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The MSSM Higgs sector in light of precision Higgs data

The observed Higgs boson at 125 GeV is SM-like (to within roughly an
accuracy of 20%). The common wisdom is that this observation implies
that additional Higgs states of the MSSM Higgs sector must be rather heavy

(corresponding to the decoupling limit).

Indeed, ATLAS has claimed to rule out my < 400 GeV based on Run 1
precision Higgs data. But, one needs to be careful about the underlying

assumptions...

For example, in the so called MSSM m?‘llt benchmark scenario introduced in
M. Carena, H.E. Haber, |. Low, N.R. Shah and C.E.M. Wagner, Phys. Rev. D

91, 035003 (2015), the Run 1 precision Higgs data places virtually no bound
on my if tan 8 ~ 10.
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Left panel: Regions of the (m 4, tan 3) plane excluded in a simplified MSSM model via fits

to the measured rates of the production and decays of the SM-like Higgs boson h. Taken
from ATLAS-CONF-2014-010.

Right panel: Likelihood distribution, Axﬁs obtained from testing the signal rates of h

against a combination of Higgs rate measurements from the Tevatron and LHC experiments,

obtained with HiggsSignals, in the alignment benchmark scenario of Carena et al. (op. cit.).

From P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak and G. Weiglein, EPJC 75, 421 (2015).



Direct searches for the additional Higgs states also suggest that these states
must be heavy, although the sensitivity of these searches are limited if
tan 8 < 10.
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‘ Theoretical structure of the 2HDM I

Consider the most general renormalizable 2HDM potential,
Y = m%@l@l -+ 77732(1);(1)2 — [m%qﬂi% +h.c.] + %Al(qf{q}lf
FI(BID5)? + A3(D] 1) (DI Dy) 4+ Ay(B1 Do) (BLD))

{0 (@102)% + [No(@]1) + Ar(®]P2)] @5+ hc

After minimizing the scalar potential, (®Y) = v;/v/2 (for i = 1,2) with
v = ([v1]? + [v2|2)2 = 2my /g = 246 GeV.

Define the scalar doublet fields of the Higgs basis,

H\  vid) +vid, HY\  —0®) + 1P,
Hl — ol — ) H2 — o] — )
HY v HS v

such that (HY) = v/+/2 and (HY) = 0. The Higgs basis is uniquely defined

up to an overall rephasing, Hy — "X HS.




In the Higgs basis, the scalar potential is given by:

V =YH|H, + Yo HYHy + [Y3H{ Ho +h.c] 4+ 12, (H] H,y)?
+522(Hy Ha)® + Zs(H{ Hy)(HyHz) + Zy(H{ Hy) (Hy Hy)
+{325(H{ H)? + [Zo(H{Hy) + Zg(H{H>) | H{H> + hec. | |

where Y7, Y5 and Z4,...,Z, are real and uniquely defined, whereas Y3, Z5,

Zg and Z7 are complex and transform under the rephasing of Ho,

Y3, Zg, Z7] — e "X[Y3, Zg, Z7] and Zs — e *XZs.
Physical observables must be independent of Y.
After minimizing the scalar potential, Y1 = —2Z;v? and Y3 = —2Zgv”.

Remark: Generically, the Z; are O(1) parameters.



The alignment limit in the general 2HDM

The neutral Higgs mass-eigenstates, denoted by {hi,ho,hs}, are linear
combinations of {v/2Re HY —v, v2Re HY, v/2Im HY}, and are determined
by diagonalizing the 3 x 3 real symmetric squared-mass matrix,

Z Re(Zs) —Im(Zg)
M?* =" | Re(Zs) 1Zsss + Ya/v? —1Im(Zs) :
—Im(Zs) —iIm(Zs) iZsus — Re(Zs5) + Yo/v°
where Z345 = Z3 + Z4 + Re(Z5). The diagonalizing matrix is a 3 x 3 real
orthogonal matrix that depends on three angles: 615, 613 and 653, such that

61> and 613 are invariant whereas 53 — 653 — x under the rephasing of Hs.*

The couplings of v/2Re HY — v coincide with those of the SM Higgs boson.

Thus, the alignment limit corresponds to two limiting cases:
1. Y5 > v?, corresponding to the decoupling limit.
2. |Zg| < 1, corresponding to alignment with or without decoupling.

We identify the SM-like Higgs boson, hy ~ v/2Re HY — v, with m? ~ Z;v2,
*See H.E. Haber and D. O’Neil, Phys. Rev. D74, 015018 (2006) [Erratum: ibid., D74, 059905 (2006)].




