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General remarks

Two approaches to precise calculations of the Higgs mass mj, and the Higgs mass
spectrum

— fixed order (up to 3-loop) calculations of the complete diagram set in the
"full"MSSM. Uses fixed-order evaluations of the renormalized self-energies in the
Higgs propagator matrix.

Preferrable for low MSSM scale, where logs ~ power terms.

— resummation in the effective theories (EFT). Uses resummation of certain classes of
diagrams in the zero external momentum approximation. MSSM particles decouple at
Mgy sy scale, are integrated out at the thresholds. Pole masses of scalars are
evaluated for the two-doublet effective potential transformed to the mass basis.
Preferrable for high MSSM scales, where large logs should be resummed.

Evaluations in our case

— resummed effective one-loop two-doublet Higgs potential (1S scheme) in the
generic mass basis

— moderate m 4 scenario, rotation to the Higgs basis is not used for matching with the
low-energy SM-like model at m 4 scale, so not specifically corrections to my, but full
spectrum of my,mpg,m4 and my+ defines the mass basis.



1

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Mass scales

The lightest CP-even MSSM Higgs boson
Five MSSM Higgs bosons:

mass mp ~ 125 3B
h, H A HE,

Calculation frameworks for my,: effective potential decomposition in 1/Msysy, MS

scheme, RGEs !

Mass scales for the AN, scenario

MSSM

n
A

1

A

b

m_top

under consideration

t? b

MSSM

m_top

Low-energy effective field theory at the scale higher than myo, is THDM. Higgsinos,
gluino and EW gauginos are very heavy and decouple. Main correctons are due to

squarks.

Five-dimensional parameter space: m 4, tan 3, Msysy, At = Ap, 1

1Haber,Hempfling, PR D48 4280 (1993); Sasaki,Carena,Wagner, NP B381 66 (1992);
Akhmetzyanova,Dolgopolov,M.D. PR D71 075008 (2005); Phys.Part.Nucl. 37, 677 (2006); Lee,Wagner,
PR D92, 075032 (2015) Carena,Haber,Low,Shah,Wagner PR D91 035003 (2015)
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THDM in the mass basis

Radiatively corrected Higgs sector of the MSSM is a THDM

s
—iw; L1 0 .
q>z_<\}§(vi+77i+ixz')>’ <¢Z>_ﬁ(vi>’ i=12

tanﬁ:z—f, v=4/v3 +v2 = 246 GeV

where SU(2) states are related to mass states by means of two orthogonal rotations

1 o h X1 _ GO wit _ G*
(m)=e-(i) ()= (%) ()-o (i
where rotation matrix

cos X —sinX
Ox = ( sin X cos X ) ’ X=ap @)
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THDM Higgs potential in a generic basis
Ueps(®1,®2) = —pf (®] 1) — p3(@]®2) — 11122 (@] @2) — (1112%)" (@1 1)
FAL(@]@1)% 4+ X2 (D] @2)% + A3(D]@1)(D] ®2) + Aa (B] D2) (DL D1)
A5 As*
+ 7 (2192)% + = (25 21)% + A6 (2] 21)(2] @2) + A" (2] 21)(B]21)
+A7(2]@2)(@] @2) + A7 (@] o) (@] 1)
can be reduced to the potential in the mass basis (\5,6,7 and u§2 real)
m2 m2 m2

Uh, H, A H*, G0, GF) = 20?4+ ZHH? ¢ A A% fmi HYH™ +1(3) +1(4)

by means of explicit symbolic transformation for A1,...\7 in terms of mixing angles
and pole masses?

