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I Fine-tuning problem

Quantum corrections to Higgs mass:

Effective field theory:
smi 3N 4m,272m§v7m7§71 :( A )2
m2  8m2v2 \ m? m2 m2 500GeV

or equivalently (in a renormalizable theory), a new heavy scalar with interaction
A|H|?|®|? would contribute with

A M?
M2 In = .
1672 u?
An enormous cancellation must take place — fine-tuning.

2
omy, =~

“Conspiracy between phenomena occuring at very different length scales.”
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Fine-tuning — Ways out \“

Karlsruhe Institute of Technology

Why is there no quadratic dependence on cut-off for e.g. fermions?
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I Fine-tuning — Ways out

Karlsruhe Institute of Technology

Why is there no quadratic dependence on cut-off for e.g. fermions?

Symmetry enhancement for m; — 0 (chiral symmetry).
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I Fine-tuning — Ways out ﬂ(".

Why is there no quadratic dependence on cut-off for e.g. fermions?

Symmetry enhancement for m; — 0 (chiral symmetry).

. my
oms o< mgln —
A

Ways out for scalar particles (Higgs boson):

m (Low-energy) SUSY: Links fermions and bosons, extends chiral symmetry to
scalar sector.

a Composite Higgs Models: compositeness + additional global symmetry.
[ T
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I Composite Higgs Models

" . ~ similar to QCD: A“(IT
= Additional strong sector — Higgs as resonance

Higgs plays role of pion
m Why is the Higgs boson lighter than the other resonances?

Composite Higgs models
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I Composite Higgs Models ﬂ("'
~ similar to QCD:
Higgs plays role of pion
m Why is the Higgs boson lighter than the other resonances?
Higgs is a pseudo Goldstone boson from a global symmetry G with

= Additional strong sector — Higgs as resonance

G A=Al 15 sU(2), x SU2)R
Minimal models:
[Agashe, Contino, Pomarol;

SO(5) x U(1)x — SO(4) x U(1)x

Contino, Da Rold, Pomarol]
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I Composite Higgs Models

= Additional strong sector — Higgs as resonance ~ similar to QCD:

m Why is the Higgs boson lighter than the other resonances?

Higgs is a pseudo Goldstone boson from a global symmetry G with

G 22 45 SU(2), x SU(2)R
Minimal models:

KIT

stitute of Technology

Higgs plays role of pion

[Agashe, Contino, Pomarol;

SO(5) x U(1)x — SO(4) x U(1)x

m Describtion by non-linear o-model
2
L= %(Duz)(ouz), % — (0,0,0,sin H/f, cos H/f)

Expand £ around (H) ~~

__sM - _ VB o (H)
ghw = ghywV1—-§¢ with  ¢= 7 = sin 7
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I Composite Higgs Models
~ similar to QCD: et s oty

= Additional strong sector — Higgs as resonance Higgs plays role of pion

m Why is the Higgs boson lighter than the other resonances?
Higgs is a pseudo Goldstone boson from a global symmetry G with

G 22 45 SU(2), x SU(2)R
Minimal models:

[Agashe, Contino, Pomarol;

SO(S) X U(1 )X - 30(4) X U(1 )X Contino, Da Rold, Pomarol]

m Describtion by non-linear o-model

2
L= %(Duz)(ouz), % — (0,0,0,sin H/f, cos H/f)
Expand £ around (H) ~~
, v o (H
gnw =ghV/1—-€  with &= 7= sin? ¥

m Higgs mass: Generated at loop level by explicit breaking of G through interactions
of SM states with strong sector = Higgs mass is related to masses of other

resonances
. . . . . [Matsedonskyi, Panico, Wulzer;
Light Higgs < Light fermionic resonances Redi, Tesi; Marzocca, Serone,

Shu; Pomarol, Riva]
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I Fermionic resonances A“ IT

Karlsruhe Institute of Technology

a New fermions are vector-like:
Both right-handed and left-handed components transform in same way.
a Partial compositeness:
SM fermion masses are generated through linear mixing with partners of strong
sector, e.g.: B
AL =Xq.QL+ MgTRlg
Phenomenologically most interesting for 3rd generation fermions

