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7t is the Higgs Boson

e Investigation of properties of scalar particle:
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7t is the Higgs Boson

e Investigation of properties of scalar particle: ~~ Higgs Boson

-
~7 S 2
MHI126GEY 01 .
Valide du 04/07/2012
au 31/12h000
Prénom
Higgs S.
Fom
Boson
\_

M.M. Miihlleitner, KIT, ZPW2015, 7-9 January 2015, Zirich




N obel Prize in Physics 2013

The Nobel Prize in Physics 2013

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich



Nobel Prize in Physics 2013

L .* T

- The Nobel Prize in Physics 2013

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich



What is the Dynamical Origin of EWSB?

Zs the Higgs boson £lementary or Composite?

Weakly coupled models I

SM, SUSY, ...
SUSY Partner ~ 1 TeV

New particles necessary to

stabilise the Higgs boson mass

Strongly-interacting dynamics I

o N
' EWSRE
. Sector

[ @ |

T

Composite Higgs
top partners > 700 GeV

Resonances for unitarity

Higgs boson composite object

Cartoon from R.Contino [1005.4269]
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¢ Coupling measurements

* What we can learn

¢ Conclusions

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich






ZInterpretation within SUSY: The N MSSM Higgs Sector

e Supersymmetric Higgs Sector: SUSY & anomaly-free theory = 2 complex Higgs doublets

e Most economic version: Minimal Supersymmetric Extension of the SM (MSSM):

2 complex Higgs doublets

e Next-to-Minimal Supersymmetric Extension of the SM: NMSSM

Fayet; Kaul eal; Barbieri eal; Dine eal; Nilles eal; Frere eal; Derendinger eal; Ellis eal;
Drees; Ellwanger eal; Savoy; Elliott eal; Gunion eal; Franke eal; Maniatis; Djouadi eal; Mahmoudi eal; ...

2 complex Higgs doublets plus one complex singlet field ~~

e Solution of the p-problem: p must be of O(EWSB scale) Kim,Nilles

1t generated dynamically through the VEV of scalar component of an
additional chiral superfield field S: = \(S) from: A\SH, H,
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The N MSSM Higgs Sector

e Enlarged Higgs and neutralino sector: 2 complex Higgs doublets H,,, H;, 1 complex singlet S

{ HIggS bosons: Hl,HQ,Hg,Al,AQ,H+,H_

5 neutralinos:

e Higgs mass eigenstates:

superpositions of doublet and singlet components ~~
the more singlet-like é 2
the smaller couplings to SM particles H
H
N4
H' H

e Significant changes of Higgs boson phenomenology

x light Higgses not excluded, Higgs-to-Higgs decays
x degenerate Higgs bosons around 125 GeV possible
x very light singlino-like lightest SUSY particle (LSP)

x ~~ invisible Higgs decays

x tree-level CP violation
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NMSSM Higgs Mass and LHC Results

e Vast literature on NMSSM Higgs of ~ 125-126 GeV

Hall eal; Ellwanger; Gunion eal; King, MMM, Nevzorov; Albornoz Vasquez eal; Cao eal; Gabrielli eal; Ellwanger, Hugonie; Kang eal;
Cheung eal; Jeong eal; Hardy eal; Kim eal; Arvanitaki eal; Cheng eal; Bélanger eal, Kowalska eal; Badziak eal; Moretti eal: Choi eal;

Munir eal; Barbieri eal; Beskidt eal; Berg eal; Gherghetta eal; Cerdeno eal; Das eal; Christensen eal; Bhattacherjee eal; Guo eal; ...

e Compatibility of NMSSM Higgs mass with LHC Searches:
* Upper mass bounds + corrections to the MSSM, NMSSM Higgs boson mass:

MSSM: m? =~ M3 cos* 23 + Am3
NMSSM: m? ~ M2 cos? 283 + \2v?sin? 203 + Am?
= Mgy =~ 126 requires:

MSSM:  Amy, = 85 GeV (tan § large) = large corrections ~~ fine-tuning
NMSSM: Amy, =~ 55GeV (A = 0.7, tan § = 2)

= NMSSM requires less fine-tuning Hall,Pinner,Ruderman; Ellwanger; Arvanitaki,Villadoro;
King, MMM,Nevzorov; Kang,Li,Li; Cao,Heng,Yang,Zhang,Zhu
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NMSSM Scalar Boson Mass in View of the LHC Results

Hall,Pinner,Ruderman 1112.2703

NMSSM Higgs Mass
w0 1=06,07 |
: m; = 1200, 500 GeV -
130 Xi=0 :

my, = 124—-126 GeV

10

Tan G

o mp maximized for small values of tan (3

o my, ~ 124 — 126 GeV can be achieved also for zero mixing X; = 0 and m; > 500 GeV
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N MSSM Higgs Signal

e SM-like scalar boson of ~ 125 GeV
Can be either Hy or Hy (H; singlet like, suppressed SM couplings)

e Could it be that we already discovered NMSSM Higgs bosons?

