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M otivation




M otivation H iggs P air P roduction

Higgs Discovery  New Era of Particle Physics
Structurally completes SM, self-consistent framework tesdribe physics up to the Planck scale

SM Higgs couplings:
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Higgs self-coupling strength:

still unknown
[ATLAS/CMS, JHEP08(2016)045]
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Ultimate T est of the Higgs M echanism

The EWSB potential:

LV(A

_ 1 1 3, 1 4

V(H)= 3 HH + 2 nHn H°+ 4 wHpn H
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Trilinear coupling | HuH =3 " T

. . M2 ~ o _ -
Quartic coupling HHHH = 3 % Ss LT

9

M easurement of the scalar boson self-couplirg)s Experimental veri cation

and 3 Of the scalar sector of thg

R econstruction of the EWSB potential ' EWSB mechanism

197

Determination of the scalar boson self-couplings at collid ers:

via pair production . : :
HHH pairp radiation o W=Z, tt, WW=ZZ fusion, gg fusion

HHHH via triple production

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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D ouble H iggs P roduction P rocesses

Baglio,Djouadi,Quevillon
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herOrder Corrections

Hig




M ain P roduction Channel at the LHC

Gluon fusion: loop induced, third generation dominant t; b
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virtual & real (N)NLO QCD corrections in large top mass lin(iHTL): 100%
[Dawson,Dittmaier,Spira] [de Florian,Mazzitelli] [Grigo,Melnikov,Steinhauser]

Large top mass expansion: 10% [Grigo,Ho ,Melnikov,Steinhauser]

NLO mass e ects @ NLO in real corrections: 10%
[Frederix,Frixione,Hirschi,Maltoni,Mattelaer, Torridli,\Vryonidou,Zaro]

New expansion/extrapolation methods:

- 1=m? expansion & conformal mapping & Pack approximants [Grober,Maier,Rauh]
- p-2r expansion [Bonciani,Degrassi,Giardino,Grober]
- high-energy expansion [Davies,Mishima,Steinhauser,Wellmann]

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University



F ull N LO Calculation

: . Borowka,Greiner,Heinrich,Jones,
FU” NLO Calculatlon. tOp Only Kerner,Schlenk,Schubert,Zirke

numerical integration, sector decomposition, tensor retion, contour deformation

14TeV: (m; = 173Ge\) NLo = 32:91(10)12 8% fhy

12:8%
_ g .7E+18%
Nle =38:757 L, fb ( HPAIR
) -15% mass e ects on top of LO LT
Full NLO calculation: top only  rst independent cross-check Baglio, Campanario, Glaus

MM, Spira,Streicher
numerical integration, endpoint subtraction, no tensodretion, Richardson extrapolation
14TeV: (m; = 172:5GeV) Lo = 32:78(7)" 20 b

His =38:66" 0 fb (  HPAIR

) -15% mass e ects on top of LO LT

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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NLO gg! HH with Full M assD ependence

Borowka,Greiner,Heinrich,Jones,Kerner,Schlenk,Screrb Zirke, Phys.Rev.Lett. 117 (2016) 1
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Red: full result w/ mass dependence; blue/green approximas; scale variation: = (0:5:::2)mp, =2
See also [Borowka eal, JHEP 1610(2016)107]

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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NLO gg! HH with F ull M assD ependence

Baglio,Campanario.Glauss,MM,Streicher,Spira '18

99 — HH at NLO QCD | /s = 14 TeV | MMHT2014 99 — HH at NLO QCD | /s = 14 TeV | PDF4ALHC15
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independent cross-check; completely di erent methods; red masses
rst untertainty estimate due to scheme and scale choice optquark mass

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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D ependence on H iggs Self-Coupling
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M.M.Mghlleitner, 29 May 2019, NonMinimalHiggs, Helsinki

University

12



Challenge Di-H iggs P roduction

Small signal + Iarge QCD background Experimental challenge!
O( (15 20) M, [ATLAS,CMS]

[CMS-PAS-HIG-17-008]
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BSMHIiggsPair Production
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D i-H iggs P roduction Beyond the SM

Beyond SM HH production: Cross sections can be considerably largerex.: composite Higgs

dierent 34; novel couplings; novel particles in the loop; resonant enhancement

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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D i-H iggs P roduction Beyond the SM

