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Discovery of New Scalar Particle

e 4 July 2012: CERN announces discovery of new scalar Higgs-like particle!

Higgs-Groupies queueing up in front of CERN audimax
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Discovery of New Scalar Particle

e 4 July 2012: CERN announces discovery of new scalar Higgs-like particle!

Two electroweak symmetry breaking heroes
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Discovery of New Scalar Particle

Croud listening announcement at ICHEP 2012 in Melbourne
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Discovery of New Scalar Particle

e 4 July 2012: CERN announgeasssk T T particle!

At the university of Tokyo
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Discovery of New Scalar Particle

At Fermilab

p particle!

M.M.
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Discovery of A'ew Scalar Particle

_— 'i

e 4 July 2012: CE b particle!

At DESY, Hamburg
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LHC Higgs Search Results

ATLAS-CONF-2013-12

ATLAS Preliminary

(s=7 TeV, _. Ldt=4.8 fb*

(s=8 TeV, _. Ldt=20.7 fbo?
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Reminder: £lectroweak Symmetry Breaking (EWSB)

Why?  Explain the existence of massive particles consistently with the basic symmetries
of the SM

How? Higgs mechanism [SM, SUSY, ..]]
Strong EW symmetry breaking [LH, “Higgsless”, Extra Dims., ...]

Higgs mechanism

Symmetry of the vacuum

U(Dem

Symmetry of the Lagrangian
quwvh X QAHVM\

Higgs doublet Vacuum expectation value

m+
&MND

D = <P >=

§|@ o

v =246 GeV
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SM Higgs Sector

Higgs potential: [v = 246 GeV]

V(®) = A[@Td — &2 & =

(i )
V2 v+H

V(H)=3

iwmw+ iwmwl_l

2v

Mg
Sv?2

m%

‘Higgs boson mass

Mg =2\

Gauge couplings

Yukawa couplings

Trilinear coupling
[units Ag = 33.8 GeV]

Quartic coupling
[units v,w_

_ 2My
gvVvH = —,
_my
9ffH = =
_ o Mp
AHHH = 333
iw
AHHHH = 3771

Only unknown

parameter in the SM
was the mass of the
Higgs boson!

M.M.
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What Have We Seen?

& The production of a new particle with mass M =~ 125 GeV
2 Is it the Standard Model Higgs boson? —

Test of the Higgs mechanism

e Discovery - m

e Interaction with a scalar Higgs ~ JHXX ~MX
with v = 246 GeV+# 0

e Spin and parity quantum numbers -  JF¢

e EWSB requires Higgs potential —  ANHHH,A\HHHH

& s it the Standard Model Higgs boson, a SUSY Higgs boson, a Composite Higgs boson, .
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Experimental Verification of the EWSB Mechanism

EWSB mechanism:
Creation of particle masses without violating gauge principles

Test of the EWSB mechanism

e Discovery - m

e Interaction with the scalar boson ~ JHXX Y M m=0  m=£0
with v = 246 GeV# 0

e Spin- and parity quantum numbers - Jre

e EWSB: potential w/ non-vanishing VEV -  Agypg, \gpon
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Determination of the Scalar Boson Couplings

Strategy

Combination of the production and decay channels = decay rates, absolute couplings

.
- QA ~ Tww BR(H — 77)
.

Coupling measurement at the LHC

E.g.

+ Only ratios of couplings can be measured w/o model assumptions

x Perform fit to couplings
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What Experiment tells us: Best Fit Values of 4 = (0 X BR)/(0c X BR)sn

ATLAS-CONF-2013-034

| | | | | _ |
L.E.bm_uﬁm_::_:max éusm.moﬁ

W,ZH - bb
Vs =7TeV: [Ldt=4.7 fo* °
Vs =8TeV: [Ldt=13 b

H - 11 :
Vs=7TeV: [Ldt=461b" P
Vs=8TeV: [Ldt=13 b :

)
H- WW'’ - v ;
Vs =7TeV: [Ldt = 4.6 fb* —e—
Vs =8 TeV: [Ldt=20.7 fb* :

H - yy :
Vs=7TeV: [Ldt=481b" D __e—
Vs =8 TeV: [Ldt=207 fo™ :

H - zz" - a4 .
Vs=7TeV: [Ldt=4.61b" e—
Vs =8 TeV: [Ldt=20.7 fb™* :

Combined H=130£0.20 :
Vs=7TeV: [Ldt=46-48fb" ' _e—
Vs =8 TeV: [Ldt = 13- 20.7 fo* :

_ _ _ _ _ _ _
1 0 o+l

Signal strength ()

Best fit values of = (0 X BR)/(0 X BR)sm
vy and 41: My = 125.5 & 0.2(stat) T0-2(sys); slight excess in vy but not WV, bb, 77
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What Experiment tells us: Best Fit Values of 4 = (0 X BR)/(0c X BR)sn

CMS-PAS-HIG-13-005
Is=7TeV,L<51f' \s=8TeV,L<19.6f"

Combined
u=080=0.14  CMS Preliminary m,=125.7 GeV

H—bb (VH lag) »*=62(p_, =094

H — bb (HiH tag) &
H— vy (untagged)
H— vy (VBF tag)
H— vy (VH tag)
H— WW (01 jet)
H— WW (VBF 1ag)
H— WW (VH tag)
H— tt (0/1 jet)

H — =t (VBF tag)
H— Tt (VH tag)
H— ZZ (01 jet)
H— Z7 (2 jets)

-4 -2 0

4

2
Best fit Q_ﬁmg

New:  pyy = 0787025 (MVA);  pyy = 1117932 (cut-based)

p=0.80=+0.14
vy and 4l: My = (125.7 + 0.3(stat) £ 0.3(syst)) GeV



What T heory tells us: SM Higgs Production at the LHC

Higgs boson production

e Gluon Gluon Fusion e W/Z Fusion
pp — g9 — H pp —qq —qq+WW/ZZ — qq+ H

e Higgs-strahlung e Associated production with tt
pp — W*/Z* - W/Z + H pp — tt+ H

q Z,W

L]

E
~+| m ~+
< S

q H dominant

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



What T heory tells us: SM Higgs Production at the LHC

Higgs boson production

e Gluon Gluon Fusion Room for New Physics!

pp — g9 — H

e Higgs-strahlung
pp = W*/Z* - W/Z+H

q Z,W

e W/Z Fusion
pp—qq — qq+WW/ZZ — qq+ H

e Associated production with ¢t

pp — tt+ H

dominant
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SM Higgs Boson Production at the LHC

LHC Higgs XS WG, arXiv:1101.0593
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What 7 heory tells us: SM Higgs Boson Decays

Higgs BR + Total Uncert

1072

103

— bb wWwW E
g ;-——_—————-'r, .
../ 7z 3
B vy i
1 1 1 1 1 1 _ 1
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LHC HIGGS XS WG 2011

100 200
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1000
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Note: Decay into «7 is loop-mediated (also into Zv and gg): Room for New Physics!

v/Z

v

v/Z

v/Z
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Determination of the Scalar Boson Couplings

Strategy
Combination of the production and decay channels = decay rates, absolute couplings

E.g. T
-

Coupling measurement at the LHC

+ Only ratios of couplings can be measured w/o model assumptions

x Perform fit to couplings

Theoretical approach to explore the coupling structure of a SM scalar boson-like particle
x Effective Lagrangian with modified Higgs couplings - first approach: scaling factors kv, kg
+ Calculate signal rates as function of scaling factors ~ (kv , kr)

x Fit to experimental u values
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Determination of the Scalar Boson Couplings

Strategy
Combination of the production and decay channels = decay rates, absolute couplings

mm T
-

Coupling measurement at the LHC

+ Only ratios of couplings can be measured w/o model assumptions

x Perform fit to couplings

See also: LHC HXSWG Recommendations
LHCHXSWG-2012-1:David,Denner,Diihrssen,Grazzini,Grojean,Passarino,Schumacher,Spira, Weiglein,Zanetti

* Introduction of coupling scale factors

* Assumptions: observed signal from one single resonance; narrow-width approximation; coupling
strengths modification but tensor strucure the one of the SM

* Various benchmarks for tests of coupling structure



Ts it the SM "Higgs Boson? - Effective Lagrangian Approach

¢ Effective Lagrangian valid at £ ~ v

o Field content: SM with scalar field h Contino eal '10,'12

1 h
L = Ln— (M3WWH + mimmzmtvr + 2Ky ~+ O(h?)]
_ h
— 1y, itbi[1 + K —+ O(h?)] + ..

