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fTo generate particle masses in an SU(2)g, x U(1)y gauge invariant v@
Spontaneous Electroweak Symmetry Breaking or Higgs mechanism:
=> introduce a doublet of complex scalar fields ® = (23) with Y =1
Ls = (D'®) (D, ®) — 2°®TP — \(PTP)?
1? > 0: 4 scalar particles. Ve

1? < 0: ® develops a vev:

(0[2[0) =, 5) |
v=(—£)2 =246 GeV

= 3 degrees of freedom for Wf, Z1, and thus Mw=,Mgz; M, =0
For fermion masses, use same doublet field ® and its conjugate field
Lyuk:—fe(é, E)L(I)GR — fd(l_l, (_i)L(I)dR — fu(l_l, (_i)Li)uR -+ .-

The residual degree corresponds to the spin—-zero Higgs particle, H.
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f. The Higgs boson: JFC

e Masses and self-couplings from Lg o (i2®T® + \(PTP)?
M3% = 2X\v2 = =242, gys = 3IM$ /v, gue = 3iM% /v?
e Higgs couplings derived the same way as the particle masses:
Loty ~ M2,(1+H/V)? | L, ~ —mg(1+H/v)
= CHEF = 1mf/v guvv = —2iM%, /v | guuvv = —2iMZ%,/v?
Since v is known, the only free parameter in SM is Mg or .

= O™* gquantum numbers T

Hambye/Riesselmann
— Very heavy Higgs: strong W/Z interactions i o

perturbative unitarity = Mg < 700 GeV 600
from lattice simulation = Mg < 650 GeV 2

m; = 175 GeV

ag(Mg) = 0.118

— Triviality and stability bounds (Roman plot)
A~1TeV = 70 <My S700 GeV T
A ~10"GeV = 130 S My S 180 GeV ¥ ¢ w0 1o w0
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Direct searches at LEP:

|7H looked forinete” — ZH
e’ A
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We have a limit at 95% CL.:
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New results from the Tevatron:
exclude My =166 — 166 GeV
(to be discussed later).
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Indirect Higgs searches:

-

H contributes to RC to W/Z masses:

WWM/Z

Fit the EW precision measurements
one obtains MH = 87Jr s GeV, or

154G v

6 —
- Aapg =
* % —0.027580.00035
%% - 0.027490.00012
3 Y e incl. low Q? data

sz
<

| Excluded o Preliminary
30 100 300
m,, [GeV]

Mg <157 GeV at 95% CL
Gfitter: Mg =116" GeV< 145 Ge\

? What top mass should be in the fit?

Higgs: theory review — A. Djouadi — p.4/2¢



fA major problem in the SM: the hierarchy/naturalness problem -

e Radiative corrections to M3#; in SM
with a cut—off A = Mnp = Mgur

4
)\2
AMZ; = Neghy [-A? 4 6mflog - — 2m7] + O(1/A?)
My prefers to be close to the high scale than to the EWSB scale.
Technically solved in Supersymmetry by the contribution of SUSY particl

(needs Mg < 1 TeV otherwise the problem is back again).

: HY H
In the MSSM: two Higgs doublets: H; = (Hl_) and Hy, = (H?) )
1 2
After EWSB (which can be made radiative: more elegant than in SM):
Three dof to make Wf, 71, = 5 physical states left out: h, H, A, H*

Only two free parameters at tree—level: tan(, M 4o but rad. cor. importan

My S Mzlcos25| + RC <130 GeV , My ~ M ~ Mg+ ~ MEVE

z
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— Couplings of h, H to VV are suppressed; no AVV couplings (CP).
— For tan( > 1: couplings to b (t) quarks enhanced (suppressed).

¢ Jouu Jodd Jovv
h | gfsg% 1 (S:g;%% 1 sin(f — a)— 1
H - 1/tanf &5 —tanf  cos(f —a)— 0
A 1/tan tan 0
In the decoupling limit: MSSM reduces to SM but with a light Higgs.
\_Constraints: 114 < Mg S130GeV or My, My S Mg J
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|76iving up some assumptions: the example of the CP-violating MSSI\/IT
We can allow for some amount of CP-violation in eg. M;, 1t and A¢
Higgs sector. CP—conserving at tree level = CP-violating at one—loop
(good to address the issue of baryogenesis at the electroweak scale....)
= h, H,A are not CP definite states: hy, hy, h3 are CP mixtures
determination of Higgs spectrum slightly more complicated than usual
Additional Higgs representations: the example of the NMSSM
MSSM problem: 1 is SUSY-preserving but O(My); a priori no reason
Solution, 1 related to the vev of additional singlet field, (S) o u
NMSSM: introduce a gauge singlet in Superpotential: Aﬂlﬂzg -+ %S
— SUSY spectrum extended by Xg and two neutral Higgs particles hg, a.
less fine-tuning, richer phenomenology, interesting constrained version,
LBoth lead to a possibly very light Higgs that has escaped detection! J
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Higgs decays in the SM: T
e H decays into the heaviest particle

i available by phase space: g & m.