Beyond SM HH production: Cross sections can be considerably larger: ex.. NMSSM

dierent 34; novel couplings; novel particles in the loop; resonant enhancement

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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D i-H iggs P roduction Beyond the SM

How large can 3y be? 3y = SN

- J ] 6 [Di Luzio, Grober, Spannowsky, 1704.02311]

-] ] 6[DiVita, Grojean, Panico, Riembau, Vantalon, 1704.01953]
- 5=3 [Kurup, Perelstein, 1704.03381]

-] ] 10 [Falkowski, Rattazzi]

Expect the unexpected:

Higgs-to-Higgs cascade decays in non-minimal Higgs sector
Exotic multi-fermion and/or multi-photon nal states

Example NMSSM benchmark point BPF2 [King,MM,Nevzorov,Walz]
gg! A,! HA;! AA{A;! Dbb+4 13:12fb
gg! Ax! HA;! A/A{A;! 4b+2 84:78fb

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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H igher-Order Corrections - Beyond the SM

Higher-order corrections to

- for higher-order corrections for BSM Higgs pair productjaee
[Dawson,Dittmaier,Spira; Agostini,Degrassi,Gmber|8vich; Dawson,Lewis;
Gmeber,MM,Spira,Streicher; Gmber,MM,Spira; Hespel,opez-Val,Vryonidou; Moyoti eal; ...]

available in large loop particle mass limit

K -factor typically of O(1:5 2)

new physics e ects oK -factors in general small

new physics e ects on absolute cross section large

Higher-order corrections to triple Higgs couplings: and Hi ggs-to-Higgs decays

[Hollik,Penaranda; Dobado eal; Arhrib eal; Aoki eal; Kanamna eal; Senaha; Spira,Brucherseifer;
Nhung,MM,Streicher,Walz; MM,Nhung,Ziesche; Krause,S&ns,MM,Ziesche; Braathen eal; ...]

implementation in tools:H-COUP [Kanemura,Kikuchi,Sakurai, Yagyu]
2HDECAY [Krause,MM, Spira]

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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N ew T ool 2H DECAY

2HDECAY: [Krause,MM,Spira '18]

A tool for the electroweak one-loop corrections to Higgs ags in the 2HDM
including the state-of-the-art QCD corrections

Webpage: https://github.com/marcel-krause/2HDECAY

Features:
Full EW one-loop corrections to all 2-body (not-loop induje2HDM Higgs decays

Combination with state-of-the-art QCD corrections implemted inHDECAY
[Djouadi,Kalinowski,MM,Spira]

Di erent renormalization schemes implemented
[Krause,Lorenz,MM,Santos,Ziesche; Krause,Santos,MMeg5che;
Altenkamp,Dittmaier,Lang,Rzehak,Denner]

Separate output of EW corrections to tree-level partial wid

Consistent parameter conversion for comparison of di dreenormalization schemes

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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N ew P hysics F irst in Higgs P air P roduction? [Grber,MM,Spira '16]

MCHMZ10: minimal composite Higgs model with heavy top and bottom peats;
cxn at NLO QCD
P P

Blue points - Signal events 8sy+3 Ssy S or Ssy 3 Ssu S
Assumption: Deviations of Higgs couplings to SM partickesprojected experimental sensitivity

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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C2HDM Higgs P air P roduction

3 CP-mixed neutral scalars in C2ZHDM:
Resonant heavy Higgs producion possiblestrong increase of cxn

» CP mixing anglecxn at NLO QCD Gmber, MMM, Spira '17

10 |

neo(pp!  HiHi + X) [pb]

-0.15 -0.1 -0.05 0 0.05 0.1 0.15

For recent works on di-Higgs production in 2ZHDMs, see alap e.
[Kon,Nagura,Ueda,Yagyu; Babu,Jana]

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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L oop Corrected T rilinear N MSSM H iggs Self-Coupling

Higgs mass and self-couplings: determined from Higgs potential consistent description

of Higgs sector at higher order requires loop correctionsrnassesand self-couplings

) determination of higher order corrections to trilinear Hgig self-couplings

one-loop corrections in real NMSSM [Dao,MMM, Streicher,Walz '13]
two-loop corrections in complex NMSSM [MMM,Nhung Dao,Ziesche '15]

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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Dao,MMM,Streicher,Walz '13

B Rloop B Rtree

B Rtree

23



Dao,MMM,Streicher,Walz '13

E ect of higher order corrections on branching ratios can be to 90% and higher

Black points: excluded if only tree-level BR considered
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Benchmarks faH iggsP air Production
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Higgs P air P roduction in BSM S ample M odels

What is the present general picture in BSM models?

