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Useful approximation for New Physics searches

BSM: extended spectrum — typical cascade decays

v

» many-particle final state difficult at higher order

v

~+ simplified by factorisation into production xdecay

v

application in MC generators, experimental limits
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Useful approximation for New Physics searches

» BSM: extended spectrum — typical cascade decays

» many-particle final state difficult at higher order

» ~ simplified by factorisation into productionxdecay
» application in MC generators, experimental limits
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Standard narrow-width approximation neglects interference term

extension necessary to combine interference and higher-order effects
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Higgs mixing in MSSM with real and complex parameters
Generalised NWA for interference effects

Impact of interference effects on LHC Higgs searches
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Higgs mixing in MSSM with real and complex parameters
m Introduction of the MSSM
m The MSSM Higgs sector

with real parameters
with complex phases
m Breit-Wigner approximation of full Higgs propagators
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Introduction of the MSSM

Shortcomings of the SM

» Higgs mass: hierarchy
» no DM candidate
» not sufficient CP

» no unification of
gauge couplings

[image: Particle Fever movie]
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e - .
‘ Shortcomings of the SM
P

Higgs mass: hierarchy
no DM candidate
not sufficient C#

no unification of
gauge couplings

4 0
T @yevrcie)
=

[image: Particle Fever movie]
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Minimal Supersymmetric Standard Model (MSSM): new particles

» 2nd Higgs doublet
» sfermions f, gluino §
> bino, wino, higgsinos — neutralinos Y?, charginos )ch
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The MSSM Higgs sector

2 Higgs doublets needed for holomorphic superpotential

_(Hn\ _(nn+ 5 (¢1 —ix})
= (H12> B ( —¢1 >

H. oy ;
2= (Hi) N <U2 + 5(¢3 +ZX2)> ¢

Higgs potential with SUSY and soft SUSY terms
Vir = m3HIHy + m3HIHy — m3qe (HiHaj + hec.)

1 1
+ 5 (gf + ) MMy — HYHo)® + g3 [ HHal

5
m? = mi, + ), i=1,2
miy = |'m%2|€iC

Complex phases ( can be rotated away, ¢ vanishes at minimum of Vy

.9
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Relations at lowest order

Higgs sector C’P-conserving at lowest order

Physical states Input parameters
» CP-even: ¢Y,¢9 — h,H )
2|m,|
» CP-odd: x9,x = A,G t _ 2 2 _ ~li2l
v an 3 v’ A sin(23)

» charged: qﬁli,(ﬁéc — H* G*

Masses determined by m 4, tan 3

1
mi%/H =3 (m,%l +M;F \/(mA + M%) — Am* M2 CosZ(2ﬁ)>
= m,% < M%

2 2 2

But higher-order corrections important

0\
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Complex phases: motivation and constraints

Motivation

» baryon asymmetry of the universe requires more CP-violation than in
CKM matrix
» parameters from other sectors can in principle be complex: 12
m trilinear couplings A
m higgsino mass parameter 1
m gaugino mass parameters M, M5 (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
» parameters from other sectors can in principle be complex: 12
m trilinear couplings A
m higgsino mass parameter 1
m gaugino mass parameters M, M5 (rotate ¢py, away), M
Constraints from EDMs (TI, Hg, n, D)

e.g. [Barger, Falk, Han, Jiang, Li, Plehn '01], [Ellis, Lee, Pilaftsis '09], [Li, Profumo, Ramsey-Musolf '10]
> &u, , more strongly constrained than o, ,
> O ‘can be sizeable
» ¢, strongly constrained only if f172 light
> ¢, tight limits

Most relevant in Higgs sector: ¢ 1, ,.©1/,, enhanced in 114, ),

°®
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Mixing of Higgs bosons

Real case: CP conserved Complex case: CP violated
» only C'P-even states mix: > all neutral states mix:
h—H h,H,A—)hl,hQ,hg

» M4 or Mg+ as input mass > Mg+ as input mass

CP-violating phases can cause interesting phenomenology
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Full mixing propagators

mixing self-energies 3;;(p?)

> mass matrix M;; = m?d;; — 2;(p?)

2-point vertex functions: Tpga =i [p*1 — M(p?)]
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Full mixing propagators

mixing self-energies 3;;(p?)

> mass matrix M;; = m?d;; — 2;(p?)