¢ Remarks:

x Chiral Lagrangian with a cutoff at A > 4n7v

*

SU(2) x U(1)y — U(1)em breaking implemented

*

Custodial symmetry incorporated: (MJ, W, fWH™ + M2 Z,ZM)[1+2ky 2 + O(h?)]

+ No tree-level FCNC due to h exchange: —my, iti[1 + ki p m + O(h?)]
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Zs it the SM "Higgs Boson? - Effective Lagrangian Approach

1 h
L= Lo—(MZWIWE 4 SMRZ,2") 1+ 25y = + O(h)
] h

e Extension of the SM Lagrangian by two parameters xy,kp; SM: (ky,kr) = (1,1)

e Modified decays rates: HDECAY: Djouadi, Spira, Kalinowski, MMM

W, Z f

h ----- Kv ghvv h ----- KF ghff
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Zs it the SM "Higgs Boson? - Effective Lagrangian Approach

1 h
L= Lo—(MZWIWE 4 SMRZ,2") 1+ 25y = + O(h)
] h

e Extension of the SM Lagrangian by two parameters xy,kp; SM: (ky,kr) = (1,1)

e Modified decays rates: HDECAY: Djouadi, Spira, Kalinowski, MMM

v/Z v/Z W v/Z
h— 7y H--- fYRFE H--- w~ RV H--- ~ Ry
g ¢! gl
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Zs it the SM "Higgs Boson? - Effective Lagrangian Approach

1 h
L= Lo—(MZWIWE 4 SMRZ,2") 1+ 25y = + O(h)
h

e Extension of the SM Lagrangian by two parameters xy,kp; SM: (ky,kr) = (1,1)

e Modified decays rates: HDECAY: Djouadi, Spira, Kalinowski, MMM

Modified Higgs-gluon-gluon coupling:
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Signal Rates

> Coupling modifications affect Higgs signal but not background
signal rates changed, but kinematics unaffected = Rescale SM searches

> NNLO QCD corrections: not affected by modified Higgs couplings (not true for NLO EW)

> Rescaling - Production (NNLO QCD)

---H W,Z fe---H vqaoAM
g q q g t/b
0QCD 2 2 2 2

> Rescaling - Decay

I'H— ff) I'(H — gg) , T(H-VV) »  D(H—vy) (kvdy — krl,)?

T(H — ff)SM — T(H —gg)s™ "7 TH—-VV)SM ~ "V T(H—=)M (], -1,
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Fit to LHC Data within SM(a = kv, c = kKr) - Summer 2012

Y2 fit to ji; + o; from 48 channels (ATLAS+CMS+Tevatron) Espinosa,Grojean, MMM, Trott '12

7&8 TeV LHC data & Tevatron

(green/yellow/grey)
(65/90/99% CL) Note: a fermiophobic
Higgs is disfavoured

by data

SM within ~ 20
from best fit point

Two minima:
approx. symmetry 1 I

a<— —a C<— —C

broken by H~~ couplg
~ |1.26a — 0.26¢|? Y

06 08 10 12 14
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Fit to LHC Data within SM(kv, KFr)

e Best fit points

¢ Solution for kg < 0

Cﬁ?@lmﬁ?vwﬂmi

ﬂAm - \Sv - An? B ?vw

(H — )

Constructive interference for kp < 0.

e For further work, see:

D.Carmi, A.Falkowski, E.Kuflik, T.Volansky; D.Carmi, A.Falkowski, E.Kuflik, T.Volansky, J.Zupan;
A.Azatov, R.Contino, J.Galloway; P.Giardino, K.Kannike, M.Raidal, A.Strumia;

J.Ellis, T.You; M.Klute, R.Lafaye, T.Plehn, M.Rauch, D.Zerwas; M.Montull, F.Riva;

|.Low, J.Lykken, G.Shaugnessy; T.Corbett, O.Eboli, J.Gonzilez-Fraile, M.C. Gonzilez-Garcia;

S. Banerjee, S. Mukhopadhyay, B. Mukhopadhyaya; Cao eal; T.Plehn, M. Rauch;

Baglio, Djouadi, Godbole; Bélanger, Dumon, Ellwanger, Gunion, Kraml
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Experimental Fits to Couplings

ATLAS-CONF-2013-034

Lo |_ T T T T _ T T T T _ T T T T T T T T _ T T T T T T T T T _|
- ATLAS Preliminary + SM .
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Why Beyond Standard Model (BSAM) Physics?

Standard Model: incomplete picture of the universe
e SM has 19 free parameters: What are the values of these parameters?

e Common origin of all three forces of the SM?

e How to incorporte gravity?

e Candidate for Dark Matter (DM)?

Supersymmetry: relates fermions and bosons Standard particles SUSY particles

> solves hierarchy problem

'] i 3
Higgs Q S b Higgsino

¢ gauge coupling unification (MSSM)

A
V,
~
T

505

Quarks ‘ Leplons . Force particles Squarks lv Sleptons o SUSY force

¢ Cold Dark Matter candidate («+— R-parity) ... =

> Higgs mechanism generated radiatively

Consequences: new particles (e.g. running in the loops), extended Higgs sectors (scalar,
pseudoscalar Higgs bosons, Higgs bosons with no definitve CP quantum number)
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Going Beyond

/@@m AVN,
ioi Private Higgs o A
(G52 So
H\S
S
xeX ™ : :
g Littlest Higgs
Compne:
po :
T Higes Fat Hi
at Higgs .
gg @mwm\m&
Wwin Hg8s
\M\ hosm VIN\W.W.M
Simplest Higgs Phantom Higgs
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T est 'Higgs Invisible Width

e New Physics particles X SM singlets: h — X X ~~ universal reduction of SM branching ratios

SM Higgs Fits constraint on BR,,. my=125 GeV

Espinosa,Grojean, MMM, Trott '12

11 _

8 All Data CMS only

6

__u

4 \ - —

2

0 ~— _

02 0.0 0.2 0.4 08
BR,,

o x? fit to combined [ &+ o o X2 . at BRiy, ~ (—0.1,0.1)

o SM with BR;,,, = 0 ok < Still room for sizeable BR;,,, <

(0.2,0.45) at 95%CL



Effective Lagrangian Approach with BSM Effects

e Based on R. Contino, M. Ghezzi, C. Grojean, MMM, M. Spira, arXiv:1303.3876

e Strongly Interacting Light Higgs (SILH) Lagrangian Giudice eal
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Composite Boson

e Bound state from a strongly interacting sector Kaplan,Georgi;Dimopoulos eal;Dugan eal

e How can we obtain a light composite scalar boson?

Global symmetry of strong sector G spontaneously broken at scale f to subgroup H

e Possible symmetry patterns
* G must contain an SU(2) x SU(2) ~ SO(4) symmetry ~» PGB is a doublet field
Example: - SO(5)/S0O(4) ~» PGB: one doublet

e Continuous interpolation between the SM and Technicolor:

«x H must contain SM gauge group

¢ =0 SM limit

strong sector resonances
decouple, except boson

£ =

Cw

f

(weak scale)?

(strong coupling scale)2

G /H: 4th Nambu-Goldstone Boson: Scalar boson

¢ = 1 Technicolor limit

boson deccouples, vector
resonances like in TC

e No hierarchy problem EWSB potential generated at one-loop through gauge and top loops
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Effective Lagrangian Approach with BSM Effects

e Based on R. Contino, M. Ghezzi, C. Grojean, MMM, M. Spira, arXiv:1303.3876

e Strongly Interacting Light Higgs (SILH) Lagrangian Giudice eal

* Expansion in H/f ~~ coupling deviations from SM are small
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Effective Lagrangian Approach with BSM Effects

e Based on R. Contino, M. Ghezzi, C. Grojean, MMM, M. Spira, arXiv:1303.3876
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Effective Lagrangian for a Light Higgs-Like Scalar

e Based on R. Contino, M. Ghezzi, C. Grojean, MMM, M. Spira, arXiv:1303.3876

e SILH Lagrangian

¢ Non-linear Lagrangian Contino eal
1 ; 1 Imi\ . = i) (i) h
L= mnm_m_;n, #Imﬂ__h_: IEmh ” v_; > M My Y e HIP_w + ...
t=uc.ad [
2 ) “_. 4 1 .___w
+ | my WWe + —m3 Z, 2 1+2ep —4... | +..
2 v
(3.46)
T F— i ._U.M...H.. i dds _H.HJ Fdl® _H." [HRES _m_m.
" T:ﬁ Wi W+ =22 B, 2% + gy B + T ™ + 22 G, G° u :

+ Ts:.ﬁ.. (W, D.W™ + h.c.) + czoz Z2,0,2" + ez, 2,04

S’
=l
+

« Expansion in /M - E = typical scale of external 4-momenta, M = New Physics scale

x Coupling deviations from SM need not be small

e Implementation for Higgs decay rates: eHDECAY
URL: http://www.itp.kit.edu/~maggie/eHDECAY /
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Program eHDECAY

eHDECAY

The program eDHECAY is a modified version of the latest release of HDECAY 5.10.
It allows for the calculation of the partial decay widths and branching ratios of a
Higgs-like boson within different parametrisations of the Lagrangian:
the non-linear Lagrangian, the SILH Lagrangian and the
composite Higgs parametrization according to MCHM4 or MCHMS.

