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To generate particle masses in an SU(2) X U(1) gauge invariant way:
introduce a doublet of scalar fields ~ ® = (2,) with (0|®°|0) # 0 T

Ls=D,® D — 12 ® P - \(PTd)?
v = (—p2/\)Y? = 246 GeV

=> three d.o.f. for M=+ and My

For fermion masses, use same  P:

£Yuk:_fe(éy D)LCIJeR -+ ...
Residual dof corresponds to spin—0 H particle.

e The scalar Higgs boson:  J¥¢ = 01 quantum numbers.

2
e Masses and self-couplings from V : 1\/I2 —2)\V  CH3 = BMW
e Higgs couplings o< particle masses: gug = —, = opvy = 2—Y

The Higgs unitarizes the theory:
without Higgs: |Ag(vv —vv)|oxE?/v? m j;@ “Epj:
iIncluding H with couplings as predicted:

|Ag| o< M% /v = the theory is unitary but needs 1700 Gev...

Once Mg known, all properties of the Higgs are fixed (modulo QCD).
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A major problem in the SM: the hierarchy/naturalness proble m
Radiative corrections to M%I in SM with a cut—off A =Mnp ~ Mp; T

AM%—I — --I._I___®___I__I__ X A2 ~ (1018 Gev)z

M prefers to be close to the high scale than to the EWSB scale...

Three main avenues for solving the hierarchy problem:
Supersymmetry: a set of new/light SUSY particles cancel the divergence.
— MSSM = two Higgs doublet model = 5 physical states h, H, A, H*
— very predictive: only two free parameters at tree—level ( tan(, M)
— upper bound on light Higgs M} 5130 GeV and My i+ ~Mj STeV
Extra dimensions: there is a cut—off at TeV scale where gravity sets in.
— In most cases: SM-like Higgs sector but properties possibl y affected
— but in some cases, there might be no Higgs at all (Higgsless m odels)....
Strong interactions/compositness  : the Higgs is not an elementary scalar.
— H is a bound state of fermions like for the pions in QCD...
— H emerges as a Nambu—Goldstone of a strongly interacting se ctor J
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1. EWSB and the Higgs

and along the avenues, many possible streets, paths, corner S...

Which Higgs?

-

n? &
Undiggs? Private Higgs? Gurslriks Yhiggs*

> ; Loitfle FFige?
Gaugephobic Higgs?  Kstble's %995 798!
"{gpm“ied Fhiggs Tetermediafe ‘H‘nﬁ@,
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CArstorhe Grojecn Evatic £8d sactors alarsas, Fad.io

L Which scenario chosen by Nature? The LHC supposed to tell! J
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Since v is known, the only free parameter in the SM is My (or )\).
fOnce Mg known, all properties of the Higgs are fixed (modulo QCD). T

1 o

First: Higgs decays in the SM
e As gipp X Imp, H will decay into
heaviest particle phase-space allowed:

e M <130 GeV,H — bb
-H — cc, 7777, gg = O(few %) [
-H — v, Zvy = 0(0.1%) ol "
o My > 130 GeV,.H — WW.ZZ |

— below threshold decays possible oo —] 0

01

— above threshold: B(WW)= %’ B(ZZ):% . TwH Eeef} |
—decaysinto tt for heavy Higgs < e
e Total Higgs decay width: A
— very small for a light Higgs H«zj:<w
— comparable to mass for heavy Higgs IR
My [GeV]
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2. Thestandard Higgs at the LHC: production

Main Higgs production channels

Higgs—strahlung Vector boson fusi
q \% q
W

gluon—gluon fusion in associated with

100

on 10 L

0.1 ¢

QQ

g DO000 9 O0000——— @
H
----- =0
g 00000 9 VOO0 —— Q@

Large production cross sections

with gg — H by far dominant process

1fb~!= O(10%) events@IHC

= (0(10%) events @Tevatron
but eg BR(H — 7, ZZ —4¢)~1073

... a small # of events at the end.
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—> an extremely challenging task!

e Huge cross sections for QCD processes

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

e Need some strong selection criteria:

— trigger: get rid of uninteresting events...