e M <130 GeV,H — bb

~-H — cc, 7777, gg = O(few %)
-H — vy = 0(0.1%)

e My =130 GeV,H — WW,ZZ

— below threshold decays pOSSIb|e

g

00E

|
1 130 160 200 300 300 700 1000

My [Gev] — above threshold: B(WW)— B(ZZ)——
...... <7 e | —decays into tt for heavy Higgs.

0.0001

e Total Higgs decay width:
| —very small for a light Higgs
i | -comparable to mass for heavy Higgs

00 300
MH [GeV‘
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2. SM Higgs: production at the LHC

SM production mechanisms

Higgs—strahlung Vector boson fusion

q

Vx
H
q q v
q
gluon-gluon fusion in associated with QQ

9 00000 9 00000——— @
II‘:II| H
-_——— ¢ ----[1
g 700000

Bjorken, Georqi et al., Glashow et al.,

Cahn et al., Altarelli et al., Kunszt,

LA|SO subleading processes, gg — HH, etc... J
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Cross sections at the LHC
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Summary of higher order calculations for production in the SM:
e Very large corrections to the process gg — H: T
+70% at NLO:  AD+Spira+Zerwas (exact case);, Dawson (imy — oo);
+30% at NNLO: Harlander et al; Melnikov et al; Ravindran et al; (imy — 0o
+5% with (soft-gluon) resumation: Catani et al, Spira et al;
10% for EW corrections: AD+Gambino, Degrassi et al; Actis et al.
e Moderate corrections to the process VV — H:
+10% at NLO (QCD+EW): Han+Valencia; Denner et al;
e Small corrections to pp — tt + H
+20% at NLO: Spira et al; Zerwas et al; Dawson et al.
e Moderate corrections to pp— VH
+30% at NLO: Han et al; 5% at NNLO: Brein et al; also EW: Dittmaier et al.
also corrections to various distributions (MC): Catani ea; Zeppenfeld ea;

H decays: QCD+EW under control in general/summarized in HDECAY.
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fA very challenging task!
e Huge cross sections for QCD processes.

e Small cross sections for EW Higgs signal.
S/B > 1010 = a needle in a haystack!
e Need some strong selection criteria:
Trigger: get rid of uninteresting events...
Select clean channels: H — vy, VV — /
Use different kinematic features for Higgs
Combine different decay/production channels
Have a precise knowledge of S and B rates.
(note: higher orders can be factor of 2!)
e Gigantic experimental (+theoretical) efforts
more than 20 years of very hard work!)

DIS 2010, 20/04/2010
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Signal significance

102}

10 |

H - yy + WHttH(H - vyy)

| m ttH(H - bb)

A H - zz(*’*q 4
H - ww® - iy

H - ZZ - llw
e H - WW - Ivjj

— Total significance

ATLAS

fLdt=100fb"
(no K-factors)

10° 10°

m,, (GeV)
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gluon—gluon fusion: T
gg — 77, bb, tt hopeless

gg — H — v (below Mgz =~ 150 GeV)
gog — H — Z7Z* — 4/ (130-500 GeV)
go — H— WW — (v/lv (130-200 Ge\
H— 272, WW — jj+/ (above 500 GeV
Vector boson fusion:

S/B ~ 1 after standard VBF cuts

pp — H — 77,vy, ZZ*, WW*
Association with top pairs:

H — ~~ bonus, H — bb hopeless?
Association with W,Z:

marginal for discovery; measurements?
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2. SM Higgs: production at the Tevatron

associat: QQ
TEO—— Q
T ——
T
o(pp — H +X) [pb]
gg - H \/52 1.96 TeV
1 MRST/NLO
qq = WH-...
qd = ZH e el
0.1F STt T,
Faq — qqH TR T
001 )
[ pp — ttH
0.001 L 1 L
100 130 160
MH [GeV]

200

Relevant two main processes:
pp—>WH/ZH—>€VbB/VﬂbB
L gg—H—> W*W — (viv
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inggs decays in the MSSM:

General features:

e h: same as Hg) in general

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

0.01

90

e H: same as A in general
(WW , ZZ, hh decays suppressed).
e H* : 7v and tb decays o1}

(depending if Mg+ < or > my).

