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In the SM, If gauge boson and fermion masses are put by hand in M

breaking of gauge symmetry = spontaneous EW symmetry breaking

—> Introduce a doublet of complex scalar fields: P S%?  Yea=+1

with a Lagrangian that is invariant under ~ SU(2), x U(1
Ls = (D"®)1(D,®) — 2®'® — \(PTP)?

V(o) V(o)

Y

1? > 0: 4 scalar particles.

11?2 < 0: @ develops a vev:

(0|®]0) = (g/ﬁ)
with vev = v = (—pu?/)\) -

N|=

To obtain the physical states,

write Lg with the true vacuum: )
Ref4)
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|7. Rewrite: ®(x) = %(31?10_1193) ~ @il Iy %(?%H(X))
0

e Gauge transf. (unitary gauge): ® —e 02T (X)P = % (V+H(x))

-

e Develop covariant derivative:  |D,®[?=|(9,—ig, 2W?3—i&B,,) <I>’2
e Define: W+ = W}‘\]/F%W’z‘ , L= ng/—;—f;%B“ , A, = gZW/iz;g;%BM
e And pick up terms bilinear in the fields W=, Z, A (i.e. M%,V;:V_“)
= 3 degrees of freedom for Wf, Z1, and thus Mw=, Mz:
Mw = %Vg27 Mz = %V\/g%—i_g%v Ma =0,
with the value of the vev givenby v = 1/(v/2Gg)'/% ~ 246 GeV.
=> The photon stays massless and thus  U(1)qgp is preserved.
e For fermion masses, use same _ doublet field P and its conjugate field
P = iTo®* and introduce Ly Which is invariant under SU(2)xU(1):
Lyu=—Fe(8,7).Per — f4(0,d)LPdg — f,(T,d)Pug + - --
L CIJ%%(%JFV)éme:%,mu:%,md:% J
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With same P, we have generated gauge boson and fermion masses,
while preserving SU(2)xU(1) gauge symmetry (which is now hi dden)! T

What about the residual degree of freedom?
It will correspond to the physical spin—zero scalar Higgs pa rticle, H.
The kinetic part of H field, % (9, H)?, comes from |D,®)|? term.
Mass and self-interaction part from V(@) = p2®T® + \(PTP)2:

with & — T(?‘H—V) the Lagranglan containing the H field becomes,
Ly =10,H)(0"H) -V =1(0rH)? — \W?H? — \vH3 — 2 H*

e The Higgs boson mass is given by: M2z = 2 \v? = —22
e The self-couplings are: gps = 3i M%7 /v, gga = 3iM3z/v?
e Higgs couplings to gauge bosons and fermions almost derived
Ly, ~ M2 (1+H/vV)? | Ly, ~ —me(1+H/v)
= SHff = lmf/V gnvv = —2iM% /v, gupvv = —2iM% /v?
L Since v is known, the only free parameter in the SMis ~ My (or \). J
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2. Constraintson My

f Indirect Higgs searches:

H contributes to RC to W/Z masses:

- —

1 H \
W/Z W/zZ

Fit the EW precision data:
one obtains My = 92755 GeV, or

® _
A Alhaq =
. i — 0.02761+0.00036 :
B % - 0.02747:0.00012 [ f¢
B % e incl low Q% data [ff¢

sz
w

| Excluded ..':‘5‘:;.~ _,.«"’;Dreliminary_
20 100 400
m,, [GeV]

Mg < 161 GeV at 95% CL

Beware: which my value?
o: slightly =~ from Gfitter.
Foz do Arelho, 6-9/09/2011

Direct searches at colliders:
H looked forin eTe” —ZH

el Z
* e
e z H
Mg > 114.4 Gev Q95%CL
_Imlé\\\\\\\\\\\\\\\‘\\\\\\\\\\\\
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M, (GeV)
Tevatron: My #155—175 GeV
LHC: My #150—500 GeV (appro:

(to be discussed by Prof. Murray —
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Scatterlng of massive gauge bosons Vi, Vi — ViV at high-energyT

R S

Because w interactions increase with energy (" terms in V propagator),
s> M3, = o(wrw™ — whw™) o s: = unitarity violation possible!

Decomposition into partial waves and choose J=0 for S > M%V:

M2 M2,
o 20 [ M M (11 )
For unitarity to be fullfiled, we need the condition \Re(ag)\ <1/2.

. . s>Mg M7
e At high energies, s> MZ%, M2, we have: ag — — 1%
8V

unitarity = My < 870 GeV (Mpy < 710 GeV)

. s<M% <
e For a very heavy or no Higgs boson, we have: ag — —35.u2

unitarity = /s $1.7TeV (/s < 1.2 TeV)

LOtherwise (strong?) New Physics should appear to restore un itarity. J
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ﬁhe guartic coupling of the Higgs boson AOX M%{) Increases with energyj

N , ~
~ -, S < - \ Vs
~ -’ S - \ P

N I —~2 ~ 4 \ ,
N e 1 ~ ] e N 7
* ) > )< x
PRERN \ PR ~ /N
~ -’ \ / ,7 RN
~ ~_- ,1 N
N - ~
-~ RS 4 \

Ve
I\O ~

The RGE evolution of \ with Q2 and its solution are given by:

d)\(QZ) . 3 2 2 2\ 2 3 2 -
o)~ 1 V(@) 5 @) =AW 1= 2 g |

o If Q% <« v?, A\(Q?) — 0. the theory is said to be trivial (no int.).
o If Q% > v?* A(Q?) — oo: Landau pole at Q = vexp (417{42;’2).
H

The SM is valid only at scales before A\ becomes infinite:
If Ac = My, A S 47 = Mpyg < 650 GeV

(comparable to results obtained with simulations on the lat tice!)
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fThe top quark and gauge bosons also contribute to the evoluti on of )\j

o

H =T 1777 H YT
F
H ...L___ | ____ H e

The RGE evolution of the coupling at one—loop is given by

2 2 1 mf 3 4 2 242 2
AMQT) = A(v) + 162 _12? + 16 (2g2 + (g3 + &7) ) logﬁ

If A\ is small (H is light), top loops mightleadto ~ A(0) < A(v):
v is not the minimum of the potentiel and the EW vacuum is insta ble.

= Impose that the coupling \ stays always positive:

2 2 \a m; 3 4 2 _2\2 Q*
NQ*)>0 = My >_— |12+ (283 + (g3 +81)°) | log 3

Very strong constraint: Q = Ac ~ 1 TeV = Myg 2 70 GeV J
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2. Constraintson My: triviality+stability

Combine the two constraints and include all possible effect S:
— corrections at two loops; theoretical+exp. errors; refine ments - - -
— two ways to show triviality+stability constraint i
800'|||||||||||||||_
— S‘ 350_ T | T T T | T T T | T T T ]
_| .‘3. B — Perturbativity bound ]
= 600 my = 175 GeV  — = 300 [ N = on % ?ﬁ?&?:@ltj;;apqntybound -
(. o (Mg) = 0.118 ] [ A= o 1o ottt rors
— ] 250 [— —
o 400 — - :
=i L ] . .
— — 200_— ]
200 _ — - Tevatron exclusion at >95% CL .
: — 150_— ]
T A Y T e We—
103 108 109 1012 101% 10l8 100, 6 8 10 12 14 16 18
A [GGV] Ioglo(A/GeV)
Ac ~10°GeV = 70GeV <My < 700 GeV
Ac ~ 10 GeV = 130 GeV < Mgy < 180 GeV
Cabibbo, Maiani, Parisi, Petronzio; Hambye, Riesselmann; J. Ellis et al.
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inggs couplings proportional to particle masses: once My is fixed, T
e the profile of the Higgs boson is determined and its decays fixe d,

e the Higgs has tendancy to decay into heaviest available part icle.

