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Interpretation of MSSM Higgs searches

Experimental searches for ® = h, H, A — A. Gilbert’s, L. Hauswald’s talks

production {gg — ®,bb®} x decay ® — {rF 7, putp,bb}
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Limitation of factorisation in standard NWA
interference terms neglected, relevant especially with complex phases
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Motivation

Complex phases in the MSSM Higgs sector
Interference effects

A Phenomenological application

H Conclusion
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Complex phases: motivation and constraints

Motivation

» baryon asymmetry of the universe requires more CP-violation than in
CKM matrix

» MSSM Higgs sector is CP-conserving at lowest order

» parameters from other sectors can in principal be complex: 12
m trilinear couplings Ay
® higgsino mass parameter /i
m gaugino mass parameters M, M, (rotate ¢py, away), M
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Complex phases: motivation and constraints

Motivation

» baryon asymmetry of the universe requires more CP-violation than in
CKM matrix
» MSSM Higgs sector is CP-conserving at lowest order
» parameters from other sectors can in principal be complex: 12
m trilinear couplings Ay
® higgsino mass parameter /i
m gaugino mass parameters M, M, (rotate ¢py, away), M
Constraints from EDMs (TI, Hg, n, D) eg. [Barger, Falk, Han, Jiang, Li,
Plehn '01], [Ellis, Lee, Pilaftsis '09], [Li, Profumo, Ramsey-Musolf '10]
> ¢4y, , more strongly constrained than ¢4, ,
@7, can be sizeable - large
@11, strongly constrained only if fl,g light
¢, tight limits

vy

v

Most relevant phases in Higgs sector: ¢, . ¢/, enhanced /i - A;

Elina Fuchs (DESY T le 2014 2/11 \/BES/;\\
ina Fuchs ( ) — Terascale — 2/ \\/’\./



Mixing of Higgs bosons — S. PaBehr’s talk

Real case: CP conserved Complex case: CP violated
» only CP-even states mix: » all neutral states mix:
h—H h,H,A — hy,hs, hs

» M4 or My« as input mass » Mg+ as input mass

C’P-violating phases can cause interesting phenomenology
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Criteria for a significant interference effect

1.) Degeneracy 2.) Mixing
Nearby resonances » Matrix elements M;, M;

» if 4,5 do not mix:

» masses M;, M,
B Ol X 2Re[./\/li./\/l;f] =0

» widths T;, Fj
overlap if AN < 1.1,
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Criteria for a significant interference effect

1.) Degeneracy 2.) Mixing
Nearby resonances > Matrix elements M;, M;
> masses M;, M; » if 4,5 do not mix:

» widths T';, T'; 01t < 2Re[M;M3] =0

overlap if AM <T7,T;

Interference in MSSM Higgs sector?
» real parameters: only h, H mix
m but My >~ My limited to narrow parameter range
» complex parameters: all neutral Higgs bosons mix — hq, ho, hg
m My, — Mp, <T'p,,I'y, in decoupling region

Analyse interference effects between neutral Higgs bosons!
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C’P-violating Higgs interference

In presence of non-zero phase: change of cross section
» dominant effect: 1y — hs interference = o4 % 20 or > 0eBRg

» also affected: couplings, masses, widths, mixings in/outside iy,

Our approach
> full propagator mixing A;;(p?): 3 x 3 or 2 x 2 (no NWA)

a(¢) = a(0)
a(0)

» measures relative effect of complex phase on cross section o

Bo=¢s #0o0rp=0—|0:=
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C’P-violating Higgs interference

In presence of non-zero phase: change of cross section
» dominant effect: 1y — hs interference = o4 % 20 or > 0eBRg

» also affected: couplings, masses, widths, mixings in/outside iy,

Our approach
> full propagator mixing A;;(p?): 3 x 3 or 2 x 2 (no NWA)

a(¢) = a(0)
a(0)

» measures relative effect of complex phase on cross section o

Bo=¢s #0o0rp=0—|0:=

Process: bb — 777~ via ® = hy, ho, h3

FeynArts,

b 17y N bty N by T2
+ + - FormCalc,
VAR S G S

FeynHiggs
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Benchmark scenario:

Msusy = 1000 GeV [Carena, Heinemeyer, Stal, Wagner, Weiglein '13]
60

Ms = 200 GeV
XtOS = 1.5Msusy * .
Ay = Ay = A, offll | o
Ms = 1500GeV o
Mg = Msusy h
Mg, , = 1500 GeV 4
]\/[l"1 , = 500 GeV 10

