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Motivation

Higgs Mechanism
Production of Masses via Spontaneous Symmetry Breaking (SSB)

e Particles acquire Masses through Znteraction with a Scalar Field.

e Self-Interaction of the Scalar Field ~~

Non-Zero Field Strength in the Ground State ~ SSB.
o VeV v =246 GeV # 0 Induced by the typical Form of the Higgs Potential.

e )WWeak iso-doublet Scalar Field via SSB ~~ Higgs Particle.
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Motivation

Higgs Mechanism

How establish experimentally?

Test of the Higgs mechanism

e Discovery - m
e Spin and CP properties JPC¢
MWW N
: : : 2
e Interaction with the scalar Higgs ~~ gpxx ~ mg() m=0  mo0

with v = 246 GeV+# 0

e EWSB requires Higgs potential — ANHHH, \HHHH
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The SM Higgs Sector

The Higgs potential: [v = 246 GeV]

— tp _ v2]2 _ 1 0
V(®) = A[@Td — 2] cp_ﬁ(HH)H

V(H) = g un!" + s unaH? + 3 AgpanH?

‘Higgs boson mass

2 ~
Mz, ~

~
v PE

Trilinear coupling | Aggg = 3

2 ~ >
M2, - -
v2 DR

Quartic coupling ANgHHH = 3

Measurement of the Higgs Self-Couplings ) Establish the Scalar

and > Sector of the Higgs Mechanism
Reconstruction of the Higgs Potential

Experimentally
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Determination of the Higgs Self-Couplings

Determination of the Higgs self-couplings at future colliders:

A ia Higgs pair production
HHH via THiges pail produict Higgs-strahlung, WW/Z Z fusion, gg fusion

AggeH Vvia triple Higgs production

Also, but not treated here

Boudjema,Chopin
La-Zhen,Yao-Yang;Zhu et al.
Gounaris,Layssac,Porfyriadis,Renard;
Belusevic,Jikia;...

* At ILC: eTe™ — bi_)HH, ttHH Gutiérrez-Rodriguez et al.

« At Photon Collider ©inzbure et al in vy fusion
llyin et al.;Telnov et al.
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Determination of the Higgs Self-Couplings

Determination of the Higgs self-couplings at future colliders:

AHHH via Higgs pair production

Higgs-strahlung, WW/Z Z fusion, gg fusion

Agpeg Vvia triple Higgs production

Main H H production processes at the ILC

ete -7 > ZHH @ LE

ete” - W*W* - HHv.v, ©HE

Gounaris,Schildknecht,Renard;
Barger,Han,Phillips;

llyin et al;

Boudjema,Chopin;
Djouadi,Kilian,MM,Zerwas;
Bélanger et al;

Zhang et al;
Dobado,Herrero,Hollik,Penaranda;

Barger,Han;
Dicus,Kallianpur,Willenbrock;
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WW Fusion in eTe~ Collisions

Contributing diagrams;

4
. LN .
W & e’ W
“H T
e |
\}E.

Dominant Production Amplitude: W W — HH

~ 3 )\ 1— 4 —Byzx 2
Mus, = S s (1+ 05) + gy | PR o — =)+ (14 5 )

H r—ITWwW

x=cos Oy, cw=(1-2MZ%/3)/(BwBu), Be=(1—4M?2/5)'/2

Process ete™ - WtW~ - v, v HH
Rough estimate: Equivalent particle approximation: W bosons partons in e*, on-shell Kane et al.

Dawson

_ ! dL A A
o= f4M%{/see dT<F>WW/eeUWW—>HH(S = TSee)
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W W Fusion in ete~ Collisions

Contributing diagrams:

%)
el d
H /H ’,-" "I
W & e’ W
g _
\}C.

Dominant Production Amplitude: W W — HH

r—Iw

~ F§ )\ 4 —Byzx 2
My = S i s (L 030) + gty | 4 (o o)+ (L4 53 |

z=cos 0w, ww=(1-2M%/8)/(BwBu), Boa=(1—4M2/3)"/?

Process etTe™ - WtW~ —» v.v HH
High-enery limit:

2
Osolete”™ — Dy HH) ~ (L) [% In? <4M121> +21n (4M1%r> + 3} My G

47 sin? Oy Sece See 21
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SM W W Double Higgs Fusion

CompHEP: Boos et al.

