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SUMMARY

e Being the Higgs Boson
e Physics (@ the Hadron Collider

e Unexpected:

- The Higgs boson width
- Lepton flavor violations?

e Unnatural: what 1s 1t ?
e Precursors
e Probing SUSY 1n the Higgs Sector

e Higgs boson as a PseudoGoldstone

e Flavor Symmetry and Flavor Symmetry Breaking

e A new “light” vector boson?
e LHC @ 14 TeV and Beyond.
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1. Being the Higgs boson: couplings to the other
particles

*With the Higgs boson we are probing a physics which 1s very different from
the one we are used with the gauge interactions

*In lowest order, the couplings of H to other particles are related to the masses:

«g(H-f fbar) «mr (no e-p universality !)
eg(H-VV ) cxmvy? (coupling to the photon only in higher orders)

elarge variations

19.7 b (8 TeV) + 5.1 b’ (7 TeV)

ethis 1s the signature of being the Higgs boson! = oMs |

Preliminary t

- 658% CL
95% CL
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or (ghvv/v)

e After all, this 1s the most
important message: mass vs. > 10
coupling correlation for all
known particles 102
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Higgs at Hadronic Colliders

non-perturbative parton distributions

/

do = Z / dx, / dx- x- +0O(1/Q?)
ab

perturbative partonic cross-section
Partonic cross-section: expansion in as(u%) <1 dé =alds® +al Tt ds™ + ...
@ Need precision for both PDFs and partonic cross sections

‘@ Higgs Production (Theor Daniel de Florian




Higg:S Boson at the LHC Discovered 1n the difficult region with
20fb ! for each expt.

 SM Higgs boson can be discovered at = 5
o after =1 year of operation (10 fb-!/

experiment) for my = 150 GeV

ATLAS + CMS
(no K-factors)

» Discovery faster for larger masses L is per experimen

:
g
S
3
g
#

 Whole mass range can be excluded at 95%
CL after ~1 month of running at 1033 cm-?
s -1,

results are conservative:

-- no k-factors
-- simple cut-based analyses

-- conservative assumptions on detector
performance

-- channels where background control 1s g 10’
difficult not included, e.g -
e 0 F. Gianotti
ECFA. 29/01/01 Luciano Maiani 33



ggF Higgs Cross-section @ LHC

Harlander, Kilgore (2002)
» NNLO Anastasiou, Melnikov (2002)

Ravindran, Smith, van Neerven (2003)

» NNLL Resummation (9% at 7TeV) Catani, deF,, Grazzini, Nason (2003)

Aglietti, Bonciani, Degrassi,Vicini (2004)

. ;¢ ~ KO Degrassi, Maltoni (2004)
» Two loop EW corrections not negligible ~ 5% Actis, Passarino, Sturm, Uscirati (2008)

Djouadi, Gambino (1994)
» Mixed EW-QCD effects evaluated in EFT approach  Anastasiou et al (2008)

Goria, Passarino, Rosco (2012)

p + Mass effects, Line-shape, interferences, ... Higgs Cross-Section WG

scale pdf+ ag

o(my = 125 GeV) = 19271728 4158 ph ces Grazain

Higher  LHC data and

FOI" RUN 2 highel" TH aCCUI”aC)’ needed orders more observables

ATLAS signal significance |U = 1.30+0.12 (stat) 6_'010 (th» +0.09 (syst)

Even Higher orders : N:LO

» 3 loop form factor

Baikov et al (2009)
Gehrmann et al (2010)
Lee, Smirnov, Smirnov (2010)

» Triple real emission
Anastasiou, Duhr, Dulat, Mistlberger (2013)

» 2 loop + single emission
Duhr, Gehrmann (2013); Li, Zu (2013);
Gehrmann, Jaquier, Glover, Koukoutsakis (2012);
Anastasiou, Duhr, Dulat, Herzog, Mistlberger; Kilgore (2013)

» | loop + double emission

Anastasiou, Duhr, Dulat, Herzog, Mistlberger, Furlan (2013);
Li, Manteuffel, Schabinger, Zhu (2013)