The alignment limit of the general 2HDM in equations

To obtain the conditions in which h; is the SM-like Higgs boson, noting that:

gh VvV
Jhg\VV

— C12C13, where V =W or Z,

where hgyr is the SM Higgs boson, we demand that
S12, S13 < 1.

Here, s1o = sin 69, ¢19 = cos 19, etc. We denote the masses of the neutral

Higgs mass eigenstates by mq, mo and mg. It follows that:

9 9.9 9 9 2 2 2 2
Z10° = miciyC3 + M3875CT3 + Mm38i3,

v = 013812012(771% — m%) 3
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Re(Zs e #%23) v? = m3(s7y — 9573) + m3(cly — s79573) — m3cis,
)

v? = 2515¢12513(M5 — m?).



Assuming no mass degeneracies in the neutral scalar sector, it then follows

that in the alignment limit,

, Re(Zge1923)0?
S12 = S1N 912 ~ 5 5 < 1,

, Im(Zge1923)0?
813581n9132— 5 5 <<17

One additional small quantity characterizes the alignment limit,

2 2 2 26 2
ms — m%)S1o8 2Im(Z7e“"23)p
(m3 1)S12813 (26 2) <1,

Im(Zse21923) ~ >
v m3 — mj

Finally, the following mass relations in the alignment limit are noteworthy,

2 2
mi ~ Z1v°,

2 2 —2i623Y, .2
m5 —m3 ~ Re(Zse o<,



The alighment limit in the CP-conserving 2HDM

In the case of a CP-conserving scalar potential, one can choose y such that
ImZs; =ImZg = ImZ; = 0, corresponding to a real Higgs basis. We identify
the CP-odd Higgs boson as A = 2Im HY, with m? = Yo+1(Z3+Z4—Z5)v*.
After eliminating Y3 in favor of m?, the CP-even Higgs squared-mass matrix
with respect to the Higgs basis states, {v2Re HY—v,v/2Re HS} is given by,

M2 _ Z1U2 Z6U2 .
Zev? mi + Z=v?
The CP-even Higgs bosons are h and H with mj;, < mpy. The couplings

of vV2Re HY — v coincide with those of the SM Higgs boson. Thus, the

alignment limit corresponds to two limiting cases:
1. m?% > (Zy — Zs)v*. This is the decoupling limit, where h is SM-like and

ma ~ Mg ~ Mg+ > My,

2. |Zg| < 1. his SM-like if m% + (Zs — Z1)v? > 0. Otherwise, H is SM-like.



In particular, the CP-even mass eigenstates are:

<H> B (cBa —35a> <\/§ Re Hi) — v)

hl o SB—a CB—a V2 Re HS ’

where c3_, = cos(8 — a) and sg_, = sin(f — «) are defined in terms of the
mixing angle o that diagonalizes the CP-even Higgs squared-mass matrix when

expressed in the original basis of scalar fields, {v/2Re ®—v;, v/2Re ®)—v,},

and tan 8 = v /v1.

Since the SM-like Higgs must be approximately v2Re H? — v, it follows that
o his SM-like if |cp_o| < 1,

o H is SM-like if |sg_qo| < 1.

Alignment without decoupling is required to have a SM-like H.

Remark: Although the tree-level couplings of v/2Re HY — v coincide with
those of the SM Higgs boson, the one-loop couplings can differ due to the
exchange of non-minimal Higgs states (if not too heavy). For example, the

H7 loop contributes to the decays of the SM-like Higgs boson to v+ and vZ.



The alignment limit in equations

The CP-even Higgs squared-mass matrix yields,

2 _ . 2.2 2 2
210" =mpSg_o + MECs_4

Zv® = (ml% — m%{)sﬂ—acﬂ—a ;

2 _ 2 2 2 2 2
50" = MySG_o T MpCs_q — My .

If h is SM-like, then m7 ~ Z;v? and

_ | Zs|v? | Z|v*
co—al = —— =~ <1,
V(mi —mp)(m3, — Zyw?)  my —my,

If H is SM-like, then m?, ~ Z;v? and

58—a| = Zolv” L Ci <1
= ~ .
V(m¥ —m3)(Zw? —m3)  my —mj



‘ The MSSM Higgs Sector at tree-level I

The MSSM Higgs sector is a CP-conserving 2HDM. The dimension-four

terms of the scalar potential constrained by supersymmetry. At tree level,
AM=X=-X—-M—As=1(0"+9"7%), M=-1¢°, XM=X=X\r=0.

