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Program

e SM recapitulation

o Naturalness problem, Low-energy Susy

o MSSM Higgs sector

o Higgs couplings (to fermions and gauge bosons)
e radiatively-corrected Higgs masses

o LEP searches

e Higgs decays

e Higgs production at the LHC
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SM recapitulation

SM cannot be the ultimate theory (gravitation, neutrinos). It breaks down at Mpy, or even
below at some energy scale A ; A is constrained by mpg,, once H is found

three Higgs boson mass ranges

1. 110GV < mpg, < 130 GeV A 2nd glob.min at A

2. 130 GeV S mHSM § 180 GeV MpL I)

3. 180 GeV < mpg, < 190 GeV A A blows up
800

REERNERELENERN 190 GeV - upper limit from SM fit

600 m; = 175 GeV

given A — allowed max and min of Higgs mass
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Naturalness

e nothing restricts the SM to survive up to the Planck scale if the Higgs mass is in the region

(130 GeV,180 GeV). However, this is unlikely. Why?

o First consider this: In an EFT, all parameters of the low-energy theory (couplings, etc.) are
calculable in terms of parameters of a more fundamental theory, that describes physics at the
scale A. Most of the low-energy parameters are logarithmically sensitive to A but not scalar
masses. [hey are quadratically sensitive. See below.

e Higgs boson self-energy
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Naturalness
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e if we do not use DimReg but cut-off A instead
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Naturalness

= Ay is quadratically divergent
note: By is only logarithmically divergent

o Higgs mass: m3; = m%, — dm3y, om4; = — 42 0216f7r2 A%+ O(InA)

7

c
where m g is the parameter of the fundamental theory. The "natural" value for m%; is cA?.

o expectation value for A :
myg 120027

_\/E_ o~

o if A is much larger (hierarchy problem, fine-tuning problem): "unnatural" cancellation

between m?;, and dm?% so that Higgs mass was associated with the scale of EWSB. But

the two terms are of completely different origin.

= 1060GeV
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Low-energy Supersymmetry

e Higgs boson self-energy revisited
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e overall mass-shift:

Y7 s 1
oy = 4216£2A2_216W2A2:16W2[4Zy%_ZAS}A2+”

f S f S
= 0 if \g=2y7

Hana Hlucha, Uniwien, 23rd, 30th April, 2008

7/36



Low-energy Supersymmetry

e for each Dirac fermion f = (fr, fr) there are two sfermions fr, fr with quartic coupling
Ag = Zyj%. So, in unbroken supersymmetry — "naturalness" problem is solved

e supersymmetry is broken (we do not observe new particles with masses equal to masses of
SM particles). Is broken softly (no dimensionless couplings in Z¢t)
— additional non-supersymmetric corrections to m4;. They must vanish in mg.g — O limit.

o now if A = Mpy, then mgy i < O(1 TeV) so that MSSM scalar Higgs potential provides a
Higgs VEV resulting in myy, mz = 80.4,91.2 GeV

— "naturalness" problem is solved in supersymmetric models with SUSY scale of order 1
TeV. Low-energy supersymmetry can be valid up to the Planck scale, while still being natural.
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Susy brief Intro

o matter superfield: ® = (o, v, F), vector superfield: V = (A, V, D)

o & =iXDgrg N 1l pla) w L D@ Da) (et D) + FrF,

+ (2u0)*(24i) + iV29T (91 (AN D) — N De) 5] + gDOT bz,
+ W + OZgoft

o W= (dmy®®; + N1 ®:®;00)r  — (¢:F, ¢ij Fi, Yithj o)
o Lo = —my [Hal? = m%, |Hy|? — bey (HIH] + HYHI) + .

where the covariant derivatives and the non-abelian field strength tensor are

guj\(a) _ (%j\(a) _ gfabcvpgb)j\(C)
FO@ = 9,V -9,V — gfabey®y©
20 = 0, +igV,y
2,0 = 0,0+1gV,0