[Gillioz; Anastasiou, Furlan, San-

m Models with new vector-like fermions in full representations
(fundamental) of SO(5) can be compatible with EWPT tlago: Lodone ]
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Top Partners

Higgs production:
Effects of top-partners can be described by low-energy theorem (my > my,)

p 9
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Top Partners

Higgs production:
Effects of top-partners can be described by low-energy theorem (my > my,)

P Q
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Top Partners

Higgs production:
Effects of top-partners can be described by low-energy theorem (my > my,)

Karlsruhe Institute of Technology

P g 0 q
””” h fr— R —
p 9 g
[Gillioz, RG, Grojean, Muhlleitner, Salvioni]
0.36
pp—h, £€=025 excluded @ 7 TeV
¢ 035 © tested @ 8 TeV.
U Y h « allowed
Lhgg =77 G" Guy — x
?192nt v 034
_9 _logdet M2 (H) :
dlogH t % 033‘ TET
top mass 032
matrix
2
_ G g, h1-2%
~192n2 VAN -
\/75 030——% 1000 1500 2000 2500 3000

Miighiest [GeV]
= Depends only on £ = v2/f2! Not on details of spectrum! [Faikowski; Low, Vichi; Azatov, Galloway

Gillioz, RG, Grojean, Muhlleitner, Salvioni]
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What effects do bottom partners have
on electroweak precision tests and
Higgs results?
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I A “simple” model — New fermions ﬂ(l

Antisymmetric representation (1053 under SO(5)):
Simplest single representation, which can give a mass to both top and bottom quark.

Decomposition under SU(2), x SU(2)g

(10) =(3,1)+(1,3) + (2,2)

X
a31)=]| u
d
a (1,3) = ( x{1 U d ) dy / uy mixes with bg / tg
2 22)=| " Ts (T4, dg) mixes with (., by)
ty ds

x; has charge 5/3
u, uq, t4, T4 have charge 2/3
d, dy, d4 has charge -1/3

Composite Higgs models
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I A “simple” model - Lagrangian ﬂ("'

Lagrangian:
AL =i TH(QrPQR) + i Tr(QLPQL) + iq, Da, + ibrDbr

+ itaBta — MioTH(QaQL) — y f (£1QRQLT)

— AttrUsL — ApbrdiL — Ag(Tar, dag)aL + h.c.
O=ten-plet of new vector-like fermions
Goldstone field (in unitary gauge):

> =(0,0,0,sin(H/f),cos(H/f))

Parameters:
€= Vv2/f2, y, Mjg and sin ¢, (with tan ¢, = \q/(Myo + f y/2))

At/ Ap fixed by requirement that an entry after diagonalization of the mass matrices is
Migp/ Mpot

Composite Higgs models
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Electroweak precision tests

LEP: Measurement of resonant production of Z boson with high precision
— New physics models have to fulfill constraints

Parametrisation with €1, €2, €3 and e: [Altareli,  Barbieri,
(or equivalently S, T, U (peskin, Takeuchi] and 69, ’DLBL> Caravaglios, Jadach]
m e (orT):
Divergent contribution due to modified Higgs couplings to vector
bosons:
[Barbieri, Bellazzini,
2
AEIH _ _ 30‘(”72) 5 Iog ﬁ Rychkov, Varagnolo]
! 167 sin? Oy m2

Cut-off by mass of first vector resonance m,,.
[Lavoura, Silva;

Anastasiou, Furlan,
Santiago;  Agashe,
Contino; Gillioz]

Contributions from new fermions in loop.

m €3 (or S):
Divergent contribution due to modified Higgs couplings:

[Barbieri, Bellazzini,

2
AR — a(mz) ¢ log ﬁ Rychkov, Varagnolo]
8 7 48nsin? oy m2
Mixing with vector resonance p or axial vector resonance a:
v ,-nZW rnfJ [Contino]
Aeg' = — | 1+—5 ] -
mZ m3

Electroweak precision tests
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The constraint on ¢,

Karlsruhe Institute of Technology

Previous works: No mixing of bottom quark [e.g.: Anastasiou, Furlan, Santiago]

NEW: Full mixing of bottom quark with partners!
New counterterms for the renormalization necessary.