Sample benchmark models: CP-violating 2HDM (C2HDM) and NMS SM

~ common feature:extended Higgs sector with 3 neutral Higgs bosons
possibility ofgg! HjHy with H; 8 Hy

" dierent: NMSSM Higgs self-couplings in terms of gauge couplings
C2HDM Higgs self-couplings free (modulo exp. & theor. coasits)

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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Scans and N otation

Scan in C2HDM & NMSSM spaces:
keep only points compatible with theoretical and experitaconstraints

Notation C2HDM & NMSSM:
h - SM-like Higgs boson
Hx - lighter non-SM-like Higgs boson

H- - heavier non-SM-like Higgs boson

Additionally in NMSSM:
A - lighter non-SM-like pseudoscalar Higgs boson

A- - heavier non-SM-like pseudoscalar Higgs boson

h; Hy; H- CP-mixing states in C2HDM, pure scalars in CP-conserving $8W

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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| nterplay Single Higgs and D i-H iggs P roduction

Heavy Higgs Bosons:

decay intott if kinematically possible

exotic 4-top nal state from producton of heavy Higgs boson pair

large rates constrained by single Higgs productiorttinnal state
no experimental data available

encourage experiments to look into these single Higgs sigea

Light Higgs Bosons:

light Higgs states below 125 GeV possible

huge di-Higgs cross sections

dominant decays intdo,

large rates constrained by single production of light Hidgssons

encourage experiments to look for light Higgs bosons

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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Scatter P lots C2HDM (left) N MSSM (right)

[Basler,Dawson,Englert, MM '18]

- Left: C2ZHDM T1hh! 2b2 ; largett rates responsible for exclusion beyod@gsBounds

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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M aximum Cross Section V alues

Maximum cross section values C2HDM:

Maximum cross section values NMSSM:

HiH;/model T1 T2
hh 794 | 63.2
hH 5 49.17 | 11.38
hH - 17.65 | 13.50
HyH 4 3196 | 0.31
HyH- 1258 | 0.31
H-H- 7.10 0.23

T1 - Type 1, T2 - Type 2

HiH; | NMSSM
hh 34
hH 4 125
hA 4 70
hH- 1.14
HsHyx | 20862
HyH- 0.2
H-H- | 0.004
AsAg 70

cxns (in fb) at LO; NLO adds factor 2; exclusion luminosity 64 fb *

M.M.Mghlleitner, 29 May 2019, NonMinimalHiggs, Helsinki

University



C2HDM and N MSSM Benchmark Points - M ax (hh ! (bb)( bb))

C2HDM T1 NMSSM
Mu,= 1ot [GeV] 125.09 3:64 10 * 125.03 360 10 °®
MH,= 1ot [GeV] 310.99 0.35 170.66 (S) 0.27
MH,= 1ot [GeV] 314.63 1.44 454.90 2.80
My = wr [GeV] 372.62 0.99 440.31 3.77
Ma,(s)= tot [GEV] 69.03 7:26 10 °
Ma,= 1ot [GeV] 446.26 3.77
=O [fb] 781 34.18
FO, p=wrt. SM [fb] 261 42 12.42 1.99
Lexa [fo 4] 266 287

NLO - 2 1O T1 =type 1
C2HDM enhancement due to resonahi,, H3 production w/ subsequent decay intbh

NMSSM: S means singlet-likeH, and A; are singlet-like

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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C2HDM and N MSSM Benchmark Points - M ax (SS=hS ! (bb)(bb))