Hana Hlucha, Uniwien, 23rd, 30th April, 2008 9/36



"Derivation" of the Higgs potential

e relevant terms in the lagrangian:
L = ey(HYFY, ) + FrroFng + F;;FHJ + F Fyy + FroFpo +he.
+1iDpDg + IDyiDyyi + ¢’ Dp(Hy): (%) (Ha)s +9'Dp(Hu)q (%) (Hu)o
+ 95 Dy (Hi(5)  (Hado+ 9%, Dwi(H)3(5) (H)s
—m3y |Hul? — m¥ |Hal? — bei;(HLHI + HI' HY)

F-terms, D-terms, Susy-breaking terms

 E-L equations: F7 _ = —uH+ -
d
Dp = %(|Hal* = [Hu|*) + . .. |
Dy = =g ((Ha (5)  (Haho+ (H)a(5) (His) +-..

we substitute back to the lagrangian and we obtain
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EWSB and MSSM Higgs sector

o there are two comlex Higgs doublets H,, = (H,I', H)) and Hq = (HJ, H; ). The classical
scalar potential is given by

Vo= (lpl*+mE ) (H? + [H?) + (] + mi) (1Hg)® + [H )
1
+ [D(H Hy — HH) + cc] + D¢ [HIHG + HyHy ™|
1 _
+ 5"+ g (HP + [H = [HJ = [H )

e we demand that the minimum of this potential breaks electroweak symmetry down to
electromagnetism.  To simplify the analysis we first make SU(2) gauge transformation to
rotate away possible VEV of H.". One then finds that at the minimum also H; = 0. So we
are left to consider

Vo=l mig, ) HOE + (Juf? + mi, ) HO = (bHOHS + .0
1
+ (P + g (HOP - [HYY

e only b-term depends on the phases of the Higgs fields. Phases redefinition — real b > 0
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EWSB and MSSM Higgs sector

e minimum requires that H)HY is real and positive as well. It follows that (H) and (HY)
have opposite phases. Since H, and H; have opposite hypercharges we can make both
<H,8> <Hg> real and positive at the same time by using U(1)y gauge transformation. It
follows that tree level Higgs sector is CP conserving.

e Potential must be bounded form below for large values of neutral Higgs fields. Quartic
couplings will do the job up to the case when |H?| = |HY|. For the potential to be bounded
from below in this special case we further must require

2b < 2|pl?* +m3, +my

e to obtain a stable minimum different from zero the following condition must be satisfied

det <0: 02> (| +m% (| +m)

e minimum conditions: bcot = m% + |u|? — (m%/2) cos 203
btan B = my + |ul? + (m%/2) cos 23 Be(0,m/2)

o if m%]u < m%[d then cos 23 is negative, otherwise is positive
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Tree-level MSSM Higgs sector

e Two Higgs doublets are required in supersymmetric theories to generate mass for both "up"

type and "down" type quarks and charged leptons. They receive mass and VEVs from
generalized Higgs potential.

Hd:<('ud+¢2;;i )/\/5) Hu:((vu+¢3qﬂ )/\/5)

normalization: v? = 'U?l + v,ﬁ = 4m12;;//92 — (246Ge\/)2

® mass eigenstates:

Neutral sector Charged sector
2 CP even Higgs bosons:  h, H charged Higgs bosons: H*
1 CP odd Higgs boson: charged Goldstone bosons: G+
1 Goldstone boson:
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Tree-level MSSM Higgs sector

e two doublet Higgs fields expanded in mass-eigenstates
7 1 V2[H ™ sin 8 — G~ cos 3]
v Uy + [H cosa — hsinal + i Asin 8+ G cos f]

1 [ vg+ [Hsina+ hcosa] 4+ i[Acos 8 — GV sin []
( V2[H™ cos 3+ G sin 3] )

o the angle 3 is determined by the VEVs

Vg = v Ccos 3, Uy = Usin 3, iﬁ—gztanﬂ, 56(07%)

o all Higgs sector parameters at tree-level are determined by two parameters:
— tan [ and one Higgs mass, convienently chosen to be m 4

e in particular, mi = m% +myy,
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Tree-level MSSM Higgs sector

e squared masses of h, H are eigenvalues of the following matrix

M2 — m? sin® 8 +m%cos? 3 —(m% +m?%)sin B3 cos 3
07\ —(m?% +m2%)sinBcosB  m?cos? B+ m?sin® 3

thatis: m3, =5 (m?4 +m?% + /(Mm% +m2)?2 — 4m2m? cos? 25)

o and « is the angle that diagonalizes M3. From the above results one obtain

2 2 2

2 _ mh(mz—mh)
cos?(f — ) = Lz
A H h

convention: positive tan 3 (0 < 8 < 7/2) — « lies in the range —7m/2 < a <0

o from equation for m3 one can derive an upper bound to the light CP even Higgs boson h

