24
�0.21

+0.26
�0.39 1.32+0.31

�0.33 1.51+0.33
�0.32

|⌧| 0.84+0.15
�0.11

+0.16
�0.15 0.97+0.19

�0.19 0.77+0.18
�0.15

|b| 0.49+0.27
�0.15

+0.25
�0.28 0.61+0.26

�0.31 0.47+0.34
�0.19

|g| 0.78+0.13
�0.10

+0.17
�0.14 0.94+0.18

�0.17 0.67+0.14
�0.12

|�| 0.87+0.14
�0.09

+0.12
�0.13 0.88+0.15

�0.15 0.89+0.19
�0.13
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2.4. Coupling modifiers

Based on a LO-motivated framework [32] (-framework), coupling modifiers have been proposed to
interpret the LHC data by introducing specific modifications of the Higgs boson couplings related to
BSM physics. Within the assumptions already mentioned in Section 1, the production and decay of
the Higgs boson can be factorised, such that the cross section times branching fraction of an individual
channel �(i! H ! f ) contributing to a measured signal yield can be parameterised as:

�i · B f =
�i(~) · �f (~)
�H

, (4)

where �H is the total width of the Higgs boson and �f is the partial width for Higgs boson decay to the
final state f . A set of coupling modifiers, ~, is introduced to parameterise possible deviations from the
SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production process
or decay mode, denoted “ j”, a coupling modifier  j is defined such that:

2j = � j/�
SM
j or 2j = �

j/� j
SM, (5)

where all  j values equal unity in the SM; here, by construction, the SM cross sections and branching
fractions include the best available higher-order QCD and EW corrections. This higher-order accuracy is
not necessarily preserved for  j values di↵erent from unity, but the dominant higher-order QCD correc-
tions factorise to a large extent from any rescaling of the coupling strengths and are therefore assumed to
remain valid over the entire range of  j values considered in this paper. Di↵erent production processes and
decay modes probe di↵erent coupling modifiers, as can be visualised from the Feynman diagrams shown
in Figs. 1–6. Individual coupling modifiers, corresponding to tree-level Higgs boson couplings to the
di↵erent particles, are introduced, as well as two e↵ective coupling modifiers, g and �, which describe
the loop processes for ggF production and H ! �� decay. This is possible because BSM particles that
might be present in these loops are not expected to appreciably change the kinematics of the correspond-
ing process. The gg ! H and H ! �� loop processes can thus be studied, either through these e↵ective
coupling modifiers, thereby providing sensitivity to potential BSM particles in the loops, or through the
coupling modifiers corresponding to the SM particles. In contrast, the gg ! ZH process, which occurs
at LO through box and triangular loop diagrams (Figs. 2b and 2c), is always taken into account, within the
limitations of the framework, by resolving the loop in terms of the corresponding coupling modifiers, Z
and t.

Contributions from interference e↵ects between the di↵erent diagrams provide some sensitivity to the
relative signs of the Higgs boson couplings to di↵erent particles. As discussed in Section 6.4, such
e↵ects are potentially largest for the H ! �� decays, but may also be significant in the case of ggZH
and tH production. The ggF production process, when resolved in terms of its SM structure, provides
sensitivity, although limited, to the relative signs of t and b through the t–b interference. The relative
signs of the coupling modifiers ⌧ and µ with respect to other coupling modifiers are not considered in
this paper, since the current sensitivity to possible interference terms is negligible.

As an example of the possible size of such interference e↵ects, the tH cross section is small in the SM, ap-
proximately 14% of the ttH cross section, because of destructive interference between diagrams involving
the couplings to the W boson and the top quark, as shown in Table 4. However, the interference becomes
constructive for negative values of the product W · t. In the specific case where W · t = �1, the tHW
and tHq cross sections increase by factors of 6 and 13, respectively, so that the tH process displays some
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Let’s	focus	on	the	Higgs	couplings	to	b	quarks.	
	
Many	BSM	physics	ideas	à	hbb	deviaVons	
	
Special	SM	challenges	also	to	consider.	
	
Future	collider	opVons	relevant	too.	
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Must	note	differences	in	uncertainVes	quoted	for	
couplings	--	acer	a	fit	to	observable(s)	–	and	uncertainty	
in	observables	(e.g.,	σ.B	observable).	

L = yb b
†
LH

⇤bR +Cb |H|2b†LH
⇤bR + h.c.

hb̄b

(hb̄b)sm
= 1 + b

b ' ↵s

⇡

Mg̃µ
3

m6
b̃

(m2
b tan

2 �) tan �

' ↵s

⇡

✓
m2

b tan
2 �

m̃2

◆
tan �

��b

(�b)sm
�! b =

1

2
�

�Bb

(Bb)sm
�! b '

5

4
�

�·Bb
�·BZ

measurement uncertainty scales like �b.