2M.D.,Semenov, EJP C28, 223 (2003); Boudjema,Semenov, Phys.Rev. D66 095007 (2002),
Gunion,Haber, PR D67 075019 (2003)
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1 . s ¢ s 1 :
Moo= 5 [(E5)PmE 4 () myy - 2 ds] +  (Artan®B — BAgtans),
202 Vg ] s 4
1 ¢ s ¢ 1
o = —(=)mp+(=)PmE — _5#%2} + ~(A6cot®f — 3Arcotf),
202 s sp Sp 4
1 5 u%Q S2a , o 2 1
No = —[mis - T4 2 (my —mi)] - S (Aecotf + Artanf),
v sgcg  s2g 2
1 u3 2 2 1
Moo= I am2 )~ L gcoss 4 Arvand),
ve "sgeg 2
1, u? 1
A5 = 72( Piz mi) — —(XgcotS + Artanf),
ve "sgeg 2

massless goldstone G is ensured by

2
Re;ﬁ2 = sgcg (mi + %(2Re)\5 + Re)g cot 3 + Re\7 tan ﬁ))

Inverse transformation for pole masses in terms of \;

MSSM 2 2 2 2 2

+ -
Msysy: )‘51U52Y 91 T 92 , )\gusv 92 — 91 , )\iusv 92 . )\ZUSSY7 0.
Miop: ! 8 4 2 T

A = A AN AN = AN L ANE (i=1,..,7,k=1,..,4)
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in the mass basis

2
my,

3
T
Il

+ o+

tan2a =

si+/3m2z + ci_ﬁmQA — UQ(A>\1 sic% + A>‘2CZS/23

2(AX3 + AXg)cacgsasg + ReA)\g)(sisZ + cici)

2¢cq+p(ReAXgsacg — ReAX7casg)),

ci+5m2z + siigmi — v2(Aklcic2 + AAgsisé

2(AX3 + AXg)cacgsasg + ReAA5(cis?3 + sicé)

25043 (ReAXgcacs + ReAN7s453)),

sag(m? +m%) + v2((AXs + AXy)s2s + ZC%RQA)\(; + QS%ReAAﬁ

cap(m? —m%) + UQ(Aklc% — AAgs% — ReAMXscag + (ReAXg — ReAN7)s23)’

or equivalent equations in the basis of SU(2) states®

1
= 5(mi+m2Z+AM?1+AM§2:t\/m‘z+m‘é —2m2Am22045+C),

2AM3, — (m% 4+ m%)sag
(m3 —m%)eag + AMZ, — AMS, ’

3Djouadi,Maiani,Polosa,QueviIIon,Riquer, EPJ C73 2650 (2013), JHEP 1506 168 (2015)
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where, using the notation of Djouadi et al.

M2 M2 5 82U + o
M2 — 11 12 ), M2 = —— Y =nxw", J =12
b= (e = avey; s

v (M M) (a s
n Mi, M3, AMT, AMS3,

Mfl = m2AS?3 + m2ch3, Mgz = micz + m%sz, M?Q = —Sgcg(mi + m2Z),
AME, = (AN AXss? AN
11 = —v (Alicg +Re 555 1+ Re 6528);
AM52 = —1)2(A)\25f3 + ReA)\5c?3 + ReAX7s2g),
A/\/[f2 = —’L)Q(A)\3485(Jﬁ + ReAAgcf3 + ReAA7s?3),

C= 4AM‘112+(AM%1 —AM%2)2—2(m,24 _m%)(AMfl —AM%2)025_4(m?4+m2z)AM%252/3

Simplified representation for heavy C'P-even Higgs boson mass if AM%Q =0

mi =m3 +my —mj + AMi; + AM3, (2)
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Post-Higgs MSSM scenarios

1. hMSSM scenario, uses simplified mixing matrix*
AN;: 1-loop (e-approximation); 1,2-loop (leading logarithms)

AMi1 ~0, AMiz ~ 0, AMaz #0

28 29 30 31

20 2 2 2 2 2 2
mj, (may +mz —m;j) —mymycog 12

AM§2 =

)

AME,

2 2 22 _ .3
mycg +mysg —my

Ma = 300 GeV

2 2 2y 2 2 2 2 2 2 2
(m3% +myz —mp)(mzcy +mysg) —mymycsg

2
m = Ms = 3 TeV, tans = 2.5.
H 2 .2 2 .2 2 ’
mzcy +mysg —my, ) o amz,
2 2 0F
m7, +m%5 )sgcp AMZ
« = — arctan <m2( C2Z+ m2A5)2 Li /m2 ) 23 9 1 0 1 2 - 3
zZ%B A°pB h  [TeV]
myp = 123 — 129 =B
Free parameters: ma, tan 8

e-approximation does not respect \;(a, 8, m;, i+ ) transformation to the mass basis.