2 2 2
2m-,m*; cos” 2
m2 = ——— e L — < m7 cos® 20
mA—I—mZ—|—\/(mA—|—mZ) —4m?,m# cos 203
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Tree-level MSSM Higgs sector

my, as a function of my

mp
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ma

note 1: m7; < m%cos*28 — my < my is ruled out by LEP data = need to include

radiative corrections

note 2: SM does not constrain the value of m,%

at tree level. In SM m%b — \v?
SM

and A is free parameter. In MSSM Higgs self-couplings are related to electroweak couplings.
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Tree-level MSSM Higgs sector

o the m? reaches its upper bound value in the limit of large m.4. In this limit we found

m?, sin® 43

2 2 2 2
my; ~ micos®2[3 cos”(8 — «) I
4m’y

¢

~ 2
my = Mmy-+my 5

02
M+ = My + My

O MA =My >~ M+
o cos(B—a)~0 — decoupling limit

e if we now focus on an effective-field theory below m 4 the effective Higgs sector consists only

of one Higgs boson h. Moreover, the tree-level couplings of h are precisely those of SM Higgs
boson when cos(8 — a) = 0.
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Higgs couplings to gauge bosons

o relevant Lagrangian reads

¥ = (D*H,)'D,H,+ (D"Hy)'D, H,
1 1 92 92 B
= 50+ 310,007 + (L2220 + SW W) [(0n+ 6P + (v + 08
2,2 2, 12 m?2
o weak boson masses: mi, = & m3, = 14 0? = COSQVgW v =2 + 07

o couplings arise from:  2v,¢, + 2v4¢4 = 2v[H cos(f — ) + hsin(f — «)]

gnww = g mysin(f — a) gaww = g mwcos(8 — )
ghzz = COS’;W mzsin(8 — ) JHz7 = COS’;W mz cos(f — )

o decoupling limit: cos(8 — a) — 0 = H decouples from W, Z
sin(# — a) — 1 = h couples like SM Higgs boson

o there are no tree level couplings of A, H* to V'V (where V = W, Z)
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Higgs couplings to gauge bosons

e summary of Higgs couplings to gauge bosons

cos(f — ) sin(8 — )
HW+TW- AW W=
HZZ hZ 7

Z Ah ZAH
W*HTh WE*HTH
ZW=EHTh ZW*HTH
YWEHTh YW+HTH

o vertices that contain at least one vector boson and exactly one non-minimal (H, A, or HF)

are proportional to cos(f8 — «)
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Higgs couplings to fermions

e Yukawa Lagrangian:

— % = h(tPtHY —tP bH) + hy(bPrbHY — bPrtH ) + h.c.
u U d u

V2my  V2my V2my  V2my

Py hy =

V4 v cos 3 vy ~ vsing
= %t_(v + H3525 +hsg —iy° Acot 6) t+=Lbh (v + H2% — hing —iy° Acot ﬁ) b

e couplings relative to SM values:

hbb:  —SB2 — gin(B — a) — tan Bcos(B — a)

htt: 555 B: sin(# — «a) + cot B cos(f — «)
Hbb: 3255 = cos(f — o) + tan Bsin(f — o)
Htt: &5 = cos(8 — a) — cot Bsin(f — )
Abb:  ystan (8

Att: ~yscot 3
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world at large tan 3

large tan  — enhancement in some Higgs couplings

O Mag > My:
* decoupling limit is reached
% equal strength of bbH, bbA couplings, tan 3 enhancement
x V'V H coupling is negligibly small
x V'V h,bbh couplings are equal to those in SM
o ma S my
« if tan B > 1 then |sin(f — )| < 1 and my, >~ my

