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" Strong vs Weak EWSB

® Current Status of Higgs Compositeness:

1. Higgs mass
2. EW Precision Tests
3. Impact of Searches for top partners

4. Impact of data on Higgs couplings
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Composite Higgs:

Energy cartoon:
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coupling strength grows with energy and saturates at g, < 4w
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A: the Higgs is itself a (pseudo) NG boson  Georgi & Kaplan, '80

Kaplan, Georgi, Dimopoulos
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1. O(v?/f?) shifts in tree-level Higgs couplings. Ex: ¢y =1—cp (%) + ...
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2. Scatterings involving the Higgs also grow with energy

AN
AN
\\ N \
N \
\ \
S

AWW = hh) ~ —=(c% — cav) )

U2 / : ’
- N S
7 C3

\



10

Hypothesis:

Linear couplings D.B. Kaplan NPB 365 (1991) 259

RS with bulk fermions

each SM fermion couples to a composite fermionic operator
with the same SU(3)xSU(2).xU(1)y quantum numbers

L=A,q.0Or+ ArurOy + h.c.
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Linear couplings D.B. Kaplan NPB 365 (1991) 259

RS with bulk fermions

Hypothesis: each SM fermion couples to a composite fermionic operator
with the same SU(3)xSU(2).xU(1)y quantum numbers

L=A,q.0Or+ ArurOy + h.c.

Quark masses need qr,

two such couplings > \/ g
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Linear couplings D.B. Kaplan NPB 365 (1991) 259

RS with bulk fermions

Hypothesis: each SM fermion couples to a composite fermionic operator
with the same SU(3)xSU(2).xU(1)y quantum numbers

L=A,q.0Or+ ArurOy + h.c.

Quark masses need qr.
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Similar to linear couplings of L= QAMJM

elementary gauge fields:
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Linear couplings D.B. Kaplan NPB 365 (1991) 259

RS with bulk fermions

Hypothesis: each SM fermion couples to a composite fermionic operator
with the same SU(3)xSU(2).xU(1)y quantum numbers

L :@CjLOR @QROL + h.c.

two such couplings

Quark masses need
qr _ @ R dRr

break explicitly
the Goldstone

symmetry . ~ AL (M))\R(M) v (L~ M,
q 7
Similar to linear couplings of r T
. 20
elementary gauge fields:
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Partial compositeness

Fermionic operators can excite (0|O]x)

composite fermions at low energy:

D.B. Kaplan NPB 365 (1991) 259

RS with bulk fermions
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same as for a conserved current: <O\Ju\p> — EZ fp my
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Partial compositeness

Fermionic operators can excite
composite fermions at low energy:

same as for a conserved current:

Linear couplings imply mass mixings:

rotating to mass eigenbasis:

© parametrizes the degree of
compositeness of the SM fermions

D.B. Kaplan NPB 365 (1991) 259

RS with bulk fermions

OlAx)=Af

<O‘J,u‘p> — GZ fp mp

L =i+ x(i¥ —m.)x + A QU(7)x + h.c.
() (e wp) () e

[SM) = cos ¢ |[¢) +sinp|x)

lheavy) = —sin |¢) + cos ¢ |x)
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Can a 125GeV Higgs be composite ¢



Structure of the Higgs Potential
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Structure of the Higgs Potential
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Structure of the H|ggs Potential Potential is FINITE - loop integral fully
saturated at the compositeness scale
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Structure of the Higgs Potential

Potential is FINITE - loop integral fully

saturated at the compositeness scale
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explicit breaking of Goldstone
symmetry (spurion couplings)

V(h) =

A;(x), Bi(x) SO(4) structures

— trigonometric functions: sin?(x)

sin*(z)

To get EWSB (0<z <« 7) at least two SO(4)
structures are needed plus some tuning
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If EWSB is triggered at O(\?)
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L. R mi N. h
’ V(h) ~ A Al =
( ) gz 87T2 L.R f
N. m?
2 o
m A2 02
/\ h ™ A2 f2 L,R

assuming A;, ~ A\gr

N, 9912’
mi”wgfthQ_(g) )

Higgs tends to be too heavy
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see however arXiv:1211.7290 for SUSY
completion with extra spurion suppression

# Talk by A. Parolini
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If EWSB is triggered at O()\?) + ik fully composite
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If EWSB is triggered at O()\?) + ik fully composite

/\

2 mu=125GeV implies
mi ~ 2 giy; v° = (175 GeV X )‘ top partners are naturally

- not too strongly coupled, hence
- not too heavy

Matsedonskyi, Panico, Wulzer JHEP 1301 (2013) 164
Redi, Tesi JHEP 1210 (2012) 166

Marzocca, Serone, Shu JHEP 1208 (2012) 013
Pomarol, Riva JHEP 1208 (2012) 135

Panico, Redi, Tesi, Wulzer JHEP 1303 (2013) 051

De Simone et al. JHEP 1304 (2013) 004
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If EWSB is triggered at O(\?)
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If EWSB is triggered at O(\*)

iR

extra tuning required to suppress

O()\Q) terms down to O()\4)

______
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If EWSB is triggered at O(\*)
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(175 GeV x (%))2

my automatically lighter but
larger tuning to get EWSB

Panico, Redi, Tesi, Wulzer JHEP 1303 (2013) 051
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S parameter
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S parameter
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S parameter

SZS[R—FSA'UV

IR contribution from NG bosons

/7 N
/ \
AVAVAVAY: caVAVAVAY
\\ /,
v? g2 A A v? [ 1 1
f2 1672 Og(mz> A [gz+ 1672

T

tree-level (rho)

1-loop contribution from fermions can be large (!)