Higgs decays into fermions: _
f FBorn(H — ff) j\/lj; M m% 6f
L B¢ = /1 — 4m?%/M?% : f velocity
f N. = color number

e Only bb, cc, 777, ut i~ for My < 350 GeV, also tt beyond.
o' x 63: H is CP—even scalar particle ( o< (3 for pseudoscalar H).

e Decay width grows as MH moderate growth....

e QCDRC: I' «x T'p|1 — log ] = very large: absorbed/summed

using running masses at scale MH - mp(MZ) ~2mP°°~ 3 GeV.
\_o Include also direct QCD corrections (3 loops) and EW (one-lo op). J
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Partial widths for the decays H — bb and H — c¢ as a function of Myy.

o |
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- V. T(H— VV) = S0 6y (1 - 4x + 12x2)
------ x = M3, /M%, Ov = V1 — 4x
Sw =207 =1

V (*)

e For a very heavy Higgs boson:
I'H— WW) =2 x I‘(H — ZZ); = BR(WW) ~ 2 BR(ZZ) ~

M3
I'H— WW + ZZ) «x 2 T Tev)s because of contributions of Vi
heavy Higgs is obese: width very large, comparable to My at 1 TeV.
. . M2
EW radiative corrections from scalars large because X\ = ﬁ

e For a light Higgs boson:

Mpyg < 2My: possibility of off-shell V decays, H — VV* — VIff.

Virtuality and addition EW cplg compensated by large gHuvv VS €Hbb-
Lln fact: for Mg > 130 GeV, H — WW* dominates over H — bb J
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o

Electroweak radiative correctionsto H — VYV : T

Using the low—energy/equivalence theorem for My > My, Born easy..
2 2 3
I‘(HHZZ) ~| F(H—>WOWO):( 1 ) (2!MH) 1 ( 1 ) . My

2M g 2v 2 \ 87 " 327v2

H — WW: remove statistical factor: T'(H—WTW™)~2T'(H—ZZ).

Include now the one— and two—loop EW corrections from H/W/Z o nly:

Trovv ~ Iiom [1 + 33 + 6232 + (9(&3)} A= )/(1672)
Mg ~ O(10 TeV) = one-loop term = Born term.
Mg ~ O(1 TeV) = one-loop term = two—loop term
—> for perturbation theory to hold, one should have Mg S 1 Tev.
Approx. same result from the calculation of the fermionic Hi ggs decays:

T ~ I'Bormn [1 +2) —32)\2 + 0(5\3)} »
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f Combined 2+3+4 body decay calculatonof H—V*V™*: T

%\ 7% M2 dg?M-~ T (M 24a2M- T
F(H—>V V*) = o (ql di )zv 1\>I/%,I‘2 fo H— q12) a3 )zv 1\};2 . r,
G, M3 P
To= 16\/_1:5 \/)\ qi, 935 Mg) {)‘(QLQmMZ ) + 1\(}1—};2}
g: 3 [ | I I I
] + BR(H — Z2) P
0.1F [ i
0.01 fbody — 1
0.01 ¢ E - %72835 ------ T
0.001 ! l é 0.001 | | | é

100 120 140 160 180 100 120 140 160 180 200
My [GeV] My [GeV]
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oo 2 N3 2
fH g g T(H-—gg) =20 3%, Al/z(fg)ﬁ
I AT)a(T) =2[r + (1 = Df(7)] 772

f(7) = arcsin® /7 for 7 = M /4m3 <1

e Gluons massless and Higgs has no color: must be a loop decay.

e For mg — 00, 7TQ ~ 0= A1/2 = % — constant and [ is finite!

Width counts the number of strong inter. particles coupling to Higgs!
e In SM: only top quark loop relevant, b—loop contribution < 5%.
e Loop decay but QCD and top couplings: comparable to cc, TT.

e Approximation mgqg — o0/7q = 1 valid for My < 2m¢ = 350 GeV.
Good approximation in decay: include only t—loop with mg — 00. But:
e Very large QCD RC: the two— and three—loops have to be include  d:
2
F — Fo[]_ —|— 18% —I— 156a—3] Y/ Fo[]_ —I— 07 —I— 03] Y/ ZFO
T T
\_o Reverse process gg — H very important for Higgs production in pp! J
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T TQ
W and fermion amplitudes in ~ H — 77y as function of 73 = M#% /4M?.

We could repeat the calculation of H — ~~ and check that Barroso+
Pulido+Romao (1986) and Higgs Hunters Guide were correct??

LTrick for an easy calculation: low energy theorem for My < Mi.... J
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-

G, o M
f Y I'= 128 \/_7T3 Zf NCG%AI;(Tf) T A:IL_I(TW)

v(Z) A1/2( ) =2[r + (7 — D)f(7)] 772
AP (T) = —[272 + 37 + 3(27 — 1)f(7)] 72

e Photon massless and Higgs has no charge: must be a loop decay.
e In SM: only W-loop and top-loop are relevant (b—loop too smal ).
e Form; — 00 = Ay/p = 4 and A; = —7: W loop dominating!
(approximation Ty — Ovalld only for Mg < 2Mw: relevant here!).
7y width counts the number of charged particles coupling to Hig gs!
e Loop decay but EW couplings: very small compared to H — gg.
e Rather small QCD (and EW) corrections: only of order —S ~ 5%.
e Reverse process 7y — H important for H productionin .
Lo Same discussions hold qualitatively for loop decay H — Z~. J
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I'(H—X)

T(H—all) T

f Branching ratios: BR(H — X)

e 'Low mass range’, My S 130GeV:
- H — bb dominant, BR = 60-90%
-H — 7777, cC, gg BR= afew %

0
- H — ~vv,v%, BR = a few permille. '

e 'High mass range’, My 2 130GeV: :
“H — WW*, ZZ* upto > 2Mw e
-H — WW, ZZ above (BR — g, g) |
~H — ttfor high Mg;BR <$20%. o}

e Total Higgs decay width:
— O(MeV) for My ~100 GeV (small) |

100 130 160 200 300 500 700 1000
— O(TeV) for Mg ~ 1 TeV (obese). My [GeV]
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Total decay width: 'y = )  I'(H — X) T
e 'Low mass range’, Mg < 130GeV: 1,
—~H — bb dominant, BR = 60-90%

-H — 7777, cC, gg BR= a few %

100

- H — ~vv,vZ, BR = a few permille. ok

e 'High mass range’, Mg 2 130 GeV:
-H — WW* ZZ" upto 2 ZMW

-H — WW, ZZ above (BR — 5, 5) il
~H — tt for high Myg; BR < 20%.

e Total Higgs decay width: M

- O(MeV) for MH ~/ ]_OO GeV (Sma”) 0.001 - | | | | | | |
100 130 160 200 300 500 700 1000
— O(TeV) for Mg ~ 1 TeV (obese). My [GeV]

o |
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-

e Input quark masses in H — bb, cc
MY — Mg (i = Mp)

— ﬁb(l\/[b) — 4191_88(1)2 GeV

~-m.(M,)

_ +0.007
= 1.277 5009 GV
e Theory+experimental error on

Qg :

as(M32) = 0.1171 + 0.0014 @NNLO

e Scale error: measure of higher orders
My < 11 < 2Mpg

e Scale and ag errorsin H — gg

I'H — gg) < a? + large O(a?)