Released by: Roberto Contino, Margherita Ghezzi, Christophe Grojean, Margarete Miihlleitner and Michael Spira
Program: eHDECAY obtained from extending HDECAY 5.10

When you use this program, please cite the following references:
¢cHDECAY: R. Contino, M. Ghezzi, C. Grojean, M. Miihlleitner, M. Spira, in arXiv 1303.3876

HDECAY: AL Dijouadi, J. Kalinowski, M. Spira, Comput.Phvs.Commun. 108 {19981 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.

e To be advised about future updates or important modifications, send an E-mail to
margherita.ghezzi@romal .infn.it or margarete. muehlleitner@kit.edu.

Downloading the files needed for eHDECAY:



Program eHDECAY - Znput File

#xwsxwirrssxss LACRANGIAN 0 - chiral 1 - SILH 2 - MCHM4/5 ###sssssesssss
LAGPARAM = 0

#*%% Turn off (0) or on (1) the elw corrections for LAGPARAM = 1 or 2 #=#%=%
IELW = ]

EEATEEETTETETTETEETTETEETETE ﬂEHb..H_H.D.E .Dm_ mH._m.mm .n.D.cmH_H.E.mm EE A X XTI T AT AT T TR AT R E T T
CHW = 1.D0

CZ = 1.D0

Ctau = 0.95D0

Cmu = 0.95D0

Ct = 0.95D0

Ch = 0.95D0

Ceo = 0.95D0

Cs = 0.95D0

Cgaga = (.005D0

Cogg = 0.001D0

CZga = 0.D0

CWW = 0.D0

CZZ = 0.D0

CHdW = 0.D0

CZdz2 = 0.D0

EkEkEEkEEEFERAF AR R a R akads OTLH Lagrangian *rdssscsiarrdrrrrakdribaahas

CHbar = 0.D0

Ctaubar = 0.00
Cmubar = 0.00
Ctbar = 0.00
Chbar = 0.00
Ccbar = 0.00
Cabar = 0.00
CWbar = 0.00
CBbar = 0.00
CHWbar = 0.D00
CHBbar = 0.D00
Cgambar = 0.D0
Cgbar = 0.D0
#xkxxxx*®x MCHM4 (fermrepr=1), MCHMS (fermrepr=2) parametrisation #***&&%&x
fermrepr = 1

xi = 0.D0



Probing Non-SM 7Particles in the H — v+, gg — H Loops

ATLAS-CONF-2013-034 CMS-PAS-HIG-13-005
o _ _ _ _ _ _ _ . 20 CMS Preliminary {s=7TeV,L<5.1fb" \s=8TeV,L<19.6fb"
._ll T 17T L T 17T L L T 1T L L LI _| g . ‘, T T T T T 17 7 T T T T T T 17 7 T T T T T T 177 7 T T T T T T 7 ,‘
© o[ ATLAS Preliminary + SM = X E Ky» Kg .
L[ Vs=7TeV fldt=a648M7 x Bestfi E 1.8 -
- (s=8TeV,[Ldt=13-20.7fpt — 68%CL . 16F =
1.8F ---- 95% CL = -or .
160 = 1.4 =
14F = 120 e =
1.2 . H_..Om\.. ........... \\\ /// m
1 E 0.8]- N N -
0.8 - L ~~ J .
- = 0.6 e T—— -
0.6/ = T i
_H_ L1 1 1 _ | I | _ L1 1 1 _ | I | _ | I | _ | I I - _ | I | _ | I | _ 11 _ll—. O-h“ “
09 1 11 12 13 14 15 16 1.7 1.8 - .
0.2 -
Ky - .
0.0 I I i I I | i I I | I I |
0.0 0.5 1.0 1.5 2.0
Ky

- All other scaling factors SM-like: x; =1
- Only SM contributions to total width (no undetected modes)
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Fit to Invisible or Undetectable Final States

ATLAS-CONF-2013-034

5.0 CME Preliminary jz=7TeW Lss1ib’ ya-aTeV, L= 196"

CMS-HIG-PAS-13-005

— T 7 AERLAEE
= HOH_____________.__._______________________________u_ Mn__m.ul — Ohserved .
o oF ATLAS Preliminary [KyKgB, ] E i e forSMH |
S " (s=7TeV,JLdt=46-481"  — QOpserved E o 4.0 h,
~ mm Vs =8TeV, [Ldt=13-20.7 fb*  -- SM expected 3 _ 3 g E
_ JE E 3.5 g
mml Im 3.0F .
5 E 2.5} :
af 2.0f BRggy < 0.52
3F = 1.5 m@ @ﬁg CL
21 E 1.0} :
1 g 0.5} |
OOH N....O@....O_D_H_ 0. 0k== 1 | 1 L NEEEE FEETEE
. . . "0 0.2 0.4 0.6 0.8 1
Biy BRgsm
(profile Ky, K~)
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Experimental Verification of the Higgs Mechanism

Higgs mechanism:

Creation of particle masses without violating gauge principles

Test of the Higgs mechanism

e Discovery - m

e Interaction with a scalar Higgs M gHXX Y MY m=0  m=£0
with v = 246 GeV# 0

e Spin- and parity quantum numbers -  JP¢

e EWSB requires Higgs potential —  AHHH, \HHHH

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



‘Higgs Boson Quantum AN umbers

J spin
e Quantum numbers of the Higgs boson: JF¢ p parity

C' charge conjugation

e Observation in ~~: No spin 1 [Landau-Yang]; C=+1 [charge invariance]

Necessary and sufficient conditions for J© = 01 |[vis-a-vis SM]

e Theoretical Tools:

x helicity analyses

% operator expansions

e Systematic analysis of production and decay processes

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



‘Higgs Boson Quantum AN umbers

e Systematic analysis of production and decay processes

« 7*7 anmv\m Choi eal; Gao eal; De Rujula eal;
Bolognesi eal; Buszello eal; Englert eal
is, Hwang; Alves; Choi ea
x 7y decays Ellis, Hwang: Alves; Choi eal
% ﬁUuSO_m.E:m anmV\m Soni, Xu; Chang eal; Godbole eal;
Nelson; De Rujula eal: Buszello eal
+ Production in gluon fusion, in vector boson fusion Plehn eal; Hagiwara eal,
Hankele eal; Campanario eal; Del Duca eal
+ Production in Higgs-strahlung Miller eal; Ellis eal o
Englert eal; Frank eal; Djouadi eal
«x Hadronic event shapes Englert eal
x Fermionic anmv\m Kramer eal; Berge eal
M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



(1) Angular Distributions/7 hresholds in H — VV™* — 44

¢ Determination of spin and parity in

H — ZZY — (fif)(faf2)

in H c.m. frame

¢ Helicity methods to generalize to arbitrary spin and parity

(ZO)ZO) Hy (m)) = Taynd . (@)~ m=Aisdae

o General tensor for HZ Z vertex for each JF

,\ = MJETQH...EQm%ANHVIm*AvathvaH:.Q%

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



Differential Distributions Pure-Spin/Parity Unpolarized Boson H"’

¢ Double polar angular distribution (CP-invariant theory)

