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New Mh Combination

Higgs!Boson!Mass!@!LHC!

30!

mH!=!125.09!±!0.21!(stat.)!±!0.11!(syst.)!GeV!
!
!

Overall!0.19%!precision!already!achieved!!

dominated!by!energy/momentum!scale!calibra6on!
(which!is!also!dominated!by!available!sta6s6cs)!

From Moriond 2015.
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Method Outline

Mt

µ

mA

MS

SM

SM(+EWkino)

THDM(+EWkino)

I Begin with SM couplings at Mt. Buttazzo et al. 1307.3536

I Use SM RGE’s (possibly with EWkino contributions
beginning at µ) to evolve {gi, yj , λ} from Mt to mA.

I Use THDM RGE’s (in the λi = 0 approximation) to evolve
{gi, hj , tanβ} from mA to MS .

I Compute 1-loop threshold corrections to hj .

I Compute THDM quartic couplings λi(MS) in the MSSM
(with 1-loop, select 2-loop corrections).

I Use THDM RGE’s to evolve {gi, hj , λk} from MS to mA.

I Compute λk combinations appearing in Higgs mass matrix
M2

H0 at mA. Gunion & Haber 0207010

I Evolve {gi, yj , λ} using SM RGE’s in “Higgs basis”, where
λ corresponds to the Higgs doublet that receives a vev.

I DiagonalizeM2
H0 at Mt.

I Compute masses, couplings, angles, etc.
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Matching the THDM to the MSSM at MS

The general CP -conserving THDM potential is Haber & Hempfling 1993
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Matching to the MSSM at tree level yields

λ1 = λ2 =
1

4
(g22 + g2Y ) ,

λ3 =
1

4
(g22 − g2Y ) ,

λ4 = −
1

2
g22 ,

λ5 = λ6 = λ7 = 0 .
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Higgs Masses and the Higgs Basis

In the original basis used in the THDM potential, the CP -even neutral Higgs mass matrix is

M2
H0 = m2

A

(
s2β −sβcβ
−sβcβ c2β

)
+ v2

(
f11 f12
f12 f22

)

f11 = λ1c
2
β + 2λ6cβsβ + λ5s

2
β ,

f12 = (λ3 + λ4)cβsβ + λ6c
2
β + λ7s

2
β ,

f22 = λ2s
2
β + 2λ7cβsβ + λ5c

2
β .

In the Higgs basis, {φ0
a, φ

0
b}, for which 〈φb〉 = 0, Gunion & Haber 0207010, Carena et al. 1410.4969

M2
H0 =

(
g11v2 g12v2

g12v2 m2
A + g22v2

)
g11 ≡ λ1c4β + λ2s

4
β +

1

2
(λ3 + λ4 + λ5)s22β + 2s2β

[
c2βλ6 + s2βλ7

]
,

g12 ≡ −
1

2
s2β
[
λ1c

2
β − λ2s

2
β − (λ3 + λ4 + λ5)c2β

]
+ cβc3βλ6 + sβs3βλ7 ,

g22 ≡
1

4
s22β
[
λ1 + λ2 − 2(λ3 + λ4 + λ5)

]
+ λ5 − s2βc2β(λ6 − λ7) .

Below mA, g11 ≡ λ, and is evolved using the SM RGE’s.
Also evolve g12 with the dominant 1-loop β ∼ 12κy4t /tβ from λ2.
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Thresholds at MS

The 1-loop t̃, b̃, τ̃ thresholds from triangle and box diagrams are well known, e.g. Carena et al. 9504316

∆
(1)
th λ2 = 6κh4t Â

2
t

(
1−

Â2
t

12

)
−
κ

2
h4b µ̂

4 −
κ

6
h4τ µ̂

4

− κ
g22 + g2Y

4

[
3h2t Â

2
t − 3h2b µ̂

2 − h2τ µ̂2
]
.

We also include the 1-loop terms from self-energy corrections to the Higgs fields (e.g. O(h2
tg

2)).