1

L = yb b
†
LH

⇤bR +Cb |H|2b†LH
⇤bR + h.c.

hb̄b

(hb̄b)sm
= 1 + b

b ' ↵s

⇡

Mg̃µ
3

m6
b̃

(m2
b tan

2 �) tan �

' ↵s

⇡

✓
m2

b tan
2 �

m̃2

◆
tan �

��b

(�b)sm
�! b =

1

2
�

�Bb

(Bb)sm
�! b '

5

4
�

�·Bb
�·BZ

measurement uncertainty scales like �b.

1

L = yb b
†
LH

⇤bR +Cb |H|2b†LH
⇤bR + h.c.

hb̄b

(hb̄b)sm
= 1 + b

b ' ↵s

⇡

Mg̃µ
3

m6
b̃

(m2
b tan

2 �) tan �

' ↵s

⇡

✓
m2

b tan
2 �

m̃2

◆
tan �

��b

(�b)sm
�! b =

1

2
�

�Bb

(Bb)sm
�! b '

5

4
�

�·Bb
�·BZ

measurement uncertainty scales like �b.

1

L = yb b
†
LH

⇤bR +Cb |H|2b†LH
⇤bR + h.c.

hb̄b

(hb̄b)sm
= 1 + b

b ' ↵s

⇡

Mg̃µ
3

m6
b̃

(m2
b tan

2 �) tan �

' ↵s

⇡

✓
m2

b tan
2 �

m̃2

◆
tan �

��b

(�b)sm
�! b =

1

2
�

�Bb

(Bb)sm
�! b '

5

4
�

�·Bb
�·BZ

measurement uncertainty scales like �b.

� · Bb measurement uncertainty scales like Bb.

1



Current	constraint	on	κb	
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Table 17: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that |V |  1, where V denotes Z or W , and that BBSM � 0, while the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. BBSM = 0. The results for the combination of
ATLAS and CMS are reported with their measured and expected uncertainties. Also shown are the results from
each experiment. For the parameters with both signs allowed, the 1� intervals are shown on a second line. When
a parameter is constrained and reaches a boundary, namely BBSM = 0, the uncertainty is not indicated. For those
parameters with no sensitivity to the sign, only the absolute values are shown.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS

Measured Expected uncertainty Measured Measured

Parameterisation assuming |V |  1 and BBSM � 0

Z 1.00 1.00 �1.00
[0.92, 1.00] [�1.00,�0.89][ [�0.97,�0.94][ [�1.00,�0.84][

[0.89, 1.00] [0.86, 1.00] [0.90, 1.00]

W 0.90 0.92 �0.84
[0.81, 0.99] [�1.00,�0.90][ [�0.88,�0.84][ [�1.00,�0.71][

[0.89, 1.00] [0.79, 1.00] [0.76, 0.98]

t 1.43+0.23
�0.22

+0.27
�0.32 1.31+0.35

�0.33 1.45+0.42
�0.32

|⌧| 0.87+0.12
�0.11

+0.14
�0.15 0.97+0.21

�0.17 0.79+0.20
�0.16

|b| 0.57+0.16
�0.16

+0.19
�0.23 0.61+0.24

�0.26 0.49+0.26
�0.19

|g| 0.81+0.13
�0.10

+0.17
�0.14 0.94+0.23

�0.16 0.69+0.21
�0.13

|�| 0.90+0.10
�0.09

+0.10
�0.12 0.87+0.15

�0.14 0.89+0.17
�0.13

BBSM 0.00+0.16 +0.19 0.00+0.25 0.03+0.26

Parameterisation assuming BBSM = 0
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�0.11

+0.16
�0.15 0.97+0.19

�0.19 0.77+0.18
�0.15

|b| 0.49+0.27
�0.15

+0.25
�0.28 0.61+0.26

�0.31 0.47+0.34
�0.19

|g| 0.78+0.13
�0.10

+0.17
�0.14 0.94+0.18

�0.17 0.67+0.14
�0.12

|�| 0.87+0.14
�0.09

+0.12
�0.13 0.88+0.15

�0.15 0.89+0.19
�0.13

40

κb	=		

Super-naïve	2σ	limit:					0.19	<		κb		<	1.03	
	
Super-naïve	3σ	limit:					0.04	<		κb		<	1.30	
	
Agreed:	measurements	not	currently	in	
the	precision	realm.	

