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FSM is based on the gauge symmetry Ggn=SU(3)cxSU(2), X U(l%-y—‘
e SU(2)r, x U(1)y describes the electromagnetic+weak=EW interaction:

— between the three families of quarks and leptons:  fi, /g = %(1 F v5)f
3L.3R Ve —

e—

Yf:fo_2I? = YL:_laYR:_zaYQ:%7YUR:§7YdR:_§

Same holds for the two other generations: (i, v, ¢, s) and (7, ., t, b).
There is no R field (and neutrinos are thus exactly and stay massless).

— mediated by the WL (isospin) and Bu (hypercharge) gauge bosons
corresping to the 3 generators (Pauli matrices) of SU(2) and are massless
T2 = 272; [T? TP =ie*P°T, and [Y,Y]=0.
Lagrangian simple: with fields strengths and covariant deri vatives as QED
W2, =0, W2—9,Wa+g,e®*WPW¢, B, =9,B,—0,B,
D, = (9, —igTaW2 —ig’YB,) v, T2 = 1r2
| Lew = —iwa Wi — IB,, B* + Fr;iD," Fri + friiD, 7" fr, |
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But if gauge boson and fermion masses are put by hand in LEW
%M%V“VM and/or m¢ff terms: breaking of gauge symmetry. T

This statement can be visualized by taking the example of QED where
the photon is massless because of the local U(l)Q local symmetry:

T(x) = B'(x) =e OB (x) , A, (x)— A (x)=A,(x) - 1,0(x)
e For the photon (or B field) mass for instance we would have:
1 1 1 1 1
§M2&AMAM — §Mi(AM—gf9ﬂa)(A”—58“a) # §MiAﬂAM
and thus, gauge invariance is violated with a photon mass.

e For the fermion masses, we would have e.g. for the electron:

meee = meé<%(1 — 5) + %(1 + 75)>e = me(€erer, + €Ler)

manifestly non—invariant under SU(2) isospin symmetry tra nsformations
as er, is in an SU(2) doublet while egr is in an SU(2) singlet.
We need a less “brutal” way to generate particle masses in the SM:

—> The Brout-Englert-Higgs mechanism = the Higgs particle H.
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Brout-Englert-Higgs: spontaneous electroweak symmetry b reaking :ﬂ
Introduce a new doublet of complex scalar fields: ¢ Yo=+1

with a Lagrangian density that is invariant under

s%ngfz U(1)y

Ls = (D"®)'(D,®) — ) °*®'® — \(PTP)?

1% > 0: 4 scalar particles..
1? < 0: ® develops a vev:

0/®[0) = (©, )
with = v = (—p?/))
= 246 GeV

— symmetric minimum: unstable
— true vacuum: degenerate

N | =

—> to obtain the physical states,
write Lg with the true vacuum

(diagonalised fields/interactions).

GGl Firenze, 1-2/10/2014

V(%)

V()

Re(h)

Higgs Physics

— Abdelhak Djouadi — p.4/74



|70 Write & in terms of four fields 67 2 3(x) and H(x) at 1st order: T

105 (x)72(x)/V ~ 02+i0
Q)(X) — e9 (x)T2(x)/ %(?/—I—H(x)) ~ %(Vz_:_H_liQ:;)

e Make a gauge transformation on P to go to the unitary gauge:

P (x) — e T B (x) = %(&FH(X))

e Then fully develop the term  |D,®)|? of the Lagrangian Ls:
D,®)? = |(9, — ig1 2 W3 — i%B,) &/’
(%igzé(ngerngu) _ig22i(wi—iwﬁ) > (0 )

— 22 (W1L+iw2) Out5(82W3—g1B,,) v+H
=3(0,H)*+ 3583 (v-+ H)2 WL +iW 2+ 5 (v + H)?[ga W] — g1 B, |?
e Define the new fields Wlf and Z, [A , is the orthogonal of Z,,]:

3 3
Wt — L (w1l W2 g2W: —g1B, g2 Wi +g1By,

\— with sin? Oy = gz/\/gg T g% = e/g2 J
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f. And pick up the terms which are bilinear in the fields W= Z. A: T
2 - 1N\ A2 1N\ A2
= 3 degrees of freedom for Wi, Wy, Zy, and thus M=+, Mz:
Mw = 3vg2, Mz = 3v/g5 +g7, Ma =0,
with the value of the vev given by: v = 1/(v/2Gg)/2 ~ 246 GeV.

— the photon stays massless and U(l)QED IS preserved as it should.

e For fermion masses, use same _doublet field P and its conjugate field

~

d = i, P* and introduce L~k Which is invariant under SU(2)xU(1):
'CYuk:_fe(é, D)L(I)eR — fd(l_l, (_i)LCI>dR — fu('[_l7 a)L&)uR + ..

—%fe(ﬂea eL)(V4m)er - = —%(V + H)érer - -

— fev _ fuv fav
= Mg — V2 my, — NoBR my = V2
With same P, we have generated gauge boson and fermion masses,
while preserving SU(2)xU(1) gauge symmetry (which is now hi dden)!
L What about the residual degree of freedom? J
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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. T
Mass and self- interaction partfrom  V(®) = p2®Td + \(®TP)2:
V= 2(0,v+H)( ) +30,v+H) (O, )
Doing the exercise you find that the Lagrangian containing H i S,
Ly =1(0,H)(0"H) -V = 2(0"H)®> — \Wv?*H? — \WwH? - 2 H*
The Higgs boson mass is given by: ~ M# = 2\v? = —242.
The Higgs triple and quartic self—interaction vertices are
gps = 3IM% /v, gue = 3iM3F /v?
What about the Higgs boson couplings to gauge bosons and ferm lons?
They were almost derived previously, when we calculated the masses:
Laiy ~ M2(1+H/V)? | L, ~ —mg(1+H/v)
= GHff = lmf/V guvv = —2iM% /v, guavv = —2iMg, /v?
L Since v is known, the only free parameter in the SM is Mg or . J
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1. TheHiggsin the Standard M odéel

fConstraints on My from pre-LHC experiments: LEP, Tevatron...

Indirect Higgs boson searches:

H contributes to RC to W/Z masses:

- —

- ~
4 N
1 \

W/Z W/Z

Fit the EW precision measurements:

we obtain My = 92755 GeV, or

-

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

6
5] A Aoy, = |
. i —0.02761+0.00036 | f:
1 L i - 0.02747:0.00012 [ T
4 i e incl. low Q® data —
N>< ]
53
2 - ]
1 | —
0 | Excluded 5 ‘,,-"'Preliminary
20 100 400

m,, [GeV]

\_MH < 160 GeV at 95% CL
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fScattering of massive gauge bosons V1, Vi, — VLV at high-energyT

W+m W+ @ ’\/\/\/\/\{\/\/\/\/\/
H &i: -
_——— : H

W~ W™ AWV

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

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

M?2 M?2 M?2
0 = —grok |1+ iy + "log (1+ 537 ) |
For unitarity to be fullfiled, we need the conditon ~ |Re(ag)| < 1/2.

. . s>Mp M2
e At high energies, s> MZ%, M2, we have: ag — — %
H> 8TV

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

_ s<M%,
e For a very heavy or no Higgs boson, we have: apg —

unitarity = /s S 1.7 TeV (/s < 1.2 TeV)
Otherwise (strong?) New Physics should appear to restore un itarity.
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he quartic coupling of the Higgs boson A (X M%I) Increases with energy.

If the Higgs is very heavy: the H contributions to A are by far dominant.

- ~ - N ’
~ -, =~ - S o - e N P
~ ' ~
N P ~<= ~ ’ \ - N v
N ~ s N oz
i Il 1
x ) > )< x
s N \ o\ ~ VEIRN
~ s \ / ~ 77 7N
N - ~_- ~ /]
~ _- ~ o - ~ 4
~ - ~ 7’ ~ 7\

Ve
I\O ~

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

2 271
= (@) = M@ ) [ 1= o |
o If Q% <« v?, A\(Q?) — 0,.: the theory is trivial (no interaction).
o If Q% > v? A(Q?) — oco: Landau pole at Q = v exp (417{:%’2).
The SMis valid only at scales before coupling A becomes infinite:
If Ac = Mg, A S 41 = My < 650 GeV

(comparable to results obtained with simulations on the lat tice!)
If Ac = Mp, A S 41 = My S 180 GeV
\_(SM extrapolated up to ultimate scales, the GUT/Planck scal  es!). J
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The top quark and gauge bosons also contribute to the evoluti on of A:
the contributions dominate over that of the H itself at low M3 values.

