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Introduction

Discovery of a new scalar announced on July 4th, 2012!

Confirmation for a Higgs boson on March 14th, 2013:

“New results indicate that particle discovered at CERN is a Higgs boson”
— Rolf Heuer
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Discovery of a new scalar announced on July 4th, 2012!
Confirmation for a Higgs boson on March 14th, 2013:

“New results indicate that particle discovered at CERN is a Higgs boson”
— Rolf Heuer
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Outline

o First lecture: Higgs in the Standard Model
o Quick review of the Higgs mechanism
o Higgs properties

o Higgs decays and production channels

e Second lecture: Higgs beyond the Standard Model

o Two Higgs Doublet Model
o Minimal Supersymmetric extension of the Standard Model

o Implications
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Brief Review: QED and QCD

Electromagnetism: free electron — Dirac Lagrangian: £ = 9(x)(iv*d,, — m)i(x)
Invariance under U(1) local symmetry, with D, = 9, — ie A,

— conservation of electric charge

— addition of a new field A, associated to the photon

— e~ requires the photon!
~ QED: £ = T/ (O + A0 — mDv —  FuF* = (DA
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Brief Review: QED and QCD

Electromagnetism: free electron — Dirac Lagrangian: £ = 9(x)(iv*d,, — m)i(x)
Invariance under U(1) local symmetry, with D, = 9, — ie A,

— conservation of electric charge

— addition of a new field A, associated to the photon

— e~ requires the photon!

_s QED: L = Bin (D, + ieAu ) — mipa — %FWF‘“’ - %(aMA“f

Strong interaction: quarks with 3 colours — SU(3) local symmetry

Similar to QED, but non abelian — more complicated

— addition of 8 new fields A7, associated to the gluons

— quarks require gluons!

— QCD: L =V(x)(iv*Dy — mW(x) — 2F2,F* + Lor + Lrp , V = (Y1, 2, 13)
with D, = (9, — igs T?°A2) and F7, = 8,A2 — D, A% + g f**“ALAS, (abc=1---8)

Lcr: gauge fixing term, Lgp: Faddeev-Popov term
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Brief Review: QED and QCD

Electromagnetism: free electron — Dirac Lagrangian: £ = 9(x)(iv*d,, — m)i(x)
Invariance under U(1) local symmetry, with D, = 9, — ie A,

— conservation of electric charge

— addition of a new field A, associated to the photon

— e~ requires the photon!

_s QED: L = Bin (D, + ieAu ) — mipa — %FWF‘“’ - %(aMA“f

Strong interaction: quarks with 3 colours — SU(3) local symmetry
Similar to QED, but non abelian — more complicated

— addition of 8 new fields A7, associated to the gluons

— quarks require gluons!

— QCD: L =V(x)(iv*Dy — mW(x) — 2F2,F* + Lor + Lrp , V = (Y1, 2, 13)
with D, = (9, — igs T?°A2) and F7, = 8,A2 — D, A% + g f**“ALAS, (abc=1---8)

Lcr: gauge fixing term, Lgp: Faddeev-Popov term

In both QED and QCD, the gauge bosons need to be massless to respect gauge invafiance
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Brief Review: Fermi Theory

Fermi wrote an Hamiltonian for 3 decay by analogy with electromagnetism

— weak interaction only acting on the left handed fermions

; : . P Q _ u 0 _ v
— isospin doublets: ( " ),\UL = ( d ),\IJ = ( o >

Nazila Mahmoudi Corfu — September 3rd, 2013 5 /77



Brief Review: Fermi Theory

Fermi wrote an Hamiltonian for 3 decay by analogy with electromagnetism

— weak interaction only acting on the left handed fermions
. . . P Q _ u 0 v
— isospin doublets: ( " ),\UL = ( d ),\IJ = ( o >
— Lagrangian with isospin doublets: invariant under SU(2)
1 a apv T . . a a T . . a a
L= = Fi P+ W2 (i (0 + g T W) = MQ)W L ++ Wi (in" (9 +ig T W) — M)W
where Mg, are quark and lepton mass matrices, T2 = ¢?/2 and

F2, = 0, W7 — 8, W — geapc WEWE
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Brief Review: Fermi Theory

Fermi wrote an Hamiltonian for 3 decay by analogy with electromagnetism

— weak interaction only acting on the left handed fermions

; : . P Q _ u 0 _ v
— isospin doublets: ( " ),\UL = ( d ),\IJ = ( o >

— Lagrangian with isospin doublets: invariant under SU(2)
1 a apv T . . a a T . . a a
L= = Fi P+ W2 (i (0 + g T W) = MQ)W L ++ Wi (in" (9 +ig T W) — M)W
where Mg, are quark and lepton mass matrices, T2 = ¢?/2 and
Fo, = 0,WS — 8, W} — geapc W WS
— 3 gauge bosons: W*, W?°

Again, the gauge bosons need to be massless...

In addition, W and W™ have a charge and need to be described by electromagnetism
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Brief Review: Electroweak theory

Similarities between QED and weak theory:
@ in both theories, spin-1 gauge fields and spin-1/2 fermions
o ~v and W? have identical quantum numbers
o electromagnetic coupling of charged W* bosons

— Assumption of a SU(2). x U(1)y symmetry
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Brief Review: Electroweak theory

Similarities between QED and weak theory:
@ in both theories, spin-1 gauge fields and spin-1/2 fermions
o ~v and W? have identical quantum numbers
o electromagnetic coupling of charged W* bosons

— Assumption of a SU(2). x U(1)y symmetry
Covariant derivative:
. a a . 1
Dty = (0 — ig2 TEW,] + i1 5 Y Bu)v = DiyL + Df Y

@ SU(2).: weak isospin group with gauge bosons w*, we
e U(1)y : weak hypercharge group with gauge boson B°

— W? and B® mix to give v and Z
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Brief Review: Electroweak theory

Similarities between QED and weak theory:
@ in both theories, spin-1 gauge fields and spin-1/2 fermions
o ~v and W? have identical quantum numbers

o electromagnetic coupling of charged W* bosons
— Assumption of a SU(2). x U(1)y symmetry
Covariant derivative:
Dty = (O — ig2 TEW; + g5 ¥ By = DEwu + Dffun

@ SU(2).: weak isospin group with gauge bosons w*, we
e U(1)y : weak hypercharge group with gauge boson B°

— W? and B® mix to give v and Z
Again, no mass term can be added for the gauge bosons without breaking the symmetry!

Fermion mass terms: miyn) = m(prir + WrtpL) not gauge invariant
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Brief Review: Electroweak theory

Similarities between QED and weak theory:
@ in both theories, spin-1 gauge fields and spin-1/2 fermions
o ~v and W? have identical quantum numbers

o electromagnetic coupling of charged W* bosons
— Assumption of a SU(2). x U(1)y symmetry
Covariant derivative:
Dty = (O — ig2 TEW; + g5 ¥ By = DEwu + Dffun

@ SU(2).: weak isospin group with gauge bosons w*, we
e U(1)y : weak hypercharge group with gauge boson B°

— W? and B® mix to give v and Z
Again, no mass term can be added for the gauge bosons without breaking the symmetry!