/= %200, £500, £1000GeV

400 600 1000
M, [GeV]
Mn(da ) with My, - =600GeV, tang= 30

» most parameter space My —allowed

> ¢a, changes M),

My [Gev]

» but M} mostly stays in allowed
region
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Impact of ¢4, in M scenario

N Op—0
§ =220

5o in full plane

M4+ =200 GeV: 6( da, = 71/ 4)[ %) M mod* =200 GeV: 5( b a, = n/ 2)[ %]

My - [GeV]

Constructive and destructive effects of o
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Impact of in M™°" scena

5= %U—‘O"O where M}, = 125.5 + 3 GeV

M4+ =200 GeV: 6(da, = 7t/ 4)[ %) M mod* =200 GeV: 5( b a, = n/ 2)[ %]

60 60 ;
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4r aF
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My« [GeV] My~ [GeV]

Mostly destructive effects of ¢ in Mjp-allowed region
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Re-evaluation of the exclusion contour
ﬁ back-of-the-envelope
calculation:

» for fixed My

» o(0,tan By) <> exclusion limit
> o(o,tan Bo) = (1 + 0)o(0, tan By)
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Re-evaluation of the exclusion contour
ﬁ back-of-the-envelope
calculation:

» for fixed My

» o(0,tan By) <> exclusion limit

> o(o,tan fy) = (1 + 0)o (0, tan By)
» adjust tan 3, — tan 3, s.t.
o(¢,tan B,) = o (0, tan By)
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Re-evaluation of the exclusion contour
ﬁ back-of-the-envelope
calculation:

» for fixed My

» o(0,tan By) <> exclusion limit

» o(o,tan By) = (1 + 0)o(0, tan Fy)

» adjust tan 3, — tan 3, s.t.
o(¢,tan B,) = o (0, tan By)

> o(tan 3) o tan 52
tan Sy
(1+0)

> |tan By ~
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Re-evaluation of the exclusion contour

ﬁ back-of-the-envelope Comparison with CMS
24.6/fb, [1408.3316], 7+ 7~

calculation: Do

Impact of ¢, on exclusion limits
» for fixed MA 60F Mmd*, 1i=200GeV A
» o(0,tan Bg) ¢ exclusion limit sof ——— onco.cus

» o(¢,tan By) = (1 + 0)o (0, tan Bo)

» adjust tan 3, — tan 3, s.t.
o(¢,tan B,) = o (0, tan By)

> o(tan 3) o tan 52

tan Sy
(1+0) 20 40 600 80 100
My [GeV]
slightly weakened limit at
high masses for ¢4, # 0

> |tan By ~

More precise tan S-limit

» HiggsBounds
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mod-+

scenario

jr= 500 GeV: § = 7228 where My, = 125.5 + 3 GeV

M, mod +

=+500 GeV': o[ %] effectof ¢, = x/2

MM+ 1= —500 GeV: 5[ %] effectof ¢, = /2

600 800 1000 200 400 600

My« [GeV] My - [GeV]

Iz

.sgnl/) have crucial influence on §
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= 500 GeV in lig scenario

Light 7 scenario : Relative effectof ¢, = 7/2

mits

Impact of ¢, on exclusion li
; .

[ Light 7, u=500GeV FA

¢a =0, CMS

O Il Il Il Il
200 400 600 800 1000 200 400 600 800 1000

My - [GeV] My« [GeV]

Unexcluded hole of parameter points due to
strongly destructive interference effect
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Conclusion: relevant phase effects

Outlook
» Calculate the impact of ¢4, and interference also in gluon fusion
» Study impact on experimental limits in more detail: HiggsBounds

» Separate interference term from other non-zero phase effects
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Conclusion: relevant phase effects

Outlook
» Calculate the impact of ¢4, and interference also in gluon fusion
» Study impact on experimental limits in more detail: HiggsBounds

» Separate interference term from other non-zero phase effects

Summary

» Complex phases allow for CP-violating mixing and interference effects
in the MSSM Higgs sector

m CP-violating case: analysis beyond incoherent sum g sBR 4 + ogBRy
» Extend analyses of benchmark scenarios
m include different values of ;1 = £200, £500, £1000 GeV

» Non-zero phases can have significant impact on exclusion limits

A
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Conclusion: relevant phase effects

Outlook
» Calculate the impact of ¢4, and interference also in gluon fusion
» Study impact on experimental limits in more detail: HiggsBounds

» Separate interference term from other non-zero phase effects

Summary

» Complex phases allow for CP-violating mixing and interference effects
in the MSSM Higgs sector

m CP-violating case: analysis beyond incoherent sum g sBR 4 + ogBRy
» Extend analyses of benchmark scenarios
m include different values of ;1 = £200, £500, £1000 GeV

» Non-zero phases can have significant impact on exclusion limits

Thank you!