1_(] TT T T TTIT TTTTTTIT 1.0 |||||||||||||||||||| T
i L s
[ tang@ = 30 F’
0.8 — 9.8 — | —
K !
—— B e B r
:Is 0.6 o tli 08— | e
o o, - !
e ol -
[+ [41] ll
=1 I =] r
T 04[ = " o04r- r —
Moy = 1 TeV¥ ] g I'J Mgy = 1 TeV ]
io= —200 GeV - po= —200 GeV -
0.2~ maximal mixing {(—} | 0.2~ maximal mixing { 1]
minimal mixing {————— . i minimal mixing {————— ¥
U,D -II |||||||||||||||||| 1 1 1 1 | 1 1 1 1 | 1 1 1 I- 0,0 _' 4+ '|""J-" | 1 1 1 1 | 1 1 11
70 100 200 300 70 100 200 a0a
m, [(GeV) m, (GeV)
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world at large tan 3

bbh, bbA have equal strength, tan 3 enhanced

V'V h coupling is negligibly small

V'V H coupling is equal to VV hgn

bbH coupling may differ from bbhgys (tan Fsin(F — ) is not negligibly small)

* K K K

e in both cases only two of three Higgs bosons have enhanced coupling to bb

note: The decoupling limit is effective for all values of tan 3. Since sin(3 — «) approaches
1 quite rapidly if m4 is larger than 200 GeV, the region of MSSM Higgs sector param-
eter space in which the decoupling limit is applicable is large. Consequently, the search
for the lightest CP even Higgs boson is equivalent to the search of SM Higgs boson.

2 .2 2 i 2
tan® cos” (8 — «a) tan®sin“(8 — «)

0 3 6 9 12 15 0 4 8 12 16 20
0.3 ‘ ‘ ‘ ‘ 0.3 - | | | ‘
ma = 200
0.2 0.2 15

ma = 230 Lol
0.1 0.1
5,
ma = 350
07 . . . , (0 0
0 3 6 9 12 15
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radiatively-corrected Higgs masses

e radiative corrections must be considered since tree level upper bound on a Higgs mass
my, < my does not hold

e dominant effects arise from loops involving the 3rd generation quarks and squarks and are
proportional to large Yukawa couplings

e squarks

o for left-handed and right-handed quark there is a supersymmetric partner ¢, and ggr
o (1, (R are interaction eigenstates; the corresponding mass-matrix is not diagonal
Mé + m?« + DL mef
mrX ¢ Mg +m3 4 Dg
where Dy, = (Tz; — ey sin® Oy )m?% cos 23 and Dr = ey sin® Oyyrm2 cos 23,
Mg = My (Mp) for the top-squark (bottom squark)

o squark mixing parameters: X; = A; — pcot B, Xp = Ap — ptan g
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radiatively-corrected Higgs masses

o When tan 3 is large and m 4 > my then tree m;, < mz. Dominant effects in radiative
corrections - incomplete cancellation of top and stop loops. The qualitative behaviour of
radiative corrections is easily seen in the limit of large stop quark mass

the upper bound on the lightest CP-even Higgs mass is approximately given by

3g°m M x?
2 < 22 t |1 S 12t
e [ () + (-

where Mg:%(Mz —|—M2) ZCt—Xt/MS

this relation correctly reflects following:

o increase of the Higgs mass upper-bound (due to m{} enhancement)

o dependence of Higgs mass on the X}, maximal value at X; = v/6Mg - maximal mixing
scenario (more precise calculations - asymmetry under X; — — X3 )

o logarithmic sensitivity to stop quark masses
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radiatively-corrected Higgs masses

o X, dependence

180G I T |\
- ‘__.-FF-H-.\.
- - ra 4
T L s »
E o~ b g g
a i b -
E 5, :
'\-,_\__J__"'
100 — -
tanf = 30 (—) Mayer = my, = 1 TeV -
| tamf -3 [———- } o= —200 CeV
s e l - I l
- = ~1 0 1 2 3

X, (TeV)