Higgs signal at ~ 125 GeV is built up by two degenerate Higgs bosons.

e What about the MSSM?

Two light MSSM CP-even Higgs bosons <= light CP-odd A, relatively light H*

light Mg+ excluded ATLAS-CONF-2012-011 and 2013-090, CMS-HIG-12-052
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Compatibility with SM-Like Higgs Signal

e SM-like NMSSM Higgs rate: h = Hy or Hy, My, = Mpysw =~ 125 GeV

Gorod () BR(h — X X)
Torod(HSM) BR(HM — X X)

pxx(h) =

e NMSSM /. Production: small tan 3 favoured ~~ gluon fusion dominant o proqd
for SM-like production cxn: h must be up-type doublet-like ~~ gnit ~ grrsmy

e Enhancement/supression on the production side

e Enhanced/suppressed gluon fusion production See e.g. King, MMM, Nevzorov,Walz

* Stop, sbottom loop contributions in gg — H; can enhance/suppress the production cxn for
small/large mixing

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich
14



Compatibility with SM-Like Higgs Signal

e Branching ratios - e.g. into XX = vy

L(h =)

BR(h — v7) =
(Fbl_) +Tww +1'zz + -..+F¢i¢j + FX(l)X(l) + )[h]

* 'y dominant decay rate for 125 GeV SM-Higgs boson ~~ BR(h — X X)) very sensitive to I';;

* Suppression of F(h125 GeV _, bB) due to Hall,Pinner,Ruderman; Ellwanger; King, MMM, Nevzorov:;
Cao,Heng,Yang,Zhang,Zhu; Albornoz-Vasquez,Belanger,Boehm,DaSilva,Richardson,Wymant

o strong singlet-doublet mixing ~~ reduced coupling to bb

o A, corrections to hbb coupling Carena eal; Guasch eal; Noth,Spira; Mihaila,Reisser
+ Enhanced T'(h'?°%®Y — ~~) due to charged boson, chargino, stop loop contributions
g /MT w,H=, f 7
hH,A--- f3F RH---< Ewgﬂfj h;H————iinf
g Wﬂf")’ N g

* B R modifications due to Higgs-to-Higgs and /or Higgs-to-SUSY deays
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NMSSM Higgs Boson Mass

e NMSSM Higgs boson masses given in terms of Higgs potential parameters
e Higher order corrections:

x important to shift SM-like NMSSM Higgs boson mass to ~ 125 GeV;

* Higgs masses enter production cxn's and BR's ~~

x need to be known at highest possible accuracy for proper interpretation of exp results, for

distinction of Higgs sectors of different BSM models

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich
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NMSSM Higgs Boson Mass

e Status of higher order corrections:

* Real NMSSM:
¢ leading one-loop [Ellwanger;Elliott eal; Pandita;Ellwanger,Huggonie]
o full one-loop in DR scheme [Degrassi,Slavich:Staub eal]
o full one-loop in mixed DR-OS scheme [Ender(—Walz),Graf, MMM, Rzehak]
o O(apas + apas) DR w/ zero external momentum [Degrassi,Slavich]

¢ first results beyond this [Goodsell eal]

*x Complex NMSSM:

¢ various one-loop contributions in effective potential approach
[Ham,Kim,Oh,Son;Ham,0h,Son;Ham,Jeong,Oh;Funakubo, Tao;Ham,Kim,Oh,Son]

¢ full one-loop & leading two-loop in effective potential approach [Cheung,Hou,lLee,Senahal
¢ full one-loop in diagrammatic approach [Graf,Grober, MMM, Rzehak,Walz]

o O(aya,) mixed DR-OS scheme w/ zero external momentum [MMM Nhung,Rzehak,Walz]
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NMSSM Higgs Boson Mass 2-Loop Corrections

stop /top sector DR

126 . . .
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mPe' = 173.