H 7T 1777 H WYt
F )
H ...L | ___. H . dnvwe-----
The RGE evolution of the coupling at one—loop order is given b y:
m3 2
AQ?) = A\(v?) + 25 [—12 i T 16 (282 + (g5 + g%)Z)} log 35
If \is small (i.e. H is light), top loops might leadto ~ A(0) < A(Vv):

v is not the minimum of the potentiel and EW vacuum is unstable

= impose that the coupling A stays always positive:
mé 2
ANQ?) >0=ME > 2 [—12V—; + 2 (2g3 + (g2 + gf)z)} log S
Very strong constraint: () = Ac ~1TeV = My 2 70 GeV

(a good reason why we have not observed the Higgs before LEP2. ..)
uf SM up to high scales: Q = Mp ~ 10'® GeV = My > 130 Geﬂ
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1. TheHiggsin the Standard M odéel

Combine the two constraints and include all possible effect S:

- - 800|||||||||||||||
— dominant corrections at two loops,
— theoretical and experimental errors

— all possible refinements - - - %'
Ac~=1TeV = 7T0S Mg S700 GeV =

Ac~ Mp; = 130<Myg <180 GeV "~

600 m; = 175 GeV

o (M;) = 0.118

|llll|llll|lll

. o . . 200
Cabibbo, Maiani, Parisi, Petronzio =
Hambye, Rlesselmann 0 | I | ] I | ] I | ] I [ 1 |7
103 10 109 1012 1015 1018

_ _ A [GeV]
More up-to date (full two-loop) calculations in 2012:

Degrassi et al. and Berzukov et al.

At two—loop for mP°'°=173.1 GeV:
fully stable vacuum Mpg=>129 GeV,
but vacuum metastable below that!
metastability of vacuum is still OK:

unstable but long lived  Tiunel = Tuniv S————

180
175 -

1mof

Pole top mass m;, in GeV
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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: _
£ FBorn(H — ff) — jr\l;l;: MH m% 5?
H
""" B = /1 —4m2%/M% : f velocity
f N. = color number

e Only bb, cc, 777, ut ™ for My <350 GeV, also H— tt beyond.
o' x 63: H is CP—even scalar particle ( o< [ for pseudoscalar Higgs).
e Decay width grows as MH moderate growth with the mass....

e QCDRC: I' «x I'p|1 — log ] = very large: absorbed/summed

using running masses at scale MH - mp(MZ) ~2mP°°~ 3 GeV.
Lo Include also direct QCD corrections (3 loops) and EW (one-lo op). J
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f L T(H = bb) [MeV] ) [ ['(H — ct) [MeV] ) T
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P

i with full QCD 1
- _ with full QCD
with run. mass 0.1 - .

with run. mass

1100 110 120 130 140 150 160 100 110 120 130 140 150 160
My [GeV] Mp [GeV]
Partial widths for the decays H — bb and H — c¢ as a function of My
Q mq mQ(mQ) EQ(lOO GeV)
C 1.64 GeV 1.23 GeV 0.63 GeV
\— b 4.88 GeV 4.25 GeV 2.95 GeV J
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G, M3
| o V. D(H - VV)= 95 5 (1-dxr12x) |
X:M%/M%—Iaﬁvz\/l—élX
5W:2, oz =1

\/(*)

e [or 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 1 Te V)3

heavy Higgs is obese: width very large, comparable to My at 1 TeV.

M,

2v2 "

1
3

because of contributions of V7.:

EW radiative corrections from scalars large because X\ =

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 gHvv VS €Hbb-
Lln fact: for My > 130 GeV, H — WW* dominates over H — bb. J
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f Electroweak radiative correctionsto H—VV : T

Using the low—energy/equivalence theorem for My > My, Born easy..
2 2 3
[ (H—ZZ) ~T(H—wowo) = (55 ) (502 ) 3 (&) = mort

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:

Taovy ~ Tiom [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 Mp S 1 Tev
Approx. same result from the calculation of the fermionic Hi ggs decays:
T ~ Do [1 28— 3232 4+ 0(5\3)}
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|7 more convenient, 2+3+4 body decay calculation of

L(H— V)= [N

AX,y;z) = (1 —x/z —y/z)*

HoVeve:

MVFV (Mp—q1)%dg2Mvy Ty T
)2_|_M2 F2 0 (qg M%)Z—I-Mz F2 0
— 4xy/z2 with Ow /z = 2/1
12q%qg}
M

G 3
Lo= S50y /A(af, a3 MF) |A(a, a3 MZ) +

1 C

0.1}

0.01 £

0.001 ' .

100 120 140
Ad}{[(}e\ﬂ
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G, a2 M3 2
T T e = SR [§ T Al (]|
T Al)p(T) =2[r + (1 — )f(7)] 777
"0000° f(7) = arcsin® /7 for 7 = M /4m? <1

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

e Formg — 00,7q ~ 0 = A1/2 = % — constant and 1 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 mg — 00/7q = 1 valid for My < 2m¢ = 350 GeV.
Good approximation in decay: include only t—loop with mgqg — Q.
e But very large QCD RC: two— and three—loops have to be include d:
' = To[1 + 182 + 156%] ~ Tg[1 + 0.7 + 0.3] ~ 2T,
\_o Reverse process gg — H very important for Higgs production in pp! J
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W and fermion amplitudes in  H —~+y as function of 73 = M3 /4M?.

Trick for an easy calculation: low energy theorem for My < Mi:
— top loop: works very well for Mg < 2my =~ 350 GeV;
L W loop: works approximately for My S 2Mw =~ 160 GeV. 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 — Df(7)] 772
AP (7)) = —[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 S 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 .
\_o Same discussions hold qualitatively for loop decay H — Z~. J
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f Branching ratios: BR(H — X)) = F(glljil)) T

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

0.1F
- H — vv,v%, BR = a few permille. '

e 'High mass range’, Mg 2 130 GeV:
-H > WW* ZZ*upto > ZMW i
-H — WW, ZZ above (BR — 3, 3) -
~H — tt for high Mpg; BR <20%. K

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

1000 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 < 130 GeV: W . | |

—H — bb dominant, BR = 60-90% - T(H) [GeV]
100 F

-H — 7777, cC, gg BR= afew %
- H — vv,79%Z, BR = a few permille. ok
e 'High mass range’, Mg 2 130 GeV: |
-H—> WW* ZZ" upto 2> ZMW

-H — WW,ZZ above (BR — %,3) [
~H — tt for high Myg; BR < 20%. '

lF

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 My ~ 1 TeV (obese). My [GeV]

o |

GGl Firenze, 1-2/10/2014 Higgs Physics — Abdelhak Djouadi — p.22/74




3. Higgs production at LHC

ain Higgs production channels §
F T T T T T T T T T ]
: o(pp — H + X)) [pb] §
Higgs—strahlung Vector boson fusion - Vs =1.96 TeV ]
MSTW2008 .
7 v q 1L gg—H my = 173.1 GeV
V* F
\\\ q(i*)WH ..
q “H q 0L d@a—zH ................. )
F qq—qqH “-----_::.:::::-'-‘.-'='--.,_:-_ _______________ E
gluon—gluon fusion in associated with QQ I ""'ﬂ"-"‘""-
9 B N |
» ! S |
————— ¢-----H C
g D000 g 00000 ——— Q@ i | | | | | , | |
0.001
114 120 130 140 150 160 170 180 190 200
. . 100 ‘ ‘ ‘ ‘ ‘ ‘ ‘
Large production cross sections o(pp — H + X) [pb]
Vs =8 TeV
gg—H MSTW2008

with gg — H by far dominant process 10}
1fb~! = O(10%) events@IHC

my = 173.1 GeV

= (0(10°) events @Tevatron w2 ::::::::-~~-...,,,: --------------------------------------------------
buteg BR(H —~y, ZZ —40)~10~3 ™™ e ‘
... a small # of events at the end... . N, |
115 140 1610\/[118_;) Tgev] 300 400 50
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f —> an extremely challenging task!
L