C2HDM T1 NMSSM - 1
My, = ot [GeV] 125.09 3:74 10 % | mu,= o [GeV] 125.03 3:60 10 3
My, (s)= ot [GeV] | 131.48 7:95 10 * | my,(s)= wt [GeV] | 170.66 0:27
Mu,= ot [GeV] 313.33 6.45 MH,= 1ot [GEV] 454.90 2.80
my = wt [GeV] | 311.54 5.79 My = wt [GeV] | 440.31 3.77
Ma,(s)= w©t [GEV] | 69.03 7:26 10 °
Ma,= twot [GeV] 446.26 4.34
2 [pb] 3.20 raa [fb] 69.78
s31 ap [PH] 1.26 ,I&OSASI ap [fb] 57.58
9 [fb] 49.17 Aan [fb] 69.97
sh1 ap [fb] 17.79 Asht ap [fb] 38.32
Lexa [fo 1] 287 287

C2HDM: S here means large pseudoscalar admixture
C2HDM: Hy,H, = SS enhancement due to resonaktz production w/ decay intoSS

C2HDM: hAs/ AsAs enhancement due to resonait,=H, prod w/ decay intohAs=AsAs

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki Univerﬁty



C2HDM and N MSSM Benchmark Points - M ax (SS=hS ! (bb)(bb))

C2HDM T1 NMSSM - 2
My, = ot [GeV] 125.09 3:74 10 ® | my,(s)= wt [GeV] | 100.11 1:00 10 °
Mh,s)= ot [GeV] | 131.48 7:95 10 * | mu,= wr [GeV] 125.23 3:57 10 3
MH,= ot [GeV] 313.33 6.45 MH,= tot [GeV] 660.38 7.80
my = o [GeV] | 311.54 5.79 my = w [GeV] | 651.11 7.54
Ma,(s)= w©t [GeV] | 217.21 6:92 10 *
Ma,= twot [GeV] 657.01 8.73
=2 [pb] 3.20
s31 ap [PH] 1.26
9 [fb] 49.17 Hon [fb] 15.68
Shi ap [f0] 17.79 Haht ap [fD] 8.43
Lexa [fo 1] 287 183

C2HDM: S here means large pseudoscalar admixture

C2HDM: Hy,H, = SS enhancement due to resonaktz production w/ decay intoSS

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki Univelécéty



Conclusions

Di-Higgs Production

requires sophisticated experimental techniques & highcimien theory predictions

Beyond the Standard Model
Higgs pair production can be enhanced

New: 2 di erent Higgs bosons in the nal state; cascade HiggsHiggs decays in hon-minimal
Higgs sector extensions

Higgs Pair Production in Benchmark Models

C2HDM and NMSSM show these features

M.M.Mshlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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Combination Direct and | ndirect E ects

A (more) global view on the Higgs self-coupling:

3y constrained ate* e via quantum corrections in single production [McCullough]

indirect measurement of 3y through EW corrections in singlel processes at LHC
[Gorbahn,Haisch; Degrassi eal; Bizon eal]

EW precision measurements to constraigy [Degrassi eal; Kribs eal]

joined analysis of 3 indirect e ects on singleH production and direct e ects on di-Higgs
production; di erential distributions crucial [Di Vita eal (also ee); Maltoni eal]

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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M ain P roduction Channel at the LHC

Gluon fusion: loop induced, third generation dominant t; b

NLO QCD corrections (HTL): 90 100% [M3  4m?; = Muy |
[Dawson,Dittmaier,Spira]

3 L L A A A R L I
. K(pp5 HH+X) nf=M=Q ]
2.5 - Rs=14 TeV m, = 175 GeV ]
2 L i
Ktot
15 1
1 [ ]
..................... Kgg
0.5 T -
Kvirt K
0 ::::::::::::::::::::::::::::::::::::::c!(?:::::::::::::::::::::::::::::::::::IIZIIZIIZIIZIIZIIT
r K
05 I R NS S RS S SRR R R
80 100 120 140 160 180 200
MH NEeVN

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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Status H igher Order Corrections

2-loop QCD corrections

NLO mass e ects @ NLO
In real corrections

NNLO QCD corrections

Soft gluon resummation

NLO: small quark mass exp.

