High-Precision Higgs Masses in

the Complex MSSM

Sebastian PaBehrf
in collaboration with
Wolfgang Hollik¥, arXiv:1401.8275 [hep-ph], arXiv:1409.1687 [hep-ph],
Thomas Hahn¥, arXiv:1508.00562 [hep-ph],
Sophia Borowka$, Georg Weiglein®

TDESY, Hamburg, ¥Max Planck Institute for Physics, Munich, §|nstitute for Physics, Universitat Zirich

SUSY 2016,

Melbourne, Australia,
5th of July 2016



Experimental discovery and mass measurement

[ATLAS, arXiv:1207.7214 [hep-ex]],
[CMS, arXiv:1207.7235 [hep-ex]],

e.g. signal in H — 7y, [ATLAS, arXiv:1406.3827 [hep-ex]],

Higgs-like particle discovered,
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test models beyond the Standard Model,

e.g. Supersymmetry, here: MSSM,

e experimental value:
125.09 £ 0.21(stat) & 0.11(syst) GeV

[ATLAS, CMS, arXiv:1503.07589].
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MSSM Higgs sector

two complex SU(2)-Higgs doublets (eight degrees of freedom):

vi + 2 (69 —ix8 ; Ay
! 2

positive real vacuum expectation values vy, v, tanf5 = vp/vy ,
relative phase (,

with superpotential
Wwssm = ptHy - Ho — hy i Qi - Ho UF — he jj Hy - Li EF — hg ;s Hy - Q; DF .

tree-level mass eigenstates:
CP even h, H; CP odd A; charged H*
MSSM CP conserving at tree level
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mass determination at higher orders

Higgs masses at k loop order given by poles of propagator matrix
A%—)AG (Pz) =1 [P21 - MEQAG <P2>}_1 ;
matrix of renormalized two-point vertex functions:

/I:$112AG (Pz) == [A%—)AG (PZ)}_I a
masses determined by

det

fﬁ,ﬁAG(f)Lz_X? =0, mj Z%e[xﬂ , ({2 8

(fourth solution belongs to Goldstone boson, equal to zero).
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Mass matrix at higher orders

o lowest order: M%—)AG(PZ)‘,( 0 MSS-)IAG7 diagonal,

: k 0 k<)
e higher order: MS-:I-;AG(pz)‘k S M{D _J_Z:I):hHAG(pz) ;

shift by renormalized self-energies
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Mixed particles at higher orders

e lowest order mass eigenstates:
CP even CP odd charged

¢ @ @ @

e higher orders: off-diagonal entries in zhHAG(P ) induce mixing,

real MSSM complex MSSM both
CP even CP odd CP mixed charged
input parameter: input parameter:
ma or myx+ Mmy+
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lightest Higgs mass with FeynHiggs

— treelevel —— one loop
—— twoloop e 125GeV
130t .
_______________ e upper bound at tree level: Mz
120} 1 e huge one-loop corrections: +50%
" i { e two-loop in complex MSSM:
(Gev] 110 _
leading O(araxs)
100f ] [Heinemeyer, Hollik, Rzehak, Weiglein, arXiv:0705.0746]
leading O(a?)
90+ i [Hollik, SP, arXiv:1401.8275, 1409.1687]
i ‘ ‘ : : e orange band: +1GeV
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m?°d scenario: My+ = 0.6TeV, pu = 0.2TeV,
Msysy = 1.0TeV, Ar = 1.5TeV, Mz = 1.5TeV
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focus at two-loop order

— one loop — two loop (old)
-------- O(asats) - O(a@)
D [FST=Tereoreiye ey iy el oyl e ety
0,
my, - mil -8f e huge effect by O(aas):
(GeV] l ~ —17GeV
i | e also big effect by O(a?):
15 ~ +5GeV
5 10 15 20 25
tp

mhm°d scenario: My+ = 0.6TeV, p = 0.2TeV,
MSUSY = 1.0TeV, Af = 1.5TeV, Mé = 1.5TeV
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new contributions

e extension for leading O(aas):
full lowest order QCD, i.e. O(anyts), Qany = @, ¢, Qp, . . .

no approximations applied,
all subleading terms included,
momentum dependence taken into account

o extension for leading O(a?):
Yukawa? terms, i.e. O(a? + arap + a2)

gauge-less approximation applied,
subleading Yukawa terms included,
no momentum dependence

results generated with help of FeynArts, FormCalc, TwoCalc
following previously developed scripts [Hahn, sp, arxiv:1508.00562]
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O(aanys), Feynman diagrams
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O(a? + asap + a2), Feynman diagrams
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renormalization schemes

o O(aanyoss)
subrenormalization, only O(as):
5”7%1,27 dmy,, 6my, 5m52 on-shell
(5mb, (5Ab ﬁ
genuine two loop:
dmy+,0 Th A, 0mw,dmz on-shell
(527.[1, 527.[2, (51‘5 DR

e O(a? + arap +a?)

subrenormalization, O(a: + ap):
dms, ,,0my,, 5mt,5m52,5,u on-shell
5mb,5Ab ﬁ

oMy My
My My on-shell

dmy+,0Th H A on-shell
527.,51, 5Z’H25 (5tﬁ DR

genuine two loop:
dmy+,0Th H A on-shell
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first results

—— two loop (old) —— two loop (new)
"""" O(QlanyQs) ----- O(atz‘*'atab"'a[zz)
0af
0_3»’//7
0.2r ]
mp, = m%zlf
[GeV] 0.}
0.0 -
oL S
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Ig

mhm°d scenario: My+ = 0.6TeV, p = 0.2TeV,
MSUSY = 1.0TeV, Af = 1.5TeV, Mé = 1.5TeV

e opposite sign of new

contributions
momentum-dependent integrals
evaluated with help of SecDec
[Borowka, Carter, Heinrich, arXiv:1011.5493,

1204.4152, 1303.1157]
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phase dependence: ¢,

—— two loop (old, ¢, = 0) — two loop (new)
-------- two loop (old, ¢y, * 0)

e in general: large shift by phase

[GeV] e new terms of O(aanyas) depend
-3 ] only slightly on ¢p,:
A shift by ~ —20MeV
OF R R
b,

mhm°d scenario: My+ = 0.6TeV, u = 0.2TeV, tg = 15,
Msysy = 1.0TeV, Af = 1.5TeV, Mz = 1.5TeV
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phase dependence: ¢4,

—— two loop (old, @a, = 0) —— two loop (new)
........ two loop (old, ¢a, * 0) ——  oneloop
0.5
0.0
e in general: large shift by phase
L, —0.5
my, - mf: e new terms of
[GeV]  -1.00 O(a? + arap + o) depend
_15! only slightly on ¢4,:
shift by ~ —30MeV
-2.0t, :
A
®a,

mhm°d scenario: My+ = 0.6TeV, u = 0.2TeV, tg = 15,
MSUSY = 1.0TeV, Af = 1.5TeV, Mg = 1.5TeV
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e analyze separately the contributions to O(aanyas) by
momentum-dependent terms, gauge terms, my, terms

e compare O(aanyas) in limit mp — 0 and real parameters with previous result
e compare O(agqag ) in limit of real parameters with previous result

e implement in FeynHiggs

e implement running m; consistently

e make results available in on-shell scheme and DR scheme

e investigate effect on charged Higgs mass in real MSSM
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