Add leading 2-loop h4
tg

2
3 and h6

t contributions taken from effective potential in the mA = MS

case by assigning the corrections to the λk based on powers of cβ , sβ in the expression for g11,
e.g. Espinosa & Zhang 0003246

∆
(h4
tg

2
3)

th λ2 = 16κ2h4t g
2
3

(
− 2Ât +

1

3
Â3
t −

1

12
Â4
t

)
.

NB:

I The Yukawas above ht, hb, hτ include the one-loop MSSM threshold corrections, e.g. from
squarks/gluinos, electroweakinos, that are necessary for consistency with our included
thresholds to the quartic couplings. Carena et al. 0003180, Draper et al. 1312.5743, Bagnaschi et al. 1407.4081

I All parameters above are in the MS scheme.
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RG Evolution

gi gi(Mt) yj yj(Mt)

g3 1.1666 yt 0.94018
g2 0.64779 yb 0.0156

gY =
√

3/5g1 0.35830 yτ 0.0100

Boundary conditions at low scale Mt are SM NNLO values of gi, yj , λ. Buttazzo et al. 1307.3536

Between Mt and mA, 3-loop SM RGE’s (gi, yj , λ, anom. dim.). see paper for refs.

Between mA and MS : 2-loop type-II THDM RGE’s (gi, hj , λk, anom. dims.). SARAH, Dev & Pilaftsis

1408.3405, 1508.00576

Caveats:
I Threshold corrections to Yukawas spoil assumption of type-II THDM below MS .

L = (hb + δhb) b̄RΦi,∗1 QiL+εij (ht + δht) t̄RQ
i
LΦj2+∆hbb̄RQ

i
LΦi∗2 +εij∆ht t̄RQ

i
LΦj1+h.c.

However, since the “wrong” couplings are loop- and tβ suppressed, we expect them to have
a small effect on the Higgs mass, so we assume they are frozen at the high scale.

I We assume tree-level gauge couplings of electroweakinos to Higgs bosons, and use these
in the 1-loop RGE’s above the scales µ = M1 = M2.
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mA = 200 GeV, µ = MS
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(Ab = Aτ = MS , M2 = M1 = µ, yt,NNLO = 0.94018)
Effect of mixing is more important at lower MS ; regardless of X̂t, tβ & 3.5 for Mh ∼ 125 GeV.
The curves in the maximal mixing case exhibit some turnaround: may be due to mixing effects
and how large ht values at low tβ affect running.
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mA = 200 GeV, µ = 200 GeV
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(Ab = Aτ = MS , M2 = M1 = µ, yt,NNLO = 0.94018)
With light electroweakinos, can push tβ to 2 at MS = MGUT.
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mA = 300 GeV, µ = 200 GeV
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(Ab = Aτ = MS , M2 = M1 = µ, yt,NNLO = 0.94018)
Requiring Mh ∼ 125 GeV and tβ > 1, we obtain upper limits on MS < 1011–1012 GeV.
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TeV scale: mA = 200 GeV, X̂t =
√

6

���

���
���

���

���

���� ���� ���� ���� �����

�

�

�

��

��

��

�� [���]

��
�β

��� ��=��� ���� μ=��� �

�=����

���

���
���

���

���

���� ���� ���� ���� �����

�

�

�

��

��

��

�� [���]

��
�β

��� ��=��� ���� μ=��� ���� �

�=����

(Ab = Aτ = MS , M2 = M1 = µ, yt,NNLO = 0.94018)
In 1312.5743, found that to get Mh = 125 GeV for mA = MS , X̂t =

√
6, tβ = 4,

µ = MS : MS = 8.5 TeV
µ = 200 GeV: MS = 3 TeV
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Mh vs. Xt for Different tβ