NNLO Monte Carlo

At NLO

large top mass expansion,10%

10%

M2z  4m2; 20%

MZ  4m%; 10%

Q@ m

full top-mass e ects @ NLO,

+10 to +20% in distributions

matching to parton showers

Grigo,Ho ,Melnikov,Steinhauser

Frederix,Frixione,Hirschi,Maltoni ;
Mattelaer, Torrielli,Vryonidou,Zaro

de Florian,Mazzitelli;
Grigo,Melnikov,Steinhauser

Shao,Li,Li,Wang;
de Florian, Mazzitelli

Davies,Mishima,
Steinhauser,Wellmann

Grazzini,Heinrich,Jones,
Kallweit,Kerner,Lindert,Mazzitelli

Heinrich,Jones,Kerner,
Luisoni,Vryonidou

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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F ull N LO Calculation

: . Borowka,Greiner,Heinrich,Jones,
Full NLO calculation: tOp Only Kerner,Schlenk,Schubert,Zirke

numerical integration, sector decomposition, tensor retion, contour deformation

14TeV: (m; = 173GeV) NLO = 32:91(10)13 8% fh

12:8%
— . 18%
N6 =38:757 L, b ( HPAIR)

) -15% mass e ects on top of LO LT
New expansion/extrapolation methods:

(i) 1=m? expansion + conformal mapping + Pack aprroximants Gmber,Maier,Rauh

(II) p—2|- expansion Bonciani,Degrassi,Giardino,Gieber
Full NLO calculation: top only  rst independent cross-check Baglio,Campanario, Glaus

MM, Spira,Streicher
numerical integration, IR subtraction, no tensor reductioRichardson extrapolation

14TeV: (m; = 172:5Ge\) Lo = 32:78(7)" 520 b

HIG = 38:66"2% fb (  HPAIR

) -15% mass e ects on top of LO LT

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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The NMSSM H  iggs Sector

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

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

SUSY Higgs Sector: at least 2 complex Higgs doublets, NMSSM: plus complex sihgild

Enlarged Higgs and neutralino sector: 2 complex Higgs doubletd,; H4, 1 complex singleS

7 Higgs bosons: Hqi;H,; H3 A Ax;HT G H

5 neutralinos:  ~P (i =1;::;5)

Signi cant changes of Higgs boson phenomenology

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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T he C2ZHDM

h2,, ..i 1 , 1 , 2
My, 12+h-C-+§ 1( 3 1)+§2(22)

s( 1 2)7+h

- 2 " 2 "
Viree = Mi; 3 1+t My 5 2

NI

+ 3( 1 ) 5 2+ a( 1 2 5 1)+

CP Violation: m3%,, s can be complex (all others realip?, 8 s  CP violation

Particle content:
3 neutral CP-mixing Higgs bosortd,; H,; H3

1 charged Higgs paiH

Flavour-Changing Neutral Currents (FCNC) at tree-level: forbidden byZ, symmetry

1! 1, 2 | 2!

Type | Type ll Lepton-Specic Flipped

Up-type quarks 2 2 2 2
Down-type quarks 2 1 2 1
Leptons 2 1 1 2
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T he C2ZHDM

h2,, ..i 1 , 1 , 2
My, 12+h-C-+§ 1( 3 1)+§2(22)

s( 1 2)7+h

- 2 " 2 "
Viree = Mi; 3 1+t My 5 2

NI

+ 3( 1 ) 5 2+ a( 1 2 5 1)+

CP Violation: m3%,, s can be complex (all others realip?, 8 s  CP violation

Particle content:
3 neutral CP-mixing Higgs bosortd,; H,; H3

1 charged Higgs paiH

Flavour-Changing Neutral Currents (FCNC) at tree-level: forbidden byZ, symmetry

1! 1, 2 | 2!

Type | Type Il Lepton-Specic Flipped

Up-type quarks 2 2 2 2
Down-type quarks 2 1 2 1
Leptons 2 1 1 2
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Experimental R esults - I mplications for BSM SM-like H iggs P air P roduction

CMS Preliminary

35.9 b (13 TeVv)
T T

10*

10°

107

95% CL limit on s (pp® X® HH) (fb)

10

I T
— bbinin JHEP 1801 (2018) 054

—— blt t Phys.Lett. B778 (2018) 101-127

—— bt t CMS-PAS-B2G-17-006
—— bbbb CMS-PAS-HIG-17-009
—— bbbb arXiv:1710.04960

""¥-Y —— bbgy CMS-PAS-HIG-17-008

Spin-0
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--- Expected

1 1 1 1
300 400 500 600

limits O(pb) for my
limits O(fb) for my

1 1
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1
4000

m, (GeV)
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| mpact of L oop-Corrected Self-Coupling on (N on-) Exclusion
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[Dao,MMM,Streicher,Walz]