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: 10",

pp/pp

Cr 0Ss sections
T T T T TTIT

- s
— trigger: get rid of uninteresting events... %12 Ora 8—@@——0”
— select clean channels: H—~vy, VV —/ 1 g /E/
— use specific kinematic features of Higgs iz o
e Combine # decay/production channels o’ /?
(and eventually several experiments...) o "ia(Ef‘”“j;W?é?/
e Have a precise knowledge of S and B rates 0% g e ey ]
(higher orders can be factor of 2! see later) ig />§
e Gigantic experimental + theoretical efforts L N
(more than 30 years of very hard work!) 120(:’gi:0))><><
For a flavor of how it is complicated from the S P
\_theory side: alook atthe gg — H case... ™ — fS(GeV)J
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fBest example of process at LHC to see how things work: gg — H. T

hadrons

Nev=LXxP(g/p)xc(gg—H)x B(H—7ZZ)xB(Z — pupu)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: the two can factorise in production at a scale up.
The partonic cross section of the subprocess, gg — H, given by:
5(gg — H) = [ 35 X 35 X 35| Mugg|* Gofit—(27%)6* (4 — 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 M A 2
0 = fo dxy fo dxa = % I'H — gg)g(x1)g(x2)d(8 — M)
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The calculation of o0y, IS NOt enough in general at pp colliders:
fneed 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 « Is large, these corrections are in general very important,
= dependence on renormalisation/factorisations scales UR/ IF.
® Choose a (natural scale) which absorbs/resums the large log S,
—> higher orders provide stability against ,LLR/ILLF scale variation.

® Since we truncate pert. series: only NLO/NNLO correctionsa  vailable.
— not known HO (hope small) corrections induce a theoretical e rror.

—> the scale variation is a (naive) measure of the HO: must be sma II.

e Also, precise knowledge of ¢ is not enough need to calculate some
kinematical distributions (e.g. pT, 1, dM) to distinguish S from B.

e In fact, one has to do this for both the signal and background ( unless
directly measurable from data): the important quantity is s:NS/\/NB.

—> a lot of theoretical work is needed!

But most complicated thing is to actually see the signal for S /B!
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fLet us look at this main Higgs production channel at the LHC in detail.j

“0000)

A 7T2
A PN oLo(88 = H) =gz

g G az )
111 oft = Seslin) | 850 A (rq)

(H — gg)d(s — M§)

2

Related to the Higgs decay width into gluons discussed previ ously.

e In SM: only top quark loop relevant, b—loop contribution < 5%.

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

e Approximation Img — 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.

L. Also the Higgs P is zero at LO, must generated at NLO. J
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OFf: already at one loop The otheory
QCD: exact NLOP: K ~2 (1.7) gg—H
EFT NLOL: good approx. g ‘o000 H
EFT NNLOY: K ~3 (2) > -----
EFT NNLLE: ~ +10% (5%) J oo

EW: EFT NLO: 8: =~ =+ very small

EFT other HOf: 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

GGl Firenze, 1-2/10/2014 Higgs Physics

Lo O
140 160 180 200 100

M (GeV)

150 200 250 300

M (GeV)

— Abdelhak Djouadi — p.28/74



-

e At NLO: corrections known exactly, i.e. for finite m; and My: T
— quark mass effects are important for My = 2m;.

—Imy — o0 is still a good approximation for masses below 300 GeV.

— corrections are large, increase cross section by a factor 2 to 3.

e Corrections have been calculated in  m; — o< limit beyond NLO.

— moderate increase at NNLO by 30% and stabilisation with sca les...

— soft—gluon resummation performed up to NNLL: ~ 5—-10% effects.

Note 1: NLO correctionsto P, 7 distributions are also known.

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

O ' ] ' ' o(pp - H+X) [ph] Vs=14TeV
2.5 K(gg—)H) 3+ K(gg_)H) i E“‘\“‘\Hw“w‘”H‘Hw“w”w”‘:
2 = 25 ]
] Ko
15F Ko . 2r o }
1.5 ]
L i | 10t
N R U By e . ;
ST s -
Kvirt 051 K irt |
O o Moz O Fmmemms 11 —
qu """""""""""""""" qu ....................................
8 . . . . L _O.r_ - 1 oo e b b b b b b b
03 - o0 1o o o 0 100120 140 160 180 200 220 240 260 280 300
My [GeV] My [GeV] M., [GeV]
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o

Despite of that, the gg — H cross section still affected by uncertamtleST

e Higher-order or scale uncertainties:
K-factors large — HO could be important
HO estimated by varying scales of process

po/k < piR, pir < FKjlo
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 o0 a

—> 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 & 20-25%@IHC

GGl Firenze, 1-2/10/2014 Higgs Physics

(gg — H) [pb]
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10k Sy, =

7 TeV 12

3 Vi

IS
10
09 b———+ |

0.8 F

200 300 400 500
My [GeV]

1.0

0.8

Vs =

o(gg — H) [pb]
7 TeV JRO9

MSTW ——
ABKM ——

HERAPDF (as =0.1145)
HERAPDF (ag=0.1176

09 b

115

300

500

150

200 300 400 500
My [GeV]

4
31
2
1

ATTo(gg — H) 4]

Vs =17 TeV
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f V*q 5-LO — 11\6/;[7:;2]:‘(:[_1 — VLVL)%’VLVL/qq —‘

dL Q 2 2\2 S
q V*C] d_T’VLVL/qq ~ m(vq + aq) log(MIZ{)
Three—body final state: analytical expression rather compl iIcated...

Simple form in LVBA: o related to I'(H — VV) and 2|y, v, /qq-

Not too bad approximation at \@ > My: afactor 2 of accurate.

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

NLO QCD radiative corrections small: order 10% (also for dis tributions).

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!

— NNLO corrections recently calculated in this scheme: very small.
— EW corrections are also small, of order of a few %.
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fKinematics of the process: very specific for scalar particle production.ﬂ

e Forward jet tagging: the two final jets are very forward peake d.

e They have large energies of (1 TeV) and sizeable P 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).

—> allows to suppress backgrounds to the level of H signal: S/B ~ 1.
10711 1T T ] BT 11 ]
LHC (a) - LHC (b) ]
I - HjjX ] I - HjjX
= 80 [ ii{:m(])J GeV ] 2000 ii{:mc])] GeV 7
s | ) :
> 60f — 1500 |
& 407 &5 1000
s | _
© 20} 500 |
o L& o:
0 25 50 75 100 125 150
Prj [GeV] ) ] Tj ]
—— lowest/central jet — — highest/central jet
However, the various VBF cuts make the signal theoretically less clean:

— dependence on many cuts and variables, impact of HO less cle ar,
— contamination from the gg — H+jj process not so small...
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OLO —

214 ~ A A+12M?2, /5
G“MVX(V(21—|—32))\1/2 v/

2887S
Similarto e"e~ — HZ for Higgs@LEP2.

& o< 871 sizable only for My < 200 GeV.

(1-MZ, /8)2 T

At both LHC/Tevatron: o(W=H)~c(ZH).

In fact, simply Drell-Yan production 61'4 B AR aaasanEa T
of virtual boson with % # M3, :

6(qq — HV) =6(qq — V¥)

gz(VF = HV). 12} |
RC = those of known DY process LIy :
(2-loop: gg — HZ in addition). 1102
QCD RC in HV known up to NNLO 1t
(borrowed from Drell-Yan: K =~ 1.4) 095 ]
EW RC known at O(av): very small 100 120 140 160 180 200 220 240 260 280 30
e Radiative corrections to various distributions are also kn own. MGVl

L e Process fully implemented in various MC programs used by exp eriment:
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Up-to-now, it plays a marginal role at the LHC (not a discover channel..).
Interesting topologies: WH — ~~¢. bb/, 3¢ and ZH — ¢/bb, vvbb.
At high Higgs P one can use jet substructure (  H — bb # g* — qq).
Analyses by ATLAS+CMS: 5 ¢ disc. possible at 14 TeV with £ 2 100 fb.
But clean channel esp. when normalizedto  pp — Z: precision process!

However: WH channel is the

most important at Tevatron:

Mg <130 Gev: H—bb

— (vbb, vibb, ¢t/ bb

(help for HZ — bb//, bbuv)

Mgz 2130 Gev: H— WWF L=
= (F(*jj, 30* |

Sensitivity in the low H mass range: 100 110 120 150 140 150 160 170 ﬁo(éz\cilcz)oo

excludes low Mg < 110 GeV values

~30 excess for My =115-135 GeV at the end of the Tevatronn run!