Fermion mass terms: miyn) = m(prir + WrtpL) not gauge invariant

1983: discovery of W* and Z bosons at CERN
However, W¥ and Z are massivelll
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Higgs Mechanism*

* Anderson, Brout, Englert, Guralnik, Hagen, Higgs, Kibble mechanism

SU(2)L x U(1)y to be spontaneously broken into U(1)em

+

We introduce a complex scalar field doublet of SU(2): ¢ = ( (20

Lo=(D"®)'D,® - V() , V(®)=pdTd+ %/\(dﬂcb)z (A>0)

_a? , w? 0w —sinf Z,
where D, :au_’g2$W:+’&BH' ( ! ) - ( Z(l)nS@:vV ccs>lsn9WW ) < ’ )

) with the Lagrangian

2

2 B, A,

Unique minimum: ¢'¢ =0 Degenerate minima: ¢'¢p = —-—

) 2N\ 1/2
The potential is minimal for |®¢| = (T’u>
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Higgs Mechanism

Rewriting the field ® as

. ¢"(x)
d(x) = E(V+H(X)+ix(x)>
the Lagrangian becomes (¢~ = (¢™)")
rama— iev op - —ap o+ e?v? Fi—n
Lo = (Oud™)(0"9 )725in0W(W"a o — W, 0% )erWMW
ev 62V2 2

1
+§(8“x)2+ "x +

= 7 I
2cos Oy sin Oy 4 cos2 Oy sin? Oy

+%8“H8NH + u?H? + trilinear and quadrilinear terms
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Higgs Mechanism

Rewriting the field ® as

. ¢"(x)
d(x) = E(V+H(X)+ix(x)>
the Lagrangian becomes (¢~ = (¢™)")
rama— iev op - —ap o+ e?v? Fi—n
Lo = (Oud™)(0"9 )725in0W(W"a o — W, 0% )erWMW
ev 62V2 2

1
") ————— 72,0+ ————————
+2( X) +2cos€wsin9W " >(—’_4c0529wsin29w

+%8“H8NH + u?H? + trilinear and quadrilinear terms

Consequences:
. ev ev
@ Z and W bosons receive massess My = ——— and Mz = ————
2sin Oy 2 cos O sin Ow
@ massless photon
@ physical Higgs boson of mass My = /—2u?
e ¢F and x: unphysical Goldstone bosons corresponding to unphysical d.o.f.

— reabsorbed into the W* and Z longitudinal components.
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Yukawa interactions

The mass terms have to be generated by Higgs interaction
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Yukawa interactions

The mass terms have to be generated by Higgs interaction

Lagrangian for Yukawa interactions:
Lyue = —VLYippr®d — U YupRd — U YpyR o + h.c.

® = io?®* = charge conjugate Higgs doublet
W@ SU(2) doublets for quarks and leptons
Yp'Pt: SU(2) singlets for quarks and leptons
Y¢: 3 x 3 Yukawa matrices
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Yukawa interactions

The mass terms have to be generated by Higgs interaction

Lagrangian for Yukawa interactions:
Lyue = —VLYippr®d — U YupRd — U YpyR o + h.c.

® = io?®* = charge conjugate Higgs doublet
W@ SU(2) doublets for quarks and leptons
Yp'Pt: SU(2) singlets for quarks and leptons

Y¢: 3 x 3 Yukawa matrices

Mass terms obtained by setting ® = ®q:

vV -y ¢ vV <y u vV 7D D
Emass = = Y 5 Yi NG Y +he
ﬁm YR VAL uYR ﬁwL pUR
Diagonalisation of Y7 by unitary transformation: &[,R = U[,RWC.,R
%
such that: (mf); = %(ULr Ye(UR))i

= Lmass = —mﬂ/?[z[)f; +h.c. = —mfzﬁfi/AJf

= standard mass term retrieved, coupling of Higgs to fermions  m¢/v
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Higgs particle properties

Higgs potential around the VEV:

_ 2,2, 1 3 1 4
V(H) = —p*H" + 4/\vH + 16)\H
v is related to the W mass:
My —
VT 2sinOw

measured precisely using u* decay widths:

— 2
v:\/%:246Ge\/

Higgs mass = free parameter related to the Higgs potential parameters:

My = +/—2u? = \/%)\vz

Mw and My measured = all parameters of the Higgs theory fixed

Yukawa couplings determined by the measurement of all the fermion masses
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Higgs couplings

o Higgs self-couplings: V(H) = —p?H? + %AVH3 + 1—16)\H4
M3 M3
HHH : —-3i— HHHH : —3i—2
v v

o Higgs-gauge bosons: Lyin = (D“dD)T(D,Ld)), D, =0, — lgz—Wa + /?B

2
VVH : 2,M e VVHH : 2IMVg

o Higgs-fermions: Lyuk = —%\TJ,&MQH + h.c.

= . my . Vi
ffH: —i— = —{=——
NG

@ Higgs-gluon or photon (or neutrino):
no LO coupling

but can be generated at higher orders!
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Theoretical constraints

A changes with energy scale Q due to self-interaction of the scalar field through the RGE:

dA 3\2
=B =35 where  t=In(Q%/Q3)
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Theoretical constraints

A changes with energy scale Q due to self-interaction of the scalar field through the RGE:

dA 3\2
=B =35 where  t=In(Q%/Q3)

o Triviality/perturbativity
— At one loop, for large My:

A(Qo)
1 2 M) In(@2/Q3)

ANQ) =

A pole can be reached for large Q = My < 160 GeV
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Theoretical constraints

A changes with energy scale Q due to self-interaction of the scalar field through the RGE:

dA 3\2
=B =35 where  t=In(Q%/Q3)

o Triviality/perturbativity
— At one loop, for large My:
A(Qo)

NQ) = —
1- 423 \(Q) In(@2/3)

A pole can be reached for large Q = My < 160 GeV

@ Vacuum stability
A(Q) > 0 needed

— Imposes a lower limit on the Higgs mass: = My 2> 130 + 2(m; — 170) GeV
— close to the observed Higgs mass!
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Theoretical constraints

o Unitarity

2 — 2 scattering amplitude decomposition: A = 167 2(2/ + 1)Py(cosB)ay
I
Optical theorem requires: |Re(a/)| < 1/2

One can show:

- - M My M3 s
(Wi W, = WiW) = =15 {2+ e (HW)]
H H

Unitary condition |Re(ao)| < 1/2 = My < 870 GeV
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Theoretical constraints

o Unitarity

2 — 2 scattering amplitude decomposition: A = 167 2(2/ + 1)Py(cosB)ay
I
Optical theorem requires: |Re(a/)| < 1/2

One can show:

_ _ M2 ME M2
ao(WL Wi = W W) = =P {2+ e — = Hin (1+i>]
H

Unitary condition |Re(ao)| < 1/2 = My < 870 GeV

o Naturalness
One loop corrections to the Higgs mass depend quadratically on a scale cut-off A:

3

SME =
H™ 8rv2

2
N (6Miy + 3MZ + 3MF — 12m¢) ~ 100 Gev>

B <0.35 TeV

— N expected at the order of the TeV scale
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Higgs decays
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Higgs decay channels