A
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The MSSM Higgs sector

2 Higgs doublets needed for holomorphic superpotential

_(Hu\ _ (ni+ 5 (¢0—1X1)
= (H12> B ( —¢1 >

~ (Ha\ o3 i
= (H22) B <v2 + 5 (¢2 +@X2)> ¢

Higgs potential with SUSY and soft SUSY terms
Vir = m3HHy + m3H Hy — m3ye (HyiHa; + hoc.)
+ 56+ ) — MM + Bl
mi=mi+|p? i=1,2

iC
m%2 =bu = \m%ﬂez

Complex phases &, ( can be rotated away
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Relations at lowest order

Higgs sector C’P-conserving at lowest order

Physical states Input parameters
» CP-even: ¢, ¢ — h, H
2
» CP-odd: x§,x3 = A,G — 2’ m? = ?’mu’
» charged: d)li,qﬁét — [5G U1 sin(23)

Masses determined by m 4, tan 3

1
mi21/H =3 <m,24 + MiF \/(mA + M%)2 — Am* M2 cos2(2ﬁ))
= mi < M}

| But higher-order corrections important |
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Higher-order effects in the Higgs sector

Self-energy diagrams
» significant impact on masses
= mixing self-energies ¥;;(p?) = mass matrix My; = m2d;; — 4 (p?)
m higher-order masses and widths from complex poles of the propagators
M =M —iMp,Th,

» particles and parameters from other sectors contribute, e.g.

m sfermions: trilinear couplings Ay and mixing parameters
Xfua=Ap, . — 1 {cot B,tan 3} enter at 1-loop order

m gluino: M3 contribute only at 2-loop order,
but at 1-loop in correction Ay to bottom Yukawa coupling

Phenomenology
» loop corrected Higgs mass at 126 GeV possible in MSSM
» important loop contributions to Higgs production and decay

More parameters than m 4, tan 8 necessary to describe Higgs sector
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Complex parameter in bb — 777~ via ® =h, H, A

C’P-violating scenario

b4, = m/5,|As| = 1200,

tan 8 = 50, Msusy = 500 GeV,
My = Msusy, Ma, = 0.8Msusy
= My = 200 GeV

a(bb»7*77) with/ without H-A interference
. . rerieren

_ 15000 ]
Q2
2
10000} SR
----- BW, with int
A, ¢=0
sooof e BW, no int.
0 . : ;
390 395 400 405 41¢

My - [GeV]

Comparison

» full cross sections (A;;, BIV)
agree very well
» phase and interference effect
similar
m significant effects
m dominant: interference
term
> in the following:

m full mixing propagators
m impact of ¢4, on all terms

TR
\ DESY )

\o¥/

Elina Fuchs (DESY) — Terascale 2014 — 4/6



Example in CP-conserving Higgs sector

Destructive h-H interference
example process: )22 — )2(1)7'_'_7’_
R scenario, tan 8 = 50

r(iy-xit*t) LO

0.005

SNwWA

— full 1-3
--- gNWA M
----gNWA R

0.000
151 152 153 154 155
My+[GeV]

sNWA: standard NWA insufficient here!
full: 3-body decay BW

gNWA: generalised NWA

Include interference term
» Mixing propagators
= full p*>-dependence
m Y;; from FeynHiggs
» Breit-Wigner propagators
® approximate

p°-dependence
m Z-factors from FeynHiggs

» generalised NWA
[EF, S. Thewes, G. Weiglein '14]

m on-shell matrix elements
m enables factorisation into
production x decay
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Another complex example: CPX hole at LEP

LEP search for neutral MSSM Higgs bosons
interpreted in CPX scenario with large amount of CP-violation

Excluded
by LEP|

<
o
> Excluded
=

1 Theoretically o
CPX Inaccessible

90 720773076080 100 120 40 0207740 60 80 100 120 140
my,; (GeV/c?) my, (GeV/c?)

Theoretically
Inaccessible

100 % CPX

Unexcluded hole in parameter space

due to suppressed coupling of h;ZZ in CPX scenario
R
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