The corresponding real Higgs basis parameters of interest are:

2 _ .2 2 2 _ .2 .2 2 _ 2
2107 = miychy, 50" = mySys, ZgU" = —M523C23 .

in a convention where tan 8 > 0. It follows that,
4 2 2
m5, 85 ,C
2 Z °2B72p
cos” (8 — a) = — 5 5 55 -
(my —my)(my — mzczﬁ)

The decoupling limit is achieved when mp > my as expected. Alignment

without decoupling is (naively) possible at tree-level when Zz = 0, which
yields sin43 ~ 0. However, this limit is not phenomenologically viable. In any

case, radiative corrections are required to obtain the observed Higgs mass.



Tree-level MSSM Higgs couplings to quarks and squarks

The MSSM employs the Type—Il Higgs—fermion Yukawa couplings. Employing
the more common MSSM notation, H% = ¢;;®?* and H}, = &% (where

i,7 = 1,2 are weak SU(2) indices), the tree-level Yukawa couplings are:
— vk = €5 [thRHZDQ% + htiRQZLHg]] + h.c.,

which yields
mb:thCB/\@, mt:htUSB/\@.

The leading terms in the coupling of the Higgs bosons to third generation
squarks are proportional to the Higgs—top quark Yukawa coupling, h;,

Line > he[p* (HHQ)U+Aves; HiyQ U h.c.| —hi [H| Hu(QTQ+UU)~|Q  Hu?]

- t ~
where () = <~L> and U = t}.

br



In terms of the Higgs basis fields H; and Ho,
Lot 3 hyeij[(sin BX HY 4 cos BY; H)QU + h.c.]
—h23 | s H|? + A Hs|? + si HIH,+h Q4+ U*U
: 9 | salH1 ci|Ha|” + sin B cos B(H{Hz + h.c.) [ (Q'Q + )

—s2|QTH\|? — 2|Q' Hy|? — sin B cos B[(QTH, ) (HIQ) + h.c.] } ,

where
Xi = A —pu*cot3, Y, = A, +p tan 5.

Assuming CP-conservation for simplicity, we shall henceforth take u, A; real.



‘ The radiatively corrected MSSM Higgs Sector I

We are most interested in the limit where my, ma, myg, mg:r < Mg,
where Mg characterizes the scale of the squark masses. In this case, we can
formally integrate out the squarks and generate a low-energy effective 2HDM
Lagrangian. This Lagrangian will no longer be of the tree-level MSSM form
but rather a completely general 2HDM Lagrangian. |f we neglect CP-violating
phases that could appear in the MSSM parameters such as p and A;, then
the resulting 2HDM Lagrangian contains all possible CP-conserving terms of

dimension-four or less.

At one-loop, leading log corrections are generated for Aq,... 4. In addition,
threshold corrections proportional to A;, Ay and u can contribute significant

corrections to all the scalar potential parameters A\q ..., A7.



Computational technique’

e Employ the renomalization group equations (RGEs) for A1, Ao,... A7 of
the general 2HDM without supersymmetry for my < u < Mg.

e Impose supersymmetric boundary conditions at the scale © = Mg for
the \;. Use the RGEs to obtain the \; at the electroweak scale (either m;

or myz). In this approximation, A5 = A\g = A7 = 0 at all scales.

e Include threshold effects proportional to A;, Ay and u directly into the
boundary conditions for the \; at the scale y = Mg. Use the RGE to

obtain the )\; at the electroweak scale (either m; or m ).}

e Use the radiatively corrected \; to compute the corresponding Higgs basis

parameters Z;

TEpricit one-loop formulae can be found in H.E. Haber and R. Hempfling, Phys. Rev. D48, 4280 (1993).
iMuItipIe SUSY mass thresholds can be taken into account with suitable modifications of the RGEs.
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Example: One-loop threshold corrections to Zg



The leading one-loop corrected expressions for Z1, Z5 and Zg are given by

3v2sthd [/ M2 X2 X2
7 02 = m2 o2 Bt In [ =S 2t (1 t
wrEmzes T e M \mp)) Tz U M2

3v2hd [ M?2 X.Y, X.Y,
2 2 2 t S tLt tdt
7oy —SQB{mﬁ 3272 | " (m—> e (1‘ 12M§>”’

3v*sphy [ . (%) XX, 1)) XEYt] } |

Jev? = — 2 oo — P _
6v 528 {mZ% 1672 m? 202 12M%

where M3 = mgmg,, Xy = Ay — peotf and YV, = A, + ptan S,

Note that m%b ~ 7,02 is consistent with mj, ~ 125 GeV for suitable choices
for Mg and X;. Exact alignment (i.e., Zg = 0) can now be achieved due to

an accidental cancellation between tree-level and loop contributions.