Include all items = non-negligible uncertainties.

However: there are theoretical uncertainties....

1+

0.1}

cC
\ 1
0.01 | | e '
100 120 140 160 180 20
MH [GGV]
Baglio,AD

Lesp. for Mg ~~120-150 GeV: 5-10% for H — bb and H — WW* J

Foz do Arelho, 6-9/09/2011
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4. SM Higgs at hadron colliders. generalities

f Main Higgs production channels

0F T T T T T T T
: o(pP — H + X) [pb]
Higgs—strahlung Vector boson fusion Vs =1.96 TeV
MSTW2008
i v q 1L gg—H m; = 173.1 GeV
v :
AN aq—WH
q S h q oL aamzE LT i
F aq—qqH “mmmeonlilte.. ""_'_:1--: ______________ ;
gluon—gluon fusion in associated with QQ I --'w""‘"‘-
g 9 TOOOO——— Q 001 E ) E
H [ pp—ttH ]
p ————— ¢----- H [
g 00000 9 OO0 ———— Q) 0001- A ) ! 1 1 I L 1
’ 114 120 130 140 150 160 170 180 190 200
Large production cross sections o C eep - HE X [pb)
with gg — H by far dominant process | * " e = 1751 GV
1fb~!= O(10%) events@IHC e
LEqg—wWH --------------------------------
= (O(10%) events @Tevatron  faa-zm - e
— —ttH .......................................
bUt eg BR(H N ,y,y’ ZZ N 46) ~ 10 301 PP .................. 1
... a small # of events at the end... o s
115 140 160 180 200 300 400

. My [GGVE). .
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—> an extremely challenging task!

e Huge cross sections for QCD processes
e Small cross sections for EW Higgs signal
S/B 2> 10'° = aneedle in a haystack!

e Need some strong selection criteria: 0% pp/ppcrosss:fns —
— trigger: get rid of uninteresting events... ;12 % 8_93@__0,,
— select clean channels: H— vy, VV —/ o § /E/
— use specific kinematic features of Higgs iz o1
e Combine # decay/production channels 1o? /?
(and eventually several experiments...) o "ia(Ef”“f;W?é?/
e Have a precise knowledge of S and B rates 1o: oja(EjTa>1oo£$> ></
(higher orders can be factor of 2! see later) 13 //§
e Gigantic experimental + theoretical efforts L N
(more than 30 years of very hard work!) 12029E;))><><
For a flavor of how it is complicated from the L oo,
\_theory side: alook atthe gg — H case R fS(GeVJ
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fExample of process at LHC to see how things work: gg — H T

hadrons

New=LxP(g/p)xd(gg—H)x B(H—ZZ)xB(Z — puu)xBR(Z — qq)
For a large number of events, all these numbers should be larg e!
Two ingredients: hard process (¢, B) and soft process (PDF, hadr).
Factorization theorem! Here discuss production/decay pro cess.
The partonic cross section of the subprocess, gg — H,is:
(g8 — H) = [ 2 X 35 X 55| Muge|* gotit— (27%)6* (4 — pn)
g\88 = J 258 X 28 X 281/VIHeggl @rBoEg (47 94— Pn

Flux factor, color/spin average, matrix element squared, p hase space.

Convolute with gluon densities to obtain total hadronic cro Ss section
1 1 72 A
o= [y dxa [y AT T(H — gg)g(x1)g(x2)d(8 - M§y) |
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The calculation of o1, IS NOt enough in general at pp colliders:
|7need to include higher order radiative corrections which in troduce T
terms of order a2 log™(Q/My) where Q is either large or small...
® Since o Is large, these corrections are in general very important.
e Choose a (natural scale) which absorbs/resums the large log S.
Since we truncate pert. series: only NLO/NNLO correctionsa  vailable.
e The (hope small) not known HO corrections induce a theoretic al error.
e The scale variation is a (naive) measure of the HO: must be sma |l
Also, precise knowledge of o is not enough: need to calculate some

kinematical distributions (e.g. pT,7, dM) to distinguish S from B.

In fact, one has to do this for both the signal and background ( unless
directly measurable from data): the important quantity is o= \/NTL
—> a lot of theoretical work is needed! bi

But most complicated thing is to actually see the signal for S /B!
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Let us look at all the main Higgs production channels at the LH C:

A~ _ G2My

q y oro(qq — VH) = 5
- )\—|—12M /8

q H X (V + a2))\1 /2 M2 75)2

Similarto ete™ — HZ process used for Higgs searches at LEP2.
Cross section o< §71 sizable only for low My < 200 GeV values.

Cross section for 'WTH approximately 2 times larger than ~ ZH.

In fact, simply Drell-Yan production of virtual boson with q2 =+ M%,
ALl = Al dr
6(qq — HV) =6(qq — V*) x 35:(V* — HV)

—> radiative corrections are mainly those of the known DY proce SS

\—(at 2-loop, need to consider also  gg — HZ through box which is #)J
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o

Radiative corrections needed:

— for precise determination of o

— stability against scale variation
HO also needed to fix scales:
—renormalization g for ag
— factorization [ for matching.

RC parameterized by K—factor:

__ ono(Pp—H+X)
oLo (pp—H+X)

Can also define K-factor at LO.
QCD RC known up to NNLO.
EW RC known at O(«): small.

Foz do Arelho, 6-9/09/2011
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o

Up-to-now, it only plays a marginal role at the LHC (small rat es etc...).
Interesting final states are:  WH — ~v~¢, bb/, 3¢ and ZH — qqvv.
ZH — (/bb at high Pr: jet substructure ( H — bb # g* — qq.
Analyses by ATLAS+CMS: 5 ¢ disc. possible at 14 TeV with £ 2 100 fb.
But very clean channel when normalizedto  pp — Z: measurements!
However : WH channel is the N )

Tevatron Run Il Pre||m|nary L <86fb
most important at Tevatron: —  Eaimaasmne
Mu<130Gev: H—bb 0| LEPE,XdUS,'OHW, ffffffff EiX?JQ?Qn
— (vbb, vibb, (T¢{~bb E | *
(help for HZ — bb//, bbuv)
My 22130 Gev: H— WWF

= (F(Fjj, 30F

Sensitivity in the low H mass range
excludes Mg = 100—110 GeV..

,%T‘evaron‘EXCIusm‘n ,,,,,,,,, “‘ ,,,,,,,,, ;Wy,l,],,zqﬂ ,,,,,, ]
! L

range extended to My =120 GeV? 100 110120 130 140 150 160 170 180 190 20

m, (Gevic) J
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o N

g | g oro(ge — H)= 8MH (H — gg)d(s§ — Mj;)

g G 2
H _ Guod(ui)
TEOO 05 = Sea/ar | 1 2qA1/2(Ta)
Related to the Higgs decay width into gluons discussed previ ously.
e In SM: only top quark loop relevant, b—loop contribution < 5%.

eFormg — 00, 7q ~ 0= Ay/p = 4 — constant and & finite.

e Approximation mg — oo valid for MH 2m; = 350 GeV.