ATLAS	&	CMS	
JHEP	8,	45	(2016).	
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Gadatsch,	HL-LHC	Workshop,	`15	HL-LHC	typically	in	~	5	-	10%	range.	 7	



ILC	σ	x	BR	determinaVons	

ILC	TDR	2013	

Typically	in	the	neighborhood	of	a	few	percent.	
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TLEP	/	FCC-ee	EsVmates	

10	ab-1	
	

0.25	ab-1	
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Precision at Higgs factory
HL-LHCwi/wo theo. uncertainty

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC (with HL-LHC theo. uncertainty)
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Precision of Higgs couplingmeasurement (Model-IndependentFit)

Highlights: 

HZ coupling to sub-percent level.
Many couplings to percent level.
Model independent measurement of total width.
Sensitive to triple Higgs coupling

X =
Measured Higgs-X coupling

Standard Model Higgs-X coupling

Thursday, April 23, 15

CEPC	CDR,	`15	
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CLIC	Higgs	Study,	1608.07538	

CLIC	ProjecVons	
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while for specific final states such as e+e� ! ZH; H ! bb
and e+e� ! Hnene; H ! bb:

CZH,H!bb =
k2

HZZk2
Hbb⇣

GH,md/G SM
H

⌘

and:

CHnene,H!bb =
k2

HWWk2
Hbb⇣

GH,md/G SM
H

⌘ ,

respectively.

Since at the first energy stage of CLIC no significant mea-
surements of the H ! µ+µ�, H ! gg and H ! Zg decays
are possible, the fit is reduced to six free parameters (the
coupling to top is also not constrained, but this is without
effect on the total width) with an appropriate rescaling of
the branching ratios used in the total width for 350GeV.

Parameter Relative precision

350GeV + 1.4TeV + 3TeV
500fb�1 + 1.5ab�1 + 2ab�1

kHZZ 0.57 % 0.37 % 0.34 %
kHWW 1.1 % 0.21 % 0.14 %
kHbb 2.0 % 0.41 % 0.24 %
kHcc 5.9 % 2.2 % 1.7 %
kHtt 3.9 % 1.5 % 1.1 %
kHµµ � 14.1 % 7.8 %
kHtt � 4.3 % 4.3 %
kHgg 3.2 % 1.6 % 1.2 %
kHg g � 5.6 % 3.1 %
kHZg � 15.6 % 9.1 %

GH,md,derived 1.6 % 0.41 % 0.28 %

Table 31: Results of the model-dependent fit. Values marked
"�" can not be measured with sufficient precision at the
given energy. For gHtt, the 3TeV case has not yet been stud-
ied, but is not expected to result in substantial improvement
due to the significantly reduced cross section at high energy.
The uncertainty of the total width is calculated from the fit
results following Equation 1, taking the parameter correla-
tions into account. Operation with �80% electron beam po-
larisation is assumed above 1 TeV.

As in the model-independent case the fit is performed in
three stages, taking the statistical errors of CLIC at the three
considered energy stages (350GeV, 1.4TeV, 3TeV) succes-
sively into account. Each new stage also includes all mea-
surements of the previous stages. The total width is not a
free parameter of the fit. Instead, its uncertainty, based on
the assumption given in Equation 1, is calculated from the
fit results, taking the full correlation of all parameters into
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Fig. 27: Illustration of the precision of the Higgs couplings
of the three-stage CLIC programme determined in a model-
dependent fit. The dotted lines show the relative precisions
of 0.5 % and 2.5 %.

account. Table 31 summarises the results of the fit, and Fig-
ure 27 illustrates the evolution of the precision over the full
CLIC programme.

11.3 Discussion of Fit Results

The full Higgs physics programme of CLIC, interpreted with
a combined fit of the couplings to fermions and gauge bosons
as well as the total width, and combined with the measure-
ment of the self-coupling, will provide a comprehensive pic-
ture of the properties of this recently discovered particle.
Figure 28 illustrates the expected uncertainties of the var-
ious couplings determined in the model-independent fit as
well as the self-coupling as a function of the particle mass.
Combined with the quasi model-independent measurement
of the total width with a precision of 3.6%, this illustrates
the power of the three-stage CLIC programme. Each of the
stages contributes significantly to the total precision, with
the first stage at 350GeV providing the model-independent
"anchor" of the coupling to the Z boson as well as a first
measurement of the total width and coupling measurements
to most fermions and bosons. The higher-energy stages add
direct measurements of the coupling to top quarks, to muons
and photons as well as overall improvements of the branch-
ing ratio measurements and with that of the total widths and
all couplings except the one to the Z already measured in
the first stage. They also provide a measurement of the self-
coupling of the Higgs boson. In a model-dependent analy-
sis, the improvement with increasing energy is even more
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p
s = 350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1.5 ab�1 2 ab�1

s(e+e� ! ZH) 133 fb 8 fb 2 fb
s(e+e� ! Hnene) 34 fb 276 fb 477 fb
s(e+e� ! He+e�) 7 fb 28 fb 48 fb
# ZH events 68,000 20,000 11,000
# Hnene events 17,000 370,000 830,000
# He+e� events 3,700 37,000 84,000