1 dl”’
I' d cosB1d cos 65

1
= |sin? 6, sin? 65 | Too|? + MC + cos? 01)(1 + cos® 65) :mm:w + E‘HWLMZ

+(1 4 cos? 6) sin® Oy |T1g|* + sin? 61 (1 + cos? 6s) Em:i /N

N = (16/9) 3" |Tha|* — normalization

¢ Azimuthal angular distribution (CP-invariant theory)

LdI’ 1

T do or [1 + |¢1|cos 2¢)

Gl = 1T/ (222 1T 7]

suppressing terms quadratic in 7; = 2v;a;/(v? +a?) ~ 0.02, v;,a; electroweak fermion f; charges
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Determination of Spin and Parity, Necessary Conditions

e Standard Model:
Too = (M3 — M2 — M3)/(2M.Mz), T =47_1,_1=—1, Tio=Tnn=T1-1=0

Necessary conditions:

¢ Double polar angular distribution

1 7 9 1
— T» sin? 0 sin? 65

I’ dcos®,d cos b H|m<»+w
1
+m (14 cos? A1) (1 + cos? %wé
¢ Azimuthal angular distribution
1 dI”’ 1 1 1
— T = 14— cos?
T/ do or | T2 &

v = (Mp — M7 — M3)/(2M. Mz)

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



Determination of Spin and Parity, Sufficient Conditions

o My < 2My: dl'/dM? ~ 3 for J7 =07

odl'/dM? rulesout JF =07,17,27,3%,4% [threshold rise]
o dl'/dM? and no [1 + cos? ;] sin? 0,

[1 + cos? 03] sin® 6, rules out J7 = 11,27

= only 07 left (sufficient conditions)

e Caveat: HO corrections to H — WW/ZZ — 4f distort the shapes of the distributions

Bredenstein,Denner,Dittmaier,Walser
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Pseudoscalar A with JX = 0~

e Differential Distributions: Parity invariance ~

1 dl’ 4 9 ) ,
= — 61)(1 0
['4 dcosb cos by mﬁﬂ +cos” 01)(1 + cos” fs)
1 dI'4 1 1
T, do o RPnOm 0,

e Threshold Behaviour: dI'4/dM? ~ 33

e If too small branching ratio A — Z*Z: sufficient and necessary conditions of spin/parity

e Spin 0: isotropic angular distribution in gg — A — vy

e Jets in gg — A+ gg anti-correlated for pseudoscalar (correlated for scalar) Hagiwara eal

e Exploit fermionic decay channels

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



# Azimuthal Angular Distributions: Parity

Choi,Miller, MMM, Zerwas

O.Nm T T T T

0.20

Ur dr/de

0.15

H>ZZ= (%) 1))
M,, = 125 GeV

01—

0" : dl'/dp ~ 1 + fyin cOS 2,

0~ :dl'/dp ~1—1/4cos2¢
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# T hreshold Behaviour: Spin

Choi,Miller, MMM, Zerwas

0.0N I I I I I I I I I I I I _ I I I I
- (b) H>ZZ> (1)) ]
0.06— M, =125GeV ]
1]
_ 0.05 _|
w -]
O
— 0.04 _|
> i
2 003 |
—
d -]
r p—
3 0.02
- N\ —]
001~ _ o, .
T N+ /// n
OOO L L L L _ L L L L _ L L L L _ I /_ S~ e o
15 20 25 30 35
M, [GeV]
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ATLAS Results

e 0",0—,17,1—,2%,2~ hypotheses in H — ZZ* — 4l ATLAS-CONF-2013-013

S T T T T _ T T T T _ T 1T T 71 _ T T T 71 T T T T _ T T T T
ot :
£0.25- ATLAS Preliminary —Data -
L m H - NNC - 4] Signal hypothesis m
- Vs=7TeV: fLdt=4.6 fbt (m =125 GeV) A
0.2r Vs =8 TeV: (Ldt=20.7 fb* P , -
: J . —Jy =07 -
. BDT analysis  _ -
0.15 s =0 -
i A H, i
L _1_ _ _“ _ ]
0.1- _, _ ! _ .
: Sk :
0.05- E _ _ .
i | | i
I_ _|I_-..._l.._|__ | Il | F_J_.—.—J’A_,_r\_ L _ | i

-15 -10 -5 5 10 15
_ooe.AIoV\_.AIHVV

07,17 (17) hypotheses excluded at > 95% (94%) CL in favour of 0
WW, ZZ, v~ channels exclude 2% model at 99.9% CL

e Spin studies in H — ~~ ATLAS-CONF-2012-168, H — WW™* — evuv ATLAS-CONF-2013-031



ATLAS Results

e Comparison J¥ = 01T (SM) to graviton-inspired J© = 27 model w/ minimal couplings
ATLAS-CONF-2013-040

T T _ T T T _ T T T
ATLAS Preliminary

H- zz*- 4l

Vs =7 TevyLdt=4.6 fo*
Vs =8 TeV{Ldt = 20.7 fi* ® Data

H-yy CL, expected
_ » — 1 [ ]
Vs =8TevyLdt=207fb (assuming J° = 0

-
o
N
IIIII|T|'| IIIII|T|'| IIIII|T|'| LLBLILLLL |

H- WW*_ evuv/pvev
Vs =8 TevyLdt=20.7 fi*

!IIIIIII,IJ II\I-IJI-I_I_II IIIII|_|_|] IIIII|_|,|] L

0 25 50 75 100
04

Exclusion at more than 99.9% CL
for all admixtures of gg fusion and ¢ production processes



CMS Results

e 07,0—,17,1—,2%,2~ hypotheses in H — ZZ* — 4l PRL 110 (2013)

CMS-PAS-HIG-13-002 CMS-PAS-HIG-13-005
CMS preliminary  {s=7TeV,L=5.1f6' {s=8TeV,L=19.6 fb" CMS preliminary Ys=7TeV,L=51f" ys=8TeV,L=19.6"
B I_____________________________n_. -WF |__________________1|_|.-_1_________|_
g 01 - B 04 0, .
c B ) S L 2,(99) .
b - i T - — CMS data ]
m 0.081— — CMS data ] W; o.om.l (CL™ =06%) |
) - I i
o ] ©
§e) 3 i
> s m L
2 0.06 m o 0.06
P - |
0.04 . 0.04}-
0.02 . 0.02
O Lo | ..”:._.-.._..T.l i = !
-30 -20 -10 0 10 20 30 @mo -20 -10 0 10 20 30
-2 % _:A_.o. I'Ly) -2 X _::.M.H,EE /L)
0~ excluded at 95% CL 2" (gg) excluded at 60% CL

e Spin studies in H — WW* — [vly CMS-PAS-HIG-13-003



Some Comments

Correlation: between spin/parity and coupling measurements; example
¢ observed strong interaction of new particle with EW gauge bosons ~~ not pseudoscalar ?
& pseudoscalar interacts w/ gauge bosons through higher-dim operators
¢ if significant contributions ~~» beyond SM physics at low scale

& would have been observed experimentally

Nevertheless: Experimental test of these arguments is important

Momentum dependence
¢ coupling coefficients can be in general momentum-dependent

¢ momentum dependence involves ratios of typical momenta in the process
to scale of New Physics A

¢ first approximation: neglect scale dependence

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



Some Comments

More refined analyses (more sophisticated parametrisations, kinematic dependences of coupling
constants, multi-parameter fits, ...)