In equations,

2 _3’025,23}1211 MZ\ | Xi(Xe+Yy) X7V
Mz = opz |M\m2) T 2z T 12M

That is, Zg ~ 0 for particular choices of tan 3. The alignment condition is
then achieved by (numerically) solving a 7th order polynomial equation for

positive real solutions of t3 = tan 5 (where At Ay /Mg and 1t = p/Mg),

3mii(Astg — i)(1 + 13)?

4202

5(Astg—fi)*—t3] = 0.

Mzts(1—t3)—Z1w?t5(1+t5)+

REMARK: Typically, we identify h as the SM-like Higgs boson. However, in
the alignment limit there exist parameter regimes, corresponding to the case
of m%4 + (Zs — Z1)v? < 0 (where the radiatively corrected Z; and Z5 are
employed), in which H is the SM-like Higgs boson. In either case, Z;v?
the (approximate) squared mass of the SM-like Higgs boson.



Number of real solutions (1-loop) Number of real positive solutions (1-loop)
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Negative and positive solutions for tan  are interchanged under p — —pu.

The number of real solutions decreases by two across a boundary when two

solutions coalesce and then move off the real axis as a complex conjugate pair.

A positive solution changes to a negative solution across a boundary (right

panel) by growing to +o0c and then “jumping” to —oo.
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Bottom panels: Contours of the critical value M4 ., corresponding to the tan S solutions found in the top
panels. If m 4 < MA,C, then the heavier of the CP-even Higgs bosons, H, is SM-like.
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Leading two-loop corrections of O(ash?)

The dominant part of the two-loop corrections to the CP-even Higgs squared-
mass matrix can be obtained from the corresponding one-loop formulae with

the following very simple two step prescription.® First, we replace

M2 M2 1/2
my In (m?) > my(A\) In (m%(i)) , where A = [my(my)Ms] 2

where m;(m;) ~ 165.6 GeV is the MS top quark mass, and the running top

quark mass in the one-loop approximation is given by

2

me(\) = my(my) [1 + %m (%)} .

In our numerical analysis, we take oy = as(m¢(my)) >~ 0.10826.

M. Carena, H. E. Haber, S. Heinemeyer, W. Hollik, C.E.M. Wagner and G. Weiglein, Nucl. Phys. B 580,
29 (2000).



Second, when m} multiplies that threshold corrections due to stop mixing

(i.e., the one-loop terms proportional to X; and Y;), then we make the
replacement,

m? — m?(MS) )

where 2(my) "
Qg mt my Qg t
my(Mg) = my(my) |1+ —1In | —=—= —— .
(5) = () |1+ S (54 ) 4 22
Note that the running top-quark mass evaluated at Mg includes a threshold
correction proportional to X; that enters at the scale of supersymmetry
breaking. Here, we only keep the leading contribution to the threshold

correction under the assumption that m; < Mg.

In applying the prescription outlined above, we formally work to O(ay) while

dropping terms of O(«a?) and higher. For example,

(o) = 1+ 2] ()




We can now obtain more precise approximations for 21, Z5 and Zj.

Z1v® = Mz + CL(1 — 2a,L + @) + CX1 (1 — 4a,L + 30,1¢)

CL C
Zsv? = 52,4 [Mg +—(1—2a,L+a,) + —5X5(1 — 4oL + %asxt)] ,
ds5 4s5
CL C
256 253

where we have defined,

B BmftL O B B B Mb%
C:27r2v2’ 058:?7 xt:Xt/M5'7 yt:Yt/M57 Lzlﬂ(wg 3
and
)(1551$§(1“f§$%)7 )(5'_'$tyt<1_‘ xtyf) X6 = 1 Ty (T +ye)— 12$tyt

In the above equations, m; = m;(m;) is the MS top quark mass.



Exact alignment, Zg = 0, now yields an 11th order polynomial equation,

3mifi(Ats — B)EA(1 + £2)°

4292

Mot5(1 — t3) — Z1v (1 + t5) + [L(Asts — )° — 3]
+2at s [M(1 — t5)° — Z1v* (1 + t3)?] i(Asts — 1) [2(Asts — B)* — t3]

+asmi‘ﬁ<ﬁttﬁ — 0)%(1 + t3)?

w22

[3(Asts — B)° — 5]
x [t] + 3t5(Ats — B) — H(Asts — B)°] = 0.