Table 1: The leading-order Higgs unpolarised cross sec-
tions for the Higgsstrahlung, WW-fusion, and ZZ-fusion
processes for mH = 126GeV at the three centre-of-mass en-
ergies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
of beamstrahlung. Also listed are the numbers of expected
events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected event
numbers do not account for the possible enhancements from
polarised beams.

(H) [deg]θ
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(H
)

θ
/d
σ

 d
σ

1/

0

0.01

0.02

0.03  = 350 GeVs ZH, → -e+e
 = 350 GeVs, eνeν H→ -e+e
 = 1.4 TeVs, eνeν H→ -e+e
 = 3 TeVs, eνeν H→ -e+e

CLICdp single Higgs production

Fig. 5: Polar angle distributions for single Higgs events atp
s = 350GeV, 1.4TeV and 3TeV, including the effects of

the CLIC beamstrahlung spectrum and ISR. The distribu-
tions are normalised to unity.

3.1 Motivation for
p

s = 350 GeV CLIC Operation

The choice of the CLIC energy stages is motivated by the
desire to pursue a programme of precision Higgs physics
and to operate the machine above 1TeV at the earliest pos-
sible time; no CLIC operation is foreseen below the top-
pair production threshold. From the perspective of Higgs
physics, lower-energy operation is partly motivated by the
direct and model-independent measurement of the coupling
of the Higgs boson to the Z, which can be obtained from the

Decay mode Branching ratio

H ! bb 56.1 %
H ! WW⇤ 23.1 %
H ! gg 8.5 %
H ! t+t� 6.2 %
H ! cc 2.8 %
H ! ZZ⇤ 2.9 %
H ! gg 0.23 %
H ! Zg 0.16 %
H ! µ+µ� 0.021 %

GH 4.2 MeV

Table 2: The investigated SM Higgs decay modes and their
branching ratios as well as the total Higgs width for mH =
126GeV [20].

recoil mass distribution in ZH ! e+e�H, ZH ! µ+µ�H and
ZH ! qqH production (see Section 5.1.1 and Section 5.1.3).
These measurements play a central role in the determination
of the Higgs couplings at a linear collider. Thus, it might
seem surprising that no significant CLIC running is consid-
ered at

p
s = 250GeV, which is close to the maximum of

the Higgsstrahlung cross section (see Figure 2).

There are three reasons why 250GeV operation is not con-
sidered a priority. Firstly, the reduction in cross section in
going to

p
s = 350GeV is compensated, in part, by the in-

creased instantaneous luminosity achievable at a higher centre-
of-mass energy. The instantaneous luminosity scales approx-
imately linearly with the centre-of-mass energy, L µ ge,
where ge is the Lorentz factor for the beam electrons/positrons.
For this reason the precision on the coupling gHZZ at 350GeV
is comparable to that achievable at 250GeV for the same
period of operation. Secondly, the additional boost of the Z
and H at

p
s= 350GeV provides greater separation between

the final-state jets from Z and H decays. Consequently, the
measurements of s(ZH)⇥BR(H ! X) can be more precise
at

p
s = 350GeV. Thirdly, and most importantly, measure-

ments of the Higgsstrahlung cross section alone are not suf-
ficient to provide truly model-independent measurements of
the Higgs boson couplings; knowledge of the total decay
width GH is also required. This can be inferred from the
measurements of the cross sections for the WW-fusion pro-
cesses. Initial operation of CLIC at

p
s ⇡ 350GeV, where

the e+e� ! Hnene fusion cross section is significant, pro-
vides constraints on the Higgs coupling to the W boson and,
by inference, provides a determination of the Higgs width
GH. For the above reasons, the preferred option for the first
stage of CLIC operation is

p
s ⇡ 350GeV.

Another advantage of
p

s ⇡ 350GeV is that detailed stud-
ies of the top-pair production process can be performed in
the initial stage of CLIC operation. Finally, it is worth not-
ing that a similar Higgs boson mass precision can be ob-
tained from the recoil mass distribution in ZH ! µ+µ�H

6



CalculaVng	Higgs	boson	parVal	widths	and	branching	
fracVons	is	an	exercise	in	precision	SM	analysis.	
	
Specifying	the	input	observables	and	their	uncertainVes	
translates	into	central	values	and	errors	on	Higgs	parVal	
widths	and	BRs.	