Possible new effects from SUSY
\—Note: total decay widths small....

Mp
0.01 L L
100 200 300 500 100 200 300 50(

0.01
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SM production mechanisms

Higgs—strahlung Vector boson fusion

q
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What is different in MSSM
e All work for CP—even h,H bosonsj

—in ®V, qq® h/H complementary

~o(h) +o(H) = oc(Hsm)

— additional mechanism: qq — A+h/H

e Forgg — ®and pp — ttP

— include the contr. of b—quarks

— dominant contr. at high tan(3!

e For pseudoscalar A boson:

— CP: no P A and qqA processes

- gg — A and pp — bbA dominant

e For charged Higgs boson:

~ My <my: pp — ttwitht —H™E

— My 2 my: continuum pp — tl_)E
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fSummary of higher order calculations in MSSM (for SM see earlier) T
For h/H: same processes as for SM Higgs (esp. for M o > My) but:
e Include b-loop contributions to gg — h/H and new gg — A
K—factors only at NLO (~ 1.5-2) AD+Graudenz+Spirat+Zerwas
e Include bfinal states in pp — bb + h/H (dominant at high tan /3)
large K—factors at NLO (50%) Spira ea; Zerwas ea; Dawson ea
e Additional SUSY-QCD corrections in pp— V+h/H;qq+h/H:
rather small at NLO (a few %) for heavy q/g AD+Spira
For A: rates including K—factors approx the same as above for h/H
For H*: main process is pp — tt™*) — tbH® in general
relevant corrections known exactly at NLO Plehn; Zhou; Kidonakis
h,H,AHT decays: well under control including SUSY+NLO corrections

summarized in the program HDECAY AD+KaIinowski+SpiraJ

DIS 2010, 20/04/2010 Higgs: theory review — A. Djouadi — p.16/2-%



-

.

The lighter Higgs boson:

same as in the SM for M, < 140 GeV
(in particular in the decoupling regime)
gg — h— vy, WW*

pp — hqq — qqyv,q9q77,qqWW*
The heavier neutral Higgses:

same production/decays for H/A in general
pp — bb+H/A — bb 4+ 77/ uu

(as in SM for H in anti-decoupling regime).
The charged Higgs:

t — bH™ — b7rv for Mg < my

gb — tH"™ — t7r for My = my

reach depends on M s and tan(3
DIS 2010, 20/04/2010 Higgs:

. tgnB

i cwms, 306t
= maximal

b
S
m

-1
CMS, 30 fb

1 =300 GeV/c 2, M, =200 GeV/c 2

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

t
N
o
LT
n+1jet

T

- TT - lept

W
o
T T T ] T 17T
qu,b—Jr

T

\ H,A - 7T - two leptons+X
- H,A - T - lepton +Tjet + X

CL . Excludedby \§P |, v 1 v v v v vy
100 200 300 400 500 600 700 q

— S~ AN~

<@ 50 T
f
= L
&= L
40 —
[~ =
30— 2
[ T
-+
=
20 |- = -1
L CMS, 30 fb
C n = -200 GeV/c 2, M, = 200 GeV/c 2
10 |— A, =V6 Tev/c?, Mg ey = 1 TeV/c?

Exeluded by LEP, | |, | | | | |

L A T T T T I AU
100 150 200 250 300 350 400 450 500 !

theory review — A. Djouadi — p.1772¢



20 r

-~ O O N WO
T T T T T

%——wa, o ATAS
T U2 S
Wh/tth, h =y s
N WEET
——tth, h—>bb ///«
720 T
? AL
N7 .
N
S S, = LEP 2000
Z \\\\\\\ NN
‘ :\%A—)Zhéllbb 17
i I;‘& ! \ ! \ \ \{“f;:";’ \ \ ! \\
50 150 200 250 300 350 400 450 500