Gluon luminosities large at high energy+strong QCD and Htt c ouplings
gg — H is the leading production process at the LHC.

e Very large QCD RC: the two— and three—loops have to be include  d.

e Also the Higgs P is zero at LO, must generated at NLO.

o |
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QCD radiative correctionsto gg — H: NLO case

Typical diagrams for virtual and real QCD corrections to gg — H at NLO:

y

D Y-

>

e Regularization of UV divergences from virtual and IR+colli near
divergences from real corrections in dimensional regulari zation.
e UV divergences cancelled by corresponding counterterms.
e IR divergences cancel in sum of virtual+real corrections.
\—o Collinear singularities are left: absorbed in PDF renormal Ization. J
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|70 Corrections known exactly, i.e. for finite m; and My, at NLO: T
— quark mass effects are important for My = 2m;.
—Imy — o< is still a good approximation for masses below 300 GeV.
— corrections are large, increase cross section by a factor 1 .6—1.9.
Note 1: NLO correctionsto P, 1 distributions are also known.

Note 2: NLO EW corrections are also available, they are rathe  r small.

T T T L B B T
2.5 | K(gg — H) 7 L K9y — H) -
\/5:: 14 TeV V/§:::1'96 TeV
2F ] 2.5 -
//\/ KO
15F Ko - 2r ot 7
1.5 F -
1F _
K 1 Kgg —
05 b PP L _ ........................
' ](QHt 051 ](th i
0 qu ------------------------------ O e _[(qq =
qu ---------------------------------- qu ---------------------------------------------------
05 l l -

0.5 : e
100 1000 100 150 200 300
My [GeV] Mp [GeV]
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e Corrections have been calculated in  my — o< limit at NNLO.
— moderate increase of cross section by 30% (good behavior of PT!).
— large stabilization with renormalization and factorizat lon scales.

— soft—gluon resummation performed up to NNLL: ~ 5% effects.

olpp-H+X)pel

Vs=14TeV

10

1100 120 140 160 180 200 220 240 260 280 300
M, [GeV]
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O%: already at one loop The otheory

QCD: exact NLO " : K =22 (1.7) gg—H
EFT NLO®: good approx. g o) H
EFT NNLO®: K =3 (2) > -----
EFT NNLL®: ~ +10% (5%) 9 o

EW: EFT NLO: 9: = =4 very small
exact NLO": ~ + a few %

EFT other HO': a few %. :E> _____ o)

00000

QCD+EW': afew % :E} _____ :E:
Distributions : two programs !

long story (70s—now) T

2Georgi+Glashow+Machacek+Nanopoulos

PSpira+Graudenz+Zerwas+AD (exact) oL
“Spira+Zerwas+AD; Dawson (EFT)
OIHarIander+KiIgore, Anastasiou+Melnikov 1s
Ravindran+Smith+van Neerven N
®Catani+de Florian+Grazzini+Nason AN
'Moch+Vogt; Ahrens et al. ;
9Gambino+AD; Degrassi et al.

" Actis+Passarino+Sturm-+Uccirati

05!

o(pp — H+X) [pb]

--- NLO

— 80

T T T

JAnastasiou et al.: Grazzini

'Anastasiou+Boughezal+Pietriello 100 120
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150 200 250 300
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Despite of that, the gg — H cross section still affected by uncertainties

r=3 Vi
2

e Higher-order or scale uncertainties: s ~H bl 5 T

K-factors large — HO could be important \ iiii 7

HO estimated by varying scales of process :
po/k < pir, pir < FKflo

at IHC: Ho = %MH, K=2 = Ascale ~ 10%

e gluon PDF+associated «g uncertainties:

wE

115 300 5

1L NNLO at /AR:/IF:% H

150 200 300 400 500
My [GeV]

o(gg — H) [pb P
gluon PDF at high—x less constrained by data ( f>VH(M> —
(s uncertainty (WA, DIS?) affects o o< o2
—> large discrepancy between NNLO PDFs o
PDF4LHC recommend: Apgr~107%QIHC = T\
e Uncertainty from EFT approach at NNLO B
Mjoop > My good for top if My S2my N AEF’I‘U@:}; —

VS =17 TeV

but not above and notb ( ~10%), W/Z loops
Estimate from (exact) NLO: Agpr~ 5%

e Include ABR(H—X) of at most few %

total Aog NP x & 20-25%@IHC

150 200 250 300 350
My [GeV]
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q ~ 2
f . v* 01,0 — 11\6/;171;;_1 F(H — VLVL)%’VLVL/qq —‘
H
¢ . el (V2 +a2)? log(55r )
V*q dr IVLVL/aq 473\ V' q q &\ vz
Three—body final state: analytical expression rather compl iIcated...

Simple form in LVBA: o related to I'(H — V'V) and S|y, v, /44

Not too bad approximation at \@ > My: a factor 2 accurate.

Large cross section: in particular for small My and large c.m. energy:
= most important process at the LHC after gg — H.

QCD radiative corrections small: order 10% (also for distri butions).

In fact: at LO in/out quarks are in color singlets and at NLO: n 0 gluons

are exchanged between first/second incoming (outgoing) qua rks:

QCD corrections only consist of known corrections to the PDF s!
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Kinematics of the process: a very specific kinematics indeed.... T
e Forward jet tagging: the two final jets are very forward peake d.

e They have large energies of (J(1TeV) and sizeable Py of C’)(MV).

e Central jet vetoing: Higgs decay products are central and is otropic.

e Small hadronic activity in the central region no QCD (trigge r uppon).

Allow to suppress the background to the level of H signal: S/B ~ 1.
10711 1T T ] BT 11 ]
[ - HjjX - [ - HjjX
= 80 ii{:m(])J GeV ] 2000 ii{:mc])] GeV 7
s | I
> 60f — 1500 |
& 40f 51000_
~
b F F
© 20} 500 |
0:

r 7
0 A
0 25 50 75 100 125 150

Prj [GeV] Tj
lowest/central jet — — — — highest/central jet
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Most complicated process for Higgs production in pp: many ch

-
-
-

Q
q Q

annels:

NLO corrections calculateda fewyears ago (at last!):

small K—factors (N 1.2) but strong reduction of scale variation!

102 N

o(pp - ttH + X) [fb]

Vs=14TeV

H=Hy=m +M,/2

---LO
— NLO

180 2

M, [GeV]

160

80 100 120 140

00 220
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240

260

1400

1200

1000

800

600 |
400

200
0.2

Lo

— : : :
o(pp - ftH+ X) [fb] -
Vs=14TeV ]
M,, = 120 GeV
Ho=m,+M,/2

0.5 1 2
Wi,
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meaIl corrections to kinematical distributions (e.g: p PT) etc.. T
e Rather tiny uncertainties from higher orders, PDFs.
e Other possible processes involving heavy quarks work only i n BSM:
— Single top+Higgs production: pp — tH + X.
— Associated production with bottom quarks: pp — bbH.