Almeida,	Lee,	Pokorski,	JW	2013	
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Percent	relaVve	
uncertainty	on	the	
parVal	widths	from	
parametric	and	scale-
dependence	
uncertainVes.	WW,	ZZ	
uncertainVes	mainly	
due	to	ΔmH.	
	
Note,	uncertainty	on	bb	
final	state	affects	all	
branching	fracVons.	

Almeida,	Lee,	Pokorski,	JW	2013	
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Reducing	UncertainVes	in	Γs	and	BRs	

Reducing	the	uncertainVes	in	extracted	mb	and	mc	MSbar	
masses	(or	the	equivalent)	are	needed	to	reduce	uncertainVes	in	
theory	calculaVons.		
	
Likewise	for	αs	and	mH.	
	
The	precision	Higgs	program	is	just	as	well	stated	as	a	precision	
mb	,	mc	,	αs	and	mH	program.	
	
αs	and	mH	seem	easier	to	improve	than	mb	and	mc.		

14	



Motivation: theory uncertainties in �H!QQ̄

Will we be sensitive to percent-level new physics effects?

No, unless theory uncertainties can be reduced to below O (1%)!

��H!cc̄

�H!cc̄
' �mc(mc)

10 MeV
⇥ 2.1%,

��H!b¯b

�H!b¯b

' �mb(mb)

10 MeV
⇥ 0.56%.

[Denner et al, 1107.5909]
[Almeida, Lee, Pokorski, Wells, 1311.6721]

[Lepage, Mackenzie, Peskin, 1404.0319]

mQ(mQ) ⌘ mMS
Q (µ = mQ): inputs of the calculation.

From PDG particle listings:
mc(mc) = 1.275(25) GeV, mb(mb) = 4.18(3) GeV.

) A few % theory uncertainty in �H!cc̄, �H!b¯b – too large!

Goal: understand this uncertainty very well (to see how to improve).
Zhengkang (Kevin) Zhang (Michigan) Role of low-energy observables (1501.02803) Pheno 2015, Pittsburgh 3 / 10

Zhang,	Charm	2015	

Let’s	look	at	the	role	of	light	quark	mass	uncertainVes…	

15	



Motivation: theory uncertainties in �H!QQ̄

Uncertainty from mQ? – Ultimately from low-energy observables
from which mQ are extracted!

Example: nth moment of RQ [Chetyrkin et al, 0907.2110]

MQ
n ⌘

Z
ds

sn+1

RQ(s), where RQ ⌘ �(e+e� ! QQ̄X)

�(e+e� ! µ+µ�)
.

We will recast �H!Q ¯Q in terms of Mc
1

,Mb
2

.
Zhengkang (Kevin) Zhang (Michigan) Role of low-energy observables (1501.02803) Pheno 2015, Pittsburgh 4 / 10

Zhang,	Charm	2015	
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A first calculation: �H!cc̄, �H!bb̄ in terms of Mc
1, Mb

2

MQ
n =

�
QQ/(2/3)

�2
�
2mQ(µm)

�2n
X

i,a,b

C
(a,b)
n,i (nf )

✓
↵s(µ↵)

⇡

◆i

lna mQ(µm)2

µm
2

lnb mQ(µm)2

µ↵
2

+MQ,np
n .

)
(
mc(mc) = mc(mc)

⇥
↵s,Mc

1

, µc
m, µc

↵,Mc,np
1

⇤
,

mb(mb) = mb(mb)
⇥
↵s,Mb

2

, µb
m, µb

↵

⇤
.

[Kuhn, Steinhauser, hep-ph/0109084]

[Kuhn, Steinhauser, Sturm, hep-ph/0702103]

[Chetyrkin, Kuhn, Maier, Maierhofer, Marquard, Steinhauser, Sturm, 0907.2110]

Should keep µm 6= µ↵, otherwise perturbative uncertainty will be
underestimated (common in the literature).

[Dehnadi, Hoang, Mateu, Zebarjad, 1102.2264]

[Dehnadi, Hoang, Mateu, 1504.07638]

Zhengkang (Kevin) Zhang (U Michigan) Resolving mc and mb (1501.02803) CHARM 2015, WSU, Detroit 11 / 16

�H!QQ̄ in terms of low-energy observables MQ
n

By the method of “relativistic quarkonium sum rules”,

MQ
n =

�
QQ/(2/3)

�2
�
2mQ(µm)

�2n
X

i,a,b

C
(a,b)
n,i (nf )

✓
↵s(µ↵)

⇡

◆i

lna mQ(µm)2

µm
2

lnb mQ(µm)2

µ↵
2

+MQ,np
n .