T g

) Subtraction terms Hoschele, Hoff, Pak, Steinhauser, Ueda (2013)
Buehler, Lazopoulos (2013)

threshold
expansion



Width measurement from off-shell Caola, Melnikov

CMS 19.7 b (8 TeV) + 5.1 fb™ (7 TeV)
_IIII| IIIIIIII |IIII|IIII|IIII|IIII|_
60— =
[ gg+VV — 727 — ()
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3ol |

Vngrs : P
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m, (GeV) SM assumptions on couplings (running)
I' : I'
g&XP — O.back 4 gon 4 O_off % FSIE\Z | O_mt < FSIE\Z
H H
CMS I'g <22MeV (545M)
ATLAS 1y <24 MeV (57 M)

E\ O_Off

see K. Ellis (@ Higgs Hunting 2014

2 2
[ Mol s ()i O
M2 — A2 (¢* — M7) + T M 'y
A : g=¢& gS M
off-shell behavior is reliable!

Ly =& Ty

|A —>H—>VV|2 2 2 2\ 2 2
dq2 79 ~ [ dq°g H(q )gHVV(q )
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Results

» expected upper limit: B(H — ut) < (0.75 £ 0.38)%

* observed upper limit: B(H — nt) < 1.57%  <— gjight excess of observed
number of events

cMS pureliminary 19.7 fb™, Vs = 8 TeV Best fit: B(H — nt) = (0.89+0.40)%

I I I I | I I I | I I I | I I I | I I I
e 0 Jets

h
2.35% (exp.) - ® Observed

2.94% (0bs.) « Expected N Constraint on B(H — ur) interpreted in
he o 1 Jet . terms of LFV Higgs Yukawa couplings

2.10% (exp.)
* CMS preliminary 19.7 fb, (s =8 TeV

2.11% (obs.)
ut , 2 Jets 1
had _
1.95% (exp.)
3.29% (obs.)
ut, 0 Jets
1.32% (exp.)
2.04% (obs.)
ut, 1 Jet
1.66% (exp.)
2.38% (obs.)
ut_, 2 Jets
3.77% (exp.)
3.84% (obs.)
-3
h—ut 10

0.75% (exp.)
1.57% (obs.)

0 2 4 6 8 10

95% CL Limit on Br(h—ut), % 107

Livia Soffi BSM Searches - Higgs Hunting 2014

lunedi 21 luglio 2014




4. Unnatural: what 1s 1t?

*The Standard Theory 1s incomplete: missing parts imply mass scale >> W
mass

-Gravity: regulated by the Planck mass Mp=1/NGnewton = 10! GeV
-Unification of the three gauge interactions of ST, Grand Unification mass Mgur = 104 GeV

* How 1s 1t possible to have a low energy sector almost decoupled from the
high energy scales?

e Spin 1/2 and 1 particles: in the zero mass limit a new symmetry 1s gained
(chiral symmetry for spin 1/2, gauge symmetry for spin 1)

* higher order corrections to the mass do vanish in the limit where the bare
mass vanishes

e thus, e.g. for the electron mass: me(q?)=mo Log(q?/Mgur ) and the large
mass 1s locked into Logs.

e]n the Standard Model, no increased symmetry 1s gained by letting the mass
of the elementary scalar to vanish: ST 1s “unnatural” (‘t-Hooft, 1979).
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quadratic divergences

eSometime unnaturalness of the Higgs 1s tyed to quadratic divergences
and unnatural tuning between bare mass and rad corrections

1 = s + % % Cost x A + -
- 7

this 1s however not necessary: even 1n regularization schemes with no
quad div (e.g. dimensional reg. or Lee-Wick ghosts) the large mass will
end up 1nto the finite corrections, unless a symmetry reason does not

prevent it.
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alternatives

eLow energy supersymmetry relates scalars and fermions, whose mass 1s
protected by chiral symmetry, and reduces the cutoff scale to Msusy, needed
to be O(1TeV) for not too unnatural tuning, .... or

*No elementary scalars, the Higgs boson 1s composite by fermion fields, tied
together by forces at a scale O(1 TeV), called generically Technicolor forces.

* H could be much lighter than the high energy strong interactions scale, if it
1s a would-be-Goldstone boson of some symmetry.

*New strong-interactions at high energy: not indicated by electroweak
precision data (which are becoming high-precision data).

*The value found for the Higgs boson mass speaks in favour of SUSY
e but we should keep both options open...for the time being.
e[mportant: 1t 1s not a matter of a factor of 2 or 4...