4Djouadi,Maiani,Polosa,Quevillon,Riquer, EPJ C73 2650 (2013), JHEP 1506 168 (2015);
Maiani,Polosa,Riquer, PL B274 274 (2013)
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2. Low-tb-high scenario® (FeynHiggs) 0.5 < tan 8 < 10, 150 B
<mu <500 B

1) all fermionic superpartner masses ~ Msysy;

2) Msysy variation range from several TeV for large m4 (tan 8) up to 100 TeV for
moderate m 4 (tan 3) with imposed constraints

tanﬁ S 2 : Xt/MSUSY = 2, Xt = At — /.L/ tanﬁ,
2<tanpB <86 : X;/Msysy =0.0375 tan? B —0.7Ttan 8 4 3.25,
86 <tanf : X¢/Msysy = 0;

3) Ay =2 TaB, p=1.5 TeV, gaugino mass My = 2 TeV.

3. EFT approach, Lee,Wagner, PR D92, 075032 (2015); Carena, Haber, Low, Shah,
Wagner PR D91 035003 (2015). Uses SM—THDM matching at m 4 scale in the
Higgs basis or effective THDM potential in a generic basis.

We use the approach which in the following is denominated as ’A)\"E_TD scenario’® Has
beeen used for the case of explicit CP violaton (Workshop on CP Studies and
Non-Standard Higgs Physics, CERN Report 2006-009).

5g, Heinemeyer, LHC-HXSWG-3, E. Bagnashi et al., LHCHXSWG-INT-2015-004; J.R. Espinosa and
R. J. Zhang, JHEP, 0003, 26 (2000).

6Akhmetzyanova,Dolgopolov, M.D., PR D71, 075008 (2005)
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AN scenario

Set of corrections:

— 1-loop resummed threshold, wave-function renormalization
— non-leading D-terms

— 2-loop electroweak and QCD”

— Yukawa

For instance,

n o= B 3 g AL (2_ A >_h4 L
- t
8 3272 Mgysy 6Mysy 6Mghsy
2 2
+
+2hil+ LI (02 )2 - R2 4, 7)| + ANYT 4+
4MSUSY

+ (11g1 + 995 — 36 (97 + g5) hi) I — AX1[2 — loop],

76312

where I = log(M2,, 5y /0?) and AXYT, AX1[2 — loop] are

7Haber,Hempfling,Hoang, ZP C75 539 (1997); Carena,Espinosa,Quiros, Wagner PL B355 209 (1995);
Heinemeyer,Hollik, Weiglein, EPJC C9 343 (1999); Pilaftsis,Wagner, NP B553 3 (1999)
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wfr terms

wiIr 1 wir 1
ANYF :5(9%4-9%)14/117 ANy :§(Q%+9§)A/22’

1 1
ANYT = — Z(g% —g3) (Al + Aby), AXYT=-— 59%(14/11 + Aby), AN =,
1 « 1 *
ANgT = g(g% +93) (Al — Ay ") =0, AXYT = g(g% +93)(A5 — AL") =0,
where A’

3 | |2 —urA* |A |2 —u*AF
fo-— 2 H Ay 2 b urAp
Al 9672 M 2 (ht { —pA A2 | T X

SUSsYy —pAp |11l
1
X (1— —l) .
2

3 1 3 1
AN[2 = Toop] = =~ hi 3 (5h§ + 5h$ — 892)(Xpl + 1?)+
3 4 1 |pl*

+ h} (9h? — 5h2 — 16g3)1
19272 7 1672 Mygy

two-loop terms
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Benchmark parameter sets
4. mglt (mjrodt)e A/Msysy = 2.45(1.5)

5. Small p scenario

Input parameter set in the following evaluations is in most cases identical to Bagnaschi
et al, 'Benchmark scenarios’, LHCHXSWG-INT-2015-004 unless otherwise specified.