5 GeV

mPR = 143.14 GeV at Q = 1.25 TeV

MMM, Nhung,Rzehak,Dao '14

dashed: one-loop, full: two-loop

variation of ¢4,
variation of s,
variation of ¢,

n n—1 n—1
A=[Mp — MgV
dashed: n =1, solid: n =2

difference in DR and OS masses:
one-loop: O(15 — 25%)
two-loop: O( < 1.5%)
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N MSSM Higgs Boson Phenomenology

e Vast literature on NMSSM Higgs boson phenomenology:

Arvanitaki,Villadoro; Ellwanger; Munir; King, MMM, Nevzorov,Walz; Gunion,Jiang,Kraml;
Badziak,Olechowski,Pokorski; Munir,Roszkowski, Trojanowski; Kang,Li,Liu,Shu; Cerdeno,Ghosh,Park,Peiro;
Beskidt,deBoer,Kazakov; Choi,Im,Jeong,Seo; Kozaczuk,Profumo; Barbieri,Buttazzo,Kannike,Sala, Tesi;
Cao,Ding,Han,Yang,Zhu; Fan,Tao,Shen,Chen,Gascon-Shotkin,Lethuillier,Sgandurra; Huang,Liu,Wang,Yu;
Belanger,Bizouard,Chalons; Buttazzo; Ellwanger,Hugonie; Ellwanger, Teixeira; Heng,Shang,Wan;

Guo,Li,Williams; Bomark,Moretti,Munir,Roszkowski; Cao,Li,Shang,Wu,Zhang; ...

e This Talk:

Discovery Prospects for NMSSM Higgs Bosons at the High-Energy Large Hadron Collider
King, MMM, Nevzorov,Walz, Phys. Rev. D90 (2014) 9.
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ZInvestigation of N MSSM Discovery Prospects - Scan

Mixing angle tan 8 and NMSSM couplings A, k:
1 <tanp <30, 0<A<0.7, —0.7< k<07

with perturbativity requirement
VA2 4+ K2<07

Soft SUSY breaking trilinear NMSSM couplings and pief:
—2TeV<A,<2TeV, 2TeV< A, <2TeV, —1TeV < puess <1 TeV

Remaining Parameters:

—2 TeV S AU,AD,AL S 2 TeV
600 GeV < M; =Mz <3 TeV, 600 GeV < M-, =M; <3TeV, M; =3 TeV
tr Qs R Ls br

Magern = My 5, = Mg, ,

dr,SR

R,CR — Megr,ir

= ijl,g =3 TeV

100 GeV < M; <1 TeV, 200 GeV < My <1TeV, 1.3 TeV < M3 <3 TeV

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich
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NMSSM Scan

e Conditions on the parameter scan:

* At least one CP-even Higgs boson H; = h with: 124 GeV < M;, < 127 GeV

+ Compatibility with u55 (X =0, 7,7, W, Z2): SR (h) — uSx] <2 x 1o
* Relic density Q.h? below PLANCK result (Qh2)NMSSM < (91187 4 0.0017 [PLANCK]
Constraints from low-energy observables, from LEP, Tevatron and LHC searches [NMSSMTools]

e Signal can be superposition of two Higgs boson rates close in mass: h and ® = H;, A;

pxx(h) = Ro(h) RR%(h) + > Ro(®) RY%(®) F(My, Mg, dxx)
o +h
|Mgp —Mp| <6

0 : mass resolution in the respective X X final state
F(My, Mg,dx x): Gaussian weighting function
dx x: experimental resolution of final state X X [NMSSMTools]

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich
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Experimental Signal Rates

Based on: ATLAS-CONF-2013-034; CMS-PAS-HIG-13-005; combination a la Espinosa, MMM, Grojean, Trott

channel best fit value | 2 X 1o error
VH — Vbb 0.97 +1.06
H— 771 1.02 +0.7

H — vy 1.14 +0.4
H—-WW 0.78 +0.34
H— 77 1.11 +0.46
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http://www.itp.kit.edu/~maggie/NMSSMCALC

NMSSMCALC
Calculator of One-Loop and O(alpha_t alpha_s) Two-Loop Higgs Mass Corrections
and of Higgs Decay Widths
in the CP-conserving and the CP-violating NMSSM

The program package NMSSMCALC calculates the one-loop and O(alpha_t alpha_s) corrected Higgs boson masses and the Higgs decay widths and
branching ratios within the CP-conserving and the CP-violating NMSSM.
The decay calculator is based on an extension of the program HDECAY 6.10 now.