*The third option, which 1s becoming popular, is to ignore the problem...an
anthropic solution?

If this 1s the answer...what was the question? (Financial Times)
LAL Orsay, July 23, 2014 Luciano Maiani. HiggsHunting 13




5. Precursors

| OBefore finding the particles implied by SUSY or by the extra strong
interactions at high energy, one should detect anomalous couplings of the
- Higgs particle to vectors and fermions; deviations at few percent levels
could be seen;

ethe pattern of couplings may be quite complicated, but some
simplification may help to orient us

Fermionic vs. bosonic couplings %

A two-parameter benchmark model, under the following assumptions :
* One single modifier x, (k) for all vector bosons (fermions)
* Only SM particles in the gg—H and H—yy loops
* No BSM particles contributing to total width

. e B ] ]
:— ATLAS Preliminary - \_uH Vi . - CMS Preliminary 19.7 fo" (8 TeV) + 5.1 fb' (7 TeV)
E \s=7Tev|Ldt-46481f" vy E3Combined 7 | + Observed ¢ SM Higgs
— \s=8TevLdi=20.3 10" + x Best Fit N owwW S

present status 1s somewhat
represented here:

4
3
2
1:
0
1
2

ATLAS-CONF-2014-009

Destructive W- and top- mediated interference in H—yy loops :
H—yy provides sensitivity to the relative sign of fermionic/bosonic couplings

K~ 1.59-xq - 0.66 - kwi +0.07 -
&~ 1.06-x —0.07- KK, +0.01 - i
- = —— —— = : _ Invisiblesl4, Paris Higgs boson physics at the LHC 7 Jpsé Ocariz — LPNHE et Univ. Par'is Diderot
- LAL Orsay, July 23,2014 - Luciano Maiani. HiggsHunting

CMS-PAS-HIG-14-009




A better perspective to understand how close to a SM Higgs:

Higgs coupling

A better perspective to understand how close to a SM Higgs:

Higgs coupling

19717 (8TeV) + 511 (7TeV) A. Pomerol @ Higgs Hunting 2014

Q [ T T L I
> [CMS :
N Preliminary t
2 1 3
& [ |=68%CL ;
< | |—95%CL ] Composite Higgs
101k |---SM Higgs _/ (reduction of couplings)
E E small effects already expected, ,_ 'l—. = »
. 4 as EWPT (LEPI) put strong limits '— =
. T . to the coupling hVV : -
10 3 (M, &) fit 3 since it affects the Z propagator:
; =68%CL | 1 h
i —95% CL : <
Lol Lot L’
1 2 345 10 20 100 200 VNV SV

A or (g/2v)"2

—

—
Q

102

19.7 fo' (8 TeV) + 5.1 fb' 14 TeV)

- CMS

| Preliminary

== 658% CL
—95% CL
---SM Higgs

MSSM light Higgs |

qualitative possible ranges
before LHC Higgs data

(M. ) fit
= agoer |
—95% CL

.....N

2 345

20 1 OO 200
mass (GeV)




6. Probing SUSY 1n the Higgs Sector

L. Maiani, A.D. Polosa , V. Riquer, New J. Phys. 14 (2012) 073029.:
ORSAY-ROMA Collab.: A. Djouadi, L. Maiani, G. Moreau, A. Polosa, J. Quevillonl , V. Riquer, EPJ C in press, arXiv: 1307.5205

Two Higgs doublets required (Dimopoulos & Giorgt): Hu, Hg

Recent work:

P.Giardino, et al.arXiv:1303.3570 [hep-ph];
<0|H2‘0> = v sin 3; <O\H§’\O> =vcos(; 0<tanfB < 400 A.Djouadi, J.Quevillon,arXiv:1304.1787 [hep-ph];

== = 9 NMSSM model:
L= (2\@@ = (174 GeV) G.~Belanger et al., JHEP 1301(2013) 069;
. : : R.Barbieri, et al., arXiv:1304.3670 [hep-ph];
Physical H bosons: h : 125 GeV Two Higgs Doublets:
H, A, H:I: 297 B.Grinstein,P.Uttayarat,arXiv:1304.0028 [hep-ph];

O.~Eberhardt et al., arXiv:1305.1649 [hep-ph].