C(a,b)
n,i : perturbatively calculable functions of nf , the number of active

quark flavors; known to i = 3 [Maier, Maierhoefer, Marquard, Smirnov, 0907.2117].

MQ,np
n : nonpurturbative contribution, kept only for charm; known up

to NLO [Broadhurst et al, hep-ph/9403274]

µm, µ↵: renormalization scales; need not be identical [Dehnadi, Hoang,
Mateu, Zebarjad, 1102.2264].

)
(
mc(mc) = mc(mc)

⇥
↵s,Mc

1

, µc
m, µc

↵,Mc,np
1

⇤
,

mb(mb) = mb(mb)
⇥
↵s,Mb

2

, µb
m, µb

↵

⇤
.

Zhengkang (Kevin) Zhang (Michigan) Role of low-energy observables (1501.02803) Pheno 2015, Pittsburgh 5 / 10

(if	forced	equal	uncertainty	is	underesVmated)	

Zhang,	Charm	‘15	
17	
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Current	uncertainty	from	these	methods	is	about	30	MeV	on	
the	b	quark	mass	(PDG	esVmate).	
	
We	need	to	get	down	to	below	10	MeV	uncertainty	to	take	full	
advantage	of	a	precision	Higgs	program.	
	
10	MeV	mb	uncertainty	à	uncertainty	in	Γb	=	0.5%.		
	
How	will	this	be	solved?	
	
Progress:	Lepage	et	al	(2014)	pointed	out	that	dedicated	lasce	
program	may	be	required.	They	esVmate	that	Δmb,	Δmc	and	
Δαs	could	be	reduced	by	factors	of	7,	3	and	6	respecVvely.	



Now	from	BSM	perspec/ve…	
	
…	how	large	can	these	couplings	be	
given	current	LHC	constraints	on	BSM	
and	possible	later	constraints	(or	
discovery)?	

19	

Let	us	consider	the	largest	coupling	deviaVons	away	from	
the	SM	Higgs	couplings	that	are	possible	if	no	other	state	
directly	related	to	EWSB	(another	Higgs,	or	“rho	meson”)	is	
directly	accessible	at	the	LHC.	
	



Two Higgs Doublets of Supersymmetry

Supersymmetry requires two Higgs doublets. One to give 
mass to up-like quarks (Hu), and one to give mass to down 
quarks and leptons (Hd).

8 degrees of freedom. 3 are eaten by longitudinal components 
of the W and Z bosons, leaving 5 physical degrees of 
freedom: H±, A, H, and h.

As supersymmetry gets heavier (m3/2 >> MZ), a full doublet 
gets heavier together (H±,A,H) while a solitary Higgs boson 
(h) stays light, and behaves just as the SM Higgs boson.

20	

SUSY	Case:		



CorrecVons	to	Higgs	Couplings	in	MSSM	
Two	leading	correcVons	are		
	
a)	mixing	of	would-be	SM	Higgs	with	heavy	Higgs	

x	"HSM"	 "Hheavy"	Not	mass		
eigenstate	

mixing	angle	is		~	mZ
2	/	mA

2	
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FIG. 6: �gd/g
SM
d as a function of mA for various values of

 where �11 = �22, and �12 = 0. The overall contribution
due to radiative corrections has been chosen such that we get
mh = 125GeV. For the solid line we have taken tan � = 30
and for the dashed line tan� = 5.

FIG. 7: �gd/g
SM
d as a function of mA for �11 = 0 and vari-

ous values of ⌘, where �12 = ⌘�22. The overall contribution
due to radiative corrections has been chosen such that we get
mh = 125GeV.

plot again the down-type quark couplings in Fig. 7. We
find that in this case bigger deviations are possible espe-
cially for large tan� [26], even with rather small values
of ⌘. This can be demonstrated analytically by comput-
ing the deviations in the down-type quark couplings for
mA � mZ [28],

gd
gSM
d

⇡ 1 +
2m2

Z

m2

A

� �
12

m2

A

tan�. (18)

Note, in particular, that the deviations grow with tan�.
To find the physics target for Higgs coupling determi-

nation we need to know how well the LHC will be able to
detect heavy Higgs bosons of supersymmetry. We model
this after Fig. 1.21 of Ref [21], which was gleaned from
Chapter 19 in Ref. [29], which plots the minimum value
of mA such that only a single light CP-even Higgs bo-
son and no other Higgs boson is detectable at the LHC
with 300 fb�1 data for a given tan�. The �gd/g