DIS 2010, 20/04/2010

~ Ul O N 00WoO
T T T T T

-1

ATLAS-300fb

maximal mixing

+
i H A H

Ronly

LEP excluded

250

400 450 500

nm@Wl_J

Higgs: theory review — A. Djouadi — p.18/2¢



f However: life can be much more complicated even in this MSSM T
e There is the ”bad luck” scenario in which only h is observed:
— looks SM-like at the 10% level (and Mgysy < 3 TeV...): SM
® There are scenarii where searches are different from standard case:
— The intense coupling regime: h,H,A almost mass degenerate....
e SUSY particles might play an important role in production/decay:
— light t loops might make 0(gg—> h—wyfy) smaller than in SM.
— Higgses can be produced with sparticles (pp — ’EE*h,.. ).
— Cascade decays of SUSY particles into Higgs bosons....
e SUSY decays, if allowed, might alter the search strategies:
—h — x\{x%, U0 are still possible in non universal models...
— Decays of A, H, HT into Xii, X; are possible but can be useful...
L Life can be even more complicated in extensions of the MSSM J
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|7h, H,A are not CP definite states and hy, hs, h3 are CP—mixed states T
The relation for the Higgs masses and couplings different from MSSM.

There is the possibility of a light Higgs which has escaped detection.

An example is the CPX scenario (Carenaetal; Ellisetal; ....)
CPX scenario
sol B0
— hy light but weak cplgs to W,Z ? |\ |
20 VBF: H, - 1
—hs — hih; decays allowed ( bbh: H, - pp
. 19 r\ \ tth: Hl -~ bb
— h3 couplings to VV reduced... \er.
All neutral Higgses escape detection: . \‘F\
only (SM-like) ho has large cross sectionz T cluded by OPAL
hz — hlhl — 4]:)7 471 unobservable. theor etically inaccessible

Still, onehast — H™b — b + hW* V... (GeV)

\_ Schumacher/ATLAS J
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|7In the NMSSM with h; 5 3, a; 2, h™ one can have Higgs to Higgs decaﬁ

then the possibility of missing all Higgs bosons is not yet ruled out!
(Ellwanger, Hugonie, Gunion, Moretti; King..., Nevzorov..., Barger...)

Higgs — Higgs+Higgs — 4b, 2b271
searches very difficult at the LHC:

pPp — qq —— W*W*qq — h;qq
——h; — aja; — bbr7 x 500

(Ellwanger..., Baffioni+D.Zerwas)

Higgs — Higgs+Higgs — 47 — 4/X
also difficult but detection possible
using VBF + all h; decay channels
(same for all Higgses can be done)
L (Nikitenko .., Schumacher+Rottlander)
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ﬁhere are many scenarios in which a Higgs boson would decay invisibﬂ
e In MSSM, Higgs — xYx{, U7, etc.. as already discussed.
e In MSSM with Rj,: Higgs — JJ could be dominant. Valle ea
e The SM when minimally extended to contain a singlet scalar field
(which decouples from f/V), H — SS can be dominant Bij, Wells ea,..
e In large extra dimensions H mixing with graviscalars. Gunion ea
... or very different couplings to fermions and bosons...

e Radion mixing in warped extra dimension models: suppressed f/V

couplings and Higgs decays to radions Hewett+ Rizzo, Gunion ea
e Presence of new quarks which alter production Moreau ea
e Composite light Higgs boson Grojean ea

... Many possible surprises/difficult scenarios.......

o -
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o The LHC will tell! -

But: probably in 2-3 years we will find the Higgs (and maybe nothing else

after celebrating, should we declare Particle Physics closed and go home

No. We need to check that it is indeed responsible of spontaneous EWSE

Measure its fundamental properties in the most precise way:

e its mass and total decay width and check J¥©€ = 0™,

e its couplings to fermions and gauge bosons and check that they are

Indeed proportional to the particle masses (fundamental prediction),

e its self—couplings to reconstruct the potential Vg that makes EWSB.

e If SUSY is there, plenty of other very important things to do...

A very ambitious and challenging program!

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

LFor this, LHC is not sufficient and a more precise machine is needed!J
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f Lightest Higgs: as in SM
Higgs mass h — v, ZZ"

Higgs couplings from 0 X BR

Higgs spin+CP numbers: hard

Higgs self-couplings hopeless...

expected accuracy, %

width ratios
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M. DUhrssen et al.
DIS 2010, 20/04/2010

The heavy Higgsses

=

Masses from H/A — u*pu~
tan 8 in pp — H/A + bb
H/A separation difficult
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