M2:M%< cos? 3 —cosﬁsinﬁ>+Mi< sin? 3 —cosﬁsin6>+<8 i )
B

— cos 3 sin (3 sin? — cos B sin 3 cos® 3 —
e h, H mass matrix contains Mz, Ma, tanf3 , 0
eEW interactions control the quartic potential, hence Mz

*0 embodies the leading radiative corrections related to the top-sector and summarizes
all details and variations of the MSSM;

swith My=125 GeV, we can obtain o= o(M 4, tan ) and determine all quantities in

the Higgs sector as function of M4, tan p, or My, tan p.
LAL Orsay, July 23, 2014 Luciano Maiani. HiggsHunting 16


http://arxiv.org/abs/1307.5205
http://arxiv.org/abs/1307.5205

3. Implications of M}, ~ 126 GeV for the MSSM

’7 Main results:

e Large Mg values needed:
- Mg =~ 1 TeV: only maximal mixing
- Mg =~ 3 TeV: only typical mixing.
e Large tan/3 values favored
but tan3 ~ 3 possible if Mg~ 3TeV

How light sparticles can be with

the constraint M;, = 126 GeV?

e 1s/2s gen. q should be heavy...

But not main player here: the stops:

= mg, < 900 GeV still possible!

(see also G. Isidori et al. e.g.)

eM;, M; and 1 unconstrained,

e non-univ. m;: decouple £ from q

EW sparticles can be still very light
uut watch out the new LHC limits..

Roma, 13/01/2014 Implications of the Higgs discovery — A. Djouadi — p.13/27

TEIM, <3 TeV..” o e
S M <1TevV. ™ et o




A. Djouadi et al.

123 GeV < My, < 129 GeV
AMy /My

Ma = 300 GeV
tan3 - 5

Ms (TeV)

123 GeV < M,, < 129 GeV
Ao

My o 300 GeV
tan3 ~ 5

1.5 2
Ms (TeV)

128 GeV < My, < 129 GeV

123 GeV < M), < 129 GeV

tan3 - 30

Ms (TeV)

Ms (TeV)

Figure 3: The variation of the mass My (left) and the mixing angle o (right), are shown as
separate vertical colored scales, in the plane [Mg, X;| when the full two loop corrections are
included with and without the subleading matrix elements AM?*, and AM?%,. We take M 4 =300
GeV, tanf = 5 (top) and 30 (bottom) and the other parameters are varied as described in the

text.




Relevant plane for susy Higgs couplings: A. Pomerol (@ Higgs Hunting 2014

MSSM (X,;=0)

| ‘LO“ |

ghtt / gls{%

1.1

from arXiv:1212.524
(data before Moriond 13)

Higgs coupling measurements are already
ruling out susy-parameter space

Ky < Ky,Kd
(not needed in the fit)

ATLAS Preliminary
(s=7TeV, | Ldt=4.6-481"

Vs=8TeV, J Ldt = 20.3 b
Combined h — yy, Z
Simplified MSSM [k, Kk, k4]

==-Exp. 95% CL —Obs. 95% CL
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7. Higgs Boson as a PseudoGoldstone

The Minimal composite Higgs model
A Simple example: K.Agashe, R. Contino, A. Pomarol, Nucl.Phys. B719 (2005) 165.

eTechnicolor forces are symmetric under O(5)
eO(5) breaks sontaneously to O(4)=SU(2)L ®SU(2) r

*4 Goldstone Bosons = complex doublet under SU(2)r ®U(1)

EW interactions break O(5) -> O(4) 1n a different direction and generate
a potential for T4s: 3 GBs give mass to W and Z and the 4th field is the,

naturally light, Higgs boson.

e O(5) generators= 5xJ3, real, antisymmetric matrices=1;;=-T;

e O(4) generators= 1y, 1, j, = 1,..4

e broken O(5) generators correspond to T5s;, j=1,..4, a vector under
O(4) and a (1/2,1/2) under SU(2). ®SU(2) r

LAL Orsay, July 23, 2014 Luciano Maiani. HiggsHunting 20



Higgs particle = would be Goldstone Boson ?