Tevatron Run Il Preliminary, L <10.0 fo™*

\H.L.\.\\E\g\t\c\i\w\H}HH,\H\1\\\\%+LA\S;¢MS

—;—Obs di

Tevatron Exclusion

=
o

n +LEP Exclusion |

95% CL Limit/SM
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o

Most complicated process for Higgs

production at hadron colliders:

— qq and gg initial states channels
— three-body massive final states.
— at least 8 particles in final states..
— small Higgs production rates

— very large ttjj+ttbb backgrounds.

NLO QCD corrections calculated:
small K-factors (/2 1-1.2)
strong reduction of scale variation!

Small corrections to klnematical

distributions (e.g:  pr’, P, etc...
Small uncertainties from HO, PDFs.

Processes with heavy quarks in BSM:
— Single top+Higgs: pp —tH+X.
— Production with bs:  pp — bbH.

e Important for Htt Yukawa coupling!

e Interesting final states: pp — Htt — vy

e Possibility for a 5 signalat Mg <

1400 [
1200 —
1000 |
800 |
600 |-
400 |

200

o(pp — ttH +X) [fb]

Vs=14TeV
M, =120 GeV
Ho=m +M,/2

N
N
N
. LO
N
N

0.2 05 1 2 5
Wi,

+ X, vvlEeT, bb/*.

140 GeV at hlgh Iumlnosmes
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_ 16
AUHC: V=T Tevand Lafow b ] oo v |
50 discovery for Mg ~130-200 GeV gf, 2} sit@7Tev - —mgwi)
9506CL sensitivity for Mg <5600 GeV O | A e ik
gg—H—~vy Mg < 130 GeV) 2 o ' N
gg—~H 77— 40,2020, 2(2b s 4
gg +H—-WW —vlv +0,1 jets 2

£| 200 300 400 500 600
: Higgs mass, m, [GeV/c?]

Even better at 8 TeV and higher
help from VBF/VH and gg—H — 77

8 H oo yy
Tevatron had still some data to analyze g (A S I

T 2l ATLAS ZqHﬁ XV\;V(:WV;(; viv
HV — bb/XQ@Mg <130 GeVl! - R

Full LHC: same as IHC plus some others
- VBF: qqH — 77,7y, ZZ*, WW*

— VH—>VDbb with jet substructure tech.

— ttH: H— 7 bonus, H — bb hopeless?

Conclusion? Mission accomplie! v
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4. Implications of the discovery

f Discovery: a challenge met the 4th of July 2012: a Higgstoric al day. T

%;2000.[' CMS Preleniary & 00 Vewgteed Dats Q.o v —y
E ' — ‘v
(O1800) 1s=7TeV.L=S985" T = f5=7-8 TaV
] weBToV,LaB3R! [ TN g 1
w1600} BN

3
S

]

/
™

y.en_t_s

Weighted E

10"

—_— tewrand L'.T—: Capnchd S s 1o

200 300 400 500
my, [GeV]
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4. Implications of the discovery

And the observed new state looks N
as the long sought SM Higgs boson: A & I

© -
vy Ol = il
+1 —0.02750£0.00033 [ :
4 0.0274920.00010  f ¢

a triumph for high-energy physics! 4. Yool owQPoaa fli -
Indeed, constraints from EW data: s 2 ' |
H contributes to the W/Z masses ) |
through tiny quantum fluctuations: . |

' H O‘lOg ‘|‘ OsoEXC'Md?d' | 160 300
W/Z W/Z m,, [GeV]

Fit the EW (< 0.1%) precision data,
with all other SM parameters known,
one obtains My = 92755 GeV, or

Mg <160 GeV at 95% CL
versus “observed” My =125 GeV.

L<122fb?
.1 I
0

A very non-trivial check of the SM! "h0 122 124 120 129, 590
The SM is indeed a very successful theory, tested at the permi lle level...
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But lets check it is indeed a Higgs!

Spin: the state decays into Y~y

e not spin—1: Landau-Yang

e could be spin-2 like graviton?

— miracle that couplings fit that of H,

— “prima facie” evidence against it:
e.g.. Cg # Cy,Cy > 35¢,

many th. analyses (no suspense...)

H-Z7 - 6505 : H = 22 - ()0
M, =150Gev | L M, = 280 GeV

CP no: even, odd, or mixture?
(more important; CPV in Higgs!)

ATLAS and CMS CP analyses for 2 s E Tmm——
g 5 SM, 0+
pure CP—even vs pure—CP—odd e fﬂL
dI'(H-ZZ*) dI'(H—-ZZ) ® 1000
j dM* and d¢ 500; ] 'l‘ LR‘L
MELA ~ 30- fOl‘ CP'even 93:0‘ 550 o Mlg RI (ZE /L 3)0
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f There are however some problems with this (too simple) pictu re: T
— a pure CP odd Higgs does not couple to VV states at tree—level :

— coupling should be generated by loops or HOEF: should be sma I,
— H CP-even with small CP—odd admixture: high precision meas urement,
—in H—VV only CP—even component projected out in most cases!

Indirect probe: through [ivv

gavv = cvg,, wWithcy <1
better probe: [izz=1.11+0.4!

gives upper bound on CP mixture: 6 Sh
ncp =1 — ¢% 2 0.5@68%CL tme) .

Direct probe: gy more democratic

—> processes with fermion decays. B
spin-corelationsin  qq — HZ — bbll

or laterin qq/gg — Htt — bbtt.
Extremely challenging even at HL-LHC...

GGl Firenze, 1-2/10/2014 Higgs Physics — Abdelhak Djouadi — p.40/74



oX BR rates compatible with
those expected in the SM.
Fit of all LHC Higgs data =

2 :E.Ezlgth —observed/SM:
agreement at 20-30% level.
AATLAS —1.30 4 0.30
ACMS — 0.87 + 0.23

combined : jito; ~ 1!

I I
ATLAS P

I

I

I

I I

reliminary m,=126 GeV
WZH - bb
Vs=7TeV: [Ldt=47 " —
Vs=8TeV: Lat=13 1"
H-ot §
Vs=7TeV: [Ldt=46 10" -~
1s=8Tev:fLot=131"
Howw” - ;
V5=8Tev: Lot=131" e
Ho W
Vs=7TeV: [Lot=481" D __e—
s =BTeV‘IL((1()=591b’1 H
H- 22" - 4 g
V5=7Tev: [Lat=480" e
Vs=8TeV: [Ldt=5.8 10"
Combined n=13+03 :
(5= 7TeV: fLot=46-481" e
(5=87eV: fLat=58- 131"
| | | | | | |

1 0 +

Signal strength (1)

Vs=7TeV,L<51fh* (s=8TeV, L<19.6 fb”

Combined CMS Preliminary m, =125.7 GeV
p=0.80%0.14 p. = 0.65
SM
H - bb
p=115%0.62 =
H- 11 _
H=110%0.41 -
H- vy
H=0.77+0.27 b |
H- Ww
1 =0.68+0.20 -
H- zZZ
1=0.92+0.28 b
v L e b
0 0.5 1 1.5 2 2.5
Best fit /oy,

Higgs couplings to elementary particles as predicted by BEH
e couplings to WW,ZZ, -~y roughly as expected for a CP-even Higgs,
e couplings proportional to masses as expected for the Higgs b
So, it is not only a “new particle”, the “126 GeV boson”, a “new
IT IS AHIGGS BOSON!

Butis it THE SM Higgs boson or A Higgs boson from some extension?