Released by: Julien Baglio, Ramona Griber, Margarete Miihlleitner, Dao Thi Nhung, Heidi Rzehak, Michael Spira, Juraj Streicher and Kathrin Walz
Program: NMSSMCALC version 1.03 (5 January 2015) NEW! Implementation of O(alpha_t alpha_s) mass corrections

When vou use this program, please cite the following references:

. Julien Baglio, Ramona Griber, Margarete Miihlleitner, Dao Thi Nhung, Heidi Rzehak, Michael Spira, Juraj Streicher and Kathrin Walz, in
NMSSMCALC:
Comput. Phys. Commun. 185 (2014) 12
One-Loop Masses: K. Ender, T. Graf, M. Miihlleitner, H. Rzehak, in Phvs. Rev. DES (20121075024

T. Graf, R. Gréber, M. Miihlleitner, H. Rzehak, K. Walz, in JHEP 1210 (2012) 122

O(alpha_t alpha_z) Mass M. Miihlleitner, D.T. Nhung. H. Rzehak, K. Walz. in arXiv:1412.0918
Corrections:

HDECAY: A. Djouadi, J. Kalinowski, M. Spira, Comput.Phyvs.Commun. 108 (1998) 56
An update of HDECAY: A. Djouadi, J. Kalinowski, Margarete Muhlleitner, M. Spira, in arXiv:1003.1643

Informations on the Program:

» Short explanations on the program are given here.

M.M. Miihlleitner, KIT, ZPW2015, 7-9 January 2015, Zirich
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Mass Distributions
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H, (i=1,2) is the non-SM-like CP-even Higgs boson
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115 GeV ~» Hj non-SM-like; My, = 180 GeV ~» Hsy non-SM-like

Gaps at 115 GeV < My, < 180 GeV and 115 GeV < M4, < 130 GeV due to LHC exclusions
Very few points for My, , M4, < 62 GeV «— SM-like Higgs decays into H;, A; ~» reduced u values
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Mass Distributions

King, MMM, Nevzorov,Walz

H, (i=1,2) is the non-SM-like CP-even Higgs boson
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Experimental Situation

> CMS, CMS-HIG-12-004: 6BR(pp — a — pTp~), 5.5 <m,, < 14 GeV,
excluded: 1.5 —7.5 pb at 95% CL (/s =7 TeV, [L=1.3fb!)

> ATLAS, ATLAS-CONF-2012-079: H — aa — vy + vy for Mg = 110 — 150 GeV,
M, = 100, 200,400 MeV; o0 BR = 0.1 pb excluded in 115 — 140 GeV, 0.2 pb outside
(Vs=T7TeV, [L=49fb 1)

> CMS, CMS-PAS-HIG-13-032: X — HH — (v7)(bb), 260 < mx < 1100 GeV,
o0 BR ~ 0.4 — 4 fb excluded at 95% CL (/s =8 TeV, [ L =19.7 fb~1)

> ATLAS, 1406.5053: resonant and non-resonant pair production in hh — (y7)(bb),
260 < my, < 500 GeV (SM h),
non-resonant 0 BR = 2.2 pb upper limit,
resonant ¢BR = 0.8 — 3.5 pb excluded at 95%CL (y/s =8 TeV, [ L =20 fb~1)

> CMS, CMS-PAS-HIG-14-013: X — HH — (bb)(bb), 270 < mx < 1100 GeV, mpy = 125 GeV

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich
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Experimental Situation

ATLAS, 1406.5053 CMS-PAS-HIG-13-032, 14-013, 13-025
17.9-19.7 b (8 TeV)
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Discovery Prospects in the AN atural NMSSM

e What scenario could be constrained at 13 TeV?

e Investigate prospects for subspace: Natural NMSSM

0.6 <A<0.7, -03<k<03,1.5<tan8 < 2.5, 100 GeV < |jesr| < 185 GeV

e Features of the NMSSM spectrum:
*x SM-like Higgs boson: Hy = h
x Ao, Hs doublet-like

x Ay, Hy singlet-like

e Convenient Notation

H2:h7 H3:H7A2:A7 H12H87A1:AS

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich
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Discovery Prospects in the AN atural NMSSM

e Tree-Level Mass Values Nevzorov,Miller '04

MH %MA %MH:I: %,uefftanﬁ

2
M3, +3MF, ~12 (Sper) +A

VA ~ 137 GeV «—— loop corrections

e Loop-corrected Natural NMSSM Higgs Mass Values

230 GeV < My, M4 <530 GeV, 27 GeV < My, < 117 GeV, 29 GeV < My, < 300 GeV

e Production Cross Sections for H and A

0.8 pb <o(g9— H) S75pb, 0.6 pb <So(gg— A) <4.5pb

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich
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Production Cross Sections for H, A