¢ if introduced non-minimal couplings cannot describe properties of new particle

¢ when more data available

With present data
o first step: test of different hypotheses
o extreme spin/parity hypotheses can be excluded

¢ small anomalous coupling contributions to Higgs-gauge coupling cannot be excluded

Strategy
1. Prove that decay distributions are compatible with 0™ (SM) , but not 0=
2. Rule out in a model-independent way higher spins with both parities (so far only KKG(27))
3. 07 /0~ CP-violating mixture?
¢ Large enough ZZ H™ couplings ~» simple analysis

¢ Otherwise work out other channels, including fermions

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



(1) Higgs-Spin Analysis through gg — HY — ~~ Decays

e Systematic helicity analyses for angular distributions

1 do(vy)

—— = = (2] + 1)[X VDo + X VI Dy + X5 Vi D3y + X5 V3 D3]

o dcos®

x+ DY | squared Wigner functions, m = S, spin component, A = A\, — \/\4

x X production helicity probability
x ) decay helicity probability

v/ Z

g/Vv

NANNND

\
\

\
-3

v/ Z

P2

e

\_

. Hg g/V
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(1) Higgs-Spin Analysis through gg — HY — ~~ Decays

e Systematic helicity analyses for angular distributions

1d
- |mmmm = (2] + DX VI DYy + X VIDL + X VI DYy + X5 VI D)

x+ DY | squared Wigner functions, m = S, spin component, A = A\, — \/\4
x X production helicity probability
x ) decay helicity probability

e Types

'scalar-type assignment’ (Higgs): X/ =Y]/=1 and X/ =) =0 [J>0]

'tensor-type assignment’ (graviton-like): Xj =Y/ =0 and X/ =Y/ =1 [J>2]

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



General Spin/Parity Assignments

e Selection rules for Higgs spin/parity from observing the polar angular distributions of a

spin-J Higgs state in gg — H — 7

PA\J || 0 1 2,4, | 3,5,

even 1 | forbidden | Dg, Dg, Dy,
Dy, Djy

odd 1 | forbidden Dy, forbidden

e Squared Wigner functions D;, up to ~ |cos?’ O]

D2, = (3cos?© —1)?/4 D35 = (cos*© + 6cos*© 4+ 1)/16

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



General Spin/Parity Assignments

e Selection rules for Higgs spin/parity from observing the polar angular distributions of a

spin-J Higgs state in gg — H — 7

PA\J || 0 1 2,4, | 3,5,

even 1 | forbidden | Dg, Dg, Dy,
Dy, Djy

odd 1 | forbidden Dy, forbidden

0* : DY, observed, none else ~» + undisc 1% : forbidden by Landau/Yang

2. D3, and D3, # 0, both 37 : D3, #0, none else
27 : Dj, # 0, none else 37 : forbidden

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



Scalar-type, 7 ensor-type

Choi,Miller, MMM, Zerwas
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- ! \ I - \ {202 / .
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Distinction Scalar-type, 7 ensor-type

Choi, MMM, Zerwas

4000 71— _ _ — T T
- — {0:00} .
- YY —-—- {2:00} ]
C e 2:22 ]
3000 - {222} E
— T T ! 3
=) - S _ §
m NOOOHl m ﬂ!!!!!!lu
E m -
L] - — i ]
m “ “ _ m _ _| ...... [T i _ _ H_
1000 — ! “............_...........L" _ _ 3
ofb 1 T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

|cosO|
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(111) Further Analyses

e Analoguous analysis: Angular distribution of Z*Z axis in Z*Z final states

e Parity check in:
* Azimuthal corr. between radiation planes in gq¢ — V'V’ +qq — H, A+ qq  Plehn eal: Hagiwara eal

x Correlations of planes in gg — H, A+ 2 jets Hagiwara eal
® m_umq_\_uvm_lﬂ% in Immmm|m_“_\m—.__==m" qq — N\S\ + m,\ Choi eal; Ellis eal; Englert eal; Frank eal; Djouadi eal

e Fermionic decays: Angular correlations among fermion decay products in H' — ff — aa ...

Kramer eal; Berge eal

e CP-violating H':
x In H — Z*Z, hopefully Godbole, Miller, MMM

Berge,Bernreuther,Ziethe; Berge,Bernreuther;

*x Alternatively in Higgs + 2 jets, in fermionic decays
y ggs + 2 y Berge,Bernreuther,Niepelt,Spiesberger

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



CP Violation in H' — Z*Z — 4l

e CP-violating H'Z Z vertex:
s.QiN

| VA @.Qt:.f@@tﬁv
H'ZZ " cos Oy M?,

p=ki+ko,k=Fky —ks, ki,ko 4-momentaof Z2*, 2

Godbole,Miller, MMM

e CP-violation: simultaneously a, ¢ non-zero, or b, ¢ non-zero (SM: a = 1,b = ¢ = 0)

e Angular correlations and CP-properties

Angular correlation Observed quantity CP
O1 = s, 55, v al? even
Oz = (L +c5, ) (1 +c§,)/4 + mnzco, co, 2 (lal® + 8%|c]?) even
O3 = 55,5, C26/2 a]? — 32|c|? even
Oy = 55,575,526 /2 20 Re(ac*) odd
Os = 1150,C0,50,5¢ + 1N2Co, 50, 56,54 —2k72 Im(ab*) even

Table 1: cy, = cosby etc., and a = a + kb where k = M7, 3%/[2(M?%, — M2 — M?)].



CP Violation in H' — Z*Z — 4l

e CP-violating H'Z Z vertex: Godbole,Miller, MMM
v igMz ptp” Ppko
a\rﬁ — a at? b cebvro P
H'ZZ cos Oy gt §M\+ ‘ M2,

p=~ki +ko,k=k —ks, ki,ko:4-momentaof Z*, 7
e CP-violation: simultaneously a, ¢ non-zero, or b, ¢ non-zero (SM: a = 1,b = ¢ = 0)

e Angular correlations and CP-properties

_ (P53 X pan) - Piul[(P3a X Pan) - (Pra X P2
D3rr + Par |?|P1a + Pon||D3z — Paz|?|P1z — D2z]?/16

Oy

o HAQ% > Ov — HAQ% < Ov
- T(04 > 0)+T(04 <0)

Ay

Achieved significance for Re(c)/a = 2.7 (max asymm):

T+8TeV: Sy, =045-0.5 ATLAS-CMS

14 TeV : S4, =0.74 at [ £ =100 fb""
Sy, =1.28 at [ £ =300fb"



CP Violating Wave Function in H' — Z*Z — 41

O.NO I T I I

Choi,Miller, MMM, Zerwas

0.18

0.16

Ur dride

0.14

H>ZZz-= (1) )%
M,, = 125 GeV

01315

H' = cosyH + sin ye'* A

Ellis eal; Choi eal
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CP Violating in Kinematical Distributions

Godbole,Miller, MMM

02 F My=125GeV .., 1

0.18
S
2 016
©
=
- o014} / N
. "a=1,b=c=0 (SM) ——  “\__
0.12 a=b=0, c=j ------- a
a=1, b=0, c=i -------
a=1, b=0, c=2i
0.1 _
0 T2 Tt
¢
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CP Violation in gg — H’ + gg with H' — ~~

e CP-violating H'gg vertex:

VHgg = €08 XVHgg + SIn Xm@.ma\\»%

e Modulation of azimuthal angular modulation of the two jets:

1 do 1

sdo = an | LT ICI(E — pgsy) cos204pg saee sin20} /N

¢|: polarisation parameter, N/ = ¢ + p2s7: normalisation, p, = Agg/Hgg

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



Azimuthal-.Angle Distribution

CP- and CP-odd coefficients in the azimuthal-angle distribution of the two initial two-jet emission

planesin gg — H' 4+ gg (pg =1,£ =0, |(| =1) Choi,Miller, MMM, Zerwas
H.oo I I I I _\\F\_‘|_|||_.I_Il_l/_ I I I _ I I _. I
L (© gl N
I /7 N M, =125GeV |

0.50

0.00

Coefficients

-0.50

-H_..o@.




Results on Mixed Parity

Mixed parity in H — ZZ — 4l
\;;X‘ — A\Ha\wv = @IHthmmtAQHQE\SW‘ + a2q,,9y + mettbQQ%va
CP-odd admixture: f,, = |A43]?/(|A1]? + |A4s3]?)

CMS

TS Prelminary R=TTaV, L=584f"; V& = & TeW, L = 4008 "

2A InL

fay = 0.00%57G

fay < 0.58 @ 95% CL




T he Birth of a New Particle

CERN press office

Media visits Press releases For journalists For CERN people E

New results indicate that particle discovered at CERN
Is a Higgs boson

14 Mar 2013

Geneva, 14 March 2013. At the Moriond Conference today, the ATLAS and CMS
collaborations at CERN''s Large Hadron Collider (LHC) presented preliminary new
results that further elucidate the particle discovered last year. Having analysed two and a
half times more data than was available for the discovery announcement in July, they find
that _QE new particle is looking more and more like a Higgs boson/ the particle linked to
the mechanism that gives mass to elementary particles. It remains an jppen guestion,
however, whether this is the Higgs boson of the Standard Model of particle physics, or
possibly the lightest of several bosons predicted in some theories that go beyond the
Standard Model. Finding the answer to this question will take time.