2-point vertex functions: Tpga =i [p*1 — M(p?)]

. -1
propagator matrix: Apga(p?) = — [FhHA(pz)}

» diagonal propagator Ay;(p?) = m

complex poles of propagators: | Mj = M7 —iM, T,

> higher-order masses M}, and widths Iy,

reduce full 6 x 6 (h, H, A, G,~, Z) mixing — 3 x 3 (C) or 2 x 2 (R)
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Finite wave function normalisation Z-factors

» correct on-shell properties of external Higgs bosons with mixing: Z,;
[Chankowski, Pokorski, Rosiek '93][Frank, Hahn, Heinemeyer, Hollik, Rzehak, Weiglein '07]

[Williams, Rzehak, Weiglein '11]...

5 1 5 Aij(M3 )
Zai = 1436 (M2 )7 Zaj Ai(MZ) )
I, Iy
I:‘m; =Z I:H v Laj =N Zalaj
Th, 'y

h A hq hg hg
-2 -y = V Zy [ % hé +——0—H H+——+A A) +...
Zan Zan Zaa P2=M2
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Breit-Wigner approximation of full propagators

» Breit-Wigner propagator (mass basis)

ABW 2y — i
o (p7) P2 _M}%a + My, T,

> approximation of full propagator (interaction basis) around p* ~ M? :

a

2

ai

Nii(p?) = ABV (p*)Z

» consider all 3 complex poles M2, a =1,2,3

a=1,2,3
7 7 i1 h 7 1 h J 1 h J
----- D= e et et et et e
Z,, Zy; Zy, 2y Z3 Zs,
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Comparison: Breit-Wigner and full propagators
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A;j very well approximated by sum of BW propagators and Z-factors
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Comparison: Breit-Wigner and full propagators
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A;; very well approximated by sum of BW propagators and Z-factors

Elina Fuchs (DESY) | Interference in MSSM Higgs searches | 10




Breit-Wigner propagators in cross sections

» Contribution of one resonance h,

_ NP ha i A
>----< hHAF:LX --’----/’--- FJ
7.7 Za,i Za‘7

» Include all 3 resonances and their overlap

SOTFA @Y =Y TFZ, APV (p*)Z,,TY

1/7.] a7Z7J

» example process: bb — 7t7—

b hl thT +bh37'/
D e el
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BW approximation and interference effect

o(bb —>t*77) with propagator mixing

400000+ ,~\ ,
[ modified M "® scenario: [ A\
tang = 50 H S My =12620 Gev
I My« =153 Gev [ DN My =12755 Gev
300000 [T L0 rh=094Gev o
[ [N Tu=121 Gev
= [
=S [
— 200000
< ro-
100000

O it Eieeiiillool )
122 124 126 128 130

\/g [GeV]

» Full propagators well approximated by sum of BW and Z-factors
» significant negative interference term

.9
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Summary |I: Mixing of MSSM Higgs bosons

» Higgs sector C'P conserving at tree-level
» complex parameters can enter in loops
> interaction eigenstates h, H, A — mass eigenstates hi, ho, h3

» full mixing well approximated by Breit-Wigner propagators and Z
factors

» interference can be large also in CP conserving case

°®
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Bl Generalised NWA for interference effects

= gNWA at tree level
Standard NWA
Approximation of the interference term

m Example process with h-H interference at LO
m gNWA at higher order
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Standard Narrow-Width Approximation (NWA)

eneric example: : . . .
g 4 P . c T T~ L
ab — cef b ¢*, M.T b// PR s f

Factorisation: production x decay

» instead of Breit-Wigner propagator APY(¢?) = =

—M;+iMF
» on-shell production and decay of particle with mass /:

Oab—scef ~ Uab—)cd(q2 - MQ) : BRd—)ef
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Standard Narrow-Width Approximation (NWA)

eneric example: : . . .
g y P . c T T~ s
ab — cef b A M,T P P

Factorisation: production x decay

> instead of Breit-Wigner propagator A"Y(¢%) = —r—mr

» on-shell production and decay of particle with mass /:

Oab—scef ~ Uab—)cd(q2 - AIQ) : BRd—)ef

Factorisation of the n-particle phase space d®,,
> d®,, = dlips (P;p1,...,ps) = (2m)*6W (P — Z ) H 27r 32Ef
f=1
» here: kinematics of 3-body decay — 2-body