Br the moment, it looks SM-like... Standardissimo (theory

GGl Firenze, 1-2/10/2014
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Particle spectrum looks complete: no room for 4th fermion ge neration!
Indeed, an extra doublet of quarks and leptons (with heavy ") would:

—increase o(gg — H) by factor ~ 9 g::b " o=t b
----- =tt,b

— H—gg suppresses BR(bb,VV) by =2 g

— strongly suppresses BR(H — ~7) m y

2 . .
NLO O(Gymyg, ) effects very important: y
2 17 ous ] ' ST
g} E:;E&tzg:;;g‘ ----- Expscted (35%)] [ o(H) x BR|snma/sm
C i
= 1
E M 4 b
® ‘Vbb@Tevatron "**tre.,
%107} ' ]
(0))
W@LHC//
e 0.1 F 7]
10120_0 200 300 400 '5(')'0”E F Mu=125 Gev ]
SM4 Higgs boson mass (GeV) mhy =M | 50 GeV =600 GeV
100 200 300 400 500 600
) .. m, = my |GeV
(Direct seach also constraining..) v (GeV]
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4. Implications of the discovery

f. For theory to preserve unitarity: V \V y _‘
we need Higgs with Mg <700 GeV... W ?&ﬁi
We have a Higgs and it is light:  OK! v v
e Extrapolable up to highest scales.
\ = 2M? /V evolves with energy

— too high: non perturbativity

— tog low: stabilit13\//I of tq& EW vacuum2 180
)\(Q ) - 2 + —4m? Q
vy 21+ 3 e 108z

> @Mpl - MH >129 GeV!
at 2loops for mP°'° =173 Gev.....
—> Degrassi et al., Bezrukov et al. 3
but what is measured my at TEV/LHC
mP*'*?mMC? not clear; much better:

. H N A2

m; =171+3GeV from o(pp — tt) 108
ESUG needs further studies/checks... 66 e 1945 125M 1285V 126 126.5 ﬂ
Alekhin.... u [GeV]
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Thus we have a theory for the strong+electroweak forces, the SM, that is:

e a relativistic quantum field theory based on a gauge symmetry :
e renormalisable as proved by 't Hooft and Veltman for SEWSB,

e unitary as we have now a Higgs and its mass is rather small,

e perturbative up to the Planck scale as again the Higgs is ligh t,
e |eads to a (meta)stable electroweak vacuum up to high scales :
e compatible with (almost) all precision data available to da te...

Is it the theory of eveything and should we be satisfied with it ? No:
The SM can only be a low energy manifestation of a more fundame ntal theory!
Indeed, the SM has the following problems which need to be cur ed:
e “Esthetical”’ problems with multiple and arbitrary paramet ers.
e “Experimental” problems as it does not explain all seen phen omena.
e "A theory consistency” problem: the hierarchy/naturalnes S problem.
L All indicate that there is beyond the Standard Model physics ! J
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There are major theoretical and experimental problems in th e SM:
f e does not incorporate masses for the neutrinos (there is no VR In Sl\m
e does not explain baryon asymmetry (baryogenesis?) in the un verse;
e does not incorporate the fourth fundamental interaction, g ravity;
e does not explain why ,u2 <0 and has too many (19!) free parameters.
e No real unification of the interactions
— 3 #gauge groups with 3 £ couplings,
— no meeting of the couplings in SU(5).
e No solution to the Dark Matter problem:
— 25% of the universe made by Dark Matter,
— no stable, neutral, weak, massive particle.
e Above all: there is the hierarchy or naturalness problem:

radiative correctionsto My in SM with a cut—off A =Mnp ~Mp

AMZ = H®H x A? ~ (10'® GeV)?!

My prefers to be close to the high scale than to the EWSB scale...
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5. The Higgs beyond the Standard M odel

Three main avenues for solving the hierarchy or naturalness problems
(stabilising the Higgs mass against high scales) have been p roposed.

|. Compositeness/substructure:

there is yet another layer in structure!
All particles are not elementary ones.
Technicolor: as QCD but at TeV scale.
—> H bound state of two fermions

(no more spin—0 fundamental state).
=> H properties =* from of SM Higgs.

ll. Extra space—time dimensions
where at least s=2 gravitons propagate.
Gravity: effective scale M~ A~ Tev
(and is now = included in the game...).
EWSB mechanism needed in addition:
e same Higgs mechanism as in SM,

L e but possibility of Higgsless mode!
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I1l. Supersymmetry: doubling the world. SUPERSYMMETR Y
|7 e SUSY = most attractive SM extension: }

— links s= 5 fermions to s=1 bosons, G S »? e
. . . . Vo {’:4 ’\Z,.) Z
— links internal/space-time symmetries, o ‘*L) rrrrrr .
‘"-3/ \H/} '».E/ ' @

Squarks ) stepiens () SUSY force

— if made local, provides link to gravity!
— naturally present in string theory (toe),

— natural 112 < 0: radiative EWSB, : /(8

— fixes gauge coupling unification pb,
— has ideal candidate for Dark Matter...

oson Predictions

Higgs
sssss

e Needs two scalar doublets for proper H_'l
and consistent EWSB in the MSSM: |
= extended Higgs sector: h, H, A. H™, H™ with h&H~Hgy,
— SUSY = only two basic inputs at tree-level: tanﬁzvz/vl, M,
— SUSY = hierarchical spectrum: Mp~Myz: Mg~Max ~Mg-=.
(SUSY scale Mg pushes My}, to 130 GeV via radiative corrections).
e Most often decoupling regime:  h = Hg\, others decouple from W/Z.

. .
+
MSSM Higgs B
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5. The Higgs beyond the Standard M odel

.. and along the avenues, many possible streets, paths, cor ners ...
Just for EWSB, there are dozens of possibilities for the Higg S sector.

Which Higgs?
9 Vi
Uniggs? ~ Private Higgs? Guralwik's Y11995°

> ; Lsiffle Figge?
Gaugephobic Higgs?  ble's Higs? 995

Lfffe@rﬁ 9
] - 798+
BusdABI98 g it Figas? aquaﬁ

)
@onpessle THHEE sl
{ A Tiggs¢ -
s Teat dsgas Higgshss?
Perfal ﬂiﬂ’9§ ;
" s 9 Bt Bl s 3155
@auge—ﬁﬁ_ggg? Loone ﬁgffo
| Tﬁﬁ‘m ﬂiﬂgg?
(DS?E?:E»}D&, @?, Hﬁy‘g@f ? @}mn’ﬂq ﬁiggg?

Christophe Grojean Exvotic £a) sactors slarSauns, Fed. o

Which scenario is chosen by Nature? The LHC gave a first answer !
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We observe a Higgs boson with a mass of 126 GeV and no other Hi ggﬁ

[ I T I T I I Vs=7TeV,L<51fh* (s=8TeV, L<19.6 fb”
ATLAS Preliminary {m,=126 GeV N 1257 GeV

. . : Combined CMS Preliminary my, =
oX BR rates compatible with WZH -t R
those expected in the SM v M roes .
. . Vs= sTvILn 131b _.—
Fit of all LHC Higgs data = |1 w-mw I o tos0an =
agreement at 20-30% level - ; ]
ATL __ b fgon e PUERT
HATE — 130 + 0.30 v | ]
CMS (s V: fLt= 581\) H_'u\iv(\),,\égio,zo —m-
Lot = = 0.87 =0.23 Comired | 13203 |
=0T fua=s5- 138" H- zz |
combined : ~ ]! _ Siaats IR (IR
) lutOt . 1 0 4 0 05 1 2 25
Signal strength (1) ' Best fit olog,,

B) We do not observe any new particle beyond those of SM with Hi ggs:

profound implications for the most discussed BSM scenarios , they are In:

e “Mortuary”. Higgsless models, 4th generation, fermio or ga uge-phobic..

e “Hospital”: Technicolor, composite models, ...

e “Trouble” and strongly constrained: extra-dimensions, Su persymmetry,
Here, | discuss the example of Supersymmetry and the MSSM.
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The MSSM is the most economical low energy SUSY extension of t he SMW
f It is based on the following simplifying assumptions:
e Minimal gauge group, the SMone SU(3)c x SU(2)L, x U(1) :

The SM spin-1 B, W;, g; gauge bosons . _
and their spin- 1 gaugino partners b, W, g} —=> put in vector superfields.

e Minimal particle content: 3 fermion generations + two Higgs doublets
(no chiral anomalies, » . Q¢ = 0, and no conjugate H* for mass terms):

fermions and their spin—-0 fL/R partners

Higgsses and their spin— % h, /2 partners } = chiral supermultiplets.

— current eigenstates fL/R mix to make the two mass eigenstates fl/z,
— charged/neutral winos+higgsinos = charginos szlneutralinos X(1),2,3,4

e Discrete and multiplicative symmetry called R—parity is co nserved:

[ 1\25+3B+L = +1 for all ordinary SM patrticles,
Rp = (-1) =1 = —1 for all the SUSY particles.

— sparticles always produced in pairs,

Important consequences: — decay into odd number of sparticles,
L — lightest one (LSP) is absolutely stable. J
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® \We need a superpotential to implement the Yukawa interactio ns
most general one compatible with SUSY, gauge invariance, Rp, etc..:

— Yi‘;’d’l Yukawa couplings among generations (generalisation of SM) :
— [4 supersymmetric Higgs—higgsino parameter: only additiona | one!