T&4F¥F &1 0 0§ Wg w s 3w X 4 s w3 7F 0 owy = L. wg.3 .7



Experimental Verification of the EWSB Mechanism

EWSB mechanism:
Creation of particle masses without violating gauge principles

Test of the EWSB mechanism

e Discovery - m

e Interaction with the scalar boson ~ JHXX Y M m=0  m=£0
with v = 246 GeV# 0

e Spin- and parity quantum numbers - Jre

e EWSB: potential w/ non-vanishing VEV -  Agpgp, Apnnn

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



Determination of the Scalar Boson Self-Couplings

The EWSB potential:

V(H) = 5 gu!!” + g gnp® + i gagnpH?

. : M? RS
Trilinear coupling | Agpg = 31X T
. . iw ~ o _ -
Quartic coupling | Appgng = 34 sl
: \ : e
Measurement of the scalar boson self-couplings Experimental verification
and > Of the scalar sector of the
Reconstruction of the EWSB potential ) EWSB mechanism

Determination of the scalar boson self-couplings at colliders:

A via pair production
HHH Pail P radiation off W/Z, WW/ZZ fusion, gg fusion
AgHHH Via triple production

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



7T he Trilinear Self-Coupling at the LHC

Djouadi,Kilian, MMM, Zerwas;

Determination of Ag 7y at the LHC L afaye. Miller. Moretti MMM

double radiation of W/Z: qq@ — 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

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



Double SM Scalar Boson Production at the LHC

Djouadi,Kilian, MMM, Zerwas
100 0 I
SM: pp - HH +X
LHC: o [fb]

‘ gg - HH
10

WW+Z27Z - HH

WHH+ZHH

WHH:ZHH = 1.6
WW:Z2Z2 =23

0.1
90 100 120 140 160 180 190
M [GeV]
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Expected Accuracies in Mg at the LHC

small signal + large QCD background ~~ challenge!

gm < 140 Dm<" agqg — HH — @WJ\J\ Baur,Plehn,Rainwater

o SLHC[[£L=6ab™']: My =120 GeV Aggp = 0 exclusion  at 90% CL

My = 125 GeV: bby~, bbrtr+—, bbWTW —: Baglio,Djouadi, Gréber, MMM, Quevillon,Spira '12
o bbyy, bbrT 1~ look promising: S/v/B = 6 for [£=3 ab™*

. . . Dolan,Englert,Spannowski'12
My = 125 GeV: exploit subjet techniques: Papaefstathiou, Yang, Zurita'12

o LHC@14TeV [[ £ = 1000 fb~'): HHj — bbr 1 j: most promising to constrain Ay g g
o LHC@14TeV [[ £ =600 fb~1]: HH — bbW W~ — bblvjj: strong evidence

Mg = 125 GeV: exploit ratios of cross sections Goertz, Papaefstathiou, Yang, Zurita '13
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Sensitivity to Aggg

1000

100

10

0.1

Measurement of cross section with 50% accuracy yields 50% accuracy in Aggg

Baglio,Djouadi,Grober, MMM, Quevillon,Spira

o(pp — HH + X) [fb]
V5 =14 TeV, My = 125 GeV

gg — HH
| qq' — HHqq'
qq’ — WHH -.
qq — ZHH
-5 -3 -1 0 1 3
AHHH/ A\ H
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Double Scalar Boson Production in Composite Models

e Double scalar boson production through gluon fusion:

* w/0 or w/ new heavy fermion partners («+— composite top)

g OO0 H
my y
4 ----8
me 2
g TO00 ' “H
TOTO——— -~ -- H H
my
Mgy 4 m;
OO0 ———t----- H H
iy
> Can be enhanced compared to the SM process Grober, MMM

> Mediated by top and bottom loops and heavy quark loops; here heavy top partners
> Different fermions can contribute within one loop

> Sensitivity to details of heavy composite sector?
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Double Scalar Boson Production in MCHAMD5

Gillioz,Grober,Grojean, MMM, Salvioni

4.0

, 12 4.0 ; 12
&=0.25,sin¢; > 0.5 excluded @ 7 TeV excluded @ 7 TeV &=0.25sin¢; <0.5
3.8 o tested @ 8 TeV 3.8 e tested @ 8 TeV
e allowed e allowed
36 pure Higgs nonlinearities 11 36 11
T
=
108
N
S~
R B, & CRER R R R At PR A 9 Ne
26 LET 8 26 ET 8
500 1000 1500 2000 500 1000 1500 2000

Myightest HQO/J Miightest HQO/\H

* Sizeable dependence of cross section on heavy fermion spectrum: 2.7 < o/og
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Going Beyond

/@@m AVN,
ioi Private Higgs o A
(G52 So
H\S
S
xeX ™ : :
g Littlest Higgs
Compne:
po :
T Higes Fat Hi
at Higgs .
gg @mwm\m&
Wwin Hg8s
\M\ hosm VIN\W.W.M
Simplest Higgs Phantom Higgs
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MSESM Higgs Mass in View of the LHC Results

e Vast literature on MSSM Higgs of ~ 122...128 GeV
Arbey eal; Li eal; Feng eal; Baer eal; Hall eal; Albornoz Vasquez eal; Heinemeyer eal; Desai et al;
Draper eal; Carena eal; Cao eal; Christensen eal; Kadastik eal; Buchmuller eal; Arvanitaki eal; Ellis eal;

Curtin eal; ...

e MSSM Higgs mass corrections
mi ~ M3 cos® 23 + Am3
= My ~ 125 GeV requires

Amy, ~ 85 GeV (tan 3 large) = large corrections ~ finetuning
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MSESM Higgs Mass in View of the LHC Results

Hall,Pinner,Ruderman 1112.2703

MSSM Higgs Mass

/\NBM

X

130¢ my, = 124—126 GeV

Maximal stop mixing:
!

m;, 2 500 GeV

Y

Suspect
FeynHiggs

oow | | | | | | ]
20 300 500 700 1000 15002000 3000

m; [GeV]

e Further remarks:

e next-lightest Higgs can be SM-like 122-128 GeV Higgs (low M 4, moderate tan (3)
lightest Higgs below LEP limit see e.g. Heinemeyer eal '11

e enhanced diphoton rate can be achieved within MSSM w/ light staus Carena eal '11

e ~y excess, but no WW excess requires New Physics beyond MSSM Christensen eal "12



Search for MSSM Higgs Bosons at the LHC

99 — bbs®, gg — ¢, ¢0 — 77, wtp~ (ATLAS)
ATLAS-CONF-2012-094 CMS 1202.4083
BI Oo_________________________ TTTT TTTT T TT ogmqém“ﬂqm<u—|"h-chn.—

c B .. Bmou...._...._...._...
o - ATLAS Preliminary £ 45 F [ 95% CL Excluded:
) mo || _<_mw_<_ OO_.:UEDQQO: - |I _H_ oammaa .. ____________
| ! Expected :
” ~—._.o=u 47-481b" g 40 F| W 210 Expected|
I | = +2 0 Expected
40 i ls=7TeV - 35 m[ I LeP | ..............................
my®, p>0 m wowl .................................... i f A
30 [ IH 25 Ml _______________________________
20 N - m 20 mu _________________________________
—— serve S o
-=== Expected CLs m 15 -
10 ; o w ww . 10BN _
[ Lep ] s5E . MSSMmy™ scenario, M =1TeV
_ﬂ_ T O T WV W W T W v _I ; m -
100 150 200 250 300 350 400 450 500 o._ 00 200 300 400 500
m, [GeV] my [GeV]
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Search for MSSM Higgs Bosons at the LHC

ATLAS-CONF-2012-011 CMS-HIG-11-019
\s=7TeV L=23fb" CMS Preliminar
BIQOI_____________.___.____________________ ___I BI QOI__.__”____I_._‘.m_“I__t_._H/_\______________________________.m_ _V\
m - ATLAS Preliminary combined i m [ 1 +ets, et ut , and ey final states
5oL Mho Vs=7 TeV - T 5ol MSSM my i
- ] - B(H -w)=1 ;
T et ] " 1u=200 Gev ;
40 El +w o 40
- [ J+20 . B ]
- — — Observed, 10 ] L -
wO.I theor. uncertainties . 30 ¥ ]
20F 7 g N s -
i \\\ Data 2011 7 Observed ]
”_.O - // \\ o Qo Observed +10 (th.) b
B //\\ .E_IQH = b.@ ﬁ—u-“_. i H peee MHMWMMM median 10 i
OI_ | _ L 111 _ L 111 _ L 111 _ L 111 _ | _ | _ L 111 _ 11 _I H ----- mXUmOﬁQQ :._mh:m: HN o H
@O H_uoo l_._O “_.NO H_.wo H_.h.o H_umo H_.OO O________________________________________________
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The NMSSM Higgs Sector