. . 2 .
d® = dlips(/s; Pe; Pe; ) = dlips(/s; pe, 1) S dlips(q; pe, pr)

°®
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Validity and limitations of the NWA

» narrow width I' < M, otherwise off-shell effects

= uncertainty estimate O (1;)
m off-shell extension pOSSible e.g. [Gigg, Richardson '08] [Kauer, Uhlemeyer '08]
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Validity and limitations of the NWA

» narrow width I' < M, otherwise off-shell effects

= uncertainty estimate O (1;)
m off-shell extension pOSSible e.g. [Gigg, Richardson '08] [Kauer, Uhlemeyer '08]

» production and decay sub-processes kinematically open

m threshold extension cg. [Kauer 08]
m intermediate thresholds — off-shell effects enhanced

» non-factorisable corrections small

e.g. [Denner, Dittmaier, Roth '98] [Denner, Dittmaier, Roth, Wackeroth '00]
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Validity and limitations of the NWA

» narrow width I' < M, otherwise off-shell effects

= uncertainty estimate O (1;)
m off-shell extension pOSSible e.g. [Gigg, Richardson '08] [Kauer, Uhlemeyer '08]

» production and decay sub-processes kinematically open

m threshold extension cg. [Kauer 08]
m intermediate thresholds — off-shell effects enhanced

» non-factorisable corrections small

e.g. [Denner, Dittmaier, Roth '98] [Denner, Dittmaier, Roth, Wackeroth '00]

» no interference with other processes

e.g. [Reuter '07] [Berdine, Kauer, Rainwater '07][Kalinowski, Kilian, Reuter, Robens, Rolbiecki '08]
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Interference of quasi degenerate resonances

1.) Degeneracy 2.) Simultaneous contributions
Nearby resonances » Matrix elements M;, M;
> masses M;, M; » if one of them suppressed:

» widths I';, T'; ot < 2Re[M;M3] ~ 0

overlap if AN <171
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Interference of quasi degenerate resonances

1.) Degeneracy 2.) Simultaneous contributions
Nearby resonances » Matrix elements M;, M;
> masses M;, M; » if one of them suppressed:

» widths I';, T'; ot < 2Re[M;M3] ~ 0

overlap if AN <171

Examples of quasi degenerate states in BSM
» (N)MSSM
m Higgs bosons
m squarks
» 2-Higgs doublet model: Higgs bosons
» Extra dimensions: all states at one Kaluza-Klein level
> .

|Interference term can be relevant — include in NWA! |

o
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Generalised NWA with interference term

2 steps for on-shell approximation of interference term

> matrix elements on-shell \1(¢" — 177)

m pro close to full result
m con no automated evaluation of squared matrix elements
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Generalised NWA with interference term

2 steps for on-shell approximation of interference term

> matrix elements on-shell \1(¢" — 177)

m pro close to full result
m con no automated evaluation of squared matrix elements

> 'interference weight factor’ R: 0 ~ Y op, BR; - (1 + R;)
i

m pro building blocks available as in sSNWA: op,I'p, "% gp, gp
m con additional approximation M), ~ M

.9
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Generalised NWA with interference term

2 steps for on-shell approximation of interference term

> matrix elements on-shell \1(¢" — 177)
m pro close to full result
m con no automated evaluation of squared matrix elements

> 'interference weight factor’ R: 0 ~ Y op, BR; - (1 + R;)
i

m pro building blocks available as in sSNWA: op,I'p, "% gp, gp
m con additional approximation M), ~ M

accuracy vs. technical simplification of approximation

.9
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Example process: I'(x] — x)777) via h, H

3-body decay NWA: 2-body decays

Calculation
» decay widths: FeynArts/FormCalc/LoopTools
» tree-level amplitudes with Breit-Wigner propagators
» precise input quantities at 2-loop M, I', Z: FeynHiggs
» for consistent comparison: restricted to h,H-exchange

» interference term implemented in different approximations
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Scenario with quasi degenerate h,H

Test case: M;"**-like scenario with real parameters
» large tan 8 = 50, low M, M+
» AM = My — M;, small
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Scenario with quasi degenerate h,H

Test case: M;"**-like scenario with real parameters
» large tan 8 = 50, low M, M+
» AM = My — M;, small