Electroweak precision tests
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I The constraint on ¢, AT

Bare Lagrangian ,
e

_ — RO 0L 2 L 4,0
Lab, =~ g 5B (Tor - 2swo)jj USETY 2.

a Renormalization of bare field:
b — (5,-,- + %52,7) by
a Renormalization of mixing matrix:
U — (8ik + dui) Uy

The counterterm is defined anti-hermitian to ensure unitarity [Denner, Sack; Yamada; Gambino,

Grassi, Madricardo; ...]

]
L L L
S0bory = 5 (925 9 7).

w+/zZ G*/G0

b, £,/ by b, b; t/bi b;

Electroweak precision tests
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Results on EWPTs \“

® 0gpsy — 0gsw finite if mixing matrix renormalization included e i
= Our results can easily be applied to other models
m Scan over
0<e<t, 0<sing, <1, ly| < 4w, 0< Mjp<10TeV.
a
= > (=)o (=) X2 = X% > 13.28
i,j=1,2,3,b

a Additional constraint: | V| > 0.92 [cus collaboration]

0.6

V!
3

500 1000 1500 2000 2500 3000
Myightest

= Bottom partner can contribute up to ~ 55% to Ax?
m Higgs contributions are small: < 3%

Electroweak precision tests
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I Higgs results \“(IT

The gluon fusion cxn cannot be described by LET anymore, because my, < mp:

_ gg GG h 0 2
Lpgg = 1922 wy | logH log det M=(H) —

Yi
mj<mp Mi

~+ dependence on spectrum [azatov, Galloway]
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I Higgs results

Karlsruhe Institute of Technology

The gluon fusion cxn cannot be described by LET anymore, because my, < mp:

Lhgg = LEGWGWQ _ 9 logdet M2(H) — S a
99 ™ 19272 v \ dlogH iz Mi
~+ dependence on spectrum [azatov, Galloway]

Procedure:

a Higgs production:
Heavy quark loops for gg — h implemented in HIGLU [spira] (@t NLO QCD)

2
SM SM SM SM
OHqg = THgg (1-8), UWH/ZH:UWH/ZH(‘I —&), OfiH = Oy (ght?/ghﬁ)

= Higgs decays:
Implemented in HDECAY [Djouadi, Kalinowski, Mahlleitner, Spira]

Higgs results
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Higgs results
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= T T T T T T CMS Preliminary ys=7TeV,L<5.1fb" \s=8TeV.L<19.6f"
s 10 L - z 6 T T
) F ATLAS Preliminary b >
o s ] &
™ af- Vs=7TeV: [Ldt=4.648f" -
T F \s=8TeV: JLdi=1320.7 0" 7
= r ]
e e - 4
Q F —Hom + Standard Model |
B F —HozZ" 54 X Bestiit 7
41 —H o> ww 5 iy —68% CL —
r X Ho --- 95% CL 1
2 A 2f N
o =
2 . N o _
F'm,=1255 GeV ]
-4 Lot | | 1 1. | | |
2 A 0 i 2 3 4 5 6 7 -
BB -1 0 1 2 3
X
Hagram M p'ggH.uH

(IVig?l = 1VigeoD?

2 _ exp theo o exp _ theo
=D D ) (1 ) + XEwer + (AVp)2

channnels i,j=1,2

with
Ap? A A
C= HggH-tttH PA[lggH-+ttH D UVBF+VH Ap = Auixp I A/L?heo

PApggrtr AfLvervi Apdpr LVH

Exception: ATLAS H — bb
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Higgs results

m Scan over parameter space

0<¢<, 0<sing, <1, ly| < 4m,

Karlsruhe Institute of Technology

0< Myp<10TeV.

m Point rejected if excluded by direct searches for new fermions anaiogously to: [Gillioz, RG,

Grojean, Mihlleitner, Salvioni]

16 16
ATLAS data CMS data
14 14
12 12
10 10
a a
%{ 8 %{ 8
° SM value °
4 4 SM value
: 2 !
0 1]
0 02 é 0.3 0.4 0.5 0 0.1 02 g 0.3 0.4 0.5
Higgs results
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Higgs Results: ATLAS

Karlsruhe Institute of Technology

1,(VBE+VH)

1L(VBF+VH)