Definitions: G = v 2/v/2, 7 =4m?/M7, Bi=VI—1

o Higgs to fermions

At leading order (N? = 3,N{) = 1):
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Higgs decay channels

Definitions: G = v 2/v/2, 7 =4m?/M7, Bi=VI—1
o Higgs to fermions
At leading order (N? = 3,N{) = 1):
GFMH
4\/277

At higher orders, large QCD corrections to decays to quarks:

F(H— ff)= m233

3GFMH _ 3 2
4\/% mqﬁq(l-l_Aqq-'-AH)

F(H—qq) =

Agq = 5.67237H) (M”)

-2 _3
+(35~94_1~36Nf)%+(164‘14—25.77Nr’+0.26Nf2-)asSTAjH)

&% (Mr)
2 M’Z_,

™

2, M 1
A} = 1.57 — Slog —2 4+ = |
i (5 38 mz T g%
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Higgs decay channels

o Higgs to ZZ and WW

Gr M, 2 My
NH—Vv)= dvvV1—4x(1—4x+12x%), x
16v/2r

Mg
with dy =2 and 67 =1

Nazila Mahmoudi
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Higgs decay channels

o Higgs to ZZ and WW

M(H— W)=

with dy =2 and 67 =1

GEM3,
16427

If the channel is not open, we still can have one off-shell gauge boson):

vVl —d4x(1—4x+12x%), x=—Y

o 3GEMS,
FrH— VW) = #MH(S(/RT(X)
7 10 40
with 6, =1, 65 = o Esin2 Ow + Esin4 Ow and
3(1 — 8x + 20x?) 3x—1 1—x 5y 3 5
Rr(x) = @ 1)1 arccos ( 32 ) " o (2 —13x + 47x°) — 5(1 — 6x + 4x°) log x
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Higgs decay channels

o Higgs to ZZ and WW

Gr M, 2 My
NH—Vv)= dvvV1—4x(1—4x+12x%), x
16v/2r

Mg
with dy =2 and 67 =1

If the channel is not open, we still can have one off-shell gauge boson):

2 4
MH— W*) = 3%’:,,"/ Mpdy Rr(x)

7 40
with 6, =1, 65 = o Esin2 Ow + ESinA Ow and

3(1 — 8x + 20x?) 3x—1 1—x 5y 3 5
Rr(x) = @ 1)1 ar os<2X3/2 o (2 —13x + 47x )75(176x+4x ) log x

Infact: H— ZZ* — 07000~ and H = WEWT S ¢toe

Nazila Mahmoudi

Corfu — September 3rd, 2013
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Higgs decay channels

o Higgs to gluons

2
_ GraZ M} |3 H
I-LO(H—>gg)—367\/§7T3 Z;AI/Z(TQ)

ALya(7) = 2[r + (1 = 1)f(7)] 72
arcsin® /7 T<1

f(r) = 1], 1+vi—r1T _1°
- |log ————=—i7 T>1

4 1—vV1—7-1
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Higgs decay channels

o Higgs to gluons

2
_ GraZ M} |3 H
No(H — gg) = W 1 ;AUz(TQ)
ALya(7) = 2[r + (1 = 1)f(7)] 72
arcsin® /7 T<1
f(r) = 1], 1+vi—r1T _1°
- |log ————=—i7 T>1
4 1—vV1—7-1

NLO corrections:
_ s
M(H — gg(g). £93) = MLo(H — gg) [1+ En(7a) ]

33 — 2N 2
Al |Og L + AEH(TQ)

9% 7
En(rq) = T*ngJr 6 M2
H
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Higgs decay channels

o Higgs to vy

2

Gr o® M3
PO N Ne QR AL (7¢) + A (rw)
f

T2 = g Vo

with the form factors for spin—% and spin—1 particles given by

Alp(r) = 27+ (r = 1)f()]7?
Af(r) = —[277 + 37 +3(27 — 1)f(7)] 72
Nazila Mahmoudi Corfu — September 3rd, 2013 18 / 77



Higgs decay channels

o Higgs to Z~v

GEMZ, o M, ( M§>3

rNH— Zv) = 6474

with 7; = 4MZ? /M3, \; = 4M? /M3 and the form factors
A;.—I/Z(Ta )‘) = [11(7—7 )‘) - I2(T7 /\)]

Z Nf%Af/z(Tf, Af) + Ai—l(TW7 Aw)
p

2

AV (TN = cw {4 (3— %) (T, \) + [<1+ %) % - <5+ %)] /1(7‘,>\)}

with ¥ = 212 — 4Qys3, and

TA 7222 - - 2
h(r, ) 2 T [F(rY) — FAH] + CESYE
k(r,A) = —2(:7:\)\) [fr) = f(Ah)]
with
V771 —larcsin/7 T>1
gr)=q vi—-r1 {Io 1+Vi-r1 el
2 SV

[g(r™1) — (A1)
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Higgs decay channels

Higgs decay branching fractions:

'LHC HIGGS X5 WG 2013

%0 200 300 400 “T000
M, [GeV]

H — bb main channel for My ~ 125 GeV
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Higgs decay channels

Higgs decay branching fractions:

'LHC HIGGS X5 WG 2013

10 o LA L Lo N, T
80 100 120 140 160 180 200

‘ 1000
M, [GeV] M, [GeV]

H — bb main channel for My ~ 125 GeV
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Higgs production
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Higgs production channels

Main channels at the LHC

9 O
. H
gluon fusion: > .....
9 OO

associated production with Z or W:

[

q v

@ vector boson fusion:

g 00000y —— (¢

associated production with heavy quarks: 4o i

9 OO ——
@ (double Higgs production)
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Gluon fusion

Gluon fusion process at partonic level:
7_(_2
8My

In the narrow width approximation, the hadronic level is obtained by:

oro(gg = H) = o M3 6(5 — M7y) = MLo(H — gg) 8(5 — M)
tdx H 2 2
ULO(,DP—)H): YUOTHg(Xa/"’F)g(T/X7MF)

where s being the invariant collider energy squared and 74 = M7 /s
g(x, u%) is the gluon parton density (PDF) at the factorisation scale ur

Nazila Mahmoudi Corfu — September 3rd, 2013

23/ 77



Gluon fusion

Gluon fusion process at partonic level:
7_K_2

8My
In the narrow width approximation, the hadronic level is obtained by:

oro(gg = H) = o M3 6(5 — M7y) = MLo(H — gg) 8(5 — M)

1 dx
oro(pp — H) = / —~ ob'th g(x, uE) g(7/x, 1)

where s being the invariant collider energy squared and 74 = M7 /s
g(x, u%) is the gluon parton density (PDF) at the factorisation scale ur

At higher orders, other diagrams appear — complicated, large uncertainties from PDFs

1 4

g - g -
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Gluon fusion

Importance of higher order corrections

OppHX)Ipbl

10

1100 720 140 160 180 200 220 240 260 280 300
My, [GeV]

Higher order calculation needed for precision Higgs searches
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Associated production with a vector boson

Partonic level, at leading order:
GEMY,
2887s
with A(x,y;z) = (1 —x/z — y/z)2 —4xy /2%, 3 =213, 0r =217 — 4Q¢sy for V=2

and Uf = 3 =2 for V=W
to be convoluted with the PDF to obtain the hadronic cross section

AMZ, ME;3) + 12M3 /3
(1— M /5)?