Narrow width AM vs width

35p ‘ : — 2.0 - -

30f h v e ] ‘

25 T 15 ]
S 20 =
=15 2 10

100y 05

05p = T AM/(Ty T}

0.0 : : : 0.0 : : :

151 152 153 154 155 151 152 153 154 155
My~ [GeV] My~ [GeV]
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Scenario with quasi degenerate h,H

Test case: M;"**-like scenario with real parameters
» large tan 8 = 50, low M, M+
» AM = My — M;, small

Narrow width AM vs width

35p ‘ : — 2.0 - -

30 h v e ] '

25 R 15 ]
S 20 =
=15 s

100y 05

05p = T AM/(Ty T}

0.9 : : : 0.9 : : :

151 152 153 154 155 151 152 158 154 155
M+ [GeV] M+ [GeV]

expect sizable interference around AN/, = 1 g
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Decay width T'(y] — x{7"77) at LO

I(g3-¥it777) LO

» 'full’: 1 — 3 with
h, H+interference,
but without Z

» sNWA:
thBRh + FPHBRH

— full 1-3

152 153 154 155
Mu+ [GeV]

large discrepancy between sNWA and full 3-body decay width |
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Decay width I'(y} — ¥)7777) at LO

[(79-iir*t7) LO

0.005
ol SNWA ] » full’;: 1 — 3 with
DR T h, H+interference,
= 000 but without Z
]
o » sNWA:
~ 0.002 — full 13
I'p, BRy, +T'p, BR
-—— gNWA M PR L py BRH
0.001F —-gnwarR | > gNWA:
sNWA+|ntM/R
0.000 : : :
151 152 153 154 155

Mu+ [GeV]

| large discrepancy between sNWA and full 3-body decay width |

| large negative interference effect well approximated by gNWA (M/ R) |

.9
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Concept of gNWA at higher order

Strategy: combination of precise partial results

> separate calculation of loop correc-
tions to production and decay

> approximation of interference term combination of higher—
based on NLO matrix elements .

—— order corrections to SUb-
> |R-cancellations between on-shell ma- processes in generalised
trix elements with virtual + real soft ~ NWA

> precise I', M, Z, BR (FeynHiggs)

> tree-level result without NWA
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1 — 3 decay at NLO

F(XE*'X:?TT)v r:(rloop_l—-!ree)/l—!ree

1-loop calculation

» diagrams
m vertices
m self-energy
‘ ‘ ‘ m box
m soft photon radiation

r (%]
o o B

» Higgs mixing by Z-factors

151 152 153 154 155

My, [GeV]
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1 — 3 decay at NLO

F(XE*')(?TT)v r:(rloop_l—!ree)/l—!ree
1-loop calculation

151 152 153 154 155

» diagrams

m vertices
m self-energy

‘ ‘ ‘ m box
m soft photon radiation

r (%]
o o B

, » Higgs mixing by Z-factors

My . [Gev] » manageable at 1-loop level

|use process to validate gNVWA at 1-loop level |

.9
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2-body decays at NLO

Production: x$ — x{h/H Decay: h/H — 777~

% i

0030 07
_ 0025 06
>
3 < 05
© 0020 E
= = 04
S 0015 v
T 703
23 0010 £
—

000572~ 01

0.000 . - 00

151 152 153 154 155 151 152 153 154 155
M+ [GeV] Mu-[GeV]
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1 — 3 decay vs. gNWA at NLO

T(¥5- 7 7 77) gNWANLO

151 152 153 154 155

= 0.0035

00030 1-loop gNWA

0.0025

» 1-loop expansion of
matrix elements

0.0020

0.0015

> Higgs—§ector:
M,T, Z at leading

0.0010

0.0005 - - 0.0005
2-loop level from
g ST 4 FeynHiggs
- 2 2 )
e -
H IR o D 0
[_m = ) e ’,/ 2
151 152 153 154 155
My . [GeV]
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gNWA accuracy vs. relative loop contribution

ONWA precision vs. full loop size

127 T T T T T T T T T T T T
10F—— p=Tiy/Ti ]
o P =T gawa/ Tiun, M ]
L -=-= p=Tgwa/Tfui» R
s %
T4f
Q : .
2\ ........
OT _____________ e
o=~ - \//'
—2f el i ]
151 152 153 14 155
M+ [GeV ]

uncertainty: M? < 1% ~ estimated full uncertainty; R < 4% |
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Summary Il: Generalised NWA

o hH - o .
» example: decay X = X)77~ with interference of Higgs bosons
» applied gNWA at loop level: inclusion of virtual and real corrections
» 1V0 agreement with full result