8ATLAS, CMS
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Simplified mixing matrix (hMSSM)

MSSM parameter sets

0.005
(.4) J»_ Msusy [ToB 0,004
i,tan 8 1 1.5 3 3.5
1 2 6 5 10 0.003
35 3.1 8.3 § T
2.5 2 4 55 10 £ oo
6.5 6.5 14 85 ¥
5 2.2 3 5 5 0001
(71310) | (=55) | (=55) | (=5;5) S
30 1.4 1.7 0 0.5 0.000, === — == el
(=22) | (=33) | (=9;9) | (-15;11 T
~0.001
3 2 -1 0 1 2 3

Tabnuua : Parameter sets
(4;7) = (tan 8, Msysy, A, n)ij, where i, 5 = 1,...,4, wlTeV]
mp, = 123 — 128 GeV, m 4 = 300 GeV, in [TeV] The
sets (2;3),(3;2),(4;1) correspond to Djouadi et al, 2013. Puc. : AM3, - green, AM?, - blue, AM3, - red,
(3;3) - long-dashed line, (4;2) - dashed line, (4;4) -
solid line.

For tan 8 >5 and Mgy sy >1 TeV mixing is weakly dependent on p at some fixed A

respecting mjy =125 GeV, so A./\/l%ly12 =0 is a satisfatory approximation. For the full

5-dim parameter space m 4, tan 3, u, Ay p = A, Mg such approximation is not always
valid. Best agreement is reached at Mgy sy >3.5 TeV and tan 3 ~30.
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Mixing matrix elements for tan 8 >5 and Mgsysy >1 TeV, A)\‘;ETD scenario

10 AM3,
= 8
m
(9}
= 6 - - 62)
S == (333)
x4 — 34
=
< 2
AM},, AM3,
(U—— ——
-2 -1 0 1 2
p# [TaB]

8 AM%z
% 6
m
2 --- (41)
- - -2
s 4 e @43)
& — (@4

Puc. : (4,7)=(column,line number) denotes the parameter set as indicated in the Table. p in

TeV, AM;; in GeV.
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2. Comparison of hMSSM (dashed) and AX%%, (solid) scenarios

150 200 250 300 200 400 600 800 1000
my |GeV] my [GeV]

Puc. : (2;4) - blue, (3;4) - red, (4;4) - green.

Max departure of « value is 0.047 (37%) at large tan 8 = 30 and 0.312 (50%) at
small tan 8 = 2.5. For heavy CP-even scalar H departure is 0.004 GeV (0.1%) at
tan 8 = 30 and 4.009 GeV (1.3%) at tan 8 = 2.5.
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3. Comparison of hMSSM with A)\‘I’frD without additional constraints, Mg sy =500

GeV.

(S5 =) [ S5 [%]

tan B

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
m 4 [TeV]

tan B

( a,hMSSM

~a)/a™ M [9]

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
m 4 [TeV]

Puc. : Relative differences of my and a. m), = 125 GeV, pu =1.5 TeV, A =2 TeV
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3. Comparison of h(MSSM with AX’}FD using the constraint of 'low-tb-high’ scenario
Msysy = (0.0375tan? 8 — 0.7 tan B + 3.25)/ Xy

| hMSSM low—tb hmh) /m hMSSMleOO% oMSSM_ low~—tb—high) ,, hMSSM |1 ¢,
38
8 8 44
7 7 46
6 6
Q Q
&5 &5
4 4
3 3
2 8=—0.6="— 2
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500
my [[2B] my [I'3B]

Puc. : Relative differences of my and a. my, = 125 GeV, pu =1.5 TeV, A =2 TeV
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Comparison of Orsay+Rome evaluation (HXSWG meeting, March 1995) based on
hMSSM with ANE7, scenario