(03 + 83N (MY, M7 8)

oLo(qq — VH) =
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Associated production with a vector boson

Partonic level, at leading order:

GEM}, (M2, MZ: 8) + 12M2 /3
2887s (1— M2 /5)2

with A(x,y;2) = (1 — x/z — y/z)* — 4xy /2%, ar = 213, 0 = 213 — 4Q¢sy, for V = Z
and ¥ = 3 =2 for V=W

to be convoluted with the PDF to obtain the hadronic cross section

oLo(qg — VH) = V(02 + 82NV (MY, ME; 3)

More generally:
do dr

S = HV 4 X) = r(pp = V" + X) x 15 (V" = HV)
q q 7
9 11— 5
; v v y E %?W
VY (=] q
7 i q 0300
4 \1/20002 pp2. L2 2 a2, 2
i(v*%l_’v): GFMV)‘ (MV7,wszk ) 1 A(IWV7,vak )
dk? 2v2r2 (k2 — Mg)? 12M7, / k2
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Associated production with a vector boson

Importance of higher order corrections

Koy — THO(PP = H+ W)
WH =

ovo(pp — H+ W)

095 b

9900 720 40 160 180 200 220 240 260 280 300
M,[GeV]
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Vector boson fusion

Calculation with off-shell vector bosons: qq — V*V*qq — Hqq

10

o(qq — Hqq) [pb]
Vs =14 TeV

WW-+Z7

WW )

77

0.1 4
100 1000
My [GeV)
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Vector boson fusion

NLO corrections through vertex corrections:

1.6 ||II|IIII|IIII|IIIIIIIII

|||r||

dashes: NLO E method
dots: LO

14— solid: NLO py method

1.2

1.0

oy [Pb]

/11

0.8

0.6 111 | 111l | 111l | 111l | 111l
100 120 140 160 180 200
my [GeV]

(NLO p1/E methods: methods for tagging the forward jets, either with pt or E)
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Associated production with heavy quarks

Q BT ———
q g g g
) s - ¢ ----
q g

Q ooTT

g o(pp — HQQ) [pb]
1 Vs =14 TeV

0.01 L L .
100 150 200 250 300
A/IH [GE‘\/Y}
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Associated production with heavy quarks

NLO corrections:

T T T T T T T
o(pp — tH + X) [fb]
Vs =14 TeV 9
W=y =m o+ M2

—-- LO
—— NLO

Q g Q
q
q -H -H
Q g Q T
Q g Q
q 0k
> Q Q
-
q . -
1 T-H g Tt H
q Q 9 Q 9 Q
q Q g Q g Q 10°F
g 9 s g q q q q
E Q Q Q Q
7 S L e oouy/ S G Ao w0
0 ] NG [ ]

L
120

\ . , , . . L
140 160 180 200 220 240 260
M, [GeV]
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Double Higgs production

9 BT p—

g ‘TOOOO0 ----H

Very important processes to probe the triple Higgs coupling!
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Double Higgs production

1000—m——————— T T
SM: pp — HH +X

[ LHC: o [fb]
L gg — HH |

WW+Z7Z — HH

WHH+ZHH

WHH:ZHH = 1.6
WW:ZZ =2.3

0.1 L
90 100 120 140 160 180 190
M, [GeV]

The vertical arrows correspond to a modification of the trilinear Higgs coupling
from 0.5 to 1.5 times the SM value.
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Higgs production channels at the LHC

Main channels at the LHC

=
Q
)

\'s= 8 TeV

o(pp — H+X) [pb]
5

Cross Section (fb)

o m;=120 GeV

L . . -l
80 100 200 300 400 1000 ' o 50 100
M, [GeV]

N

S}

S
™

150 200 250
Vs (TeV)

— Uncertainties represented by the line widths
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Higgs signal strengths at the LHC

Signal strength:
o(pp — H)BR(H — XX)
a(pp — H)sm BR(H — XX)sm

pUxx =

Latest results:

Parameter | Combined value Experiment
My (GeV) 125.7+0.4 ATLASH+CMS
7. 1.20 £ 0.30 ATLAS+CMS
nzz 1.10 + 0.22 ATLAS+CMS
Lww 0.77+0.21 ATLAS+CMS
Liph 1.12+045 | ATLAS+CMS+(CDF+DO)
Lirr 1.01£0.36 ATLAS+CMS

— diphoton decay mode = massive neutral boson with spin # 1
— compatible with the SM Higgs
— still too early for conclusive information from couplings/rates
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Higgs production channels at electron-positron colliders

Main channels at e e~ colliders

e’ Z

o Higgs-strahlung:

o WW fusion:

Other channels:
e ZZ fusion: ete” — ete (Z*Z*) w ete™ H
o radiation of heavy fermions: e*e™ — (v*,Z*) — ffH
o double Higgs production: ete™ — ZHH, ¢t¢HH
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Higgs production channels at electron-positron colliders

Main channels at e"e™ colliders

T T T T 1000 g T T T
o(ete = HX) [fb)] o(ete” — HX) [fb]
100 /5 = 350 GeV . Hy VE=1TeV
"""""" Hvy 100 £ "'-..--.,__. _
[ Hete .
0F E :
F _ ‘. ] . 5
He'e 1 Wr HZ 3
G-..., Htt
1F g -
E 1k i
EHHvo
| HHZ 3 ! HHZ 1 1 1
0.1 L 1 L L 0.1
100 130 160 200 300 500 100 150 200 300 500 700 1000
My [GeV] Mpy [GeV]
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Two Higgs doublet model
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Two Higgs doublet model (2HDM)

General two Higgs doublet model:

e Based on the presence of two Higgs doublets

e Minimal extension of the SM Higgs sector

(]

Richer phenomenology by predicting several Higgs bosons

[

Can even provide a Dark Matter candidate (Inert 2HDM):
one Higgs stable thanks to D symmetry — dark matter

o Needed for the MSSM
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Two Higgs doublet model: potential

Two Higgs doublets:
+ +
we(B) == (%)
General potential:

Vorpum = miy &) dy + m2,d5d, — |:m§2¢1¢'2 + h.c.]