Luca Merlo@Moriond 2014

A strong dynamics at the scale A, ~ O(TeV) can provide a solution to

the Hierarchy problem: in Composite Higgs models, the Higgs arises as a

NGB, with an induced mass protected from large quantum corrections.
" In CH models, the resonance corresponds to a composite object, singlet

under SM symmetries: light CP-even singlet scalar h

" The Lagrangian can be written in terms of these building blocks:

U(CE) Nt eiaawa(az)/v h
U(xz) is a 2x2 adimensional matrix. This leads to a fundamental
difference between the linear and chiral Lagrangians:

Linear Lagrangian Chiral Lagrangian
“' The GBs are in the Higgs doublet ®

© & has dimension 1 in mass
= d=4+n operators are suppressed

n
by Anp =
LAL Orsay, July 23, 2014 Luciano Maiani. HiggsHunting 21

@ The U(x) matrix is adimensional
and any its extra insertions do not
lead to any suppression



Iate S Luca Merlo@Moriond 2014

/2

Poli) = —SBuB Fot)  Pralh) = *(T(TW,u) Pl

Pw(h) — _%WZVWCLMV]_’W(}O P13(h) — z’gTr(TWW)Tr(T[V“,V”])flg(h)
Pa(h) = —%GZVGGWF(;(M = ge“”’O)‘Tr(TVM)Tr(VVWpA)]:M(h)
Peith) — —UZZTr(V“VM)]-"C(h) Pis(h) = Te(TD, VH)Tr(TD,VY) Fi5(h)
Pr(h) = %Tr(TV YTr(TVH) Fr(h) Pis(h) = Tr(|T, V,|D,V#)Tr(TV") Fis(h)
Pi(h) = g9’ B, Te(TWH) Fy(h) Pi7(h) = tgTr(TW,, ) Te(TVH)0" Fi7(h)
Pz(h) = zg BM,/TI“( [V” VVDJT"Q( ) Plg(h> = TI“(T[VM,VV])TI(TVM)ayflg(h)
Pg(h) = igTI‘(WMU[V'u VV]) 3(h) Plg(h) = TT(TDMV“)TT(TVV)aV.Flg(h)
Pa(h) = ig' B, Tr(TV#)0" Fy(h) Pao(h) = Tr(V, V*)O, Fao(h)0” Fay(h)
Ps(h) = igTr(W,, V*)0" F5(h) Pa1(h) = (Tr(TV,))?0, Fa1(h)0” Foy (h)
Ps(h) = (Tr(V, V) Fs(h) Paz(h) = Tr(TV ) Tr(TV,, )0 Fas(h)0” Fas(h)
Pz(h) = Tr(V,V*)0,0" F(h) Paz(h) = Tr(V,VH)(Tr(TV,)) Fos(h)
Ps(h) = Te(V,V,)0" Fs(h)0” Fi(h) Pos(h) = Tr(V,V,)Tr(TVH)Te(TVY) Faus(h)
Pg(h) = Tr((DMVM)z)Fg(h) P25(h) = (TI‘(TV ))28 8”]—"25(h)

Piolh) = Te(V, D, V*)0" Fio(h)

Pll(h) = (TI‘(V'LLV,/))2I11(h)
LAL Orsay, July 23, 2014




A. Pomerol @ Higgs Hunting 2014

Composite PGB Higgs couplings

Couplings dictated by symmetries (as in the QCD chiral Lagrangian)
Giudice,Grojean,APRattazzi 07

APRiva 12
2

JhWww v
ST — ]. - F f = Decay-constant of the PGB Higgs
Ihww .

(model dependent but expected f ~ v) ATLAS+CMS:

Ceg=Cyy=C7,=0, ¢;=Cp=c =cy
2 2F ‘ : ‘

arXiv:1303.1812

MCHM4 MCHM5

small deviations on the hyy(gg)-coupling due to the Shff
SM

Goldstone nature of the Higgs 8hff getting into the

interesting region




Set A : aGaa'47a57anaW7CH7QG'C_CC:O HVVzHﬁ‘
Set B : CLG,CL4,CL5,CLB,CLW,CH:20/C—CC HVV:/:HH

Fit by B. Gavela and coll.; Luca Merlo@Moriond 2014
LHC +Tevatron Higgs data. Set B
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and ATLAS Collaborations at 7 TeV and 8 TeV for final states

v, W+W-7Z7Z,7y,b b,and Tt ~
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8. Flavor Symmetry and (Minimal) Flavor Symmetry
Breaking

*The symmetry group commuting with the ST gauge group, for three
generations, 1s:

‘gU(S)QL X SU(S)UR & SU(S)D>R & gU(S)EL & SU(3)>ER
Chivukula& Georgi, no right-handed neutrinos, or:

SU(3)q, ® SUB)u, ® SUB3)p, ® SU3)e, ® SU(3) 5, ® O(3)
< > < >
to trigger see-saw.