SM
d

corresponding to this minimum mA value is the physics
target, (�gd/g

SM
d )target, for the measurement of the cou-

�
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FIG. 8: We plot the physics target (�gd/g
SM
d )target as a

function of tan� for �11 = 0 and di↵erent ⌘ values, where
�12 = ⌘�22 . The overall contribution due to radiative cor-
rections has been chosen such that we get mh = 125GeV.
The target is the maximum deviation in �gd/g

SM
d when no

other Higgs state is detectable.

pling. We plot (�gd/g
SM
d )target as a function of tan� in

Fig. 8. We also vary ⌘ because, as already discussed, a
non-zero ⌘ can have a significant e↵ect on the coupling
deviations. We find that substantial deviations are pos-
sible for low values of tan� because the minimum value
of mA, for which only one Higgs boson can be seen with
300 fb�1 data, is low in this case (for tan� = 5 this value
is mA = 200 GeV). For ⌘ = 0 we get small deviations for
large tan�. The ⌘ = 0 case is important because, as pre-
viously explained, in the interesting cases with no mixing
and maximal mixing we have ⌘ ⇡ 0. If the superpartners
are heavy and inaccesible, it would correspond to the no-
mixing scenario.

The above was a semi-analytic, semi-model-
independent analysis of supersymmetric Higgs coupling
deviations under various radiative corrections scenarios.
We wish now to investigate the MSSM numerically with
a few well-motivated assumptions about the spectrum.
The sfermion soft breaking diagonal mass parameters
have been chosen to be M

SUSY

= 1.2 TeV for all
sfermions except for top squark parameters which will
be varied and the smuon mass parameters, which are
assumed as M

SUSY

/3 in order to fulfill the constraints
for g � 2 [30] more easily, and even allow favorable
contributions at large tan� to explain the observed
deviation with respect to the SM prediction. It should be
noted that increasing M

SUSY

does not change the results
significantly. The trilinear couplings for all the sfermions
except for the top squarks are Af = 500 GeV. The
gaugino mass parameter has the value M

2

= 500 GeV
and M

1

is related to M
2

via the GUT relation. The
gluino mass is mg̃ = 1.1 TeV.

For e↵ects from the Higgs boson sector, besides the
parameters mA and tan�, the most relevant parame-
ters are those entering the top sector, the diagonal soft

Key	parameters	are	tanβ	and	mA.		

Δij	are	radiaVve	
correcVons	to	the	CP	
Higgs	mass	matrix	
for	eigenstates	h,H.	
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Figure 3. Comparison between the fit exclusion in the (mA, tan�) plane and the direct exclusions from CMS

[44] and LEP [45]. The excluded region was obtained profiling the full five dimensional �2. Note that the

experimental collaborations use the mmax

h scenario [46] to set their limits, without imposing mh ⇡ 126 GeV.

Varying the soft supersymmetry breaking parameters might lead to modifications of the observed bounds [47].

Before describing the results of the fit we review current LHC searches for MSSM Higgses. Direct
searches for the neutral MSSM Higgses are currently performed in the � ! ⌧+⌧� [44, 48], bb̄� !
bb̄µµ [49] and bb̄� ! bb̄bb̄ [50] channels. The strongest bound is set by the recently updated CMS
measurement [44] and ranges from mH & 250 GeV for tan� = 5 to mH & 700 GeV for tan� = 40.
The sensitivity vanishes below tan� = 5. These searches benefit from large tan�, both thanks to
new production mechanisms that become important (b and bb̄ associated production for instance)
and from the increase in the branching ratio to ⌧+⌧�. We also include the LEP bound [45] in our
comparison with Higgs rates, but we do not consider the implications of searches for the charged Higgs
that are currently not as sensitive as the � ! ⌧+⌧� one plus the LEP constraint. The experimental
collaborations use the mmax

h scenario [46] to set their limits, and varying the soft supersymmetry
breaking parameters might lead to modifications of the observed bounds [47]. The e↵ects are stronger
for large tan� mainly due to loop corrections to yb and can not produce any significant gain in
sensitivity in the region 3 . tan� . 12, where production cross sections become too small and our
analysis starts to be competitive. Additionally, the collaborations do not impose mh ⇡ 126 GeV.

– 10 –

D’Agnolo,	Kuflik,	Zanes,	`13	
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SM
d as a function of mA for various values of

 where �11 = �22, and �12 = 0. The overall contribution
due to radiative corrections has been chosen such that we get
mh = 125GeV. For the solid line we have taken tan � = 30
and for the dashed line tan� = 5.