At this stage everything is supersymmetric and uniquely spe cified!
But need to break SUSY = soft-breaking not to have A? terms in Mpy:
introduce a collection of soft—-SUSY breaking terms of dims. 2 and 3:

1 ~ ~ o~ o~
Loaugino = > [Mlbb + M22§:1wawa + MgEgzlgaga + h.c.]
Lor. = Zim% QI Qi + mf LT + m3;[ag, |* + m3 |dr,* + mf, [Ir,|?
LHiges = m2HLHy + m2H{H; + Bu(Hy Hy + hec.)
Lir = S| AR Y}iin, Ho Q)+ A Y jdr, H1.Q+ Al Yilr, Hi. Lj+hec.
Then life becomes complicated and problematic with this pot ential!

—> too many free parameters (+105!) and thus not very predictiv e,
—> leads generically to problematic pheno (FCNC, CPV, CCB, MZ)-
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A more phenomenologically viable MSSM is defined by assuming ; T
e all soft SUSY-breaking parameters are real (no new CP violat  ion);
e masses and trilinear couplings for sfermions diagonal (no F CNC);
e 1st/2d sfermion generation universality (no problem with K aons..).

Define phenomenological MSSM (pMSSM) with 22 free parameter  s:

tan(: the ratio of the vevs of the two—Higgs doublet fields;

m%{u, m%ld: the two soft-SUSY breaking Higgs mass parameters;

M, M., Mj: the bino, wino and gluino mass parameters;

mg, Mgg, Mg, My, Mgy : 1st_/2d genera_tion sfermion mass parameters;

Mg, Mg, My, My, M third generation sfermion mass parameters;
R . . - .

Ay, Ab,leT: the third generation trilinear couplings;

A, Agq, Ac: the first/second generation trilinear couplings.

In fact, a much simpler situation in the pMSSM compared to gen eral case:
e You can trade mg; , mg; with more "physical” 1 and My parameters.

e A, Aq, Ac in general not relevant for phenomenology (come with my).
e If focus on given sector (Higgs, Y, ) only few parameters to deal with...
L —> phenomenologically more viable model and more predictive! J
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MSSM problems solved with universal boundary condition s at high scaﬂq
SUSY in hidden sector communicating with visible through gravit y only!
=> universal soft SUSY'terms emerge if interactions are “flavor—blind”.

Besides g1 2 3 unification which fix the GUT scale Mgyt ~ 2-10'% GeV:

unification of gaugino, scalar masses and trilinear cplgs at Q=Mqgur.
o Ml — M2 — M3 E m1/2 800 Evolution of sparticle masses |
e Mg, = Mj, = My, = mg
: A“ Ag = Al = Ay 5
1 J —~ 500} -
2

e B and ,u from correct EWSB ¢ ol _
(and minimisation of nggs) 20 |

2 2 200 + 1 .
K= [tZB (mH ) M ] I 5]

_1 2 2 2 |

B’LL o 2 82/8 [mHu _|_de _|_ ZILL ] 0102 10* 108 1010 10¥

Q (Gev)

MSUGRA: only 4 free parameters+sign:  tan 3, mj /2, mg, Ao, sign(s)
—> all soft parameters at scale Mgysgy = \/thmt obtained through RGEs.
gadlatlve EWSB as M3 , < O atscale Mz from t/t loops: more naturag
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rScaIar EWSB potential Vi interms of Ty, = |u|*+mg, ,, M3 = Bp
2
Vi =mj [HY[?+m3HY|? + m3(HYH + he) + 374 (|HS > — [HY|?)?

e Quartic couplings given by  g; = 3 free parameters ﬁ%g,?’ instead of 6!

® m; 5 real and mj o complex but phase rotated i Vg conserves CP!
olfB,u:O m12>0 VH O only if <I‘Ig> —=0: SSB:>m1237£O

—> connection of electroweak symmetry breaklng and SUSY break Ing!
Physical Higgs masses and mixing angle o from minimisation of Vg
M3 = —m3(tan 3 + cotf) = —2m3/sin 23
M g = 5 {M3 + M3 F (M3} + M3)? — 4M3 M3 cos? 26]*/2}

MHi = 1\/I2 + 1\/I2
— (M2 +M?2)sin 28 1\/I2 +M32
tan2a = Z Z)COS% = tan2p A—Mz (—5 <a<0)
Gives important constraints on the MSSM h boson masses (tree -level):

My > Ma, Mg+ > Mw , My <min(Ma, Mz)-| cos 28| < My,
The relations are broken by large radiative corrections in t he HIggs sector.
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Life is more complicated and radiative corrections have to b e include(iT
fThe CP-even Higgses described by 2 X 2 matrix including corrections:
2 2 2 2
C3  —SpCs , [ sz —spcs) [AMI AMT,
+M+4 +
—53Cg 5 —s3Cg  Cj AMT, AM3,

and the two Higgs masses and the mixing angle (v are given by:
M2, =1 (M3 + M + C, + /Mj + M — 2M3 MZcy5 + C)
2AM2,— (M3 +M2)sg
C_+(M2—-M32 )cag+4/Mi +Mz—2MZ MZcyp+C

M3 = M3

=

with

C =4AM$,+C?2 —2(M3% —M32)C_ca5—4(M32 +M2)AM?2,5,4

The dominant corrections come from stop/top sector with a le ading term:
2 2 __ _ 8mg MZ | XP? _ X3
A’/\/111/12 0 ’ AM22 €= 22,2 sin? 3 log m; + M2 1 12 M2

Lstill a simple picture but with a few additional parameters Mg, X;... J
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fSummary: MSSM has two doublets H; = (E(f) and Hy = (Eg) T
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 tree—level: tan(3, M s but rad. cor. important:
Mp<SMgz|cos25|+RC<S130 GeV , Mg~Mpa ~My+: SMgewsBs

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

¢ Jobuu Yodd govv

h N ang 1 COS%;%% 1 sin(f — a)— 1
H g~ 1/tanf &5 —tanf  cos(f —a)— 0
A 1/tan g tan 0

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

At tan 5 >>1, one SM-like and two CP—odd like Higgses with cplgto b, 7
. Ma<Mp®==h=A H=Hgy, Ma>M*>*=H=A h =Hgy |
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The mass value 125 GeV is rather large for the MSSM h boson,
—> one needs from the very beginning to almost maximize it...
Maximizing M}, is maximizing the radiative corrections; at 1-loop:

Ma>M 3mg M2 X2
M, 57 Mg|cos2p| + RSN R llog me t M2 (1 - 121\25)]

e decoupling regime with M ~ O(TeV);

e large values of tan 3 = 10 to maximize tree-level value;
e maximal mixing scenario:  X; = v6Mg;

e heavy stops, i.e. large Mg = /Mg, Mg

we choose at maximum Mg <3 TeV, not to have too much fine-tuning...

e Do the complete job: two-loop corrections and full SUSY spec trum

e Use RGE codes (Suspect) with RC in D—R/compare with FeynHiggs (OS).
Perform a full scan of the phenomenological MSSM with 22 free parameter
e determine the regions of parameter space where 123 <M, <129 Ge\
(3 GeV uncertainty includes both “experimental” and “theor etical” error)

o require h to be SM-like: o(h)xBR(h)~ Hgn (H = Hgpy later)

o
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Main results: < MO :

h Large Mg values needed: 2235;‘ | ‘
— Mg = 1 TeV: only maximal mixing ::: ﬁﬂ E

— Mg =~ 3 TeV: only typical mixing. of 3::11:* f : E

e Large tan (3 values favored s "J:‘*f#, _ ?@ff‘ k-
but tan 3~ 3 possible if Mg~ 3TeV bl "?:;”;-;i-:f:i“' - z
o EMs <3 oV IR AR ¢ :

How light sparticles can be with 10.,5"""-'_7:-?7:11-?7._1,. [.' el 4
the constraint My} = 126 GeV? X,/Mg

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

. 1225 GoV < W, < 1275 GV

But not main player here: the stops: 1or Eii .