Interesting signals at the LHC for this process are:
e pp — Htt — ~~/*: clean but rather small rates.
e pp — Htt — bb/*: needs efficent b tagging; large jet bkg!
e pp — Htt — (T/*vv: large bckgs from ttwij, etc..
Possibility for a 3-5 signal at Mg < 140 GeV with high luminosity.
Needs to be combined with similar channels and topologies (e g:
pp — WH — (~~, (bb to increase total signal significance.
\_But process very important for measurement of Htt Yukawa cou pling! J
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& °[ cusmemmay o200 |
- s 4TI Pprojected Slgnlflcance of Observatlon """""" """"""" ‘
AtIHC: /s=7 TeVand L~few fb™ £ | g
. % 5fh'@ 7 TeV Y WW(2I2v)+1

50‘ dlSCOVery for MH %130_200 Gev é 10 3 A ERE _XB:%EE))OOTT(SS) f\égi(\g:\;\/) 212y
95%CL sensitivity for My <600 GeV 5 °f TN O 22 20

8 6 .5
gg—H—yy(MuS 130 GeV) ER
gg ~HoWW—lvlv+0,1jets & of G401 Z7=u
gg—>H%ZZ—>4€7 262”7 2€2b 0/ :Atzc')o 360 400 500 600
help from VBF/VH and gg—H — 777 Higgs mass, m, [Gev/cT]
Tevatron: some data still to be analyzed 5 Lasmt LB
now surpassed by IHC in all channels P

except HV — bb/XQ@My <130 GeV! | oo
Full LHC: same as IHC plus some others ’ ﬁ
—~VBF: qqH — 77,7y, ZZ*, WW* N . <
— VH—VDbb with jet substructure tech. ;

L— ttH: H — v~y bonus, H — bb hopeless? ) I S J

m,, (Gevic?)
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fThis/next year (?) we will find the Higgs (and maybe nothing el se): T
we celebrate, shake hands, drink champagne/ouzo, take care of our bets..
and should we declare Particle Physics closed and go home or fi shing?
No! We need to check that it is indeed responsible of spontane ous EWSB!

Measure its fundamental properties in the most precise way:
e its mass and total decay width,
e its spin—parity quantum numbers and chek ~ JF¢ = 0+,
e its couplings to fermions and gauge bosons and check that the y are
Indeed proportional to the particle masses (fundamental pr ediction!),
e its self—couplings to reconstruct the potential Vg that makes EWSB.
A very ambitious and challenging program!

which is even more difficult to achieve than the Higgs discove ry itself...

o
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Higgs boson mass from: Higgs boson total width:
-H — vy for My S 130 GeV — Too small for Mg < ZMZT

~-H — ZZ — 4/* beyond

~-H — ZZ — 4/(* beyond

Final AMg /My ~ 0.1% to 1%. Final AT'y/T'y ~ afew %

Am/m (%)

Experimental precision on the SM Higgs mass L Experimental precision on the SM Higgs width
I ATLAS +CMS o~ ATLAS+CMS
| ya 300 fb™'/experiment < 300 fb™' /experiment
TE @H > 7Z > 4
—1
10 +
—1
10 o
OH, WH, ttH (H —> )
CJWH, ttH (H — bb)
AH = 779 = 4
m All channels combined
’]O_Z | | | | | | | | | | | | ’]O_Z | | | | | | | | | | | | |
102 103 200 400 600 800
Higgs mass (GeV) Higgs mass (GeV)
However: for large My effects from large width are important!
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f ® Higgs spin. dI'(H — ZZ*)/dM threshm
H — ~~: rules out J=1 and fixes C=+.

—not generalizableto H<«— gg(g~q) A NIE
— other possibility left, ex: J=2 (radion). : !

e Higgs parity:

- H — ZZ — 4/(* rules out CP—odd.

— spin—correlationsin  gg—H — WW~,
But need to check that H is pure CP—even

- ‘H‘_.Z‘Z_‘.(f‘f)‘(ff‘)'

— challenging precision measurement, |

— roughly doable in H —VV correlations.

Drawback: If H is mostly CP—even, G}ﬂz/&/
rates for A — V'V are too small... .
More convincing: look at Hff couplings _SM

T D S U
0 32

(H — ZZ)/dgb azimuthal

J
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h Look at various H production/decay T
channels and measure N., = ¢ X BR a0
LHC with £=2300fb ~! (statistics only) =
e Large errors mainly due to:

— experimental: stats, system., lumi...

— theory: PDFs, HO/scale, model dep...

e For My 2>2Mgz only H—WW /ZZ
with o(gg— H) for indirect gyt o im0

= ratios of o X BR.: many errors drop out! — (pertial widtts

e One obtains width ratios: I'x /T’y

® Theory assumptions (no invisible, SU(2)

Invariance, some couplings are known,..)

= translate into I'x o gfxx With L

exp th o
precision: Agpxx = %(A PIT AT L

—> reasonable precision of order 10-30%

gluon fusion

Aoy/oy (%)

(o))
o
o}
o

'S
o
T
|

)
o
T
[
o
T

N
o
T

[

expected accuracy, %
)
)

—_
o
-
o
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Important couplings to be measured:
e g3 from pp — HH 4+ X =

® 214 from pp —3H+X, hopeless.

Relevant processes for HH prod:

only gg — HHX relevant...

\ \ T
3 pp L +4j
| Vs = 14 TeV
i 95% CL limits
7ol
ﬂ< | Tt~ ___ o ___ - -
B | 600 fb*
P>
n
2 i
\ 1+
< i
I .
L
: i
< 0
< L
,1 —
140 160 180 200
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g3, g4 = accessto Vy.

100: T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T ]
i Meppo HH+X -

9 TTTTO) L H -
Ny I LHC.  [fh] ]
T i 0 - HH |
g oEEEEOY g
q Ve Lo H 107 7
! Yo WWHZZ - HH
LgrL ey WHH+ZHH

- WHH:ZHH=16

- WW:ZZ=23

01 [ R
0 100

120 140 160 180 190
M, [GeV]

e H — ~y decay too rare,

e H — bb decay not clean
oH — WW atlow Mg?
— parton level analysis...
—look for 20%, 30F 4 v+jets+
— needs very large luminosity.
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0 +
In MSSM with two Higgs doublets: H; = (El_) and Hy = (Eg)
1 2

e to cancel the chiral anomalies introduced by the new h field,

® give separately masses to d and u fermions in SUSY invariant w ay.
After EWSB (which can be made radiative: more elegant than in SM):
Three dof to make Wf, 71, = 5 physical states leftout: h, H, A, H*
Only two free parameters at the tree level:  tan 3, M 4 ; others are:

M2, = 1 {Mi + M2 F /(M2 + M2)2 — 4MZ M3 cos? 23
MZ. = MZ + M3,
tan2a = tan25 (M3 + M2)/(M3 — M3)
We have important constraint on the MSSM Higgs boson masses:
My < min(Ma,Mg)-|cos 26| < Mz, My+ > Mw, Mg > Maj...
M > Myz: decoupling regime, all Higgses heavy except for h.
L My ~ Mg|cos26|< Mz!, My~ Mgt ~Map, a~2 —f J
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Radiative corrections very important in the MSSM Higgs sect or.
e Dominant corrections are due to top (s)quark at one-loop lev

m? Max_,Mz4+40 GeV
AM? = 2 — 1\?2 log Iarge b 2140 &re 2 115 GeV
e Full one—loop correctlons + approximate two—loop importan t.

o After RC: M ~ 110 — 140 GeV dependingon tanf and A,

500 T T T T 500 T T T T
Mg [GeV] Mg [GeV]
X;=0 X, = V6Mg
300 2 - 300 |- -
tan f = 3 —— 4 tanf = 3 ——

tan 5 = 30 ------ tan 3 = 30 ===~

200

150

100 100

50 | | | | 50 . | | | |
50 100 150 200 300 500 50 100 150 200 300 500

MA [Ge\/] MA [GGV]

el

-

|
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Higgs decays and cross sections strongly depend on coupling S. T

Couplings in terms of Hgy; and their values in decoupling limit:

o 9oau 9odd govv
h a1 a1 sin(3 — a)— 1

H | 222 ] /tan( | €2 5 tan3 | cos(3 — a)— 0

sin 3 cos 3

A 1/tan (3 tan 3 0

— The couplings of H™* have the same intensity as those of A.