10°F | 10°
10-6 b by [N Loy | v Lo 10—6
3.4 3.45 3.5 3.55 3.6 053 054 055 056 057 058 059 0.6
Tanb I
H, 125GeV Higgs; dashed - tree-level; full - loop-corrected; rexkeluded
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(1) C2HDM Benchmark Point - M ax (hh ! (bb)(bb))
Mu,= ot [GeV] 125.09 3:64 10 °
Mu,= o [GeV] 310.99 0.35 Rf; quanti es
Mi.= o [GEV] 314.63 1.44 singlet admixture
My = w [GeV] 372.62 0.99 NLO o LO
mo [fb] 781
Lo —rt. SM [fb] 261 45 enhancement due to |
resonantH,, Hz production
Lera [fo 7] 266 w/ subsequent decay intdh:
Rg(miz) [GeV] 14860 BR(H, ! hh=0:428),
1 1.160 BR(H3! hh=0:707)
2 6:066 10 °
3 1.2338
tan 5.088
R2, 3:680 10 °
R35 0.890
R 0.110
M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University

46



(2) C2ZHDM Benchmark Point - M ax (SS=hS ! (bb)(bb))

My, = ot [GeV] 125.09 3:74 10 3
Mu,(s)= wt [GeV] | 131.48 7:95 10 *
S here means large
MH,= 1ot [GeV] 313.33 6.45 _
pseudoscalar admixture
My = w [GeV] 311.54 5.79
Lg [pb] 320 NLO 2 LO
LO
sst_an [PD] 1.26 H,H, = SS enhancement due
O
[fb] 49.17 to resonantH 3 production
sh1 ap [fo] 17.79 w/ subsequent decay int&S:
L exct [fD 1] 287 BR(H3;! SS=0:456
Re(m%,) [GeV? 13786
Amiz) [GeV] RZ, =6:838 10 4,
: 1041 R2, = 0:999
: 0.0262 R3; =1:412 10 7
3 1:570
tan 2.220

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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(3) N MSSM Benchmark P oints - M ax (hh ! (bb)( bb))

Mu,= ot [GeV] 125.03 3:60 10 3
Mi,5)= o [GeV] | 17066  0.27 H2 singlet-like scalar
M= o [GeV] 454.90 2 80 A1 singlet-like pseudoscalar
Ma,(s)= wt [GeV] 69.03 7:26 10 ° NLO o LO
Ma,= tot [GeV] 446.26 4.34
My = wt [GeV] 440.31 3.77
i [fb] 34.18
EO. ,,=wrt. SM [fb] | 12.42 1.99
Lexer [fo 1] 287
tan 2.919
0.613
0.331
A [GeV] -348
A [GeV] 51
e [GeV] -159

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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(3) N MSSM Benchmark Points - Also M ax (hAgs;AsAs ! (bb)(bb))

My, = wt [GeV] 125.03 3:60 10 °
My,(s)= ot [GeV] | 170.66 0.27
Mu,= ot [GeV] 454.90 2.80
Ma,(s)= ot [GeV] | 69.03 7.26
Ma,= twt [GeV] 446.26 4.34
My = w [GeV] | 440.31 3.77
hAS [fb] 69.97

hAS. a6 [f0] 38.32

Rang (o] 69.78

Aonst ap [fD] 57.58

Lexc [0 1] 287

H, singlet-like scalar
A1 singlet-like pseudoscalar

NLO 2 LO

hAs enhancement due to
resonantA, production
w/ subsequent decay inthA ;(s)

AsAs enhancement due to
resonantH, production

w/ subsequent decay intéd\sAs:
BRH,! AsAg)=0.97

M.M.Mghlleitner, 29 May 2019, NonMinimalHiggs, Helsinki

University
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(4) N MSSM Benchmark Points - M ax (hH s ! (bb)(bb))

Mu,(s)= w©t [GeV] | 100.11 1:00 10 °
Mu,= o [GeV] 12523 356 10 3 H, singlet-like scalar
MH.= o [GeV] 660.38 2 80 A1 singlet-like pseudoscalar
Ma,(s)= w©t [GeV] | 217.21 6:92 10 * NLO > LO
Ma,= wt [GeV] 657.01 8.73
My = wt [GeV] | 651.11 7.54
ha ¢ [fb] 15.68
hi1 st ap [fb] 8.43
Lexa [fo 1] 183
tan 3.601
0.589
0.251
A [GeV] 593
A [GeV] -148
e [GeV] 178