10 - I [ ‘ [ I E
- SM: et e - VHH .
- 1.6 TeV |
1=
0.1- .
- 500 GeV ]
001 | | | ‘ | | ‘ ‘
100 120 140 160 180

M, [GeV]

o polarized e beams

M.Mihlleitner, 29 May 2007, DESY



Why Polarisation?

Polarisation of et, e~ beams:

W™ bosons only couple to left-handed e™ ~~ ﬁ;; ffm/”"

\\/ J,y (7

>

poI unpol 0
Oww = 4 oww
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SM W W Double Higgs Fusion

CompHEP: Boos et al.

10 - I [ ‘ [ I E
- SM: et e - VHH .
- 1.6 TeV |
1=
0.1- .
- 500 GeV ]
001 | | | ‘ | | ‘ ‘
100 120 140 160 180

M, [GeV]

o polarized e* beams ~~ POl = 45unpol
o cross sections increase with higher energy
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Double Higgs-strahlung in eTe~ Collisions

Contributing diagrams:

Double differential cross section

d0(6+6__>ZHH) — G%‘Mg(vg+az) 1 M%[(y1+y2)2+8:uZ] 2 _|_
dr1dzo 384+2m3  s(l—pz)? | 4s[—1+x1+aotpuz—pg|2 " HHEH T o

scaled energies:  z;,=E;/\/s
reduced masses: pu;=M?/s
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SM Double Higgs-strahlung at /s = 500 GeV, 800 GeV

Djouadi,Kilian,MM,Zerwas

0.25

o(e'e” —ZHH) [fb]
0.2

0.15
Vs = 800 GeV

0.1 -

0.05

0 | | |
100 120 140 160 180
M [GeV]

o o small; polarisation of e* ~» oPol — o unpol

o o shows scaling behaviour o l: Aogup for ON/Asv = 20%

o v/s = 500 GeV good choice for My = 120 GeV: o large, sensitivity to Ag gy large
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Expected Accuracies

Intermediate Higgs mass range My = 120 GeV

Vs =500 GeV, [ L =2 ab™! ZHH — qqbbbb, [T1~bbbb
Vs =2800 GeV, [ L=2ab™! ZHH, HHvi combined

— 500 GeV ZHH
Vs b L=1ab! b My <150 Gev
Vs=1TeV HHvo

Higher Higgs masses

HHvv @ \/s=3TeV, [L=5ab™! My =120..180 GeV

HHup @ /s > 1.5TeV, [L=5ab"! My = 180...240 GeV

Castanier, Gay,
Lutz, Orloff;

5)\/)\ _ 18% Miller, Moretti

5)\/)\ = 12% Badaud,Gay

N/~ 20%
SA/A < 10%

Yasui et al.

5)\/)\ — 8% Battaglia,Boos,Yao

Battaglia,

S/~ 20...30% | ° "o
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The Quartic Coupling AggyH

Processes involving Agrprpe
triple Higgs-strahlung ete” - ZHHH

WW triple Higgs fusion ete™ — v.v,HHH

Size of the cross section oy ~ 10 30y

A 1s suppressed with respect to Mg

One more particle in the final state
CompHep/Boos et al.

olete” — ZHHH) [ab]

Vs=1TeV My =110 GeV 0.44
Vs=16TeV My =110 GeV 0.30
The quartic coupling is not measurable for the time being. [idem LHC/gg — H H H:Plehn,Rauch]
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The MSSM Higgs Sector

MSSM Higgs sector — SUSY & anomaly free theory = 2 complex Higgs doublets — 5 Higgs states

Ellis et al;Okada et al;Haber,Hempfling;
Mh S 140 GeV Hoang et al;Carena et al;Heinemeyer et al;

Zhang et al;Brignole et al;...
MA,H,H:E ~/ O(U)]. TeV

6 CP-invariant neutral trilinear Higgs couplings

Anhh = 3cos2asin(F + a) +3 M% Z?Sg cos? a
Arhn = 2sin 2asin(8 4+ a) — cos 2acos(f + a) +3 M% :iﬁg cos® a
Agan = —2sin2acos(f 4+ a) — cos2asin(f + )  + M% ‘;‘1’;2‘ sin? o
Ay = 3cos2acos(f + a) + M% :iﬁ%smza
Anaa = cos20sin(f + «) +M€2 ‘;ﬁfg cos? 3
Agaa = —cos20cos(f + a) +M€% ziﬁgcos 16

Radiative Corrections one-loop leading m} approximation parametrized by

= (14 5E)  tmp=
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The Trilinear Couplings Annn, Aehh

Subsequent analysiS' Carena,Espinosa,Quiros,Wagner
Djouadi,Kalinowski,Spira

*x  Dominant one-loop and two-loop corrections to MSSM Higgs masses and couplings included.
x  Corrections involve mixing paramters A and p.