1 /
0.5 0.5

ATLAS data ATLAS data
00 05 1 1.5 2 25 DO 05 1 1.5 2 25
u}(ggHﬂtH) K (ggH+ttH)
3 3
25 25
T 2 o 2
2 g
& +
o1 E 15
3 :
f_ 1 2o
0.5 0.5
ATLAS data ATLAS data
° 0 05 1 15 2 25 0 o 05 1 1.5 2 25
My (ggH+tH) Hy(ggH+tH)
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Higgs Results: CMS

Karlsruhe Institute of Technology

3 3
25 25
Z e Z 2
> >
E 15 E 15
m m
2 (<
Ea = /
0.5 0.5
CMS data CMS data
0 0 0.5 1 15 2 25 0 05 1 15 2 25
u%ggHﬂtH) K (ggH+ttH)
3 3
25 25
T 2 o 2
= £
+ +
g 1.5 g 15
2 >
j;_ 1 & Eg '
0.5 0.5
CMS data CMS data
° 0 0.5 1 15 2 25 0 05 1 15 2 25
My (ggH+ttH) My (ggH+ttH)
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I Conclusion Q(IT

Karlsruhe Institute of Technology

We investigated the effects of new vector-like fermionic bottom partners in the
framework of partial compositeness

Mixing of bottom quark makes mixing matrix renormalization for EWPTs
necessary

Bottom partners can directly influence EWPTSs through loop contributions
Bottom partners lead to a dependence of Higgs cross sections on spectrum

Simple model can pass EWPTSs, direct searches of new fermions, constraint on
Vi, and current Higgs results

Thanks for your attention!

Higgs results
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I Mass matrices

L 0 0 0

0 Ag
up 0 i, —1fysf,  —1fyewsy  —1fycusu
—ﬁm[ = Uy At — % fysﬁ My %fyc;., SH }fycHsH
tar 0 —lfyeusy Lfycusw Iy —1ysh,
TaL 0 — % fycHSH % fycHSH — % fysz,_, Mp
b 0 0 0 Ag ba
~ 1 2 CHSH
o a. 0 ma 4?’3/-/ f zc\/é dr
b die Ab —%Cf};sﬁ nZas —fy 2"’\/’5’ dig
dar 0 fyz’"—\/’zi’ —fy H H Mg dsr
with
- 1, 5 15 -
My = nys,., + Mo , mp = —fy(1 — Es,.,) + Mo and Mg =

Ramona Gréber — Vector-like fermions in Composite Higgs models
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up
uir
lur

+ h.c.

1
Efycf/ + Mio
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+h.c.
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I Approximative formulae for masses ﬂ("'

Rotation for v = 0:
qL cos¢,  singg a
- tan ¢; = Mg/(Mygo + fy/2) ,

<OL) <— sing, cos ¢L> <QL> L q/ (Mo + fy/2)
f ; ¢

( R > N ( Co.S épt  sin ¢m> ( R ) tan drr = g/ Mg
uiR —singg  COS Pt R
b : b

( H> 5 ( CO.S ¢rp SN ¢Rb> ( H> tan ds = Ao/ Mo |
dir —singry, COS¢py/) \dig

with Qi = (Tar, Oar)-
Masses of the new fermions:

fy fy
Mio fy Mo+ 5 M My + % f
2 10 10 T 2 y
Mo, — Mo+ =, — , Mjo, — —, Myo, Myo, Mip + = .
COS Rt 2 COS ¢ COSpRrp  COSPL 2
tops bottoms X's

At LO in v/f top and bottom quark are mass

yYv .o yv .. .
Miop = == Sin ¢ sin P , Mpot = ——= sin ¢ SiN ppp -

2v2
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More results on EWPT
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95% C.L.

L 68%CL.
0 0.1 0.2 0.3 0.4 0.5 0.6
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I Light Higgs — Light Resonance

For a light Higgs boson light top partners are needed.

Approximative formula:

Best fit points

muymv

<
M0 S /Nov/E

Experiment 13 x?
ATLAS 0.096 | 12.78
CMS 0.046 6.42

Ramona Gréber — Vector-like fermions in Composite Higgs models
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[Pomarol, Riva]

Best fit points using approximative

formula
Experiment 13 X2
ATLAS 0.067 | 14.15
CMS 0.051 7.28
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