50

M, = 114 GeV
M, = 120 GeV
My, = 123 GeV
Mg = 126 GeV

tan 8

10* 10* 10°
Ms [GeV]

106

50
40
30

tanB

20
10

0 200 400 600

MSUSY) TeV

800 1000

2 4 6 8 10
MSUSY TeV

22 23 24 25 26 27 28 29 30 31
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1000

" " 1.0
800 [
600 | / 0.8
3 400 r 2 0.6
<] =
=300 1 — =
= tan 8 S04
200 | tan 3 =3
tan3 =5 0.2
g tanf=10 ——
195 L tan 8 = 30
- 0.0
100 125 200 300 400 600 800 1000 0.0 02 04 0.6 08 10
M, [GeV] my, TeV
0 — . — —
1.0
02|
0.5
04
T ———————
-0.8 -0.5
3 S
h tanB =1 -1.0
-1.2 tan g =2 4
tanf3 =3 -L5
-14 tanf=5 ——
16 tanf=10 —— | -2.0
: tan 3 = 30 25
18 R .
100 125 200 300 400 600 800 1000 00 02 04 0.6 08 1.0
M, [GeV] my. TeV
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_ ; £ :
my, dependence on A = Ay p, in A)\‘g’rD scenario.

130

120

S'110
3

=100
<

90

80

-15 =10 -5 0 5 10 15
A [TeV]

Puc. : mj, dependence on A = A;; at ma =300 GeV, i =1 TeV for the tree sets (1)
Msysy =3 TeV, tan 3 =2.5 (blue); (2) Msusy =1.5 TeV, tan 3 =5 (red); (3) Msusy =1
TeV, tan 8 =30 (green). With a limited set of A} corrections curves have the same shape,
but are 5-10 GeV lower.
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3D surfaces of mj, =125 GeV at low and high tan 8 in MSUSY 1 A space for
ma =0.3 TeV and m 4 =1 TeV. ANET, scenario.

tgf=1, l{li:\SOO GeV tgB=1. m4=1Te

Puc. : Surface of mj;, = 125 GeV, tan 3 =1, m4 =300 GeV (left) and 1 TeV (right)



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

tgf=2.5. m4=300 GeV

tgf=2.5. m4=1Te

Mg [TeV]
Mg [TeV]

Puc. : Surface of m), = 125 GeV, tan 8 =2.5, m4 =300 GeV (left) and 1 TeV (right)
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tgf=5. m4=3

00 GeV

Mg [TeV]
Mg [TeV]

Puc. : Surface of mj, = 125 GeV, tan 3 =5, m4 =300 GeV (left) and 1 TeV (right). Right 3D
plot is rotated 90 degrees.
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tgf3=30. m4=300 GeV
p [TeV] SQ
0 — tgf=30. m4=300 GeV
e

40

Mg [TeV
s [ ]20

0
A[TeV]

Puc. : Surface of mj, = 125 GeV, tan 3 =30, m4 =300 GeV (left), A, p formally extended
beyond a perturbative calculation framework
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Contours of mj, =125 GeV at low and high tan 3 in MSUSY A plane for my =0.3
TeV and my =1 TeV. AXN%%, scenario.

tgB=1, m4=300 GeV, =3 TeV teB=2.5, m4=300 GeV, p=3 TeV

25
14
2.0 12
= s 10
> L >
g 2 os
10 o6
0.4
0.5
0.2
0.0 0.0
-5 0 5 10 15 20 0 2 4 6
A [TeV] A[TeV]
tgB=5, m4=300 GeV, u=3 TeV tgf=30, m4=300 GeV, u=3 TeV
10 30
8 25
_ 20
3 ¢ 3
=) E1s
4 g
10
2 5
0 0
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Contours of mj, =125 GeV at low and high tan 8 in u,A plane for m 4 =0.3 TeV and
my =1 TeV. AXNET) scenario.