» gNWA enables factorisation into production and decay with interference
and NLO effects — useful for various BSM models
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Impact of interference effects on LHC Higgs searches

m Status of Higgs searches at the LHC
m Impact of complex parameters on Higgs cross sections
m Consequences of interference for exclusion bounds
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Experimental status of discovered Higgs boson

CMS NE=7(8) TeV, L=51 (12.2) 16"
3000 T T T T ] T T T T T T
2 ATLAS and CMS eTotal [ IStat.  ©=3 Syst
EZSOO— Ho- 1 LHC Run 1 Total  Stat. Syst.
H - Observed ATLAS H - yy H—==——H 126.02+0.51 (+0.43 +0.27) GeV
o
% 2000 E CMS H-yy === 124.70 £ 0.34 (+ 0.31+ 0.15) GeV.
o
'% ATLAS H-2Z -4  F—o— 12451+ 0.52 (£ 0.52 + 0.04) GeV
31500~ 3
o CMS H -2z -4l —== 125.59 + 0.45 ( + 0.42 + 0.17) GeV
1000 P 3 ATLAS+CMS yy 125.07 +0.29 (£ 0.25 + 0.14) GeV
ATLAS+CMS 4l 125.15 + 0.40 ( + 0.37 + 0.15) GeV
500~ i e I sty s et
L ATLAS+CMS yy+4l 125.00 + 0.24 ( +0.21+0.11) GeV
~"«.. 1 | L 1 1 1 L
%% 0 0 B0 30 123 124 125 126 127 128 129
-2In(Ly /Lys) my, [GeV]

» compatible with scalar, but CP-odd admixture possible
» couplings, signal strengths mostly SM-like, but deviations possible
» combined mass M, = 125.09 + 0.24 GeV

.9
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Searches for additional Higgs bosons

Experimental searches for ® = h, H, A
production {gg — ®,bb®} x decay ® — {77~ pu*p~,bb}

CMS gt 10.7 b (8 Te) %BOW‘ T T
T L 1 |
10°F —e— Observed E = 70f ATHAS Vs=8 TeV, j Ldt=19.5-203 fb 1
weeenneee Expected for SM H(125 GeV) EMSSM m{* scenario, Moy = 1 TeV, WH/A— ]
0k [ + 1o Expected ] 601 q
1 [ + 20 Expected [T Obs 95% CL limit
50[
10g bbe 3 r Gve 95% L it

1 Gy

[

10"

100200 300400 500 600 700" 800 900 1000
100 200 300 400 1000 m, [GeV]

m,[GeV]

95% CL limit on o(bbg)B(¢- 1) [pb]

Limitation of interpretation in standard NWA

interference terms neglected, relevant especially with complex phases

L\ ZA
. . . ( DESY )
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Benchmark scenario: ]W;;n"dJr

Msusy = 1000 GeV [Ca;:na, Heinemeyer, Stl, Wagner, Weiglein '13]

My = 200 GeV
X028 = 1.5Msusy
A = Ay = A,

Ms=  1500GeV

M;, = Msusy )
Mg, , = 1500 GeV
M, , = 500 GV

/1 = £200,+500, 1000 GeV . B

600
M, [GeV]

Major part of open region compatible with A7,

P
(0@
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Dependence of lightest Higgs mass on ¢4,

consider ¢4, # 0 in trilinear coupling | A; = |Ay]e’®4, | Ay =A, =4

» impact on masses, couplings, widths, cross sections, mixing

Elina Fuchs (DESY) | Interference in MSSM Higgs searches | 30



Dependence of lightest Higgs mass on ¢4,

consider ¢4, # 0 in trilinear coupling | A; = |Ay]e’®4, | Ay =A, =4

» impact on masses, couplings, widths, cross sections, mixing

1301

check if Mp, (¢4, #0)

s
]
) . .
2 stays in allowed mass window
= — : M = 125.09 + 3(2) GeV
F—tanp=30 i me-eoocev| (theory uncertainty)
----- tan B = 10 My = 250GeV
120 . . .
0 z t S 2
2
Pa

°®
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CP-violating Higgs interference