King, MMM, Nevzorov,Walz
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Alternative Production Channels

e Small direct production rates: ~» alternative production channels
e Higgs-to-Higgs Decays:

o(gg — ¢i) X BR(¢; — ¢jé) x BR(¢p; — XX) x BR(¢, — YY)

e Higgs-to-Higgs+Gauge-Boson Decays:

o(g9g — H)x BR(H — ZAs), o(99— A) x BR(A— ZH,)

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich
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Discovery Prospects in the N atural NMSSM

e Heavy Higgs bosons H and A

With masses < 530 GeV light enough to be discovered directly

e Singlet-like Higgs bosons H, and A,
cross sections large enough for direct discovery
or: if oprod too small ~ discovery via Higgs-to-Higgs or Higgs-to-Gauge&Higgs decays

(also from decays of SUSY particles might be alternative; not discussed here)
H—HH, K H—hH,, A— HA,, A— hA, ,...

H—Z7ZA, A— ZH,

LHC13: Natural NMSSM Scenario confirmed or strongly constrained

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich
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Benchmarks for Higgs-to-Higgs Decays

e Higgs-to-Higgs Decays

(g9 — ¢;) X BR(¢; — ¢g¢k) X BR(qu — XX) X BR(¢, = YY)

> Interesting for heavier ¢; discovery if o4 large enough and BR into lighter Higgs pairs dominates

> For lighter ¢;, ¢ interesting production if direct prod strongly suppressed due to singlet nature

e Benchmarks for Higgs-to-Higgs Decays

A) Hs = h, Hy = H,,tan 8 small, light spectrum < 350 GeV

)

B) Hy = h, H, = H,,tan 3 small

C) Hy = h,H3 = H,,tan 3 large
)

D) Hs = h decays into lighter Higgs pairs

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich
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Benchmark H; = h and tan 3 small

B.1 (Point ID Poi2a) Scenario

My, Mu,, Mu 124.6 GeV | 181.7 GeV | 322.6 GeV
Ma,, Ma 725 GeV | 311.7 GeV

[Skyn.|* | Paya,|” 0.90 1

Lrr, bbb 1.54 1.01

WZZ, WWW, Uy~ 0.93 0.93 1.54

tan 8, \, k 1.9 0.628 0.354

A, As, Lheff 251.2 GeV | 53.8 GeV | 158.9 GeV
My, Mo, Ms 890 GeV 576 GeV 1919 GeV
A, Ay, Ar 1555 GeV | -1006 GeV | -840 GeV
Mg, = M., Mr, = M;,, other SSB parameters || 1075 GeV | 540 GeV 3 TeV

BR(As — vyv) =0.84 |
BR(A — H,A,) =021,

37

BR(H, — A,A,) = 0.97 ,
BR(A — hA,) = 0.012

BR(H — hH,) = 0.51




Benchmark H; = h and tan 3 small

B.1 (Point ID Poi2a) Decay Rates

o(g94s) 0.08 tb accessible:
o(ggA)BR(A — HsAs) 525.56 fb AiALA.
0(ggA)BR(A — H;As — As + AsAs — 67) 301.58 fb AH .
0(ggA)BR(A — H;As — As + A;As — bb + 47) 157.64 fb AAA.H.
0(g9A)BR(A — H;As — As + AsAs — 4b + ) 27.47 fb AA B
0(ggA)BR(A — H;As — As + A;As — 77 + 47) 14.99 fb

0(ggA)BR(A — HyAs — As + AsAs — 77 +bb+ ) || 5.22 fb

0(9ggA)BR(A — H;As — As + AsAs — AT + v7y) 0.25 fb

0(ggA)BR(A — hAs) 29.96 fb

o(ggA)BR(A — hAs — v + bb) 16.25 fb

0(ggA)BR(A — hAs — vy + 77) 1.70 fb

o(ggA)BR(A — hAs — bb + bb) 2.83 fb

M.M. Mubhlleitner, KIT, ZPW2015, 7-9 January 2015, Ziirich

38






What if not all Higgs Bosons can be discovered?

e If not all NMSSM Higgs bosons are discovered:
Scenario: 3 neutral Higgs bosons discovered, not all of them are scalar ~

How tell NMSSM from the MSSM?