= m;, < 500 GeV still possible! ool el o
(even if Mg is much larger...) s & ,h*"#wwf%ﬂﬁﬁ ALl

oM, M; and /£ unconstrained, % OF g R I T

e non-univ. m;z: decouple ¢ from q sl

EW sparticles can be still very light - >

but watch out the new LHC limits.. R Bo0 000 1500 2000 2500

M. (GeV)
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/. Implications of the discovery for the M SSM

Constrained MSSMs are interesting from model building poin t of view:T

] ] gravity,.. ]
— concrete schemes: SSB occurs in hidden sector o MSSM fields

— provide solutions to some MSSM problems: CP, flavor, etc..
— parameters obey boundary conditions = small number of inputs...

® MSUGRA: tan 8, my 2, mg, Ao, sign(u)

e GMSB: tanﬁ ) Slgﬂ(,u) ) Mmes ) ASSB ) Nmess fields

e AMSB:, myg , m3/2 , tanﬁ , Slgn(,u)

full scans of the model parameters with 123 GeV <M, <129 GeV

<135]
e i 1 [nusm %130
. {[Bcmssm =
[[Jvemssm 125+
120f
115}
1103 11024, | |
0 10 20 30 40 50 1000 2000 3000
tan M, (GeV)
very strong constraints and some (minimal) models ruled out —
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As the scale Mg seems to be large, consider two extreme possibilities T

e Split SUSY: allow finetuning T =
scalars (including Hs) at high scale o e '
gauginos—higgsinos at weak scale g 140
(unification+DM solutions still OK) 2 i/ TR
M} « log(Mg/my) — large > :' o
e SUSY broken at the GUT scale... " I —
give up fine-tuning and everything else Mo T e o0 w0 o o
still, Aoc M7, related to gauge cplgs 160 e

(1) = g%<rh>:g%<rh> (1 + 63) o] Higheseate SUSY —|
... leading to M =120-140 GeV ... _— :
In both cases small tan( needed... 9 /
note 1: tanf = 1 possible 3 ii
note 2: Mg large and not M 4 possiblel? ™|

Consider general MSSM with tanf ~ 1! wl -4 . . . . |
10 10 10 10 10 10 10
)

Ms (GeV
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bb ] bb E

|_\Nhat about the heavier MSSM Higgses? " _ ¥
H

iggs decays: some general features: - |
e h: same as Hg)s in general | W
. T BR (1)
(esp. in decoupling limit) if not M E— 1 "=

h — bb, 777~ enhanced fortan 3 >1 |
e A:only bb, 777~ and tt decays | -

0.01 L L 0.01

(no VV decays, hZ suppressed). o0 SRR
e H: same as A in general;tan 3 >1 ' \\ P
WW . ZZ. hh decays suppressed. | b

500

e H* : 7v and tb decays -
(depending if Mpg= < or > my). " :
Possible new effects from SUSY!! f M/

For tan 3>>1, only decays into b/ 7: 0_01_ AN

BR: ® -~bb~90%, ® — 77~ 10%
\_For tan 5 /1, many other Higgs channels need to be considered too! J

GGl Firenze, 1-2/10/2014 Higgs Physics — Abdelhak Djouadi — p.61/74



Higgs—strahlung Vector boson fusion

f SM production mechanisms

q

gluon—gluon fusion in associated with QQ

g :j> i
H
————— ®-----H
9 g TOOOO——— @

100

10

0.1

o(pp — @) [pb]

0.01 |

0.001 &=

o

" /s =8 TeV ' A o]
tanB3 = 2.5 ggH  —— |
| My, = 126 GeV bbA

200 400 600 800 1000
MA [GeV}

GGl Firenze, 1-2/10/2014

What is different in MSSM
e All work for CP—even h,H bosons. T
—in @V, qq® h/H complementary

— additional mechanism: qqg — A+h/H

e For gg — Pandpp — QQP
— include contribution of b—quarks
— dominant contribution at high tan (3!

® For pseudoscalar A boson:
— CP:no @A and qqA processes
- gg — A and pp— bbA dominant.

e For charged Higgs boson:
~ My Smy: pp — ttwith t—H™b
— My 2 my;: continuum pp—tbH™

At high tan (3 values :
— h SM-like with My =115—130GeV
— dominant channel: gg,bb—® — 77
—aswellas from t— H"b atlow My-=.
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There are other (stringent) constraints on the pMSSM to be in cluded T
(besides the production/decay rates of the already observe d Higgs):

e Searches for neutral Higgsses in  pp — A/H/(h)— 77 process;

e Searches for the charged Higgs bosonin  t — bH"™ — bry;

e non observation of heavier CP—even Higgs bosons in H —ZZ \WW;

® one can add searches for new resonances in the H/A  —tt channel...
Besides: one has constraints from flavor, Bs—up, b —sv,g-2 ..

and constraints from sparticle searches and eventually dar k matter..

< 60pmmm NN s  SPemney fesrTevLos] AN EEL ARG L CMS Preliminary, Vs = 7+8 TeV, L = 17 fb"

% P ——- Median expected exclusion Data 20122 ) —=— Observed =l 50 L B R L
- L [ observed exclusion 95% CL A \O _____ Expected (68%)|| % E 95% CL Excluded Regions g
50 ------ Observed +10 theory T+jets @) o = 45 E [ observed 3
Lo Observed -1o theory c 100 [ Expected (35%) F o Expected E
I — —- Expected exclusion 2011 o o ] 40 3 +10 expected =
40} Observed exclusion 2011 "é E '; 35 ;_ ::c; expected _;
- ATLAS Preliminary = i A 30E E
g0l M Vs=8 TeV ) : E
- 1 L 1 —F“ ==  25F E
x ILdt =1951b = % f 1 0F ;
L o C e - -
201 4l - : 3
r . ) 15F e
L 10 : MSSM m;"* scenario 3
101 Al _ g M__ =1TeV }
Ju A 107 g L ; 5 B susy E

3 5 ]
Ok = I TR RETETY PR N 0 e e e s e s s e s i
90 100 110 120 130 140 150 160 100 200 300 400 600 1000 200 400 600 800

m, [GeV] my (GeV) m, [GeV]

GGl Firenze, 1-2/10/2014 Higgs Physics — Abdelhak Djouadi — p.63/74



/. Implications of the discovery for the M SSM

Model independent — effective — approach

e tan 5 <3 usually “excluded” by LEP2:

My, 2114 GeV for BMS with Mg~ 1 TeV.

Be we can be more relaxed: Mg > Mz 3

—> tan 3 as low as 1 could be allowed!

e We turn M, ~Mz| cos 23|+RC to
RC= 126 GeV - f(IM 4, tan ()

ie. we "trade” RC with the measured M},
MSSM with only 2 inputs at HO: M, tan 5

3

My =114 GeV ——
Mh =120 GeV —0m7m m 0 —
Mn =123 GeV ——
Mp =126 GeV —
Mh =129 GeV
My =132 GeV

-

10* 10° 106
MS [GeV]

M2, — (M2 +M2-M )(M2 2+1\/IA 5) M2 M2
- 2 2
25—|—M ﬁ —M2
_ (MZ+ )CBSB
= — arctan (M2 G T 52 M2

Habemus MSSM (hMSSSM):
AD, Maiani,Polosa,Quevillon,Riquer

GGl Firenze, 1-2/10/2014 Higgs Physics

X( (TeVl

123 GeV < My, < 129 GeV

i Ao [
5+ I“M - -
00 %00s *8a |
. 1]
Ma = 300 GeV |‘

tan3 =25

1 1
1.5 2 2.5 3

Mg (TeV)

0.06

0.05

0.04

0.03

0.02

0.01
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/. Implications of the discovery for the M SSM

Constraints on the |[M, tanf] plane
e Fits of the h properties =

can be turned into MSSM constraints
— no important direct SUSY corrections
(no sbottom/sbootom contributions)

— use both signal strengths and ratios

as there is no deviation from SM Higgs:
h SM-like = M =200—500 GeVv

e Constraints in the high tan [ region:
—t —-H"b — brr: M = 140 GeV
~-H/A — 77 : M 2 300 Gev

e Constraints on the low tan (3 region:

— H—=>WW,ZZ in SM

— H—tt in BSM scenarios

— H—hh and A —hZ..

Plenty of space probed with current data...