+ %Al (¢1¢1)2 n %/\2 (¢;¢2)2 s <¢1¢1) (¢;¢2) W (¢1¢2) (¢§¢1)
+ {%)\5 (¢1¢2)2 + X (9101) + A7 (@102)] (@102) + h.c.}

— 10 parameters: m11, mi2, mep and X\; (i=1---7)
m12, As, A6, A7 can have complex phases and generate CP violation

For simplicity reasons (or assuming a Z> symmetry), one can take A¢ = A7 =0
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Two Higgs doublet model: parameters

2 VEV, minimum reached for:

"’1:( /Oﬁ) "’2:( /oﬁ)

such as
vi +v3 = v? ~ (246 GeV)?
Definition: y
tan g = A
V2

m11 and mayz can be accounted by vi and v», or by v and tan 8

— 7 parameters: myz, A; (i=1---5) and tan 3

2 complex scalar doublets — 8 degrees of freedom
— 3 d.o.f. used for the gauge bosons = 5 d.o.f. remaining
— 5 scalar particles (3 neutral, 2 charged): h, H, A, H", H™

h and H are CP-even, and A is CP-odd
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Two Higgs doublet model: Higgs masses

With these definitions:

® _ 1 V2(G" cos B — H' sinB)

! V2 \ vcosB — hsina+ Hcosa +i(G° cos B — Asin 3)
® _ 1 V2 (G"sin B+ H" cos B)

Z_ﬁ vsinﬁ+hcosa+Hsina—|—i(GOsin5+Acosﬂ)

where G° G™ (and G™) are the unphysical Goldstone bosons

a: CP-even Higgs mixing angle

Higgs boson masses related to the model parameters:

1
Mg p = > {/\/@1 + My £ \/(Mi - M3,)* +4 (Mﬁz)z}
where M is the mass matrix:

2 2 2
2 2 S5 —sgca 2 Acs + Assz (A3 + Aa)sgcs
M= ma ( —sgcg 3 ) tv ( (As 4+ Xa)sacs  A2sh + Asc3
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Two Higgs doublet model: Yukawa sector

Stability conditions:
A1 > 07 A2 > 07 A3 > —V )\1)\27

A3+ g — |)\5| > —vV A1 2.

The five \; parameters can be exchanged with the four Higgs masses and the « angle

General Yukawa Lagrangian assuming CP conservation:
Ly = QP11 Ug + Q117 Dr + Q111 Lr + QP25 Ur + Q215 Dr + Q®2n5 Lr

where ®; = ig,®;, and 1! (F=U,D,L) are real 3 x 3 Yukawa matrices related to the
fermion mass matrices M" by:

m* = = (nf cosp + nf sin ) (1)

We introduce:
wF =nf cos B +nk sinB
and

p" = —nf sin B+ 75 cos B
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Two Higgs doublet model: Yukawa sector

With the physical scalars:

Ly = EB[K/D sin(8 — a) + p® cos(8 — a)] Dh
+ \%5[/{ cos( — a) — pPsin(B — oz)] DH + fb'yspDDA
\%U[n sin(8 — a) + pY cos(8 — a)] Uh
+ \%U[nu cos(B — ) — pY sin(B — a)] UH — %U’yspUUA
TZ[I{ sin(8 — ) + p" cos(8 — oz)] Lh
+ %L[&L cos(8 — o) — phsin(3 — oz)] LH + %Z’yspLLA
+ [U(VCKMpDPR — pU \/CKMID[_)DHJr —"-U/)LPRLHJr + h.C.:|

kF < MF = kF diagonal
However, p© in general is not diagonal

— flavour changing neutral currents (FCNC)
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Two Higgs doublet model: types

Possible (general) assumption to suppress the FCNC:
each fermion type (U, D or L) couples only to one Higgs doublet
ie.nf =0ornf =0 pf =kFcotfor pf = —kFtanp

Usual assumption to avoid FCNC:

Z> symmetry under which one Higgs doublet and some right-handed fermions are odd
= definition of the 2HDM types: 4 types (I-1V) by convention

Type Ur Dr Lr p’ p° "
| + + + kUcotp xP cot 8 kL cot 8
I + - - Ucotﬂ —kPtang —kttanp
1 + - + kYcotp —kPtanp Kt cot B
1\, + + —  kYcotp kP cot B —kltanp
+ = odd, — = even

The Higgs sector of the MSSM corresponds to the 2HDM type |1
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Two Higgs doublet model: charged Higgs searches

Strong constraints due to the presence of a charged Higgs
H* has a flavour changing capability, as W*

— Direct searches for example based on t — bH™ decay

e 60
c [ ——. Median expected exclusion Data 2012
g (S0 Observed exclusion o5 oL
50 ------ Observed +1o theory T+jets
= == Observed -1o theol
[ — —- Expected exclusion 2011
40; Observed exclusion 2011
[ ATLAS Preliminary
L ax | a_!
300 mya \s=8 TeV
EJ.'-d‘= 19.5 b Limit on the MSSM charged Higgs
20 also valid for the 2HDM type Il
1082 —

ot
90 100 110 120 130 140 150 160
m, [GeV]

ATLAS-CONF-2013-090
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Two Higgs doublet model: flavour constraints

Very strong constraints from flavour physics through indirect effects

For example, B — Tv:
Tree level process, mediated by W™ in the SM, and also H" in the 2HDM

BR(By — TVr)2HDM-11 =[1- mé tanzﬁ 2
BR(B, — Vs )sm ;

ms,,

BR(B — Tv)sm = (1.15 4+ 0.29) x 10
Experimental average (ICHEP 2012): BR(B — 7v) = (1.14 £ 0.23) x 10™*

with |V,p] = (4.15 + 0.49) x 10~3 and fg = 194 + 10 MeV

Similar processes: B — D1v,, Ds — lve, D — pv,, K — pvy, ...
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Two Higgs doublet model: flavour constraints

Inclusive branching ratio of B — X~y

Contributing loops:

W H™

@ SM contributions known to NNLO accuracy
@ 2HDM contributions known to NNLO accuracy

SM prediction: BR(B — Xsy) = (3.08 + 0.24) x 10~* J

Superlso v3.4

Experimental values (HFAG 2012): BR(B — Xsv) = (3.43+0.21 4+ 0.07) x 10~*

— Strong constraints on the Higgs sector
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Two Higgs doublet model: flavour constraints

THDM Type 1

THDM Type 2

Hallowed
Wb-sy
HB v
-RIZB

WB DV
@D, >tV

" RN I I S AN T S BT W'
10" 200 400 600 800
M, (GeV)
THDM Type 3

600

400
M, (GeV)

A e
200 400 600

M, (GeV)
THDM Type 4

P O S IR
200 400 600 800

M, (GeV)

Superlso v3.4

@ My+ < 340 GeV is excluded at 95% C.L. in Types 2 and 3 for any tan 3

@ tan 8 < 2 is excluded by several observables: b — sv, Ao(B — K™v), AMg,

and now even Bs — putpu~!
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Minimal Supersymmetric Standard Model (MSSM)
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Minimal Supersymmetric Standard Model (MSSM)

Supersymmetry: symmetry relating bosons and fermions (— Lie superalgebra)

Minimal Supersymmetric extension of the Standard Model (MSSM)

Includes super partners of the SM particles:
squarks, sleptons, gauginos and higgsinos

gauginos + higgsinos mix to 2 charginos + 4 neutralinos

2 Higgs doublets, 2HDM type Il — 5 physical Higgs bosons

— ensure anomaly cancellation
Supersymmetry must be broken
How SUSY is broken is irrelevant for phenomenology

This is the mediation mechanism and the associated scale of SUSY
breaking which is important
Lightest SUSY particle (LSP) is stable if R-parity is conserved

R = (—1)257L+3B S = spin, L = lepton nb, B = baryon nb
R = +1 for SM particles and R = —1 for sparticles
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Constrained MSSM scenarios

@ Many free parameters

o Very difficult to perform systematic studies

A way out: Constrained MSSM scenarios

@ Assume universality at GUT scale

— Reduces the number of free parameters to a handful!