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; .

e The p-problem of the MSSM:
Higgsino mass parameter ;1 must be of order of EWSB scale

e Solution in the NMSSM:
1t generated dynamically through the VEV of scalar component of an

A

additional chiral superfield field S: = A\(S)

e Enlarged Higgs and neutralino sector:

7 Higgs bosons: mfmwumwv\:u\#wumn_'uml

5 neutralinos: X9 (i=1,..,5)

¢ Significant changes of Higgs boson phenomenology

Kim,Nilles
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N MSSM Higgs Mass in View of the LHC Results

e Vast literature on NMSSM Higgs of ~ 122...128 GeV

Hall eal; Ellwanger; Gunion eal; King, MMM,Nevzorov; Vasquez eal; Cao eal; Gabrielli eal; ...

e Remarks
& SM-like Higgs with ~ 125 GeV can be either H; or Hy (H; singlet-like, suppr. SM couplings)
{ strong singlet-doublet mixing ~» reduced coupling to bb ~ BR(H — ~v) enhanced

> mass value of ~ 125 GeV more easily obtained ~~ less finetuning

e Corrections to the MSSM, NMSSM Higgs boson mass:
MSSM: m3 ~ M3 cos?*23 + Am?
NMSSM: m2 ~ M2 cos? 283 + \2v?sin® 23 + Am?
= Mg =~ 125 requires:

MSSM:  Amy, =~ 85 GeV (tan § large) = large corrections are needed ~~ conflict with finetuning
NMSSM: Amy, =~ 55GeV (A = 0.7,tan § = 2)
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Finetuning - Natural SUSY Model

e The finetuning issue: study finetuning: calculate 1-loop corrections to the Higgs potential

© minimisation conditions of the Higgs potential ~~
to avoid finetuning: correction A < M2 or Ajp =2A/M2 <1

ANt King, MMM, Nevzorov '12

8

solid Qw =0
dashed-dotted 0; =m/8 | ]
dashed 0; = m/4

Sww
* both stop masses should be below 500 GeV

To avoid finetuning: + mixing should be small
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Finetuning - Natural SUSY Model

e The finetuning issue: study finetuning: calculate 1-loop corrections to the Higgs potential

© minimisation conditions of the Higgs potential ~~
to avoid finetuning: correction A < M2 or Ajp =2A/M2 <1

ANt King, MMM, Nevzorov '12

8

solid Qw =0
dashed-dotted 0; =m/8 | ]
dashed 0; = m/4

Sww
e Benchmark points: compatible w/ LHC, finetuning, enhanced BR(h — ~7) King, MMM, Nevzorov
e NMSSM scans Albornoz Vasquez eal '12; Cao eal '12

M.M. Mihlleitner, Seminar, 14 May 2013, LAL Orsay



Upper Limit on NMSSM a; Production

ATLAS-CONF-2011-020

ATLAS Preliminary 1
1600 =
\s=7TeV __.Qﬁlwm_uc

Tgg - a, - py [PD]

—— Observed limit

s Expected limit

_ g
oo b b

O_._...._____

7 8 9 10

Upper limit on 6(pp— a — up) [pb]

CMS-HIG-12-004

14 £ —
- |—— Observed CMS preliminary,\'s = 7 TeV -

12 [~ |## Expected+ 1o Ly =13 b -
- | — Expected + 26 -

10 — -
8 | —

5.5 6 6.5 7 7.5 8 8.5
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Conclusions

e Experimental results compatible with

* SM scalar boson within 20

* Vanishing invisible width

e Next steps

* Establish boson as the one responsible for EWSB
¢ Coupling determination
¢ Spin and Parity; CP violation
¢ Higgs Boson Self-couplings

* Nature of the boson (SM, SUSY, ...)
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Thank you for your attention!



Signal Rates

> Coupling modifications affect Higgs signal but not background
signal rates changed, but kinematics unaffected = Rescale SM searches

> Expected signal strength

m.iﬁxva\“kﬁuv mgﬁkﬁ\“kﬁuv
[ C pp—h—X MU?. m?.Q?.AR:\ y \Aﬁv X mmv D%
X o.m.i SN
pp—h—X MUNS. €p; Op; X m~wb|v X

Efficiencies €,, are the same as in the SM (if interferences w/ bkg are negligible)
> Fit ingredients
+ Efficiencies €, x Measured [i's separately at 7 and 8 TeV

x If only [i7.g is available, then fig + og from ji7 &+ 07, jir18 £ o718 with the Gaussian
combination formula

Pr+s  H7 | s 1 1
5 — 3T 3 5 — 3 1T 3
0748 g7 g 0748 07 g

+ Assumed Gaussian distributed [i's; neglect correlations (not given by exp) in combinations of

different channels and/or experiments
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Effective Lagrangian for a Light Higgs-Like Scalar

e Based on R. Contino, M. Ghezzi, C. Grojean, MMM, M. Spira, arXiv:1303.3876
e SILH Lagrangian
¢ Non-linear Lagrangian

e Discussion of bounds from EWPD, Z-pole measurements, b — sv, electric dipole moments,

anomalous magnetic moments, tt cross sections

e Discussion of operators sensitive to strongly-interacting Higgs boson, sensitive to the scale of
New Physics

e Implementation of the Higgs effective Lagrangian beyond the tree-level

e Implementation for Higgs decay rates: eHDECAY
URL: http://www.itp.kit.edu/~maggie/eHDECAY/
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NMSSM Scalar Boson and Enhanced Diphoton Rate

e SM-like NMSSM scalar boson of ~ 126 GeV
Can be either Hy or Hy (H; singlet-like, suppr. SM couplings)

e Enhanced Diphoton rate (now only ATLAS)

HJQQHMQ GeV N Q\Q\v

mm \~Hw® GeV N —
( M) = B F Tovw + Tz + ) [0,

* Suppression of HAwa@ GeV _, @@v 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 Ay corrections to h'265€Vph coupling Carena eal
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NMSSM Scalar Boson and Enhanced Diphoton Rate

e SM-like NMSSM scalar boson of ~ 126 GeV
Can be either Hy or Hy (H; singlet-like, suppr. SM couplings)

e Enhanced Diphoton rate (now only ATLAS)

HJQQHMQ GeV N Q\Q\v

mm \~Hw® GeV N —
( M) = B F Tovw + Tz + ) [0,

* Suppression of HAwa@ GeV _, @@v due to Hall,Pinner,Ruderman; Ellwanger; King, MMM, Nevzorov;
Cao,Heng,Yang,Zhang,Zhu; Albornoz-Vasquez,Belanger,Boehm,DaSilva,Richardson,Wymant

+ Enhanced I'(h'26%¢Y — ~~) due to charged boson, chargino, stop loop contributions

v AN Y 7o
P Emu_u_mn
hH,A -~~~ fixt hH---<_ WHS b H- A
. AVAVAVAVARS .|
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NMSSM Scalar Boson and Enhanced Diphoton Rate

e SM-like NMSSM scalar boson of ~ 126 GeV
Can be either Hy or Hy (H; singlet-like, suppr. SM couplings)

e Enhanced Diphoton rate (now only ATLAS)

HJQQHMQ GeV N Q\Q\v

Aﬂ@m +Tww +1Tzz + ...:\iw@ mm<_

mmAwam GeV N \v\\v\v —

* Suppression of HAwa@ GeV _, @@v 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 Ay corrections to h'265€Vph coupling Carena eal

+ Enhanced T'(h'?6%¢Y — ~+) due to charged boson, chargino, stop loop contributions

% h'26GeV can be Hy, Ho
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NMSSM Scalar Boson and Enhanced Diphoton Rate

e Enhancement on the production side

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

x Stop, sbottom loop contributions in gg — H,; can enhance the production cxn for small mixing

\@Hw@ GeV

* Associated slight suppression in BR( — y) compensated by charged boson, chargino

loop contributions
* = overall enhanced production in v final states, p, > 1

x Couplings to WW, ZZ must be suppressed in this case ~
overall production in V'V final states ~ SM-like, pzz ww ~ 1
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N MSSM Scan - Light Stop Masses