As previously noted, solutions to this equation for negative tan 5 at a point

in the (1, Et) plane can be reinterpreted as positive tan S solutions at the
pOint (_ﬁa A\t>

In the region of interest in the (u/Mg, A:/Mg) plane, we find that the
previous one-loop real tan 3 solutions are still present (appropriately perturbed

at the two-loop level). In addition, another real tan 3 solution emerges with
| X:/Mg| = 3, and is therefore discarded.



Comparing the one-loop results for tan 8 solutions at exact alignment (top

panels) to the corresponding two-loop improved results (bottom panels).
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result. Taking the top (bottom) three panels together, one can immediately discern the regions of zero, one,
two and three values of tan 3 in which exact alignment is realized. In the overlaid blue regions we have
(unstable) values of | X;/Mg| > 3.




Comparing the one-loop results for My . solutions (top panels) to the
corresponding two-loop improved results (bottom panels). If my < My,
then the heavier of the CP-even Higgs bosons, H, is SM-like.
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Contours of the critical value M 4 . associated with the tan g solutions for exact alignment previously found.
Top panels: Approximate one-loop result. Bottom panels: Two-loop improved result. In the overlaid blue

regions we have (unstable) values of | X;/Mg| > 3.




Comparing the value of Mg needed to obtain the correct Higgs squared-mass
in the alignment limit, Z;v? = 125 GeV, in the one loop approximation (top
panels) and the corresponding two-loop improved results (bottom panels).
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Contours of the top squark mass parameter Mg associated with the tan 3 solutions for exact alignment
previously found. Top panels: Approximate one-loop result. Bottom panels: Two-loop improved result.




How well do the approximate two-loop results for the exact alignment limit9
match a comprehensive scan over the MSSM parameter space? In a recent
paper,!l an 8-parameter pMSSM scan was performed to determine allowed
parameter regimes which contain a light CP-odd Higgs boson A. Typically, h
is SM-like, although one cannot yet rule out the possibility of a SM-like H.

Higgs mass & Higgs rates Higgs mass @ Higgs rates @ h/H/A — 77 exclusion
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Preferred points of the pMSSM-8 scan with low m 4 < 350 GeV for different selections of observables. The

points are within the (approximate) 95% CL region, based on the following observables. Left panel: only Higgs

+

mass and signal rates; Right panel: Higgs mass, signal rates and h/H/A — 777 exclusion likelihood.

Yof course, the precision Higgs data only requires that the condition of alignment is approximately satisfied.
||P. Bechtle, H.E. Haber, S. Heinemeyer, O. Stal, T. Stefaniak, G. Weiglein and L. Zeune, arXiv:1608.00638.



Including additional constraints from SUSY particle searches and the impact
of SUSY radiative corrections on SM observables, the allowed parameter
regions of the pMSSM-8 scan shrinks further. For example, the negative u
region is mostly disfavored by BR(B — X7v), whereas the negative A; region
is disfavored by BR(Bs — pu™u™).
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Preferred points of the pMSSM-8 scan with low m 4 < 350 GeV for all observables except a,, (left panel),
and for all observables (right panel).



Bottom line: m 4 values as low as 200 GeV are still allowed in the MSSM.
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Preferred parameter regions in the (M, tan 3) plane (left) and (M4, pA;/M3) plane
(right), where Mg = mj my, and h is the SM-like Higgs boson, in a pMSSM-8 scan.
Points that do not pass the direct constraints from Higgs searches from HiggsBounds and
from LHC SUSY particle searches from CheckMATE are shown in gray. Applying a global
likelihood analysis to the points that pass the direct constraints, the color code employed
is red for Axi < 2.3, yellow for Axi < 5.99 and blue otherwise. The best fit point is
indicated by a black star.



‘ Conclusions I

In light of the precision Higgs data, the condition of alignment (i.e., one of
the Higgs mass eigenstates is aligned with the Higgs vacuum expectation
value) is approximately satisfied.

The alignment limit is approximately satisfied in the decoupling regime
where m4 > my. But, approximate alignment can also be achieved
without decoupling if the Higgs basis parameter |Zg| < 1.

Alignment without decoupling is possible in the MSSM, but it is achieved in
a parameter regime in which there is an accidental approximate cancellation
between tree-level and loop-level contributions to Zg. (No symmetry exists
that can enforce such a cancellation.

Regions of approximate alignment without decoupling must necessarily
appear in any comprehensive scan of the MSSM parameter space.

Using all relevant data to constrain the MSSM Higgs sector, it is still
possible that: (i) m 4 is as low as 200 GeV, and (ii) H (rather than h) can
be identified as the observed (SM-like) Higgs boson.