@ Most well known scenario: CMSSM (or mSUGRA)

Universal parameters: scalar mass mo, gaugino mass my /o, trilinear soft
coupling Ap and Higgs parameters (sign of p and tan 3)

— Very useful for phenomenology, benchmarking, model
discrimination, ...

— But not representative of the whole MSSM!
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Beyond constrained scenarios

Going beyond constrained scenarios

o CMSSM is a useful “exercise” but we need to go beyond!
@ Some signatures can be overlooked and conclusions can be very different!

@ Important to know how the results change when moving to general MSSM

Phenomenological MSSM (pMSSM)
@ The most general CP/R parity-conserving MSSM

@ Minimal Flavour Violation at the TeV scale
@ The first two sfermion generations are degenerate
@ The three trilinear couplings are general for the 3 generations

— 19 free parameters

10 sfermion masses: Mé,_ = Mﬂ:_v MER = MﬂR' M;.‘_,
Mag = Meg My, M‘—IR = Msp. My

3 gaugino masses: My, Ma, M3

3 trilinear couplings: Ay = As = Ap, Ay = Ac = Ae, Ae = A, = A;

Mig, May, = May, , May,

3 Higgs/Higgsino parameters: Ma, tan 3, p
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MSSM Higgs sector

Higgs part of the supersymmetric potential:
Vi = (Il + mD)|®af* + () + m§)\¢2|2 — Buej(®1% +h.c.)
PELEE (0, (0,) + &L 0] 0P
v parameter: Higgsino mass term
B: SUSY breaking term parameter

tan 8 = E, a: CP-even Higgs mixing angle
V2

All Higgs tree level masses can be re-expressed in terms of Ma and tan §:

1
Mi p = 5 (Mf\ + Mz £ \/(Mi + M2)2 — 4AM2 M3 cos? 23 )

M2. = M3 + My,

Problem (at tree level): Mz < M3 cos®283 < M3!
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MSSM light Higgs mass

o At leading order:

M2
M? = M3 cos® 23 {1 — —g sin’ 24
M

@ Large one-loop correction from top/stop loops:

2y 3V2Gr ot m? X? X2
(AMg)e ~ 272 { lo <M2 +I\/I2 1 12M2

with X; = Ay — i/ tan 8 and Ms = | /mz, I,

The maximal value can be reached for X; = v/6Ms (maximal mixing)

o Contributions from sbottoms and staus in the large tan 3 limit

NE oyt

V2Gg 9672 m?

(AM7); ~ —

where N® =3, N7 =1, m% = myg, my,
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MSSM light Higgs mass

Mz 3m¢ ME2 X2
M? =~ M2 cos® 23 {1 “ M sin 2,8} 271_2;2 {I gis + M7t2 (

@ Important parameters for MSSM Higgs mass:

o tan 3 and Ma
o the SUSY breaking scale Ms = | /mz, my,
o the mixing parameter in the stop sector X; = Ar — ucot 8

e M is obtained for:

_ X
12M2

o a decoupling regime with a heavy pseudoscalar Higgs boson, Ma ~ O(TeV)

o large tan g3, i.e. tan 2 10
o heavy stops, i.e. large Ms

o maximal mixing scenario, i.e. X; = v/6Ms

@ In contrast, much smaller M@ values for the no-mixing scenario, i.e. X; =~ 0
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MSSM light Higgs mass

S MO T

>

My, ~ 125 GeV is easily satisfied in pMSSM

No mixing cases (X; ~ 0) excluded for small Ms
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Higgs mass and constrained MSSM scenarios

Maximal Higgs mass in constrained MSSM scenarios

S 13B e 136 e
[0 [0
S130f a3 Sasob... N
s s A I NUHM
12514 125 I msuGrA
[ I e OSSERTESRSSNSSS— [T [Jvcmssm
120 120 — B nAvsB
= [ [ cNmssM
115 115 - No-scale
el el el L e / SR T . [ImcMsB
M40 20 30 40 50 MO 1000 2000 3000
tan B Ms (GeV)

Several constrained models are excluded or about to be!
But CMSSM is still surviving!
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MSSM Higgs mass and top mass

Impact of m; on the Higgs mass:

m: =170, 173 and 176 GeV

3 —CcmssM
% 135l mGMSB

— mAMSB

01

_1__
4000

5000
M, (GeV)

The variations in the top mass is directly transmitted to the Higgs mass!

That can even resurrect mGMSB!
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MSSM Higgs boson couplings

Modified couplings with respect to the SM Higgs boson
(— decoupling limit: Ma > Mz):

¢ 8opua 8ydd = Byti govv
h cosa/sin3—1 —sina/cosB— 1 sin(B—a)—1
H | sina/sin3— cotf | cosa/cosfB— tanf | cos(f — a)— 0
A cot 3 tan 8 0
where:
1 M3 + M3
a= 5 arctan <tan 2p3 ﬁ)

Higher order corrections to the tree level couplings can be large for light SUSY particles
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MSSM light Higgs couplings and decoupling limit

oo — BR(h— XX)
X = BR(h — XX)su

M, = 300 GeV tan B =10

1.2

b ] Ll b L o ]
5 10 15 20 25 30 35 40 45 50 200 300 400 500 600 700 800 900 1000
tan M, (GeV)

In the decoupling limit (large Ma, small tan 8), the light CP-even Higgs is SM-like
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MSSM regimes

Particular benchmark scenario:

Decoupling regime:
large Mp, cos?( — a) < 0.05

intermediate My

Anti-decoupling regime:
small My, cos?( — a) > 0.95

Intense coupling:
h, A, H rather close in mass,

b) 2
8hpp and ghypy, 2 50

Vanishing coupling'

ghbb or ghvv < 0.05

maximal mixing (X: ~ v/6Ms):

[ ] vanishing

100 120 140 160 180 200 220 240 260 2!(() 3;]0
M, (GeV,
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MSSM regimes

Particular benchmark scenario: maximal mixing (X; ~ v/6Ms):

Decoupling regime:

|arge MA: COSz(ﬁ _ Oé) < 0.05 M, = 2 TeV - Maximal mixing
: - decupling
- [ Jintermediate
intermediate My ik 3 Il anti-dec.
e ; M intense
Anti-decoupling regime: [__] vanishing

small My, cos?( — a) > 0.95

Intense coupling:

h, A, H rather close in mass,
2 2

&hbp 0 &hypp = 50

Vanishing coupling:
2 2
8hbb OF Ehyy < 0.05

: LEP Higgs search limit
Solid black line: CMS A/H — 777~ search limit at 748 TeV with 17/fb
Dotted cyan line: ATLAS t — H*b search limit at 7 TeV with 4.6/fb
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MSSM regimes
Particular benchmark scenario: maximal mixing (X; ~ v/6Ms):

Decoupling regime:
|arge MA: COSz(ﬁ _ Oé) < 0.05 M, =2 TeV - Maximal mixing

intermediate My

Anti-decoupling regime:
small My, cos?( — a) > 0.95

Intense coupling:
h, A, H rather close in mass,

b) 2
8hpp and ghypy, 2 50

’

Vanishing coupling:
2 2
8hbb OF Ehyy < 0.05

SpmnT

: LEP Higgs search limit
Solid black line: CMS A/H — 777~ search limit at 748 TeV with 17/fb

Dotted cyan line: ATLAS t — H*b search limit at 7 TeV with 4.6/fb
Solid cyan line: ATLAS t — H™ b search limit at 8 TeV with 19.5/fb
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Anatomy of MSSM light Higgs production

Main Higgs production channel at the LHC: gg — h

2
R, — o(gg — h)mssm ~ (1 + Hi)
o(gg — h)sm —
i=t,b
where
s m? (1 N 1 X2
[ 2 2 2 2
4 m; mz, m; mz,
and
o mpX3
Kp =~ TAm2 m2
by b

with where X, = Ap — p tan S8.