*tan 3 =2, 4 maximize tree-level mass of lightest Higgs boson
x0.55 < A<08,1074< k<04 validity of perturbativity

* 100 GeV < per < 200 GeV avoid finetuning

*x 500 GeV < Mg, = M;,, <800 GeV avoid finetuning

\: =0 mm<gH TeV

* —H00 GeV < A, <0 GeV
200 GeV < A, < 800 GeV

¥ Map = Mz, = Mp, = Mg, , = comply with LHC results
imm = i\u:w = iﬁz&b =2.5TeV

immnzww“woomm<“ \»U“\—@“Hn_um<

* >\§H = 150 mm<_ zw = 300 mm<_ iw =1 TeV
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NMSSM Scan

e Typical mass values:

m; = 400 —820 GeV, m;z, = 530 — 890 GeV

Mps = 200-500 GeV, Mg+ =105—165GeV, Mz = 345360 GeV
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NMSSM Scan

e Conditions on the parameter scan:

* At least one CP-even Higgs boson h with: 124 GeV < My, < 127 GeV
* The reduced cross section for vy must fulfill: py~(h) 2 0.8  with
124 GeV S Mj, = M sm S 127 GeV

+ No restriction on rates into WW, ZZ. bb, 7+~

x Higgs bosons outside 124...127 GeV: exclusion limits of LEP, Tevatron and LHC searches

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

px(h) = Ro(W) RES() + 3" Rol(®) RER(®) F(My, Mo, dxx)
& £h
Mo —Mp| <6

d : 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
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124GeV<My, <127GeV
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NMSSM Scan

King, MMM, Nevzorov,Walz

124GeV<My <127GeV 124GeV<My, <127GeV
T T T T T 6 T T T T T
5F . -
at+ . -
X ..
T Ll ]
& & T
R -
2| - .
1} . -
oot A% e X T L A -
0 | oo ¢ | 1 1 1 |
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1
_NQm:n_AI 1 v mQin_AT_Mv

x0.55 <A<0.8,107* <Kk <04, 100 GeV < perr < 200 GeV,

500 GeV < Mg,, M,, <800 GeV , —500 GeV < A, <0 GeV , 200 GeV < A, < 800 GeV |,

tan3=2,4, Ay =1TeV Above black line: R, = RZ%(h) R, (h) > 1

Tincl

1.2
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NMSSM Scan

King, MMM, Nevzorov,Walz

124GeV<My <127GeV 124GeV<My, <127GeV
6 T T T T T 6 T T T T T
5F . -
4t .. -
X ..
T .l ]
& & T
R -
2F - -
1} . -
oot A% e X T L A -
0 | oo ¢ | 1 1 1 |
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
_NQm:o_AI 1 v mQ,:o_AIMV

* mmw = mmw@immi\mmﬁs enhanced: o BR.,, I: H*, x*,1 loops, suppressed gz, coupling

_ NMSSM
* mQ.s.j\nN | Q.sﬁ\m&

SM . oz
Jo2 enhanced: o gpp0q 11 t loops and, or gp,i T
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NMSSM Scan

124GeV<My, <127GeV

King, MMM, Nevzorov,Walz

124GeV<My, <127GeV

@ I I @ 1 | I I 1
m B L]
4+ ..
-~ ..
< 3L
& & t .
R -
N - .
._ =
oi‘.oc\.o.-voactiol e
0 L iy ] 1 ] ] ]
1.2 0 0.2 0.4 0.6 0.8 1
QO:o_AINv
« green/red points: perturbation theory valid up to the GUT scale

* cyan/pink points: require extra matter at 1 TeV
x yellow points: violate two-loop upper bounds on A\, k

1.2
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NMSSM Scan

124GeV<My; <127GeV

1.2

+ points with R°® and R,

small not recjected as

King, MMM, Nevzorov,Walz

124GeV<M}, <127GeV

»
o .“C.““‘
tn.vso.oci L)
- ] 1 1 1 1

0.2 0.4 0.6 0.8 1
Roipe(H2)

Oincl

tin~(h) > 0.8 possible due to superpositions of rates of two Higgs bosons close in mass
For h = Hy: degeneracy Hy — Hy and Hy — A; possible
For h = H;: degeneracy Hy — Hy and H; — A, possible

1.2
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NMSSM Scan - Pre-Moriond

King, MMM, Nevzorov,Walz

124GeV<My; <127GeV 124GeV<My, <127GeV

22 -

= 16|
1.4

0.8

Hzz(Hq)

% cyan/pink points: two signals overlap
« crosses: Exp. best fit of u = o/ogps, full/ATLAS, dashed/CMS
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NMSSM Scan - After-Moriond

King, MMM, Nevzorov,Walz

AMAOm<A_<_IAAA 27GeV AMAOm<A_<_INAA 27GeV
Nm 1 1 I I Mm 1 I I I
2 F - 2 |
H\H | H\n)/_ |
< 15 - < 15 | -
= =1
1F - 1F -
0.5 ! 0.5 !
0 2 0 2

% cyan/pink points: two signals overlap
« crosses: Exp. best fit of u = o/ogps, full/ATLAS, dashed/CMS
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NMSSM Scan - After Moriond

King, MMM, Nevzorov,Walz

124GeV<M,, <127GeV 124GeV<M,, <127GeV
2.5 T T T T 2.5 T T T T
2| - 2 | .
< £
I.\W ._ m — = l.\W ._m B =
= | =
1k - 1F -
0.5 L 0.5 1
0 1.5 2 2.5 0 2 2.5

w(H4)

% cyan/pink points: two signals overlap
« crosses: Exp. best fit of u = o/ogps, full/ATLAS, dashed/CMS
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NMSSM Scan - After Moriond

King, MMM, Nevzorov,Walz

2.5

AMAOQ<A_<_T:AA 27GeV AMAOm<A_<_ImAA 27GeV

Nm 1 | | 1 1 1 1 1 Mm 1 1 1 1 1 1 1 1
2 F 1 + - 2 T 7 7

| —T——k L = | i
= 15rF | 1 = 95r1 | .

=8 Ll - i = 1 i

1 .__” - 1 4__ -

P -I_. ......... i ||m. ......... i

Om 1 1 1 1 1 1 |m. 1 1 Om 1 1 1 1 1 1 .m. | 1

2 -15 -1 -0.5 0 0.5 1 1.5 2 2.5 -2 -15 -1 -0.5 0 0.5 1 1.5 2

EQUAI; tc_oAImv

% cyan/pink points: two signals overlap
« crosses: Exp. best fit of u = o/ogps, full/ATLAS, dashed/CMS
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NMSSM Scan - After Moriond

King, MMM, Nevzorov,Walz

124GeV<My; <127GeV 124GeV<My, <127GeV
Nm | | 1 | | 1 Nm 1 | | 1 1 |
2 F - - 2 F 4
= — m. ......... “ B — .
I.\W ._m — “ = l.\W ._m B .
= 41 =
1+ - 1 -
Om | 1 1 .m. 1 | 1 Om 1 1 |
-0.5 0 0.5 1 1.5 2 2.5 3 -0.5 0 2 2.5 3

% cyan/pink points: two signals overlap
« crosses: Exp. best fit of u = o/ogps, full/ATLAS, dashed/CMS
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Exotic Decays

King, MMM, Nevzorov,Walz
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xtanB =2, A; =1 TeV
* BRY(H1Hy) =~ 0.36, BRE(A1 A1) ~ 0.35 and mmﬁwxgmvmmv ~ 0.43

* Q.UﬂoaAmwv X mmAmw — vaamv ~4 -85 U_u
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Expected Signal - Results by Sasha Nikitenko
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Expected Signal - Results by Sasha Nikitenko

Expected signal event yield
for 20 fb! at 8 TeV

o X Br (tt11) from theory: 3 pb E
Two t->p, two t->hadr: 0.17?x 0.65% x 6 = 0.0732 4392
p*1>17 GeV, |nH|<2.1, p;**>10 GeV, |N**|<2.4: 0.0713 313
p;">10 GeV, [n™|<2.4: 0.277 87
AR(p—p) >1.0:0.579 50
Probably ask SS muons against DY, tt~, WW: 0.5 25
Probably ask only 1 track around muon against QCD: 0.75%=0.56 14

® TTTT — T,ThT,Th from inclusive Ho production and 2m, < Mg, < 2my; promising,
but estimate of expected bkg needed
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