*((3) 1s the maximal symmetry with three generations of right-handed
neutrinos, N, endowed with a degenerate, Majorana mass, M.

°a set of Yukawa couplings break the symmetry, providing masses to all

particles: meg =Y, <H> a=UD,FE
Yy,
m, =< H >2 V]\f
*Y, are not particularly suppressed for very small v masses:
m, M

‘YVI £

= normal coupling

LAL Orsay, July 23, 2014 Luciano Maiani. HiggsHunting 25



Minimal Flavor Violation for quarks

*Ys must appear 1n all Flavor Violating effective lagrangians arising from the
heavy particles from New Physics (Technicolor or SUSY), in such a way as to
make the effective lagrangian to be symmetric under the Flavor Group (see G.

Isidor1’s talk);
*MFYV i1s very effective in reducing the lower bounds to the scale of New

Physics, obtained from the non observed deviations from ST 1n flavor
changing neutral current effects (an extension of the GIM mechanism):

i IER R R 2
Lepr = E(SL'YMCZL) ~ A2 (QLYUYU%QL)

Operator Bounds on A in TeV (ecxp = 1)  Observables

RE i Operator Borid ®sn A Observables
(5py*dp)? 98 x 102 1.6 x 10% Amp; ex - - :
(5rdr)(5cdr) 1|8 x 10* 3.2 x 10° Amg: €x §(QLYuYu 'YMQL) 5.9 TeV ex, Amp,, Amp.
Table 1:
Table 1:

oA is further reduced if effects come from 1-loop diagrams, a factor of g2 in
the numerator

LAL Orsay, July 23, 2014 Luciano Maiani. HiggsHunting



The scale of the Flavor Symmetry Breaking

eFor the particles of the ST, but neutrinos, the scale of symmetry breaking
1s given by Y<H> ;

*Y may be “universal”, but I find 1t unlikely that the same <H> will
convert Y into GeV;

ethe more so if Y=<S> with S a completely new field: this 1s indicated as
dynamical Yukawa couplings.

e In Technicolor (Chivukula and Georgi), Y « preon masses/V, V some
new scale;

eif so in SUSY, and the scale of FSB is of the order of Msusy, s-quarks
and s-leptons of different flavor could be not so degerate as normally
expected

eand lepton flavor violation not so far !!!

LAL Orsay, July 23, 2014 Luciano Maiani. HiggsHunting 5



10. A new “light” vector boson?

°|n a recent paper we have assumed that Yukawa couplings are VEV’s of scalar

fields, determined by a minumum principle

R. Alonso, M. B. Gavela, G. Isidori and L. Maiani, JHEP 1311 (2013) 187
larXiv:1306.5927 [hep-ph]].

*a natural solution 1s found for neutrinos, with large mixing angles and
degenerate masses
ethe solution, including diagonal masses for charged leptons, admits a conserved
charge (with respect to the lepton flavor group SU(3),, ® SU(3)g, ® O(3))

Qeons = P1DPL1+1DAN, D1 +1D1D A,

A5 = diag(0,1,—1)

egauging the flavor symmetry we would be left with one massless vector boson,
Z’, coupled to the conserved current

Sy = [Z(LN)%\K%L) + /]RVAMR} — [u— 7]+ NN
*One may assume that small perturbations to remove the neutrino degeneracies,
will be able to give the Z’ a mass, which may be much smaller than the general
mass scale of flavons.

e A“light” Z’ coupled to Lu-Lt, was proposed, on different grounds, by several
authors, see J. Heeck and W. Rodejohann, 2011.

J. Heeck and W. Rodejohann, Phys. Rev. D 84 (2011) 075007 [arXiv:1107.5238|.
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n or quarks, w

pp.ip — Z,y = 2uZ' — 4p
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Yesterday sensation 1s the signal of today and the background of tomorrow _
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