In presence of non-zero phase: change of cross section

» important effect: H-A interference = o4 % 20 or > 06BRo
» relevance of interference with complex parameters:

m real case: h — H interference restricted to narrow region
m My, ~ My, in decoupling regime
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CP-violating Higgs interference

In presence of non-zero phase: change of cross section

» important effect: H-A interference = o4 % 20 or > 06BRo
» relevance of interference with complex parameters:

m real case: h — H interference restricted to narrow region
m My, ~ My, in decoupling regime

Our approach
» full propagator mixing A;j: 3 x 3 or 2 x 2
o(¢) —o(0)
o (0)
m measures relative effect of complex phase on cross section o

BO=0¢4 #0o0rop=0—|0:=

» BW.Z-factors with ¢4, # 0, with/without interference
m measures difference between |hy + ha + h3|? and |h1|? + |ha|? + |hs|?
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Effect of ¢4, on cross section bb — h, — T

MP%, u=200GeV, ¢, = 11/4: 6[%] Mp°%, u=200GeV, ¢, = 11/2: 6[%)]
60

501
401

301

tan B
tan B8

201

10

200 400 600 800 1000 200 400 600 800 1000
My- [GeV] My- [GeV]

Mostly negative effects of 0 in M, -allowed region
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on cross section bb — h, — T

Effect of ¢

t

Mp°%, u=500GeV, ¢a = 71/2: 6[%] Light T, y=500GeV, @a = 11/2: 5[%]
60

501
401

301

tan B8
tan B8

201

10

200 400 600 800 1000 200 400 600 800 1000
My [GeV] My [GeV]

Stronger effect with larger 1«

.9
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CP benchmark scenario

M with g = 1000 GeV and ¢a, = /4

MT%, 11=1000GeV, ¢y, =1t/4: & [%] M{°%, 4=1000GeV, ¢a =71/4: € [%]
60 60
50
100
40 “
50 1
«Q Q 05
E g D
-0.2
50 20 -05
-100
200 400 600 800 1000 200 400 600 800 1000
M- [GeV] My-[GeV]
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Pure interference effect

Disentangle overall phase effect § from pure interference effect n
M{°%, u=1000GeV, ¢a,=17/4, I'™: 1 [%]

60

50

40 Oint = Ocoh — OTincoh>
«Q
c
g3 _ Ocoh (¢At ) 1

/'7 - T
20 Oincoh (¢At )
_ Jint (¢At )
10 OJincoh (¢At )

1000

My-[GeV]

drastic, destructive interference effect |
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HiggSBOUl’ldS [Bechtle, Heinemeyer, Stal, Stefaniak, Weiglein, Williams]

Testing Higgs model predictions against observed limits

» input: # neutral and charged Higgs bosons in the model, xs, BR,
masses, widths,...

» for MSSM: can be linked to FeynHiggs
» comparison to data from LEP, Tevatron, LHC
» output: if point excluded @ 95%CL

.9
i i i DESY |
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HiggSBOUl’ldS [Bechtle, Heinemeyer, Stal, Stefaniak, Weiglein, Williams]

Testing Higgs model predictions against observed limits

» input: # neutral and charged Higgs bosons in the model, xs, BR,
masses, widths,...

» for MSSM: can be linked to FeynHiggs
» comparison to data from LEP, Tevatron, LHC
» output: if point excluded @ 95%CL

We rescaled the bb — h, production as input:

oMSSM(pph — 1) oMSSM(pp — p,)
oSM(bb — h) oSM(bb — h)

(14 14)

L\ ZA
. . . ( DESY )
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60

Impact of the interference on exclusion bounds

default M;Ln"‘iJr scenario:

real parameters
U= 200GeV | =200 GeV

200 400 600 800

1000
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Impact of the interference on exclusion bounds

60

J\J;L”(”H scenario:
real parameters

B | =1000GeV
20 p= 200GeV |

v =1000GeV |

200 400 600 800 1000

.9
i i i DESY |
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Impact of the interference on exclusion bounds
60

CP benchmark:

M4 with ¢4, = 7/4
1= 1000 GeV
interference neglected

p= 200GeV |
v =1000GeV |
no Int ¢a,=71/4, i = 1000GeV |

200 400 600

800 1000

°®
i i i DESY |
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Impact of the interference on exclusion bounds