tanB=1, my=1 TeV, Mg=3.5 TeV tanB=30, m4=1 TeV, Ms=5 TeV
30 30
20 20
10 10
> >
E o E o
< <
-10 -10
=20 =20
=30 -30
-30 =20 -10 O 100 20 30 -30 -20 -10 O 100 20 30
H[TeV] H[TeV]
tanB=2.5, m4=300 GeV, Mg=3 TeV tanB=2.5, m4=1 TeV, Mg=3 TeV
30 ] 30
20 20
10 10
z >
g o £ 0
< <
-10 -10
=20 1 =20
-30 ] =30
-30 -20 -10 0 10 20 30 =30 =20 -10 O 10 20 30

4 [TeV] u[TeV]
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Contours of mj, =125 GeV at low and high tan 3 in u,A plane for m4 =0.3 TeV and
ma =1 TeV. AXNET) scenario.

tanB=5, m4=300 GeV, Mg=1.5 TeV tanB=5, m4=1TeV, Mg=1.5 TeV
30 30
20 20
10 10

A[TeV]
(=]
A[TeV]
=

~10 -10
-20 =20
-30 =30
-30 -20 -10 0 10 20 30 -30 -20 -10 © 10 20 30
p[TeV] p[TeVv]

Puc. : Contours of mj, = 125 GeV, ma =300 GeV (left) and m 4 =1 TeV (right)
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Domains of my, in the p,A plane for A, =2 TeV and p =1.5 TeV. A)\‘;{TD scenario.

2 [ 1, [TeV]
0.105
0.10
2‘ 0.08 «Q 00%
S 0.06 § °
0.04 0.085
0.02
0.075
0 0.0
0.15 0.20 025 0.30 0.35 0.40 0.45 0.50 0.150.200.25 0.300.35 0.40 0.45 0.50
my [TeV] my [TeV]

Puc. : Msysy =500 GeV (left) and 750 GeV (right).
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Domains of my, in the p1,A plane for A, =2 TeV and p =1.5 TeV. A)\"g,rD scenario.

m, [TeV] my [TeV]
0.125 0.125
0.115 0.115
0.105 0.105
0.095 0.095
0.085 0.085

0 0

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

my [TeV] my [TeV]

Puc. : Msysy =1 TeV (left) and 1.25 TeV (right).

o)
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- Tt
2- 77

= 3. WS
2 0.4
0.2 bb
300 400 500 600 700 800 900 1000
Puc. :

. Heavy C' P-even H branchng ratios for mzlt and

BR(H)

myp = 124 — 126 GeV, Mgysy = 1.5 TeV and p = 200 GeV or 1 TeV. Left panels:
tan 8 = 4, A = 2.45Mgysy (m?'* scenario); right panels tan 8 = 10, A = 1.5 Msysy (mp*

20 21 22 23 24 25 26 27 28 29 30 31

m;L“OdJr parameter sets
0.8
1- 77
0.15 2- W+~

300 400 500 600 700 800 900 1000
my [T2B]

d+

scenario). Results are stable with respect to higgs superfield parameter . variation.
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Summary

Sensitivity of all results to radiative corrections is as a rule high. Reduction of
multidimensinal MSSM parameter space, although very attractive for qualitative
interpretations, should be carefully performed if possible in some restricted
regions only

For low tan 8 <3 parameter sets Mgy sy top value is restricted at the level of a
few (3-4) TeV.

For high tan 8 >30 an ambiguity of Mgy sy is observed, both heavy (TeV) and
extremely heavy (20-30 TeV) scales are possible. However, with this observation
one should not get involved by high tan 5 in the range m+ <400 GeV because
of specific tf — H¥ — 6 jets which are not observed.

Some 'tuning’ of results for comparisons could be useful. Deviations are
significant. Direct comparisons of two-doublet effective potentials (e.g. evaluation
of A1,...A7 for a given set of input parameters) are not obvious since they are
defined for different bases (in particular generic (v1,v2) basis and Higgs basis
(0,v)), so different potential forms can give identical mass spectrum and
couplings.



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31