FIG. 7: �gd/g
SM
d as a function of mA for �11 = 0 and vari-

ous values of ⌘, where �12 = ⌘�22. The overall contribution
due to radiative corrections has been chosen such that we get
mh = 125GeV.

plot again the down-type quark couplings in Fig. 7. We
find that in this case bigger deviations are possible espe-
cially for large tan� [26], even with rather small values
of ⌘. This can be demonstrated analytically by comput-
ing the deviations in the down-type quark couplings for
mA � mZ [28],

gd
gSM
d

⇡ 1 +
2m2

Z

m2

A

� �
12

m2

A

tan�. (18)

Note, in particular, that the deviations grow with tan�.
To find the physics target for Higgs coupling determi-

nation we need to know how well the LHC will be able to
detect heavy Higgs bosons of supersymmetry. We model
this after Fig. 1.21 of Ref [21], which was gleaned from
Chapter 19 in Ref. [29], which plots the minimum value
of mA such that only a single light CP-even Higgs bo-
son and no other Higgs boson is detectable at the LHC
with 300 fb�1 data for a given tan�. The �gd/g

SM
d

corresponding to this minimum mA value is the physics
target, (�gd/g

SM
d )target, for the measurement of the cou-
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d )target as a

function of tan� for �11 = 0 and di↵erent ⌘ values, where
�12 = ⌘�22 . The overall contribution due to radiative cor-
rections has been chosen such that we get mh = 125GeV.
The target is the maximum deviation in �gd/g

SM
d when no

other Higgs state is detectable.

pling. We plot (�gd/g
SM
d )target as a function of tan� in

Fig. 8. We also vary ⌘ because, as already discussed, a
non-zero ⌘ can have a significant e↵ect on the coupling
deviations. We find that substantial deviations are pos-
sible for low values of tan� because the minimum value
of mA, for which only one Higgs boson can be seen with
300 fb�1 data, is low in this case (for tan� = 5 this value
is mA = 200 GeV). For ⌘ = 0 we get small deviations for
large tan�. The ⌘ = 0 case is important because, as pre-
viously explained, in the interesting cases with no mixing
and maximal mixing we have ⌘ ⇡ 0. If the superpartners
are heavy and inaccesible, it would correspond to the no-
mixing scenario.

The above was a semi-analytic, semi-model-
independent analysis of supersymmetric Higgs coupling
deviations under various radiative corrections scenarios.
We wish now to investigate the MSSM numerically with
a few well-motivated assumptions about the spectrum.
The sfermion soft breaking diagonal mass parameters
have been chosen to be M

SUSY

= 1.2 TeV for all
sfermions except for top squark parameters which will
be varied and the smuon mass parameters, which are
assumed as M

SUSY

/3 in order to fulfill the constraints
for g � 2 [30] more easily, and even allow favorable
contributions at large tan� to explain the observed
deviation with respect to the SM prediction. It should be
noted that increasing M

SUSY

does not change the results
significantly. The trilinear couplings for all the sfermions
except for the top squarks are Af = 500 GeV. The
gaugino mass parameter has the value M

2

= 500 GeV
and M

1

is related to M
2

via the GUT relation. The
gluino mass is mg̃ = 1.1 TeV.

For e↵ects from the Higgs boson sector, besides the
parameters mA and tan�, the most relevant parame-
ters are those entering the top sector, the diagonal soft
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DeviaVons	higher	
for	smaller	tanβ,	
typically,	due	to	
limits	in	the	mA-
tanβ	plane.	



b)	Finite	b	quark	mass	correcVons,	disrupVng	Yukawa	–	Mass	relaVon	
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Easily	obtain	κb	>	5%	for	all	tanβ	values.	
	
Max	deviaVon	of	~1	for	tanβ	~	5	is	possible,	
due	to	light	mA	undetectable	at	LHC.	
	
These	results	hold	even	acer	the	LHC	obtains	
300	|-1	of	data,	if	no	exoVc	discoveries	made.	
Higher	deviaVons	possible	otherwise.	
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FIG. 9: �gb/g
SM
b as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

FIG. 10: �g⌧/g
SM
⌧ as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

ble within the supersymmetric framework. The last row
in Table I reports anticipated 1� LHC sensitivities at
14TeV with 3 ab�1 of accumulated luminosity [5].
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Expt:	Excellent	prospects	for	precision	study	of	Higgs	
boson	(ILC,	CLIC,	FCC,	etc.).	
	
SM:	SM	predicVon	of	Hàbb	is	presently	too	uncertain	
and	needs	addiVonal	focus	and	work.	
	
BSM:	BSM	predicVon	for	Hàbb	can	easily	be	well	
above	5%	even	acer	300	|-1	of	LHC	data.	Even	more	
otherwise.	
	
In	progress:	Recast	in	EFT	and	connect	predicVons	to	
unificaVon	ideas	(e.g.,	b-tau-t).	