~ exploit sum rules

e Unitarity requirement leads to sum rules for Higgs-gauge and Higgs-Yukawa couplings:
Englert,Freitas, MMM,Plehn,Rauch,Spira,Walz, 1403.7191

GH,vv
, _ S S .
gHSM = gm,vv = (R} cos B+ Rj, sin 3)
HSM VY
G, _ R G g R
= YH;tt — . = YH,bb —
GESM sinf3’  gysmy cos 3
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What if not all Higgs Bosons can be discovered?

e If not all NMSSM Higgs bosons are discovered:
Scenario: 3 neutral Higgs bosons discovered, not all of them are scalar ~

How tell NMSSM from the MSSM?

~ exploit sum rules

e Unitarity requirement leads to sum rules for Higgs-gauge and Higgs-Yukawa couplings:
Englert,Freitas, MMM,Plehn,Rauch,Spira,Walz, 1403.7191

[couplings normalized to SM couplings]

3
Z Q%Jivv =1
i=1

1 n 1 _q
3 3 -
Zi:1 g?{itt Zi:1 gl%Iibb

Scenario: MSSM: sum rules fulfilled — NMSSM: deviation from sum rule
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Coupling Sum Rules

e Example benchmark scenario D.2

D.2 (Point ID 110) Scenario

Mu,, Mu,, Mg, = Mu,, Mp, Mg | 112.0 GeV 126.3 GeV 1288.2 GeV
Ma,,Ma = Ma,, Ma, 61.5 GeV 1287.4 GeV

1Seh. |7, | Paya,|? 0.63 1

Urr, Hbb 0.73 0.62

WZZ, WWW, H~y~y 0.90 1.03 1.06

tan 3, \, kK 6.36 0.47 0.14

Ax, Ag, [heff 1217.1 GeV | 19.6 GeV 195.3 GeV
Ay, Ay, Ar -1804.6 GeV | -1196.8 GeV | 1704.8 GeV
My, Ma, Ms 417.2 GeV 237.5 GeV 2362.2 GeV
Mg, = My, My, 967.8 GeV 3 TeV

M, = Mr,, Msysy 2491.6 GeV 3 TeV

o(g9 — H) =0.46 fb, o(bbH) = 0.82 fb ,

o(gg — A)=0.72 fb, o(bbA) = 0.82 fb
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Coupling Sum Rules

e H. A difficult to produce ~» exploit sum rules
2
2 ~
ZgHiVV ~ 1
i=1

1 1
+ = 1.85
2 D)
Zz’:l Q%Iitt Zz’:l Q%Iibb

Non-discovered H has large MSSM H,; component ~~
Significant deviation in Higgs-fermion coupling sum rule

(H, component taken by SM-like Hy = h for sufficient cxn in gluon fusion)

At high-energy LHC: Higgs-fermion couplings measurable at O(10 — 20%)
CMS, 1307.7135; ATLAS, 1307.7292, Snowmass 1310.8361
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Conclusions

e NMSSM Higgs sector compatible w/ LHC data

* SM-like Higgs can be H, or Hy; degenerate Higgs signal at ~ 125 GeV possible
* Higgs bosons below 100 GeV not excluded

e Natural NMSSM

* good discovery prospects at high-enery LHC
* direct production or production in Higgs-to-Higgs and/or Higgs-to-Higgs+Gauge Boson

* Higgs-to-Higgs ~~ measurement of trilinear Higgs self-couplings

e Benchmark Scenarios
* cross sections in Higgs-to-Higgs decays can be large
* ~~ discovery channels and/or trilinear Higgs coupling measurements
* exotic multi-photon, multi-fermion final states, /1 final states possible

* exploit coupling measurements to distinguish NMSSM from MSSM if not all Higgses discovered

Be prepared for (exotic) signals in low- & high-mass regions in order not to miss BSM Higgs sectors
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7T hank You For Your Attention!
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Superposition of Signal Rates

incl

Rep1. = oM BR(H; — pp)SM

inel

NMSSM B]:_-{(J[T—jrt — 'PP}NL‘ISSM with i=1..5

5 2
camblne-d E : . —(Mpy, — Mgy,)
R —~ R?P-.Hk E}[p ( 2 (dp . ﬂfﬂka

"

Fp(Mi,)