Significant effect of Higgs mixing at low tβ . For tβ = 5, the difference in Mh between curves for the same
MS is 2–3 GeV lower for mA = 200 GeV compared to for mA = 500 GeV (which is essentially the
decoupling limit).
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Comparison with SUSYHD
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Figure 3: Comparison between the EFT computation (lower blue band) and two existing codes: FeynHiggs [41]
and Suspect [39]. We used a degenerate SUSY spectrum with mass mSUSY in the DR-scheme with tan� = 20.
The plot on the left is mh vs mSUSY for vanishing stop mixing. The plot on the right is mh vs Xt/mSUSY for
mSUSY = 2 TeV. On the left plot the instability of the non-EFT codes at large mSUSY is visible.

due to the missing 2-loop corrections in the top mass7. Note that, as discussed in the previous
section, the uncertainty in the EFT approach is dominated by the 3-loop top matching conditions,
the 2-loop ones are thus mandatory in any precision computation of the Higgs mass. We checked
that after their inclusion, the FeynHiggs code would perfectly agree with the EFT computation
at zero squark mixing. At maximal mixing the disagreement would be reduced to 4 GeV, which
should be within the expected theoretical uncertainties of the diagrammatic computation.

For comparison, in fig. 3 we also show the results obtained with a di↵erent code (Suspect [39])
which uses a diagrammatic approach but unlike FeynHiggs, does not perform RGE improvement
and its applicability becomes questionable for mSUSY in the multi TeV region.

3 Results

After having seen that the EFT computation is reliable for most of the relevant parameter space
we present here some of the implications for the supersymmetric spectrum. Given the generic
agreement with previous computations using the same approach, we tried to be as complemen-
tary as possible in the presentation of our results, putting emphasis on the improvements of our
computation and novel analysis in the EFT approach.

3.1 Where is SUSY?

Fig. 4 represents the parameter space compatible with the experimental value of the Higgs mass in
the plane of (m1/2, m0) for zero (blue) and increasing values (red) of the stop mixing. For simplicity
we took degenerate scalar masses m0 as well as degenerate fermion masses m1/2 = M1,2,3 = µ. All

7It was brought to our attention that a similar observation was also made in [42].

11

Pardo Vega and Villadoro, 1504.05200

At maximal mixing for MS = 2 TeV (blue curves), we obtain Mh = 126.1 GeV vs. ∼ 125 GeV,
but within uncertainties of the SUSYHD calculation.
Two possible explanations:

I Use of lower yt,N3LO QCD(Mt) = 0.93690 value in SUSYHD, about 0.5 GeV effect.

I More complete calculation of thresholds in the mA ∼MS case. see also Draper et al. 1312.5743
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The hMSSM
The hMSSM approximation assumes that the Djouadi et al. 1307.5205, 1502.05653

I observed Higgs boson is the light CP -even scalar h,
I only the radiative correction to the diagonal element inM2

H0 corresponding to h is relevant.

In the original basis of the THDM, this implies

λ1 = −(λ3 + λ4 + λ5) = M2
Z/v

2 , λ6 = λ7 = 0 ,

λ2 = M2
Z/v

2 + ∆M2
22/(v

2s2β) .

For the mass matrix in the original basis, this implies that ∆M2
12,∆M2

11 � ∆M2
22. For fixed

mA, tβ , trade ∆M2
22 for known Mh,

∆M2
22 =

M2
h(m2

A +M2
Z −M

2
h)−m2

AM
2
Zc

2
2β

M2
Zc

2
β +m2

As
2
β −M

2
h

.

This yields the expressions:

m2
H =

(m2
A +M2

Z −M
2
h)(M2

Zc
2
β +m2

As
2
β)−m2

AM
2
Zc

2
2β

M2
Zc

2
β +m2

As
2
β −M

2
h

,

α = − arctan

(
(M2

Z +m2
A)cβsβ

M2
Zc

2
β +m2

As
2
β −M

2
h

)
,

gHhh = −
M2
Z

v

{
2s2αsβ+α − c2αcβ+α + 3

∆M2
22

M2
Z

sα

sβ
c2α

}
(later) .
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When does the hMSSM approximation fail?