155

tan 3

GGl Firenze, 1-2/10/2014 Higgs Physics

10

| MSSM Higgs fit

68% CL

99% CL
95% CL

Fit of y ratios

e ’ Y
200 250 350 500 750

M (GeV)

200 400 600 800 1000
Ma [GeV]
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A 126 GeV Higgs provides information on BSM and SUSY in partic ular:
e M =120 GeV would have been a boring value: everybody OK.. T
e M =150 GeV would be a devastating value: mass extinction..

e My ~126 GeV is interesting: (natural) selection among models..

Implications in the contex of the MSSM:

SUSY spectrum apparently heavy (also backed up by direct sea  rches)

except maybe stops and weakly interacting sparticles ( X?, Xii, 0, D).
So, what does it mean?

e Natural or unnatural? not so easy to quantify/judge...

e Multiverse? almost philosophical question...

e Maybe we simply need to go beyond the celebrated MSSM

to increase M;, = NMSSM and more Higgs structure, more matter...

Personal feeling: it is still action time!
e keep searching for SUSY with more focus on stops and EW states
e another hope: discover the heavier Higgs states...
with an open mind towards more complicated/extended scenar l0S... J
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So what should we be doing the next 10-30 years in Particle Phy sics?T

1) Need to check that H is indeed responsible of SEWSB (and SM-  like?)
—> measure its fundamental properties in the most precise way:

e its mass and total decay width (invisible width due to dark ma tter?),

® its spin—parity quantum numbers (CP violation for baryogen esis?),

® its couplings to fermions and gauge bosons and check if they a re

only proportional to particle masses (no new physics contri butions?),

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

Possible for My ~ 125 GeV as all production/decay channels useful!

100 | ‘ ‘ ‘ ‘ L rph! T etsvemeseeeeseeesi ‘ r
o(pp — H + X) [pb] b~ - W

gg— Vs =14 TeV ———— 77

0.1F

slete” — HX)'[fb] ' '

10 b
Hqq
WH.. 0.01 +

1 tH

[{He'e™

0.001 F ' |- HHvp

0.01 F A N
7\ 200 350 500 700 1000 2000 3000
= s [GeV
0.1 L . L L 2 o L 0.0001 h (o L \/— [ }
100 120 145 180 230 300 400 500 200 250 300 400 500
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e Look at various H production/decay
channels and measure N., = 0 X BR

e But large errors mainly due to:

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

— theory: PDFs, HO/scale, jetology...

total error about 15-20% in gg — H

Hjj contaminates VBF (now 30%)..

— ratios of oxBR: many errors out!

Deal with width ratios I'x /Iy

— TH on 0 and some EX errors

— parametric errors in BRs

— TH ambiguities from Tt

e Achievable accuracy:

- . - 0 TT
now: 20-30% on oo, p oz

— future: few % at HL—LHC!

Sufficient to probe BSM physics?

GGl Firenze, 1-2/10/2014

Ct

20 4, a‘(gg E H) [Pb] 1.30 “

15¢

101

0.5-

0.0r

—05f

—-1.0f

/s =TTevV 1157
WU 1.00
1014, 085{ i
070 {7, 3
5 - UK, 115 250 500
Attt (NNLO+EW) #2777
1 i
MSTW '~_ i
150 200 250 300 350 400 450 500
MH [GGV]
o LHC, 14TeV i
e 3000 fb~ 1 7 o
= 0850 ’ 4
0.80F
Signal Strength Fit 1 o
[March 2013] 0.75
070 o #
=
0.65F 4 1
0‘.4 0.‘6 0‘.8 1‘.0 112 O.éO O.éS O.§O 0.55 1.60 1.65
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f. Total width : I'yg = 4 MeV, too small to be resolved experimentally. T
— very loose bound from interference gg = —ZZ (a factor 10 at most..).

— no way to access it indirectly (via production rates) in a pr ecise way.

e Invisible decay width: more easily accessible at the LHC

. ] r CMS Preliminary —— Observed
D”"e ct measurement: "*E Combination of VBF and J Expected (68%)
12: ZH,H— invisible ... Expected (95%)

[ Vs=8 TeV L = 19.6/fb (VBF + ZH)
T Vs=7 TeV L= 5.1/tb (ZH)

qq — HZ and qq — Hqq; H — inv
Combined HZ+VBF search from CMS
BR;,v S 50%@95%CL for SM Higgs T
More promising in the future: monojets

gg ~H+j—j+Ef

95% CL limit on BF,_,

o
@
IIIII

o
(=
|

o
IS
|

o
N
I|II

Cv =1

Indirect measurement:
again assume SM-like Higgs couplings S
constrain width from signal strengths
BRiyw < 50%@95%CL for cp=cy =1

Y

Improvement in future: 10% @ HL—-LHC? W e = J
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fAnother challenge: measure Higgs self-couplings and acces s to VH.T

e gy from pp - HH + X = o(pp — HH + X) [fb) -
" = e -
® gH4 from pp %3H+X’ hopeleSS. 9 fowm> ) /,,/ 1000 | My =125 GeV gg i
Various processes for HH prod: . ..
—HH
only gg — HHX relevant... M e qq/g‘;%ttH‘ﬁf
40 . 7 v
. o(pp — HH + X) /o™ R 72 qd — WHH
[ \5=14 TeV, My = 125 GeV | B ey e qq - ZHH
30 by | — L
gge—-HH -
25 ¢ qq' — HHqq' - ;
920 | \ qq — WHH | 01 ' . . . .
(i ZHH § 2% 5% T 100
1 AN | Vs [TeV]
e H — bb decay alone not clean
10 F
: e H — ~ decay very rare,
N e e H — 77 would be possible?
oo oo e H — WW not useful?
AnH/ Mg _
— bb77, bb~y viable?
— but needs very large luminosity.
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Very precise measurementsj
mostly at /s < 500 GeV

.l [ T Ty | T
e SO 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 10.012
e Ve GHbb +0.022
OIZHG e - JHcc +0.037
e ¢ | . grrr | £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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8. What next?

2) Fully probe the TeV scale that is relevant for the hierarch y problem
—> continue to search for heavier Higgses and new (super)parti cles.

e Search for heavier SUSY Higgses:
-pp—H/A — 77, tt
-pp— H—->WW,ZZ, hh LW e
_pp—A— hZ o=
-pp — Ht - Wbrv
—> extend reach as much as possible. -
200 a0 60 800 1000
AD, Maiani,Polosa,Quevillon (2013) = §5°°;'¢.o.;e,'p;e.;.::azsde?t'i?ﬂ""“"""_
e Search for supersymmetric particles: éusi’ﬁsm—:”
(not only strong but also electroweak) [ e A
— squarks and gluinos up to a few TeV, X
— chargino/neutralino/sleptons to 1 TeV,
— LSP/DM neutralino upto few 100 GeV.
example of CMS reach in t/x{ space = oMol e g,

stop mass [GeV]

LS) Search for any new particle: new f,7Z’, Vi, etc... at TeV scale! J
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o

Hence, we need to continue search for New Physics and falsify
e indirectly via high precision Higgs measurements (HL-LHC,
e directly via heavy particle searches at high-energy (HE-LH
and we should plan/prepare/construct the new facilities al

Tentative schedule new proiects

8. What next?

Color code
R&D

European

Strategy

For Particle Phys'Ics A

Future facility specif.

R&D to CDR

Technical design to TDR
Construction

Operation

from LHC P%ysics?

the SM:
Y.
C, CLIC),
ready now!

approved envisaged/proposed
NN

'-”/' "7dm= Project 2014 201242012 2013 2014 2015[2016 2017 2018 201§ 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030|2031 2032 2033
30/09/2010
LHC to nominal r triplet
Protons |LHC-HL 5.10734 with luminosity leveling
LHC-HE i eV
- ILC 500 GeV
near At ......................................................
CoNiders CLIC CTF3+ 500 GeV 3TeV
PWFA
Muon Colllder ...............................
Muons &
. |Neutrino Fact
Neutrinos
Project X/FNAL
LHeC r LR instalation eC
eRHIC/BNL upgrade from 5 x 325 GeV to 30 k 325 GeV
e-hadronsf—————— s -
O ) MELIC EEERUIC
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8. What next?

The end of the story is not yet told! T

“Now, this is not the end.
It is not even the beginning to the end.
But it is perhaps the end of the beginning.”

Sir Winston Churchill, November 1942
(after the battle of EI-Alamein, Egypt...).

NONP‘I UNDEKSTANDS MEI

We hope that at the end we finally
understand the EWSB mechanism.
But there Is a long way until then,

and there might be many surprises.

We should keep going!

o
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