— Couplings of h, H to VV are suppressed; no AVV couplings (CP)

— For tan 3 > 1: couplings to d enhanced, couplings to u suppressed.

— For tan 3 > 1: couplings to b quarks ( my, tan 3) very strong.

— For M s > My: h couples like the SM Higgs boson and H like A.
Lln decoupling limit: MSSM reduces to SM but with a light Higgs : J
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/. The MSSM Higgs sector: SUSY Higgs couplings

Including radiative corrections just as in the case of the Hi

T T T T T T T T
LE = Lo ». E
0.1k 4 01f -
0.01 +4 001f E
tan 3 =3 sennns ] L tan 3 =3 ssnnns
tan § = 30— M [GeV] 1 Ftan f = 30 m— My
0.001 . . . . 0.001 . . L y
5 100 150 200 300 500 50 100 150 200 300 500
T T T T T T T T
1F 1E 3
I T A W A
0.1 F E 0.1F E
: Yhuu
0.01 4 00k -
y tan 3 =3 senam 1 tan S =3 senwnr TN
. tan f = 30 m— My [GeV] 1 [ tan f = 30 m— R
0.001 &2 ! L 0.001 ! PR T —
50 100 150 200 300 500 50 100 150 200 300 500
1000 & — ; 5 1000 g ;

100 +H 100 g.%]dd -
10 prasssnnnnnna,,, 10 =
tan 8 =3 senamt o . ‘s“‘ tan 3 =3 sennns

. tan 3 = “rErm 1 »° tan/d =30 m—
1 1 1 MAl[GeV] E 1 1 1 1 MA 7
50 100 150 200 300 500 50 100 150 200 300 500
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inggs decays in the MSSM:

T T ]
bb ] bb 1

General features:

} tan =3
}tan g =30

e h: same as Hg)s in general ﬁ v

(in particular in decoupling limit) e ;
h — bband 77~ same or enhanced |
e A:only bb, 777~ and tt decays
(no VV decays, hZ suppressed).

0.01 L L

e H: same as A in general
(WW . ZZ, hh decays suppressed).

e H* : 7 and tb decays ol

(depending if Mg+ < or > my).

Possible new effects from SUSY

[ Wh
/ My,
0.01 L L

0.01
100 200 300 500

LNote: total decay widths small.... J
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Higgs production in the MSSM

Higgs—strahlung Vector boson fusion

q H

q

gluon—gluon fusion

g
b H
————— ¢-----H
9 TO000 g TOOOO—— @

I
1000 EN

100 |

10 |

0.1F pp — HTEb .

0.01 = L L L L L L L\
100 1000

M(I) [GGV]
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What is different from the SM

(assuming heavy sparticles) T
e All work for CP—even h,H bosons.

— rates suppressed except for Hgpm

— CP:no AV and qqA processes

— additional mechanism: qqg — A+h/H

e For ®=h/H, A dominant processes:

— gg — P with contribution of b—quarks

— gg — ®bb or equivalent bb— ®
(both enhanced by a power tan 26)

e For charged Higgs boson:

~ My Smy: pp — ttwith t—H™b

— Mg 2 my: continuum pp — tbH™

Now@IHC for high tan (3 values:

— h/H as in SM with M, =115-130 GeV

—HhandAin gg,bb—® — 77~

~H*int—Htbwith Ht - 71v
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At the IHC: good chances at hightan (3 T

For CP—odd like Higgs ® = A ,h/H 00k o (e — ®) [fb] 2 —
gg — P — 777" - e |
(with only b—loop taken into account) 0|
bb - ® — 77~

(equivalent to pp —bb ® with lost b’s)

Large production rates attan 5> 1: -
o(®) = 2tan® Bxo(Agm) T e
(chiral symmetry holds for Mg >my,) 100 o(bb — @) [fb]  awme — ]

500 k

It reduce then to a QCD problem: 200
e known higher order corrections

e but rather large QCD uncertainties: 10F 15
— renorm/fact. scale dependence
— renor. scheme dependence for my
— PDF uncertainties (at high—x)
— parametric errors from my,, Oy
L:> +30% theoretical uncertainty in combined
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Combine the gg and bb fusion channels: | | | | |
. . oc(pp — A) x BR(A — 77) [fb]
easy for inclusive search (e.g. no b—tag) VRS TV f

—> just sum of xsections/uncertainties
Multiply by the branching ® — 77 ratio N
BR(77)~I'(® — 77)/T'(® — bb) .
—> parametric errors cancel out 04 1 A (. BI) e
—> erroron o XBR < erroron o

0.05 +

100 150 200 300 400 500

There are also large SUSY corrections! Ma [Gev]

— dominant one from  A\p = Ap(1+Ayp) [ A, impacton

- Ap = 2 ptan3/max (g, my,) 2 ipp =@ =

— large at high tan /3 and/or high p 1] o

— large EW corrections also present ?////0/

= only effect of =* SUSY scenarii! o e -

Affect both o (®) and BR(® — 77) iﬁ i e (

Most of it cancels in product oXx BR 10 2 30 m 50 60
\— — effect negligible comp. QCD... " J
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8. MSSM Higgsat the LHC: production

- CMS Preliminary 36 pb' 7 TeV o

CMS/ATLAS searches with 36 pb -1
f— pp—h HA—-774+X

— completely inclusive/no b—tagging

—one 7T—had and one 7 —/ oS excluded

— also subleading channel 77 — eu il G _#‘E‘;*t“,[,{,e‘l,“ _

— main background pp—Z—7TT ol MSSM ™ scenario, M. =1 TeV |

— important to reconstruct M. peak ™ 2o G excluded regions

No excess in o(pp — 77) vs SM

To be interpreted in the MSSM case

=> strong limits in [ M 4, tan (] plane

already more stringent than Tevatron...

Note:

— results shown for max mixing scenario

— smaller TH uncertainties than above...

— excludes tan 3520 for M a =130 GeV
L— can be used in SM case! .