— select clean channels: H—~vy, VV —/

— use specific kinematic features of Higgs

e Combine # decay/production channels

(and eventually several experiments...)

e Have a precise knowledge of S and B rates

(nigher orders can be factor of 2! see later)

e Gigantic experimental + theoretical efforts

(more than 30 years of very hard work!)

For a flavor of how it is complicated from the
@eory side: alook atthe gg — H case
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O%: already at one loop The otheory
QCD: exact NLOP : K ~2 (1.7) gg—H
EFT NLO®: good approx. g ‘o000 H
EFT NNLOY: K ~3 (2) > -----
EFT NNLL®: ~ +10% (5%) J oo

EW: EFT NLO: 9: = =4 very small

EFT other HO™: a few %. :E> _____ R
00000

exact NLO": ~ + a few %

QCD+EW': a few % :E} _____ :E:

Distributions : two programs !

o

long story (70s—now) T

2Georgi+Glashow+Machacek+Nanopoulos :
PSpira+Graudenz+Zerwas+AD (exact) oL
“Spira+Zerwas+AD; Dawson (EFT)

OIHarIander+KiIgore, Anastasiou+Melnikov 15[

Ravindran+Smith+van Neerven

€Catani+de Florian+Grazzini+Nason RN

fMoch+Vogt; Ahrens et al.
9Gambino+AD; Degrassi et al.

h Actis+Passarino+Sturm+Uccirati

05!

o(pp — H+X) [pb]

--- NLO

—— 80

T T T

'Anastasiou+Boughezal+Pietriello 100

JAnastasiou et al.: Grazzini

Lo O
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M (GeV)
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Despite of that, the gg — H cross section still affected by uncertainties

e Higher-order or scale uncertainties:
K-factors large — HO could be important
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:
gluon PDF at high—x less constrained by data
(s uncertainty (WA, DIS?) affects o o< o2

— large discrepancy between NNLO PDFs
PDF4LHC recommend: Apqr~10%QIHC

e Uncertainty from EFT approach at NNLO
Mjoop > My good for top if My S2my

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 N0 x & 15-20%@IHC
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Higgs—strahlung: qq— VH
|—: Drell-Yan with V* — V H decays R

oL
— RC known at NNLO, rather moderate P
— {vbb main mode@Tevatron for light H 1}%
— resurrected at LHC with boosted jets “
O3 i 30555
oo
e vector boson fusion: qq— Hqq e B e —
— large cross section at high /s BN = L Bt
— p,}flgh forward jets, central jeto veto, .. g o ] i .
— TH clean (small RC) but ggH contam. < ;o
— many H decay channels observable. N _ _'
S e 0w
e Associated ttH production pp — ttH SN e
— complicated process but probes  Epitt
— small cross section but small RC too T
\—— too large bkg for H —bb; boosted jets? - J

M, [Gev]
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Expectations for 2012 and beyond: 8 O s Prefiminary: 0ot 2010
IHC: \/s="7-8TeV and L ~few fb~! % E SF;:Je@ZtidTi'j”'f'Cafi;zl;bse”atfnww(m)OJ
50 discovery for Mpg~130-200 GeV % 1o} - lmes vt
95%CL sensitivity for My <600 GeV 3 ef oA
gg—H—7y MuS 130 GeV) 5ol
gg—H—-WW —/(viv+0,1jets g ,} £
gg—~H—Z7—4(,2(2v,2(2b 0! 00 300 400 500 500
gg — H—77 + 0) 1 jets Higgs mass, m_ [GeV/c?]
qq — VH — Vbbwith V=7 — ¢ : BRSE
— at IHC with jet substructure I e
— also at Tevatronin Wh — ¢vbb LA L s

Full LHC: same as IHC plus some others | ﬁ

- VBF: qqH — 77,7y, ZZ*, WW* B <

— VH—VDbb with jet substructure tech. j
L— ttH: H — 7y bonus, H — bb hopeless? R R R J

m,, (Gevic?)
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fln the MSSM: two Higgs doublets: H; = (E:) and Hy, = (Eg) T
After EWSB (which can be made radiative: more elegant than in SM):
Three dof to make Wf, 7y, = 5 physical states leftout: h, H, A, H*
Only two free parameters at tree—level: tan(3, M s but rad. cor. important:
Mp<SMgz|cos26|+RC<S130 GeV , Mg~Mpa ~My+: SMgewss

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

¢ Jobuu Yodd govv

h | (s:?r?a—> 1 (S:g;%% 1 sin(f — a)— 1
H 55— 1/tanﬁ coep — tanf cos(B —a)— 0
A 1/tan g tan 0

In the decoupling limit: MSSM reduces to SM but with a light SM Higgs .