60

50

40 CP benchmark:
@ MY with ¢4, = /4
§ 30 11 = 1000 GeV

| interference included
p= 200GeV |

v =1000GeV |
no Int ¢a,=71/4, i = 1000GeV |
with Int ¢a,=77/4, 4 = 1000GeV |

200 400 600 800 1000

0
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Impact of the interference on exclusion bounds
60

CP benchmark:

MY with ¢4, = /4
1= 1000 GeV
interference included
= significant shift of
exclusion bounds

no Int ¢a,=71/4, i = 1000GeV |
with Int ¢a,=77/4, 4 = 1000GeV |

200 400 600

800 1000

0 ® N\
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Outlook: new CPV benchmark scenario

1. include gluon fusion

2. further investigate impact of interference effects in complex MSSM on
exclusion limits with HiggsBounds

m various values of
m dependence on ¢4,, dar,

3. define new CP-violating benchmark scenario

4. LHC run Il: Higgs searches interpreted in MSSM with complex
parameters
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Summary: Interference in MSSM Higgs searches

Higgs propagator mixing with complex parameters
> haH7A — h17h27h3
» full mixing well approximated by BW propagators and Z-factors

Formulation of a generalised NWA

» gNWA enables factorisation into production x decay with interference
and NLO effects — useful for various BSM models

» good agreement in CP-conserving example with /» — F interference

o
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Summary: Interference in MSSM Higgs searches

Higgs propagator mixing with complex parameters
> haH7A — h17h27h3
» full mixing well approximated by BW propagators and Z-factors

Formulation of a generalised NWA

» gNWA enables factorisation into production x decay with interference
and NLO effects — useful for various BSM models

» good agreement in CP-conserving example with /» — F interference

CP-violating interference in MSSM Higgs searches
» ho — hg interference relevant in CP-violating benchmark scenario

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

&\
K./\\
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Summary: Interference in MSSM Higgs searches

Higgs propagator mixing with complex parameters
> haH7A — h17h27h3
» full mixing well approximated by BW propagators and Z-factors

Formulation of a generalised NWA

» gNWA enables factorisation into production x decay with interference
and NLO effects — useful for various BSM models

» good agreement in CP-conserving example with /» — F interference

CP-violating interference in MSSM Higgs searches
» ho — hg interference relevant in CP-violating benchmark scenario

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

MERCI!
PN
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Generalised NWA with interference term

2 2 2
o(ab — cef) = /d¢ IM( ab - ch)2| IM(h2—>2ef)| L M(ab — cH2)| |IM(H — ef)|
- Mp)? + MyTy, (¢ — M})? + M3 T

© oRe { M(ab — ch)M*(ab — cH)M(h — ef)M*(H — ef) })

((]2 — A\[].i + ii\fhr],,)({]z — i\f}‘)l —iMgTg)
M on—shell

~

a’ab%chBRh%ef + o’ab%cHBRH%ef
2 dq2 * *
are{ [ G5 (AP @as @) | [avayPapyps 03)|

[ avo@mamivson)]) |
M, =My

~ op, BR1-(1+ R1) +op, BR2- (1+ R2)
R; :=2M,;T;w; - 2Re{xz; I}

I:=

dq op; BR;
/ 5 ABM (q 2) . A;BW(q2)7 w; = i
T op, BR1 +op, BR2
9P 9p; 9D, 9D,

@ = ——>——=  (gp/p : couplings in production/decay)
lgp; *lgp; |

.9
i i i DESY |
Elina Fuchs (DESY) | Interference in MSSM Higgs searches | 1 @



On-shell interference term at NLO

Standard NWA

0.1 1'\0 +0.01'\1
op - BR— ZeRieD

Matrix element method R-factor approximation
- PIDIP D - o BRO
> PYD;PHDY* > % -BR!
> dsp Py DYPI*DY* » [i-factor: only ratios of LO
soft bremsstrahlung couplings

Expansion restricted to tree-1-loop
for consistent comparison with full process at NLO
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Cancellation of IR-divergences

KLN theorem [kinoshita '62] [Lee, Nauenberg '64]

IR-divergences from real and virtual photons cancel

IR-divergences in on-shell matrix elements (here only decay)

> if tree: dsp(q®) - Mi(¢*) M (¢®) — mismatch with DVt (M?)! x

» integrals in 1-loop matrix elements and soft-photon factor dsg need to
be evaluated at the same mass — IR-div. cancel /