L B L ALl
Pide

A

no mixing -
-------- mixing

no mixing -
) e mixing |

L ‘ ‘ ‘ ] | E—— ‘ ‘ ‘ ]
70 100 200 500 800 70 100 200 500 800
M, [GeV] M, [GeV]
o Mixing: A=pu=1TeV.

©  Ahhh, AHKR Can become zero.
o  Couplings not strongly affected by mixing effects when evaluated for the physical Higgs masses.
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The MSSM Higgs Self-Couplings

. . . . Djouadi,Kilian,MM,Zerwas;Pandita,Osland;
6 CP-invariant couplings between the neutral Higgs bosons Boudjema,Semenov;(exts: Kanemura ea;
Barger,Han,Langacker,McElrath,Zerwas)

Ahhh AHhh  AHHR

AHHH AhAA  AHAA

Determination of A3 at et e~ Colliders

* WW/ZZ fusion
* double Higgs-strahlung

* triple Higgs production

For example ete~ — Zhh

sensitive to A\pun, AHhh
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The Sensitivity Areas

Processes double Higgs —strahlung triple Higgs — production
sensitive A Zhh ZHh ZHH ZAA| Ahh AHh AHH AAA
to )\3@
hhh X X
System solvable
Hhh X X X X ,
for all A's
HHh X X X X up to discrete
HHH X X ambiguities
hAA X X X X
HAA X X X X
Sensitivity Areas Djouadi,Kilian, MM, Zerwas

(1)  o[A\] > 0.01 fb [and relaxed to 0.1 fb]
(41) eff{\ — 0} > 2 st.dev. for [ L =2 ab~!
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Sensitivity Areas for Apnn, Agnn

Processes sensitive to:  A\pnp ¢ , Ahh ANHhh ¢ ,ZHh, Ahh
50— ‘ — 50 —— ‘ -
tgf3 sensitivity to A, - sensitivity to Ay,
40 - ee »Zhh ee » Zhh
Vs =500 GeV Vs =500 GeV
30+
20 | —
10+
1 | L L L 1 [ L L L
80 100 200 500 80 100 200 500
M, [GeV] M, [GeV]

Regions of no sensitivity: Asin(8 — a), Acos(8 — «) small

For example: et

~ Ahhh sin(ﬁ — CY)

(&

M.Mihlleitner, 29 May 2007, DESY



Sensitivity Areas for Apnn, Agnn

Processes sensitive to:  A\pnp ¢ , Ahh ANHhh ¢ ,ZHh, Ahh
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30+
20 | —
10+
1 | L L L 1 [ L L L
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Regions of no sensitivity: Asin(8 — a), Acos(8 — «) small

large M 4: sensitivity criteria not fulfilled due to
o phase space effects

o suppression of the H, A propagators for large masses
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Sensitivity Areas for \,nn, Agnn
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The Trilinear Higgs Self-Coupling at the LHC

Determination of Ay at the LHC Djouadi,Kilian,MM, Zerwas

In processes analogous to those at eTe™ colliders and in gluon gluon fusion

double Higgs-strahlung: qq7 — W/Z + HH  Barger,Han Phillips
Dicus,Kallianpur,Willenbrock
Abbasabadi,Repko,Dicus,Vega
Dobrovolskaya,Novikov
Eboli,Marques,Novaes,Natale

WW/ZZ fusion: q — qq+ HH

Glover,van der Bij

gluon gluon fusion: gg — HH Plehn,Spira,Zerwas
Dawson,Dittmaier,Spira

Gluon Gluon Fusion - dominant process

g i —- H
t --——‘: A Y
H
g “H ~—----H
Comments:
o 2-loop QCD corrections known for m; — oco: K ~ 1.9 Dawson, Dittmaier,Spira