This weighting factor depends on the mass difference and on a factor d, which is decay specific:

p|TT|I’VW? bb|ZZ| ¥y
d, |02 02 |0.1]0.02]0.02

M,,=125GeV

1
| / \ tau tau, IWW

09 |- gy bb i
08 | [ \ Z7, gamma gamma --------  _

07 |- [ \ ]

ol [\ |
05 | [ fi |
0.4 [F B |
03 - [ EE .
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Signal Rates for H
King, MMM, Nevzorov,Walz
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Singlet- /Doublet Character of the N MSSM 'Higgs Bosons

King,Nevzorov, MMM, Walz

tan 3 < 5 || H;=1 SM-like H,—5 SM-like
Hj;—12+; || singlet singlet- up to almost doublet
Hs; doublet doublet
Ay mostly singlet (few doublet) mostly singlet (few doublet)
As mostly doublet (few singlet) mostly doublet (few singlet)
tan > 5 || H;—1 SM-like H,—5 SM-like
Hj;—124; || mostly doublet singlet- up to almost doublet
Hj singlet (few doublet) doublet
Aq doublet or singlet (for small M4, ) || doublet or singlet (for small M4, )
Ao singlet or doublet singlet or doublet
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Distributions of \, x and tan (3

0.8

King, MMM, Nevzorov,Walz

1
h=H,
h=H,
My, >1TeV]

tanp

. . 0.8
A
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Distributions of A; and mg,

King, MMM, Nevzorov,Walz

006 I I I I I I I 0035 I I I I I I
005 | 1 003 B | 1
0.025 iflm -
0.04 - !
0.02 F _ .
0.03 | R
) 0.015 Il .
0.02 { |
0.01 F i .
0.01 1 ' 0.005 |- J l .
. i n .
-2000 -1500 -1000 -500 0 500 1000 1500 2000 0 500 1000 1500 2000 2500 3000 3500
A, [GeV] My [GeV]

important Higgs mass corrections emerge from (s)top sector
larger (w/ resp to MSSM) tree-level SM-like Higgs mass ~~ lighter m; can be afforded
270 GeV < mj, < 3.1 GeV also A; = 0 possible
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Intermezzo - YWhat about Light Stops?

e Fine-tuning reduced for light stop
e SUSY searches: stops can still be much lighter than 1st and 2nd generation squarks

e Scenario:
o X7 is lightest SUSY particle (LSP)
o t1 is next-to-lightest SUSY particle (NLSP)

o my, <m>~<?+mw—|—mb

e Stop Decays:
Flavour violating (FV) 2-body decays: #; — cx!, ux?, 4-body decay: xVd;ff’

e Many sources of flavour violation in MSSM ~~ FV 2-body decay can take place at tree-level

e FV strongly constrained by experiment ~» flavour protection needed
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Flavour Protection

e Flavour protection by

o Minimal flavour violation: all flavour violation due to the Yukawas, msos and A ¢ chosen flavour

universal

¢ Reduced flavour symmetries: meore and A of 3rd generation chosen differently from 1st and

2nd generation

e Investigated scenarios inspired by:
o U(3): mg, and A; chosen differently from other flavour universal mg and A,

o U(2): me,, My, and A; chosen differently from other flavour universal m4 and A,

Flavour off-diagonal terms induced by RGE running.
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7T he 2- and 4-Body Decays

e SUSY-QCD corrections to 2-body decays : i; — cx?, ux} [Grober, MMM, Popenda, Wlotzka;
Aebischer,Crivellin,Greub]

g . e
ﬁlﬁgé6< ﬂ:+<g
el X1

e Stop 4-body decays: [Boehm,Djouadi,Mambrini;Grober, MMM, Popenda,Wlotzka]
i1 — Xid; ff with d; = b,s,d and f, f' =b,s,d,c,u, T, p,e,vr,V,, Ve, W/ flavour-violation

full mass dependence of third generation fermions
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Scan Over Parameter Space

¢ Spectrum generated with SPHENO Porod,Staub

¢ Decays implemented in SUSY-HIT Djouadi,MMM,Spira;Grober, MMM, Popenda,Wlotzka

e Checked constraints:

¢ Higgs results: checked with HiggsBounds and HiggsSignals
Bechtle,Heinemeyer,Stal,Stefaniak, Weiglein,Williams
For Higgs branching ratios: HDECAY Djouadi,Kalinowski,MMM,Spira

o Relic density Q.h? < 0.12 [Planck Coll.] with SuperIsoRelic Arbey,Mahmoudi
¢ Some B flavour observables with SuperIsoRelic