® Mgyft Sensitivity

1350 L maximael mixing - }__
I minimel mixing {-——- I
120 - E

= ;fffff"_
53- 110 — =
5] i s aemmtd

100 - Lo J
e tangd = & b
b M, = 1 TaV
an - = —200 Gay -
IS R RPN TN PN RPRP
500 Tan L MO 1260 15080 1760 2000
My [GeV)
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from a more complete

computation:

maximal mixing

case and minimal mixing case values (X; = 0,v/6Mg)

are shifted

upper bound Higgs
limit of stop masses

mass depends on

Mgt = Mgusy = Mg = My = Mp

the

upper

i I AT I
L3l —
L& ]
T I T
S -~ J
= Fr
E - maximal mixing | -
100 & minimal mixing {-——-— 1 ]
i tang = 30
M, = 1 TeV .
B |- fb = —200 GoV ]
byl b b v v b e By 0o
iTEH] Thih 10400 1250 1660 1750 2000
Moz (G2V)
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maximal value of my,

. 140 | 250 [ T | T T T T | T T T T |
i maximal mixing
maximesl e = —200 GeV
L mixing — Mogay = 1 TeV
=3 | _
1207 3 R0 g () 35
iy m
a» L]
S minimal mixing E
= 1
g 100 & 150 -
=y s
J jasd
M, = 17545 Gav ] 3 == S D DS .
L - He o
3 e - -~
F Mgy = my, = 1 TeV 1 f"“ 5 o ST —
a0 o= —200 GeV | 100 — g - e hi tan |3 =3 —
- i Fo. 5 e
A B | L oo |
1 2 3 10 20 S0 100 150 200 250
tan 8 m, (GeV)

o in the region of large tan 3: my"** ~ 122GeV, if maximal stop mixing

my >~ 135GeV, if minimal stop mixing

2

® in practice, maximal mixing scenario is not expected — m;'** is somewhere between

o if ma > my™ then my >~ mp'** and myg ~ ma
if ma < my™ then mp, >~ m4 and my, >~ mp'** m%{i = m? + m3y
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MSSM Higgs mass limits after LEP in maximal mixing scenario

LEP 88-209 GIEVIRIeIiIrrIiipa!}fl .

II]hc.—m(ilX _____________ ]

Mepyey=1 TeV
M,=200 GeV

n=-200 GeV

T gi0™ 8O0 GeV

Stop mux: X =20 e

°® [LEP 88-209 GeV Preliminary
oo 3], AT

ZZh ~sin(f — «)
ZhA ~ cos(f — «)

Excluded
by LEP

Excluded
by LEP

Inaccessible
P, i
0 20 40 60 80 100 120 214'{} 0 100 200 300 400 250"0
m,. (GeV/c) m,. (GeV/cH)

e production processes: eTe” — Z* — Zh and hA (in tiny region - production of H)

large m 4. hZ searches mp > 91.0 GeV < non observation of hA
low m 4, large tan 3: hA searches ma > 91.9 GeV  «+ at large tan 3 when
low m 4, low tan 8 : both channels Zh is suppressed

e as tan 3 is lowered the limits on mj and m 4 become more stringent. Then hA production is
suppressed while Zh rate approaches SM value — SM Higgs limit applies (my > 114 GeV).
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Searches for eTe™ — hRYAY