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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M ass D istributions

[MM,Sampaio,Santos,Wittbrodt '17]

- Tools for scan:Scanner§ sHDECAW2HDECAY
- Degenerate Higgs bosons around 125 GeV not included
- Includes latest bound oMy (2HDM I1) > 580 GeV [Misiak,Steinhauser '17]

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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M ass D istributions

[MM,Sampaio,Santos,Wittbrodt '17]

- All models:my, <my,,. possible(C2HDM: only in the real 2HDM limit)
- Type | N2HDM, CxSM, C2ZHDMmy. <my,,. possible
- Pseudoscalars (N2HDM, NMSSM) can be lighter than 125 GeV

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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M ass D istributions

[MM,Sampaio,Santos,Wittbrodt '17]

Goals for experiment: Search for Higgs states below 125 GeV:
- into SM nal states:

- in Higgs-to-Higgs decays; Higds Higgs + gauge boson; SUSY particle nal states

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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D ecay R ates in P hoton F inal States

[MM,Sampaio,Santos,Wittbrodt '17]

Comments:- Enhanced rates below 125 GeV in NMSSM, type || N2HDM and CRHD
- Experiments: test low mass region to probe the models
- Distinction based on ratestates> 5 fb in 130...350 GeV single out N2HDM 11

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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D ecay R ates in Z Boson F inal States

[MM,Sampaio,Santos,Wittbrodt '17]

Comments:- Highest rates for large masses in N2HDM
- Experimental: Test high-mass region to probe model
- Distinction based on ratesobservation of scalar wO(100) fb above 380 GeV excludes NMSSM

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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Calculation

NLO = Lo T vit: T gg+ qg+ qq:
with
Z
1 dL99 )
Lo = d g o Q= s ;
0
Z
2 1
dL 99
vt = —= d ] "o Q°='s Cun Q7 ;
0
Z ./
2 1 1
dL" dz
i = —= d — — "o Q°=2zs Cj(2)
0 d 0o Z
where
2 log(1 2)

Cyg = 2ZPyq(2)log —SF+ dyg(z) +6[1L+ 2*+(1 2)Y] T

. 2
Cyq = équ(z) log s ——— + dgq(2);

Z)
Cqq = dgq(2)

M.M.Mshlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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Calculation Continued

In the heavy top limit (HTL)

CV|rt I 2 + ? + C44
11
deg ! =(1 3
99 5 (1 2)
2
Ogq ! = :—322 1 2)%
32

M.M.Mshlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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Virtual Corrections

Virtual corrections
47 generic box diagrams, 8 triangle diagrams Gingle Higgs), 1IPR( H! Z )

full diagram w/o tensor reductiol 6-dim. Feynman integral

UV singularities: end-point subtractions

Z Z Z Z
1d f (x) 1dx f (1) 1dxf(x) fQ_ @, 1dxf(xi f (1)

o Ca 0t T Ya oot T, e x X

+ 0O()
0

IR singularities: IR subtraction (based on struc. of intagd and relative to HTL)
thresholds:Q? 0;4m? IBP  reduction of power of denominator
[m21 m2(1 ih)]

Z
Pt @ f@ Tt )
0 (a+ bx)3 2a2b 2b(a+ b)2 0 2b(a + bx)2

Z 4

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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Virtual Corrections Continued

Renormalization: ¢: MS, 5 avours, m;: on-shell
Phase space integration: 7-dim. integrals ford =dQ 2
Infrared mass e ects: after subtraction of HTL [adding back HTL results obtainedtiv HPAIR

Richardson extrapolation: extraction to narrow-width approximationi(! 0)

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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R eal Corrections

Real Corrections:
- full matrix elements generated witkeynArts and FormCalc

- matrix elements in HTL involving full LO sub-matrix elentsrsubtracted IR-, COLL- nite
[adding back HTL results obtained frorHPAIR

M.M.Mdhlleitner, 29 May 2019, NonMinimalHiggs, Helsinki University
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