0000 150 200 250 300
m (GoaVI/r2)

e _F
c 70
d—

My, 1>0

Tevatron (1.8-2.2fb%) ]
LEP-2

# — _ -1 —@— Observed (CLs+b, PCL):
| s=TTeV, ‘LL—36pb Obcerved (CLat, L)
----- Expected (95%CL)
ATLAS ’
7
/

reliminary - ]
£ Y, [J+20 ]

///ﬁ/ 7 U o i s

100 150 200 250 300
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. tgnB

D E cwms, s0mt
= maximal

fThe lighter Higgs boson:
same as in the SM for M, < 140 GeV
(in particular in the decoupling regime) N Sl
gg N h , ’Y’y’ WW* 100 180 200 250 300 350 400 “‘_‘459‘.‘. ‘ go
pp — haq — qq77, qqr7, qqWW*
The heavier neutral Higgses:

-1
CMS, 30 fb

U =300 GeV/c 2, M, =200 GeV/c 2

A, =6 Tev/ic?, Mgysy =1 TeV/c 2

\\‘—‘2"‘1‘\\\\]’

-

same production/decays for H/A in general ﬁ ......... :

B H,A - T - lepton + tTjet + X

\ H,A - T'T - two leptons+X

(as Iin SM for H in anti-decoupling regime). 10200 00 80 00 600 700 g
The charged Higgs: 5°F L

t - bH™ — brv for My S my ol
gb — tH" — t7v for My = m; ol e, 301

K1 = -200 GeV/c 2, M, = 200 GeV/c 2

10 |— A, =V6 Tev/c?, Mg gy = 1 TeV/c?
reach depends on M and tan (3 e

ol Exeluded by LER b b sl i
100 150 200 250 300 350 400 450 500 55
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|fLarger outdated but still telling......

a S ATLAS 22 1
840 i %&_—t%bl'l*, H* =Ty %40 ) ATLAST SOOfb
S 7 /L4t=300 fb™ - | maximal mixing
IK<— h—>yy and Maxi y N
30 & aximal mixing 30 [
% Wh/tth, h—>yy O |
NI == \
Sith, h—>bb | 0,00 *
20 ¢ 2 //,/,/’ 20 h'HAH
:l \/\/Z /’/// /H+ —tb
10 - 10 +
9 9t
8 - 8
7t 7t
6 6 N hO
onl
5 5 | y
4+ 4t
| 3 L EP excluded
l?-"’\\“\\ N 259,
2 55& \ X 2 K
| 3 \
8 %A%Zh%llbb
i I;‘& ! \ ! \ it '[/:’::";’

1 ______
150 200 250 300 50 100 150 200 250 300 350 400 450 500
m, (GeV)
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f Lightest Higgs: as in SM

B

Higgs mass h — v, ZZ*
Higgs couplings from o X BR
Higgs spin+CP numbers: hard

Higgs self-couplings hopeless...

width ratios

IIIII
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N o
(@] (@]

expected accuracy, %
W
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l. v oy

O I 11
100 120 140 160 180 200
my (GeV)
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The heavy Higgsses T
Masses from H/A — u*pu~

tan 3in pp — H/A + bb
H/A separation very difficult
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f However: life can be much more complicated even in the MSSM T
e There are scenarii where searches are different from the SMc  ase:
— The intense coupling regime: h,H,A almost mass degenerate
e SUSY particles might play an important role in production/d ecay.
—light t loops might make o (gg — h— ) smaller than in SM.

— Higgsses can be produced with sparticles (  pp — Ef*h,.. ).

— Cascade decays of SUSY particles into Higgs bosons....

e SUSY decays, if allowed, might alter the search strategies:

—h — XX}, DU are still possible in non universal models...

— Decays of A, H, HT into X;’E, X} are possible but can be useful...
Life can be even more complicated in extensions of the MSSM

Be prepared for the unexpected!

o |
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9. SUSY Higgsses. special scenarios

® There are scenarii where searches are different from the SM ¢

— The intense coupling regime: h,H,A almost mass degenerate
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fu SUSY particles might play an important role in production/d ecay. T
—light t loops might make o (gg — h— ) smaller than in SM.

L T T T T T
L6 o(99 = )| 12 algg = 1) |ugsn A
SM SM
14k tanf = 2.5 _ tan 5 = 50
My =1TeV 1F My =1TeV -
12 .
il SN 4 081 ]
_______________ A=4,=0
08 ONL T 7 06k - .
0.6 .
0.4 .

0.4 N .
sl my, = 200 Gel 09 L A= Ay — 05 Tov N i
0 | | | 0 | |
0 500 1000 1500 2000 0 500 1000 1500
X, [GeV] —u [GeV] ~~
. - . *
— Higgsses can be produced with sparticles (  pp — tt*h,..).
10 g T — E 10 | E— T E
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9. SUSY Higgsses. special scenarios

fu SUSY particles might play an important role in production/d ecay. T

— Cascade decays of SUSY particles into Higgs bosons....

B

30

tan

25

20

5 CMS, 100 fb™" 3

10 maximal stop mixing ]

I’,// 4 B
5 /// //%// squark, gluino —> H/A +X —> bb +X]

Excluded by LEP

100 200 300 400 500 600
m, (GeV)
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e SUSY decays, if allowed, might alter the search strategies:

—h — x{x%. D are still possible in non universal models...

T ~300 "
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i ] ol ]
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— Decays of A, H, H* into X , X5 are possible but can be useful...
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Life can be even more complicated in extensions of the MSSM

We can allow for some amount of CP-violation in eg.

Higgs sector. CP—conserving at tree level

M;, pwand Ag

— CP-violating at one—loop

Good to address the issue of baryogenesis at the electroweak scale....

e h, H,A are not CP definite states
and hy, hy, hg CP mixtures

e determination of Higgs spectrum
slightly more complicated,

e possibility of a light h;

that has escaped detection at LEP2.

o

Foz do Arelho, 6-9/09/2011

H,H, masses [GeV]
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CPX scenario

sof S
[
The CPX scenario: K |
_ 20 VBF:H, - 11
h; light but weak cplgs to W,Z bbh: H, - pp
h, — hih; decays allowed 19 \ tth: H, - bb
_ 8 H, - ZZ - 4lep.
h3 couplings to VV reduced... ;
All Higgses escape detection ’ \
3 A\ N —
Still, there is the possibility , — {SAUAC A NASASE
t — H'bwithH — hW* theoretically inaccessible
! 100 200 300 400 500 600 700 800 900 1000
M,,.. (GeV)

Regions of MSSM parameter space not covered by ATLAS/CMS.:

more work is still needed....

|
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fThe next-to-minimal SSM is becoming the “standard” MSSM the se da}a
MSSM problem:  is SUSY-preserving but  O(My); a priori no reason
Solution, 1 related to the vev of singlet field, ) o
NMSSM: introduce a gauge singlet in Superpotential: )\ﬂlﬂzg -+ %S
SUSY spectrum extended by Xg and two neutral Higgs particles  hg, a
e additional parameters enter in Higgs masses and couplings
less constrained model, more flexibility, ....
e the bound on lightest Higgs boson mass is higher than in MSSM
less fine-tuning is needed to cope with LEP..
e possibility of a light Higgs which has escaped detection at L EP2
possibility of a light Higgs which has escaped detection at L EP2
rich phenomenology: low energy constraints, DM, ....
\_o Note: constrained NMSSM, less freedom than in mMSUGRA ... J
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The NMSSM with universal boundary conditions at GUT scale:
fln principle: 1\/[1/2, mg, Ag, A\, tan 3 as free parameters T
With constraints: proper EWSB+LEP Higgs+low energy+ WMAP
only one cNMSSM free parameter: mg ~ 0 and A < 0.01
The parameters Ag and tan [ are related to M /o
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But life can be even more complicated with LHC Higgs searches ;

the possibility of missing all Higgs bosons is not yet ruled o ut!
a1 mass [GeV] hy mass [GeV] BR h1-ajay BR ay-1r
-3 . . 1
M Theory exc| 1" Wicoyed W ’ ' Iu.9
32 =12024 L “ - 08
5 -2 5 T 5 i
gv- “mz ' % 1
< =121 < 5 < .
' ! ma ‘ | , E:
LR 2.9 38 ‘ } 0.2
12018 \ 0.1
{ TN IN ANIR TR B T 0

Y A A ) U : ]
0% om0 O0m 01 Of 02 0096 0 0N OMS 01 0M01 ) 012 09 0 0 09 O M0 ) 012 08 0m7T 0m6 0M0 O 0M01 ) 02

Recently, some benchmark scenarios for NMSSM Higgs searche S
have been proposed in Les Houches:
e hy is SM-like and aq light: h; — ajaq with a; — bb andlor T
e h, is SM-like and hy light: hy — hihy with hy — bb

L. All Higgs are light (NMSSM ICR): reduced couplings to VV, etc ... J

+ -

Foz do Arelho, 6-9/09/2011 Higgs Phenomenology — A. Djouadi — p.65/84



o

Higgs — Higgs+Higgs — 4b, 2b27
searches very difficult at the LHC:

pp — qq —— W*W*qq — hi1qq
hi — aja; — bbrT x 500.

total background.