| Experiment: | ALEPH | DELPHI | L3 | OPAL |
192 GeV: Integrated luminosity (ph='): 28.9 259 20.7 28.7-28.9 . . |?
Backg. predicted / Evts. observed no H IggS Slgna :
bbbb: 4.8/3 5.7/6 1.2//1 1.5/4
7r7=bb and bbr+r—: 0.3/0 0.8/0 0.2/0 1.2/1 . 2
196 GeV: Integrated luminosity (ph™'): 79.9 76.9 83.7 T4.7-74.8 mOdels Wlth COS 6 — # 0
Backg. predicted [/ Evts. observed ~
bbbb: 14.8/8 | 186/21 | 3.4/3 3.6/7 have my, ~ A
7tr=bb and bbrtr—: 0.8/0 2.4/3 0.5/0 2.9/2 d ominant bb 7—‘|‘7-_ d ecays
200 GeV: Integrated lnminosity (ph—'): 86.3 534.3 22.7 T4.8-77.2 ’
Backg. predicted / Evts. observed ~ _
bbhhb: ' 17.5/16 | 17.8/14 5.5/5 3.6/4 Mp ~ MA = 90 GeV
r+7~bb and bbrtr—: 1.1/1 2.6/3 0.4/0 2.7/1
202 GeV: Integrated lnminosity (ph™'): 41.9 41.1 37.0 35.4-36.1
Backg. predicted / Evts. observed
bbbh: 9.3/3 9.0/6 3.6/1 1.8/1
r+7~bb and bbrtr: 0.5/0 1.3/0 0.2/0 0.9/2
Total: Integrated lnminosity (ph ' ): 237.0 228.2 233.1 214-217
Backg. predicted / Evts. observed
bhbhb: 46.4/30 | 51.1/47 | 13.7/10 10.5/16
7+7r=bb and bbrtr: 2.7/1 7.1/6 1.3/0 T.7/6
Events in all channels: 49.1/31 58.2/53 15.0/10 18.2/22
Limit exp.(median)/obs. for my, (GeV/c?): | 88.9/91.5 | 85.3/85.0 | 85.5/80.5 | 83.7(*)/79.2
Limit exp.(median)/obs. for my (GeV/ ) 89.3/91.9 | 87.1/86.2 | 86.0/81.0 | 85.4(™)/80.2
Table 2: Information related to searches of the four LEP experiments for the process ete™— hd at

energies from 182 to 202 GeV. In the L3 analysis the event selection, and thus the expected background
and observed number of cvents, depend on the Higgs boson mass hypothesis; they are given here for
mpr=ma =90 GeV /2. The limits quoted in the last twe lines are obtained by combining the searches
forete=— hZ and ete~— hA, and correspond to the mh-maz benchmark scemario. (*) In the OPAL
publication the expected “mean” is quoted, not the “median”.
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Searches for eTe™ — hRYAY

MSSM HIGGS - PRELIMINARY

54[}
= —+ Observad
— —--—1- Expected (SM)
320 _ﬁ_\ i =~ Expeerad  Sigmal)
0
=20
-40

1&6*155”17h”i?5”isb”isé”igﬁ'igﬁ”gﬂﬂ
m, +m, (GeV/c )

Figure 6: The negative lag-likelihood ratio (test-statistic) as a function of my+ma. The dashed line
shows the expectation for the background-only hypothesis and the full line the values computed from
the observed results. The dotted line and the shaded areas show the central value and the lo and 20
probability bands for the signal at the “true” mass sum.
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Higgs boson decay modes

® Mg > My
o and large masses of susy particles — decoupling limit applies — h indistinguishable from
SM Higgs
o light susy masses — decoupl. limit does not apply b/c of modified BRs due to new allowed
decay channels

in both cases: H, A, HT are mass degenerate and their BRs depend crucially on tan /3

° My~ My
o all Higgs bosons masses below 200 GeV - non has properties of SM Higgs boson,
o tan 3 > 1: bb and 77~ decay rates significantly modified due to radiative corrections
o new Higgs boson decay channels

o big difference between "low" and "high" tan G regime

o next figures: BRs for h and H as functions of mass; m 4 varies from 90 GeV to 1 TeV
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Higgs boson decay modes
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Branching Ratic (H)

Branching Ratio (H)
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Higgs boson total widths

1ol
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large Higgs masses - smaller widths compared to SM
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decoupling limit - same widths for h and hgps (as my, reaches its maximum)

small m 4 (large tan 3) - H approaches hgys properties, but deviations in Hbb coupling at

large tan 8 — discrepancy between H and hgps contours
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Higgs production

at the LHC
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Cross-section (ph)

Cross-section (ph)

in maximal mixing scenario

dominant gluon-gluon-fusion mediated by
heavy top, stop, bottom, shottom triangle loops

qq — qqV*V* — qq¢ (gauge boson fusion)
qq — V* — V¢ (V-B bremsstrahlung)

also relevant

99, qq — ¢bb/ptt (associated production)
Higgs boson radiation of bottom quarks
important at large tan 3 (enhanced Hbb)
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