A Higgs boson mass around 125 GeV calls for close to maximal mixing, natural to expect

suppression of gg — h.
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Anatomy of MSSM light Higgs decays

r(h — VV)MSSM
I'(h — VV)SM

F(h— ff)ussm
I'(h — ?f)SM

The Higgs-boson couplings to massive gauge-boson pairs are affected in a universal and
destructive way:

= (1+Hv)2 = (1+I£f)2

Mz

Kz & Kw =~ _8l\/a sin®(403)
The shifts in the tree-level couplings of the Higgs-boson to fermion pairs all fall off
quadratically in the limit M3 > M2:

_2M3
M3

Kb & Kr & sin? B cos(283)
The diphoton channel receives contributions from stop, sbottom, stau, charged Higgs
boson, and chargino loops:

1 4 1

Ky R ——— | — 5 K — 3
Fw—%| 3 3

Kp — Ke + K+ + Ky
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Interplay with flavour physics

e BR(B — Xsv) ; N

BR(B — Xs7)MssM
BR(B — Xs7)sm

1—-261AGC +1.66(AC)?

+ m? m? 3 m?
where ACH™ ~ o ;2 (In W tiz + Z) , AC7X ~ —pAg tan B —5 o L g(xi,)
H H
. 2 43,3 2 53 2.4
with xz,, = m%/,u2 and g(x) = 771’;(171)33‘3 — 2 G(fjx),,?’x In x
) R P S P
@ BR(Bs — putu™) ‘ T ) ' TET "

b et ” b

BR(B. Tu~

(Bs = pT W MSSM 1 135 ¢ 1 436 (C2 4+ C3)
BR(Bs — utp~)sm
tan3 2
where Cs =~ —Cp = — A an” A e MMy f(xz)

(1+ e tan B)2 mz2 4sin? Oy M2, Ma2

with f(x) = —li—x — ﬁ In x
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MSSM with light staus

Consequences in a scenario with light staus

Enhancement in diphoton
rate strongly correlated with
mass of lighter stau mass
eigenstate and . parameter.

In the preferred parameter
space, BR(Bs — puu™)
smaller than SM.

3 4 3 4
A (TeV) A, (TeV) .
Dotted line: Ry~ > 1

Dashed line: constraint from BR(B — Xsv) .

®
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Higgs signal strengths at the LHC

Signal strength is defined as:

uxx =

o(pp — h) BR(h — XX)

O’(pp — h)SM BR(h — XX)SM

LHC results (+ theoretical uncertainty on Higgs mass):

Parameter | Combined value Experiment
My (GeV) 125.7+2.1 ATLASH+CMS
7. 1.20 £ 0.30 ATLAS+CMS
nzz 1.10 + 0.22 ATLAS+CMS
Lww 0.77+0.21 ATLAS+CMS
Liph 1.12+045 | ATLAS+CMS+(CDF+DO)
Lirr 1.01£0.36 ATLAS+CMS
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Higgs constraints in pMSSM

Consequences of the cross-section and decay rate measurements

2 93— = e T

o F 7 : s
5 s i O
r g . < N

= L 50—
F b [
F - *f F
30— j F

F ¥ of
20~ [

g £
o [

of e s 100 1 L L L
200 400 600 800 1000 1200 1400  1600_ 1800 500 7000 1500 2000 2500
M(A) (GeV) M(%) (GeV)

Black: all accepted points
Dark green: points compatible at 90% CL with the Higgs rates
Light green: points compatible at 68% CL with the Higgs rates

— Ma < 350 GeV disfavoured by the Higgs signal strengths (— decoupling regime)
— Still possible to have M; < 500 GeV!
— | X¢| < 1.5 TeV strongly disfavoured by the Higgs data
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Consequences of the Higgs rate measurements in pMSSM

Correlations between the decay rates:

vy — W
3 251 T T

[ I P R B Wi

F
¥

b
F
<!

Experimental values compatible with the bulk of the pMSSM points

More statistics needed! .

®
°
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Heavy Higgs searches

MSSM Higgs sector can be strongly constrained also by Heavy Higgs searches

— In particular, H/A — 777 searches are very constraining

max

However, the Mp'** scenario is assumed!

— Falsified if light SUSY particles and Higgs decays to MSSM particles open
(i-e. decays to light staus)

— Important to use several channels

— Look for other channels, with the largest strengths
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Heavy Higgs production in MSSM

Ma = 300 GeV

M, =500 GeV - \s=8TeV
10 T

Ma = 500 GeV

8 TeV

tanp 1

, M,=300GeV - \s=14TeV
0’

14 TeV

tanp 1

tanp
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Heavy Higgs decays in MSSM

H decays

A decays

Ma = 300 GeV

Ma =500 GeV

M, =300 GeV. M, =500 GeV.
g1 1 .
Z bb Z
@ &

N\
\
\['"
I T b S—
10" R 107
z N\
\
7 \\
// \\
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/ \
‘t / \
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1 10

M, = 500 GeV.

tanp
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Heavy Higgs search constraints

Decays of Heavy Higgs to bb, ZZ, tt are also interesting!