In the Higgs basis, recall the off-diagonal element inM2
H0 :

∆g12 ≡ −
1

2
s2β
[
λ1c

2
β − λ2s

2
β − (λ3 + λ4 + λ5)c2β

]
+ cβc3βλ6 + sβs3βλ7 .

For moderate values of tanβ, the only non-cβ suppressed term involves λ7,

λ7 ∼
Nc

(4π)2
y4t
µAt

M2
S

[
−

1

2
+

1

12

A2
t

M2
S

]
.

For large At, µ ∼MS , this can be non-trivial.

Another approach is to examine the expressions for the dominant corrections to g11, g12 for
values of mH larger than the weak scale and moderate values of tβ , from which one can show
alignment limit in e.g. Carena et al., 1310.2248, 1410.4969

tβ cβ−α '
−1

m2
H −m

2
h

[
m2
h +m2

Z +
3m4

t

4π2v2M2
S

{
Atµtβ

(
1−

A2
t

6M2
S

)
− µ2

(
1−

A2
t

2M2
S

)}]
.

The RG corrections to mh can be absorbed into the first term, but if the third term is large, then
the hMSSM approximation for the mixing angle α fails.
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Comparison with hMSSM: MS = 5 TeV, X̂t = 2.8, µ/MS = 2
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Blue solid lines: (αTHDM − αhMSSM)/|αTHDM| or mH,THDM −mH,hMSSM

Red dashed lines: values for αTHDM or mH,THDM

Grey lines, bottom–top: (dot-dash, dash, solid, dash, dot-dash) are Mh = (122, 124, 125, 126, 128) GeV
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Comparison with hMSSM: MS = 5 TeV, X̂t = −1.5, µ/MS = 2
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For µ̂ > 0, we can achieve a similar discrepancy of 15% with negative mixing values that are smaller in
magnitude.
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Description of the Low-tanβ-High Scenario

Scenario proposed by the LHCHXSWG BR group to investigate parameter choices necessary in
the MSSM to obtain Mh = 125 GeV for low tβ ,mA. LHCHXSWG-2015-002

At low tβ , even with maximal stop mixing, large values of the SUSY scale MS are required to
obtain Mh = 125 GeV. For such large values of MS , fixed-order calculations are less reliable,
so resummation was introduced in FEYNHIGGS 2.10.

Assumptions:

I All sfermions and the gluino have masses at MS .
I The stop mixing parameter in the OS-scheme is set according to

I tβ ≤ 2: X̂OS
t = 2,

I 2 ≤ tβ ≤ 8.6: X̂OS
t = 0.0375t2β − 0.7tβ + 3.25,

I 8.6 ≤ tβ ≤ 10: X̂OS
t = 0.

I Other Higgs-sfermion trilinears are fixed at 2 TeV.

I µ = 1.5 TeV, M2 = 2 TeV, and M1 = M2 · 5/3 tan2 θW (GUT relation).

We examine the parameter space for 175 ≤ mA ≤ 500 GeV, 1.1 ≤ tβ ≤ 10.
We compare Higgs masses computed by FEYNHIGGS 2.10.2 with our calculation.

NB: we convert the OS parametersMS ,Xt to their MS values at 1-loop.
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Mh
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Our effective THDM calculation clearly yields much lower values of Mh at low tβ across the
range of mA.
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Mh
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Earlier result: for even lighter electroweakinos, Mh = 122 GeV not achieved for MS = 100 TeV
until tβ ∼ 3.
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∆Mh
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∆Mh = Mh,THDM −Mh,FH using yt,NNLO = 0.94018 (left) and yt,NLO = 0.95113 (right).
Top–bot: ([dot,] dot, dash, solid, dot-dash) are ∆Mh = −([1, ]2, 3, 5, 10) GeV, with [] for the right plot.
L: ∆Mh ∼ −2 to −3 (−3 to −5) GeV for 5 . tβ . 6.5 (4 . tβ . 5).
R: ∆Mh ∼ −2 to −3 (−3 to −5) GeV for 4 . tβ . 4.5 (3 . tβ . 4).
Note that with yt,NLO, agreement with FEYNHIGGS is within 1 GeV for tβ & 5.5.
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Comp. with FEYNHIGGS: α,mH