Higgs — Higgs+Higgs — 47 — 4/X
also difficult but detection possible
Example of scan for light 74

using VBF + all h; decay channels

(same for all Higgsses can be done)

il ||
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| P i s
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0 200 400 600 800 1000
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A possible rescue in both the CPV MSSM and NMSSM might come
from SUSY particle cascade decays into Higgs bosons. In part icular: T

~ o~ ~ I~ ,~

PP — 44,88,8q — x + X with x5 — x7 + Higgs
Example for one of the NMSSM benchmark points with light aj.

01}

BR

0.001 k

le-04

0.01F

Foz do Arelho, 6-9/09/2011

0 200 400 600 800 1000
-_I T -.......~... :r I I I I: 1
. 0 0 ]
Point 1 X% - %%z
0 0 0
X2~ X1M
0 0 0 4 0.1
: X2~->X1a1 - ]
K
S . YOS A :
E 0.001
# '
................................................... 1le-04
200 400 600 800 1000

M, (GeV) J

Higgs Phenomenology — A. Djouadi — p.67/84



Fhere are many scenarios in which a Higgs boson would decay in visiblﬂ

e In MSSM, Higgs — XX}, D7, etc.. as already discussed.
e In MSSM with R/,: Higgs — JJ could be dominant.

e The SM when minimaly extended to contain a singlet field (whic h

decouples from f/V), H — SS can be dominant

e [n large extra dimensions H mixing with graviscalars.
... or very different couplings to fermions and bosons...

e Radion mixing in warped extra dimension models: supressed f N

couplings and Higgs decays to radions

e Presence of new quarks which alter production
L ... Many possible surprises/difficult scenarios....... J

Foz do Arelho, 6-9/09/2011 Higgs Phenomenology — A. Djouadi — p.68/84



	green { 1. EWSB in the SM}
	green {
ormalsize 1. EWSB in SM: mass generation}
	green {
ormalsize 1. EWSB in SM: the Higgs boson}
	green 2. Constraints on $mathbf {M_H}$
	
ormalsize green 2. Constraints on $mathbf {M_H}$ perturbative unitarity
	
ormalsize green 2. Constraints on $mathbf {M_H}$: triviality
	
ormalsize green 2. Constraints on $mathbf {M_H}$: vacuum stability
	
ormalsize green 2. Constraints on $mathbf {M_H}$: triviality+stability
	green 3. Higgs decays
	green 
ormalsize 3. Higgs decays: QCD corrections
	
ormalsize green 3. Higgs decays: decays into gauge bosons
	
ormalsize green 3. Higgs decays: decays into gauge bosons
	
ormalsize green 3. Higgs decays: decays into gauge bosons
	green 
ormalsize 3. Higgs decays: decays into gluons
	green 
ormalsize 3. Higgs decays: loop form factors
	green 
ormalsize 3. Higgs decays: decays into photons
	green 
ormalsize 3. Higgs decays: branching ratios
	green 
ormalsize 3. Higgs decays: total width
	green 
ormalsize 3. Higgs decays: theory uncertainties
	green 
ormalsize 4. SM Higgs at hadron colliders: generalities
	green 
ormalsize 4. SM Higgs at hadron colliders: generalities
	green 
ormalsize 4. SM Higgs at hadron colliders: generalities
	green 
ormalsize 4. SM Higgs at hadron colliders: generalities
	green 
ormalsize 5. SM Higgs production: associated HV
	green 
ormalsize 5. SM Higgs production: associated HV
	green 
ormalsize 5. SM Higgs production: associated HV
	green 
ormalsize 5. SM Higgs production: gg fusion
	green 
ormalsize 5. SM Higgs production: gg fusion
	green 
ormalsize 5. SM Higgs production: gg fusion
	green 
ormalsize 5. SM Higgs production: gg fusion
	green 
ormalsize 5. SM Higgs production: gg fusion summary
	green 
ormalsize 5. SM Higgs production: gg fusion
	green 
ormalsize 5. SM Higgs production: WW fusion
	green 
ormalsize 5. SM Higgs production: WW fusion
	green 
ormalsize 5. SM Higgs production: Htt production
	green 
ormalsize 5. SM Higgs production: Htt production
	green 
ormalsize 5. SM Higgs production: summary
	green 6. Measurement of Higgs properties
	green 
ormalsize 6. Higgs properties: mass and width
	green 
ormalsize 6. Higgs properties: $mathbf {J^{
m PC} }$ numbers
	green 
ormalsize 6. Higgs properties: Higgs couplings
	green 
ormalsize 6. Higgs properties: Higgs self-couplings
	green 
ormalsize 7. The MSSM Higgs sector
	green 
ormalsize 7. The MSSM Higgs sector: Higgs masses 
	green 
ormalsize 7. The MSSM Higgs sector: Higgs couplings
	green {
ormalsize 7. The MSSM Higgs sector: SUSY Higgs couplings}
	green 
ormalsize 8. MSSM Higgs at the LHC: decays
	green 
ormalsize 8. MSSM Higgs at the LHC: production
	green 
ormalsize 8. MSSM Higgs at the LHC: production
	green 
ormalsize 8. MSSM Higgs at the LHC: production
	green 
ormalsize 8. MSSM Higgs at the LHC: production
	green 
ormalsize 8. MSSM Higgses at the LHC: detection
	green 
ormalsize 8. MSSM Higgses at the LHC: detection
	green 
ormalsize 8. MSSM Higgses at the LHC: measurements
	green 
ormalsize 9. SUSY Higgsses: special scenarios
	green 
ormalsize 9. SUSY Higgsses: special scenarios
	green 
ormalsize 9. SUSY Higgsses: special scenarios
	green 
ormalsize 9. SUSY Higgsses: special scenarios
	green 
ormalsize 9. SUSY Higgsses: special scenarios
	green 9. SUSY Higgsses: special scenarios
	green 
ormalsize 9. SUSY Higgsses: special scenarios
	green 
ormalsize 9. SUSY Higgsses: special scenarios
	green 
ormalsize 9. SUSY Higgsses: special scenarios
	green 
ormalsize 9. SUSY Higgsses: special scenarios
	green 
ormalsize 9. SUSY Higgsses: special scenarios
	green 
ormalsize 9. SUSY Higgsses: special scenarios
	
ormalsize green 9. BSM Higgsses: special scenarios 