At tan 3 >>1, one SM-like and two CP—odd like Higgses with cplg to b, T
. Ma<Mp®==h=A H=Hgy, Ma>M*>*=H=A h =Hgy |

HPNP2013-Toyama, 04/09/2012 Theory aspecs of Higgs at LHC — A. Djouadi — p.12/22



Higgs decays in the MSSM: ’ —
General features: = LLE !

}tan g =30

e h: same as Hgy in general - -
BR(h)

(esp. Iin Elecoupling limit) if not U
h — bb, 7777 enhanced fortan § >1 |
e A: only bb, 777~ and tt decays | o

0.01 L L 0.01

(no VV decays, hZ suppressed). a0
e H: sameas A ingeneral;tan 5 >1 'F= \

WW . ZZ, hh decays suppressed.
e H* : 7v and tb decays
(depending if Mg+ < or > my).
Possible new effects from SUSY!!

tt

BR(H*
o1 LBRUT)

For tan 3>>1, only decays intob/ 7: | o] / i
BR: @ — bb ~ 90%’ @ S TT A 10% 100 200 300 500 100 200 300 . 500

For tan 3 &1, other channels need to be considered too!
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f SM production mechanisms What is different in MSSM T

Higgs—strahlung Vector boson fusion

‘,’ *
~
~
~
~
~

q H

e All work for CP—even h,H bosons.
—in @V, qq® h/H complementary
— additional mechanism: qqg — A+h/H

e For gg — ®and pp — QQP

:}}_!{-- gt — include the contr. of b—quarks

— dominant contr. at high tan (3!

q

gluon—gluon fusion

e For pseudoscalar A boson:

— CP:no @A and qqA processes
TN win]  —gg — Aand pp — bbA dominant.
ol g e For charged Higgs boson:
iy O\ ~ My <Smy: pp — ttwith t —=H™b
] — My 2 my;: continuum pp — tbH™

| At high tan [ values :
N ¥  -—hasinSMwith My=115—130GeV
L N A — dominant channel: gg,bb— ® >7ﬂ

Mq) [GGV]
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fSIightIy outdated but still telling...

Q50 T — 50 f 1
Sl s s, ATLAS S ATLAS-300fb
S 1 /Ldt=300 fb™ - | maximal mixing
K— h —>vyy and . o L
30 | Wh/tth, h > Maximal mixing 30
se ] | 0,00 #
ol Jtth, h—>bb //// 20 | L
ey ‘
% el W
W S
10 B l//f/, S 10 |
9 ] 9 r
8 1 8 |
a7, S g :
SV = < ’ Wonl
5t 5 H y
4+ 4t
i B 3 LEP excluded
I = = 3 P e T
2 = \§ W :
| A 5 “\\WA—>Zh—=>llbb %
é = \ N7
1 L 4/4 ! i :‘4\ I \ ! \ ! s& ‘r ! ! /A
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Once the Higgs is found (even if nothing else): would HEP be “c

No! Need to check that H is indeed responsible of SEWSB (and SM
Measure its fundamental properties in the most precise way:

e its mass and total decay width,

@ its spin—parity quantum numbers and check

e its couplings to fermions and gauge bosons and check that the

indeed proportional to the particle masses (fundamental pr

e® its self—couplings to reconstruct the potential
Possible for Mg~

100

10

0.1
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120-130 GeV as all productlon/decay channels useful!

|
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Higgs boson mass from: Higgs boson total width:

-H — vy for My S 130 GeV — Too small for Mgy < 2Myg
~-H — ZZ — 4/* beyond ~-H — ZZ — 4/(* beyond
Final AMy /My ~ 0.1% to 1%. Final AT'y/T'y ~ afew %
. Experimental precision on the SM Higgs mass L Experimental precision on the SM Higgs width
L ATLAS +CMS > ATLAS+CMS
| 300 fb™' /experiment < 300 fb'1/experiment

s,

< ' E ®@H —> 77 —> 4]

10
—1

10 -
OH, WH, ttH (H —= )
OWH, ttH (H — bb)
AH = 779 = 4
m All channels combined

’]O_Z | | | | | | | | | | | | ’]O_Z | | | | | | | | | | | | |

102 10° 200 400 600 800
Higgs mass (GeV) Higgs mass (GeV)

u/lass precisely measured but total width out of reach (invisi ble decays?u
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f e Higgs spin:

H — ~7: rules out J=1 and fixes C=+.
—not generalizableto H<«— gg(g~q)
— 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
— challenging precision measurement,

—roughly doableinH —VV— A0* correlations.

—alsoin dT'(H— ZZ*)/dM,
Drawback: If H is mostly CP—even,
rates for A — V'V are too small...
More convincing: look at Hff couplings
Possible but challenging channels:

L gg—H — 77 or pp— ttH—ttbb

dI'(H— ZZ*)/dM*@thresm

30 -

R
H-ZZ- ()5
M, =150GeV |

_
H - ZZ — (1)) |
M,, =280 GeV |

- L ““, ,":
T ; L
S — A Y\ ; X -

D T S R
0 w2 s 312 2n

dT'(H — ZZ)/d¢ azimuth
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® L ook at various H production/decay AL 0 ey |
channels and measure N., = 0 X BR ’
LHC with £=2300fb ~! (more statistics?)

10 1% 0854 ]

e Large errors mainly due to: S i s

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

— theory: PDFs, HO/scale, model dep... oo e e
total error about 20-30% in gg — H Sob D1 il ]
contaminates also VBF/HZ (30%)... S

= ratios of o X BR: many errors drop out! 33 2

e One obtains width ratios: I'x /T’y -y I |

e Theory assumptions (no invisible, SU(2) Qhoowstotitiid  pla S
Invariance, some couplings are known,..) e (G0 ma ()

= translate into I'x g%IXX with SEBE orea RS

1 (ASXPT'+ AR nf

. 251
] 2, 2 2F
1 Cu/Cy.
2 r P 1 7
04l i il &
Qi sM
- R s b

—> reasonable precision of order 10% T

not bad... but is it really enough? S e
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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...

Vs = 14 TeV
95% CL limits

31— pp L +4j —

g3, g4 = accessto Vy.

Y 5o0000) .
,
,
H ’
Q> 1o
.
Y
AY
.

01—
0 100

100E T ‘ T T T ‘ T T T ‘ T T T ‘ T T

T ‘ T ]
Meppo HH+X -

I LHC: o [fh] ]
I 09 - HH ]

WW+ZZ - HH

WHH+ZHH

| WHH:ZHH=16
- WW:ZZ=23
‘ 1 1

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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Very precise measurementsj
mostly at /s < 500 GeV

.l [ T Ty | T
e TH W o L and mainly in ete™ — ZH
7t | (with o o< 1/s) and ZHH, ttH
+ e R
) Vim Jnww T E0.012
s 9HZZ +0.012
e Ve GHbb +0.022
OIZHG e - JHcc +0.037
e ¢ | . gurr | £0.033
\‘H W0E A | GHtt +0.030
et i 20 300500 7000 1000 200003000 )\ HHH :|:O ) 22
o il My | £0.0004
¢ ol Ly +0.061
H CP +0.038
¢ 7

—> difficult to be beaten by anything else for ~ 125 GeV Higgs

|
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5. Conclusion
fSo there is still a long way and a lot of work to do before we can c IaimT

that we have finally “understood the Higgs boson”...

Nn snpy UNDERSTANDS ME

e

-~
. _ 'i

-\-\-‘\-\--
w-\.,_____x‘-
_'___.-F'- r:.\-
o

and an eTe™ Collider will be an essential instrument/step to get there. .
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