» possible to separate subsets of IR-finite and IR-divergent diagrams

Comparison to double-pole approximation (DPA) [penner, Dittmaier, Roth ‘98]
» extract singular parts from real photon contribution

» apply DPA only on terms which match singularities from virtual ~s

[Denner, Dittmaier, Roth, Wackeroth '00] [Griinewald, Passarino et. al. '00]
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gNWA with most precise subprocesses

best _ 0 best best 0 0 intl int+
TgNWA = Ofull + E (Upi BR; _O'PiBRi> + ognwaA T Tona
i=h,H

14} incl. AG.2.7 ‘ ‘ ] ) ' ' '
: —
v S
£

00 : : : 0.000 ; ; ;

151 152 153 154 155 51 152 153 154 155
My [GeV] My, [GeV]

use factorisation: include op and BR at highest available precision in gNWAl
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Intrinsic NWA uncertainty ~ O(I'/M)

T(¥9-7t*t7) LO

0.005
[ incoh. sum

0.004 foooooeoansss S ]

0.003

I [GeV]

0.002 -

0.001}

0000 v T
151 152 153 154 155

My+ [GeV]
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Renormalisation of neutralino-chargino sector

Neutralino and chargino matrices

My 0 —Mzecgsw Mzsgsw
v = 0 Mo Mzcgew —Mgsgew ¥ = ( Mo \/§MWS,3>
T —Mzegsw Mzecgew 0 —p ’ - ﬂMWCﬂ n
Mzsgsw —Mgsgew —n 0

Renormalisation: on-shell [rowler, weiglein ‘09] [Bharucha, Fowler, Moortgat-Pick, Weiglein 12]

[Chatterjee, Drees, Kulkarni, Xu '11] [Bharucha, Heinemeyer, Pahlen, Schappacher '12] et al.
» 3 out of 6 X°, ¥t masses on-shell
» choose most bino-, wino- and higgsino-like states as input
— 3 parameters ||, [ Ms]. || properly fixed

5

» otherwise: huge counterterms and unphysically large mass corrections

» here: NNN scheme with )2(1)7374 on-shell

stability of scheme (proper parameter fixing): parameter dependent

&\
K o\
i i i | DESY |
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Neutralino-chargino renormalisation schemes

Renormalisation constants and AM with 3 neutralinos on-shell

» NNNi scheme: m o and mx receive loop correction
7 1,2

> scenario with p = M> = 200 GeV
> stable schemes: here NNN2, NNN4 with %3/%3 shifted

oM, [Gev]

OM,, NNN mhmax

AM I NNN mhmax

so0f  preliminary ;' ] N T ™
NN ! preliminary N,
" | Tee o
400F |- NNN2 i S —
NNN3 i e !
_ i
300F NNN4 " \‘ :
1 )
>3
_2000 ¥
200F I 8 '
o = u
N oz I
100 o s "
£ T _ao00 1
- = NNNL i
e = |
et 1o <= NNN2 i
of / ] _eoool |- NNN3 1
¢ — NNN4 '
b ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ t
200 210 220 230 240 250 200 210 220 230 240 250
1 (GeV] uGev]
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Definition and use of the Z-factors

> ensure correct normalisation of S-matrix with external Higgs bosons

» Z with 2aj =/ ZaZaj is not unitary

i N ~T
I v (z .T 4 ) =1 1
pog g = ME TS S T N
i A ~T
e hHA . (2)
i PN AT
I v (Z .T N4 ) =1
promz 2 — M2 . Aa Y
X 1 A Ay (p*)
Z. = Res e Ay 2 = Jui= ij 4
S T M e PV
1/jhl . f‘h
f. ) =2+ (T ¥
Fh3 T'a

.9
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Interference effects in real /complex Higgs sector

MSSM Higgs interference? Include interference term
» real parameters: » Mixing propagators
only h, H mix m full p>-dependence
m but M), ~ My limited to [ f]ij from FeynHiggs
narrow parameter range » Breit-Wigner propagators
» complex parameters: all ® approximate
neutral Higgs bosons mix p2-dependence
— hi, ho, hs m Z-factors from FeynHiggs
o My, — Mp, < Ty, Ihy in » generalised NWA

decoupling region m on-shell matrix elements

m enables factorisation into
production xdecay

Analyse interference effects in the complex MSSM!
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