— Present search results for Hsyy — ZZ and Hsp — bb can be reinterpreted in MSSM

— Future search limit predictions for Hsy — tt, hh, Zh can also be derived

In the following, for each pMSSM point:

o Compute the MSSM signal strengths for the heavy Higgs bosons
o Compare the MSSM signal strengths to the current experimental measurements
@ Determine if the point is excluded

@ Derive limits in the (Ma, tan 3) plane
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Heavy Higgs search constraints

Searches for heavy Higgs bosons mainly relies on H/A — 717+
8 TeV 14 TeV (150 fb~1)

o 60 1 < 60
= o Ho e c [H—How
8 F Ho2zz 8 0 ouoz

= bbH - bbbb 0.8 0 hoe

- hBRs [ bbH — bbbb

F 4 —os E

E 1 o4 E

F q 2 F

e o T TR 4 | o

500 1000 500

M(A) (Ge\1l

lines: limits corresponding to an exclusion of 99.9% of the points
grey points: excluded by dark matter, flavour physics and Higgs mass constraints
colour (blue) scale: fraction of excluded points

— Some points inside the H — 77 excluded region still survive

— Other channels (H — ZZ, H — tt, ...) will help probing the small tan g8 region
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Heavy Higgs search constraints

Other future searches of interest: light Higgs production

14 TeV (150 fb~1)

H— hh
A— hZ

PR —
1000

— 500
M(A) (GeV)
lines: limits corresponding to an exclusion of 99.9% of the points
grey points: excluded by dark matter, flavour physics and Higgs mass constraints

dark blue points: excluded by the other heavy Higgs searches

— These channels will probe the small to intermediate tan 3 region
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Heavy Higgs searches and uncertainties

QCD uncertainties (PDF, as, my, ...) limiting factor for the H/A — 777~ constraints
Additional H to SUSY particle decays also limiting factor

8 TeV 14 TeV

@ 60 T . 607 ]
E H ——— H— 1t Limit (8 TeV) - E H ——— H- 11 Limit (14 TeV) -
= soH H — 1t Limit + QCD Syst . = s0H H - 7 Limit + QCD Syst .
H— 1t Limit SUSY Decays ] H . H— 1t Limit SUSY Decays 3
40[= — 40— .
30| — 30 —
20 - 20 -
10~ 3 10 .
o vy Tl o L L -

200 400 600 500 1000

L s s s
800 1000 1500
M(A) (GeV) M(A) (GeV)

Existence of SUSY decays much more limiting than QCD uncertainties

— Exclusion limits should not be blindly applied
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Beyond pMSSM

o CP violating MSSM

o CP phases in the MSSM Higgs sector
o the 2 CP even and the CP odd Higgs bosons mix!

— 3 Higgs bosons with CP even and CP odd components
o Possibility of CP violating decays

@ Next to Minimal Supersymmetric Standard Model (NMSSM)

e one extra Higgs singlet

o mixing of the singlet with the other Higgs bosons

o 5 neutral Higgs bosons: 3 CP-even and 2 CP-odd bosons

o charged Higgs bosons H*

o lightest Higgs can be much lighter than 126 GeV and escape detection

e one extra neutralino
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Conclusion

o SM Higgs mechanism: A great success story!

e Discovery of a Higgs boson turned a new page in the history of particle physics
e Important implications for beyond the SM scenarios

o Complementarity of the light and heavy Higgs searches for BSM models

e Of importance are also consistency checks using indirect searches
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Conclusion

o SM Higgs mechanism: A great success story!

e Discovery of a Higgs boson turned a new page in the history of particle physics
e Important implications for beyond the SM scenarios

o Complementarity of the light and heavy Higgs searches for BSM models

e Of importance are also consistency checks using indirect searches

Precise measurement of all the Higgs couplings is of great importance to
test fully the SM and pave the way to New Physics

Looking forward to the next LHC run datal
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Extra slides
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SM-like heavy CP-even Higgs

Light or heavy Higgs at 126 GeV??

tanp

Green: 122 < My < 129 GeV
Red: + excluded by BR(B — Xsv)
Blue: + excluded by BR(B — Tv)

+ excluded by BR(Bs — ptp™)

— 126 GeV heavy Higgs scenario excluded by flavour constraints ’

®
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SM-like heavy CP-even Higgs

Light or heavy Higgs at 126 GeV??

tanp

Green: 122 < My < 129 GeV
Red: + excluded by BR(B — Xs7)
Blue: + excluded by BR(B — Tv)

+ excluded by BR(Bs — ptp™)

— 126 GeV heavy Higgs scenario excluded by flavour constraints .

®

Nazila Mahmoudi Corfu — September 3rd, 2013 79 / 77



SM-like heavy CP-even Higgs

Light or heavy Higgs at 126 GeV??

tanp

Green: 122 < My < 129 GeV
Red: + excluded by BR(B — Xsv)
Blue: + excluded by BR(B — Tv)

+ excluded by BR(Bs — p ™)

— 126 GeV heavy Higgs scenario excluded by flavour constraints
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SM-like heavy CP-even Higgs

Light or heavy Higgs at 126 GeV??

NSRS S

‘-ﬂ:% ----- HIA 77 CMS 7 TeV
—— HIA - T'7 CMS 7+8 TeV

PN 1R VAN I A W W N P

Green: 122 < My < 129 GeV
Red: + excluded by BR(B — Xsv)
Blue: + excluded by BR(B — Tv)

+ excluded by BR(Bs — p ™)

— 126 GeV heavy Higgs scenario excluded by flavour constraints
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Constraints on pMSSM from BR(Bs — ptpu™)

Same region also probed by BR(Bs — 1 p7)...

MSSM pMSSM

400 600 800 1000
M, (GeV)

Black points: all the valid pMSSM points

Gray points: 123 < M}, < 129 GeV

Dark green points: in agreement with the latest BR(Bs — putp™)

Light green points: in agreement with the ultimate LHCb BR(Bs — p ™) measurement

Red line: excluded at 95% C.L. by the latest CMS A/H — 777~ searches

— Strong constraints for small M, and large tan 3
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Dark Matter direct detection and pMSSM

... Same region also probed by dark matter direct detection

Log, (o, p SI) (pb)

Black: all valid points
Dark green: points compatible at 90% C.L. with the LHC Higgs search results
Light green: points compatible at 68% C.L. with the LHC Higgs search results

Dotted line: 2012 XENON-100 limit at 95% C.L.

28% of the valid points are excluded by XENON-100
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Neutralinos and dark matter direct detection

pMSSM points and XENON dark matter exclusion limit

@ g0 - > r ]
L=° o ®  Accepted pMSSM Points 8 C
E N F ]
sof- Xenon 100 = 4000
F Xenon 2012 Projected £ n
40 8 < F ]
F 2 3000(— -
F 4] F 4
F b F q
30 e r ]
E 2000 —
200 C Accepted pMSSM Points ]
10~ R T I Xenon 100 bound M
F . . ot ; ol r Xenon 2012 projected bound |
C e e e L _L T — u|
600 800 500 1000 1

1000 500 2000
M, (GeV) M, (GeV)

Results and sensitivity similar to those from Bs — u*p~ and A/H — 7177,
with different couplings/sectors probed

— Strong constraints for small M, and large tan 8
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MSSM with light staus and dark matter relic density

In this scenario:

1.07 - 10° Xf

GV Moy bon 0o = Ooxduct aur s +0 (1)

2
QDMh ~

The relic density contributions can be split into two parts:
— neutralino annihilations

Qo) ~ 14-102 (78 ) (14 2,y
(Qomh™)ox #1410 { Gy | (L7207

— neutralino-stau co-annihilations:

2
(QD1\4h2)7’X ~ —25 <50)'<I7:e\/> e20'7(1*r€—x) .

where rzy = mz, /m o and X; = A; — ptan 8.
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MSSM with light staus and dark matter relic density

Oh?

3 4 3 4
A, (TeV) A (Tev)

Relic density strongly correlated to the splitting with the NLSP mass
In the light stau scenario, clear correlation with the stau mass

Dotted line: Ry~ > 1
Dashed line: constraint from BR(B — Xsv)
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