@) Slngle nggS production ~ K — K+ 10% for Iarge MH Spira,Djouadi,Graudenz,Zerwas
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SM Double Higgs Production at the LHC

Djouadi,Kilian,MM, Zerwas

100 | | | — T T
B SM:pp - HH+X |
i LHC: 0 [fb] :
i} gg -~ HH ]
10 - ]
: WW+ZZ - HH |
- WHH+ZHH
- WHH:ZHH = 1.6
WW:Z7 =23 |
0.1 \ | \ \ \ | | | |
90 100 120 140 160 180 190

M, [GeV]
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Expected Accuracies on Ay at the LHC

Smallness of the signal 4+ large QCD backgrounds ~~ challenging!

My < 140 GeV: gg — HH — bbvy~:

o SLHC [fﬁ =6 ab_l]:

Mg = 120 GeV rule out Aygg =0
o VLHC [{/s = 200 TeV]:
MH:120 GeV: 5)\HHH/>\HHH:2O_4O%

Mg > 140 GeVigg - HH - WTW-"W+tW—:
o LHC [[ £ =300 fb~']:
150 < My <200 GeV:  rule out Aggpg =0
o SLHC [[£L=3ab™!]:
150 < My <200 GeV  dAgpu/Agam = 10 —30%

Baur,Plehn,Rainwater

at 90% CL

at 1l o

Gianotti et al.;Blondel,Clark,Mazzucato
Baur,Plehn,Rainwater
Dahlhoff

at 95% CL

at 1l o
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MSSM Higgs Self-Couplings at the LHC

Determination of \ Dawson,Dittmaier,Spira; Plehn,Spira,Zerwas
3P Belyaev,Drees,Eboli,Mizkoshi,Novaes; Djouadi,Kilian,MM,Zerwas

x  gluon gluon fusion

x  double Higgs-strahlung
x V'V double Higgs fusion
x  triple Higgs production

Example gg — hh

Comments:

o Involves the Higgs self-couplings Apnn, Agnn.
o 2-loop QCD corrections (large m; limit) included. Dawson, Dittmaier,Spira
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MSSM hh Production in gg Fusion at the LHC

Djouadi,Kilian,MM, Zerwas

10"
MSSM: pp - hh+X

10° tan[3=3 ]
- LHC: o[fb] i
SM -
10 = _

5 ﬁ ! ! ! ! \ ! ! ! ! \ ! \

90 95 100 0
M, [GeV]

o Enhancement: resonant H production & H — hh. o T variation: 0.5 Agun...1.ONgRA.

Miller,Moretti, MM;Lafaye

. . o G on.
Parton/Hadron level analysis (LO): signal feasible in resonant region B Pletm Roimwator
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Conclusions

Standard Model A\ gz at the ILC

x Double Higgs-strahlung & W W double Higgs fusion are sensitive to Aggg.
x For My = 120 GeV /s = 500 GeV is a good choice: sensitivity to Ay gy is large.
x Accuracy at ILC: 6)\HHH/)\HHH < 20 %.

M?2 . .
Ao g = 3= ~~» Measurement of Ay allows for a first consistency check.
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MSSM trilinear Higgs self-couplings at the ILC

x Zhh, ZHh, Ahh sensitive to Appn, Agnp in parts of the parameter space tan 5 — My4.
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Conclusions

Standard Model A\ gz at the ILC

x Double Higgs-strahlung & W W double Higgs fusion are sensitive to Aggg.
x For My = 120 GeV /s = 500 GeV is a good choice: sensitivity to Ay gy is large.
x Accuracy at ILC: 5)\HHH/)\HHH 5 20 %.

M?2 . .
Ao g = 3= ~~» Measurement of Ay allows for a first consistency check.

MSSM trilinear Higgs self-couplings at the ILC

x Zhh, ZHh, Ahh sensitive to Appn, Agnp in parts of the parameter space tan 5 — My4.

Higgs self-couplings at the LHC

x Larger cross sections face large QCD background.

+ May rule out A2 = 0. x+ NMSSM might be accessible in resonance region.
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Conclusions

Trilinear Higgs self-couplings are

accessible at eTe~ Linear Colliders

[and the LHC] ~~

First step in order to establish the

scalar sector of the Higgs mechanism

experimentally.

Trilinear

iggs self-couplings
are accessible at e " e
Linear Colliders [and the
HC] ~~ First step
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