�����

�����

�����

�����

�����

-��

-��

-��

-�

�

yt,NNLO = 0.94018.
L: Top–bot: (dot, dash, solid, dot-dash) are |αTHDM − αFH|/|αTHDM| = −(1, 2, 5, 10)%
R: Top–bot: (dash, dot, dot, dash, solid, dot-dash) are
mH,THDM −mH,FH = (2, 1,−1,−2,−5,−10,−15) GeV.
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Comp. with hMSSM: α,mH

�

����

����

����

����

-����

-���

-���

-���

�

Using Mh from THDM.
L: Top–bot: (dot, dash, solid, dot-dash) are |αTHDM − αhMSSM|/|αTHDM| = −(0, 1, 2, 3)%.
R: Top–bot: (dash, dot, dot, dash, solid, dot-dash) are
mH,THDM −mH,hMSSM = (2, 1,−1,−2,−5,−10) GeV.
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Comp. with hMSSM: gHhh
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THDM on left, difference with hMSSM using Mh from THDM on right.
THDM expression: Gunion & Haber 0207010

gHhh = −3vsβc
3
β

{
− λ6s3αβt

−1
β + sαβcαβ

[
(λ1 − λ345)sαβ

+ tβ

(
λ6(2cαβ + sαβ)− λ7(2sαβ + cαβ)

)
+ cαβt

2
β(−λ2 + λ345)

]
+ λ7c

3
αβt

3
β

}
− λ345vcα−β .
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Summary of the Low-tanβ-High Scenario

I We obtain values of Mh that are at least 2 GeV lower than that of FEYNHIGGS. Between
tβ ∼ 4–5 (tβ ∼ 2–4), this disagreement worsens to 3–5 (5–10) GeV.

I Using the ∼ 1% higher NLO value for the top Yukawa softens the discrepancy, especially at
larger tβ , but large discrepancies at low tβ < 2 still exist. The remaining difference may be
due to the implementation of resummation in FEYNHIGGS.

I Fractional discrepancies in α,mH reach 10–12% at very low values of tβ < 1.5 and
mA < 200 GeV.

I Using our value of Mh, discrepancies in mH , α, gHhh with the hMSSM are at most about
5–7%.

I Choice of Mh value (which controls the radiative correction) used in hMSSM equations has
large effect on agreement with THDM, especially for values of α, gHhh.

Overall, we conclude that the hMSSM is a reasonable approximation in this scenario due to
mixing values generally away from maximal mixing, except low tβ when MS is large; however
µ,M1,M2 are fixed to be small.

According to our results, larger MS input values are at low tβ in order to achieve Mh = 125
GeV.
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Conclusion

I The effective THDM method provides a simple approach for precision calculations of Mh in
simplified heavy SUSY, intermediate mA models.

I Depending on whether there are light or heavy electroweakinos, requiring Mh ∼ 125 GeV
and tβ > 1 for fixed values of mA can yield lower bounds on tβ or upper bounds on MS .

I There are well-motivated parts of parameter space (large At, µ, moderate tβ , alignment
limit) in which off-diagonal radiative corrections to the Higgs mass matrix cannot be
ignored, as in the hMSSM.

I In the low-tanβ-high scenario, we find values of Mh that are between 2 GeV lower (for
tβ & 6.5) and 15 GeV lower (for tβ < 1.5) compared to FEYNHIGGS.

I Disagreements for α,mH with the results of FEYNHIGGS and the hMSSM approximation in
the above scenario can reach 10–12% and 5–7%, respectively.