¢ Sparticle masses chosen large enough to evade LHC exclusion limits
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Loop Corrected Trilinear Higgs Self-Coupling

e Higgs mass and self-couplings: determined from Higgs potential ~» consistent description
of Higgs sector at higher order requires loop corrections to masses and self-couplings

= determination of higher order corrections to trilinear Higgs self-couplings
Dao,MMM,Streicher,Walz '13

0.24,
022 H;— HH,, case 1
H;— H,H,, case 2
02 Hy—s HyH,, scen1&2
0.18 H;— HH, case 3
Hs— HH,, case 3
0.16 Hys HH,, case3 [
014 = = 5= BRlOop_BRtree
— tree
En-; 012 BR
M
01
0.08
0.06
0.04E
0.02 E
R o ant o o Lutraluwiu _
002004006008 01 012014016018 02 022024

BHUEE
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Dao,MMM,Streicher,Walz '13
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0.22 b

02
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NMSSMCALC

e Comparison of Branching Ratios and Decay Widths with: NMSSMCALC
Baglio,Grober, MMM, Nhung,Rzehak,Spira,Streicher,Walz [arXiv:1312.4788]

e NMSSMCALC: Fortran package for the calculation in the real & complex NMSSM of the
* loop-corrected NMSSM Higgs boson masses up to O(azasy)
* NMSSM Higgs boson decay widths and branching ratios

e Input and output files feature the SUSY Les Houches Accord (SLHA)  Skands eal; Allanach eal

e Decay Widths: extension of HDECAY to the NMSSM Djouadi,Kalinowski,MM,Spira
* include dominant higher order QCD corrections
* down-type leptons: HO SUSY-EW, down-type quarks: SUSY-QCD, bottoms: SUSY-QCD&EW
x off-shell decays into V'V (V = Z, W), V+Higgs, Higgs pair, tt; Ht — tb

* real NMSSM: SUSY-QCD to decays into stop, sbottom pairs
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Addendum - What about Light Stops?

e Fine-tuning reduced for light stop

e SUSY searches: stops can still be much lighter than 1st and 2nd generation squarks

e Scenario:
o XV is lightest SUSY particle (LSP)
o t; is next-to-lightest SUSY particle (NLSP)

& my, <m>~<(1J+mW—|—mb

e Stop Decays:

Flavour violating (FV) 2-body decays: t; — cx{, ux}, 4-body decay: x9d;ff’
e Many sources of flavour violation in MSSM ~~ FV 2-body decay can take place at tree-level
e FV strongly constrained by experiment ~» flavour protection needed

e Flavour protection by: minimal flavour violation or reduced flavour symmetries
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Mz [GeV]

Stop Exclusion Limits

e Exclusions assume BRs of 100% in either decay into cx! [ATLAS-CONF-2013-068,
ATLAS 1407.0608, CMS-PAS-SUS-13-009] or 4-body decay [ATLAS 1407.0583]

e Reinterpretation for different BRs: Grober, MMM, Popenda,Wlotzka
. - . — o) o
Exclusion BR(f,— ¢ ﬁ]} Exclusion BR(fj— b ) ff)
350 AR B L B B = 1 T e e i ] 1
[ ATLAS exclusion T 0.0 r  ATLAS exclusion ] 0.9
300 | — larXiv:1407.0608] 1 ' 300 [ — [arXiv:1407.0608] 1 '
[ 15y 08 L — [arXiv:1407.0583] ] 08
3 . 0.7 250 | m <m;o+m 07 'Z
250 | Fily < Hiz0+HIL, . = — < ]
| o 1M 06 T = : A 06 =
200 | I 05 T S 200 18y 05 ‘;‘
; 18 04 ‘% R I 04 1=
150 } 1M 03 & 150 | 1F4 03 E
100 mi-,.l -1 m,‘i_f?+mf3+mw _ 0.2 100 - _ 02
' 5 0.1 ' 0.1
50 | T S0 0
100 150 200 250 300 350 100 150 200 250 300 350
m; [GeV] m; [GeV]

BRs with values above associated colour are excluded
For BRs< 1 the exclusion limits become weaker
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Stop Branching Ratios

Grober, MMM,Popenda,WIlotzka

[RG, Mohlieitner, Popenda, Wiotzka]
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assumption of BRs of 100% not valid in large parts of the parameter space
~+ lower mass points are not excluded yet if BR is reduces
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