I A careful study of the difference between our effective theory calculation and those of
FEYNHIGGS is needed, especially of the resummation.
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1-loop Corrections to λi

Thresholds from decoupling t̃, b̃, τ̃ :

∆
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2
t ) + 3h

4
b(3 − Â
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2
τ − µ̂

2
)
]
,

∆
(1)
th λ4 =

κ

6
µ̂

2
[
3h

4
t (3 − Â
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bÂ

2
b + h

4
τ Â
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1-loop Corrections to λi (cont.)

∆
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From redefinition of the Higgs fields (self-energies):
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mA = 300 GeV, µ = MS
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(Ab = Aτ = MS , M2 = M1 = µ, yt,NNLO = 0.94018)
tβ & 2.5–3 is needed to achieve Mh ∼ 125 GeV.
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TeV scale: mA = 200 GeV, X̂t = 0
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(Ab = Aτ = MS , M2 = M1 = µ, yt,NNLO = 0.94018)
In 1312.5743, found that to get Mh = 125 GeV for mA = MS , X̂t = 0, tβ = 20,
µ = MS : MS = 15 TeV
µ = 200 GeV: MS = 6 TeV
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TeV scale: mA = 300 GeV, X̂t =
√

6
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(Ab = Aτ = MS , M2 = M1 = µ, yt,NNLO = 0.94018)
In 1312.5743, found that to get Mh = 125 GeV for mA = MS , X̂t =

√
6, tβ = 4,

µ = MS : MS = 8.5 TeV
µ = 200 GeV: MS = 3 TeV
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Deriving Differences with the hMSSM

The dominant 1-loop radiative corrections to the 11 and 12 elements ofM2
H0 in the Higgs basis

are

g11v
2 = m2

Zc
2
2β +

3v2s4βh
4
t

8π2

[
ln

(
M2
S

m2
t

)
+ X̂2

t

(
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t

12

)]
,

g12v
2 = −s2β

{
m2
Zc2β −

3v2s2βh
4
t

16π2

[
ln

(
M2
S

m2
t

)
+
X̂t(X̂t + Ŷt)

2
− X̂3

t Ŷt
12

]}
,

where X̂t = Xt/MS , Xt = At − µ/tβ is the stop mixing parameter associated with the
coupling of the SM-like Higgs to the stops, Ŷt = Yt/MS and Yt = At + µtβ .
The mixing angle is

cβ−α =
−g12v2√

(m2
H −m

2
h)(m2

H − g11v2)

and for moderate-large values of tβ , doing a Taylor expansion yields the result.
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Comparison with hMSSM: MS = 100 TeV, X̂t = 2.8, µ/MS = 2
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Larger MS implies smaller tβ needed for Mh = 125 GeV, so effect is reduced.
Here, ∼ 2% differences compared to up to 20% in previous slide.
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Comparison with hMSSM: MS = 10 TeV, X̂t = 2.8, µ/MS = 0.1
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Small values of µ have two effects:

1. Off-diagonal element is suppressed with µ�MS ,

2. Light EWkinos push Mh up, so smaller tβ is needed for Mh.
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Comp. with FEYNHIGGS Using yt,NLO: α,mH
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yt,NLO = 0.95113.
L: Top–bot: (dot, dash, solid, dot-dash) are |αTHDM − αFH|/|αTHDM| = −(1, 2, 5, 10)% R: Top–bot:
(dash, dot, dot, dash, solid, dot-dash) are mH,THDM −mH,FH = (2, 1,−1,−2,−5,−10,−15) GeV.
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Comp. with hMSSM with Mh from FEYNHIGGS: α,mH
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Using Mh from FEYNHIGGS].
L: Top–bot: (dot, dash, solid, dot-dash) are |αTHDM − αhMSSM|/|αTHDM| = −(1, 2, 5, 10)%.
R: Top–bot: (dash, dot, dot, dash, solid, dot-dash, dot-dash) are
mH,THDM −mH,hMSSM = (2, 1,−1,−2,−5,−10,−15) GeV.
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Comp. with hMSSM with Mh from FEYNHIGGS: gHhh
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THDM result: Gunion & Haber 0207010

gHhh = −3vsβc
3
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{
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