Golden, Randall, NPB 361 (1991) 3

Barbieri, Isidori, Pappadopulo, JHEP 0902 (2009) 029
Grojean, Matsedonskyi, Panico, arXiv:1306.4655
Azatov, RC, Di lura, Galloway, arXiv:1308.2676

(L) ¢
T

1-loop (fermions)


http://arXiv.org/abs/arXiv:1308.2676
http://arXiv.org/abs/arXiv:1308.2676
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fermion contribution can be negative

4

Best seen using a dispertion relation:

Orgogozo and Rychkov, JHEP 1306 (2013) 014

A 9> . ds
Suv = % sin® / “ [o14(5) + prals) — 205 (s)

z‘/d4az @0\ T(J,(2) ], (¥))]0) = (¢*Nuw — ¢uqw)T(q?)
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fermion contribution can be negative

Best seen using a dispertion relation:

Orgogozo and Rychkov, JHEP 1306 (2013) 014

negative contribution from

N 2 d
Suv = QZ Sin2(9 /—S [,OLL(S) + ,ORR(S) 2,033(8)4—— spectral function of broken
S

z'/d4a: @0\ T(J,(2) ], (¥))]0) = (¢*Nuw — ¢uqw)T(q?)

SO(5)/SO(4) currents

p(s) = —Tm(TI(s))
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fermion contribution can be negative Best seen using a dispertion relation:

Orgogozo and Rychkov, JHEP 1306 (2013) 014

. 92 ds negative contribution from
Sy = — Sin2(9 /— [,OLL(S) + ,ORR(S) 2,033(8)4—— spectral function of broken
4 S SO(5)/SO(4) currents
. ia-(o— 1
i / dta O T (T (2) T (1))10) = (¢* N — ¢uas)T(¢?) p(s) = —Tm(TI(s))
Exqmple; [ Azatov, RC , Di lura, Galloway, arXiv:1308.2676 ]
s = (1,1) +(2,2) L =1 (UD — m1) V1 + 1y (ZW — m4) Vg — Chaytdy, 1 + hec.
V(2,2 Y(2,2)
a .
i g, ¢
19(2,2) Z?(1,1)
PLL.RR PBB
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fermion contribution can be negative Best seen using a dispertion relation:

Orgogozo and Rychkov, JHEP 1306 (2013) 014

2 negative contribution from

A d
Suv = J_ Sin2(9 /—S [,OLL(S) + ,ORR(S) 2,033(8)4—— spectral function of broken
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SO(5)/SO(4) model:
Y5 = (1,1)/3 +(2,2)2/3

Y10 = (2,2)_1/3 + (1,3)_1/3 + (3, 1) _1/3

03"

0.1

02
0.1

00

mea. 1y = 34 [TGV] A=5TeV
mga 3 = 1.0 Nch =9
ma,y = 1.5

mopo) = 2.0

EEQQ():
= ISR, N F=800-————
5A/Agy = 0.5
h (___\_—/__4____# x _________ =600 - -
(=1.1 (=1
—()3 —()2 —61 N ‘0‘.0‘ N ‘0‘1‘ N ‘0‘2‘ N ‘0‘3‘ N ‘0‘4‘
S

from: Azatov, RC, Di lura, Galloway arXiv:1308.2676
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03"

SO(5)/SO(4) model:

Y5 = (1,1)2/3 +(2,2)9/3
Y10 = (2,2) 13+ (1,3) 13+ (3, 1)—1y3 0.1
00
0.1

Ex: for f =800GeV

9p =3

AS,~0.13  ASy~08x (1— ¢

02

mea. 1y = 34 [TGV] A=5TeV
mga 3 = 1.0 Nch =9
ma,y = 1.5
mopo) = 2.0
EEQQ():
=== —— N ————————————- f=800-----
0A/Asm = 0.5
. (___E/__é____f x _________ =600 - -
(=11 (=1
03 -02 -00 00 01 02 03 04
S

from: Azatov, RC, Di lura, Galloway arXiv:1308.2676

strong sensitivity on (

tuning ~10% required to go back
into the exp. ellipse
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T parameter T=Tir+Tyy

IR contribution from NG bosons
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AT > 0 possible tho

ugh not fully generic

Example: model with ¢4 = (2,2)5,3 + tg composite

L=qriPqr+trilDtr +Ya(i ¥ —ma)ihy

+iC VY At R + yref GLU(m)tr + yraf quU (m)s + hec.
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Typical spectrum of top partners
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Two-body decay modes:
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Two-body decay modes:

W+ Z.h
Ta X2/37 T B
b/t
Current experimental status in a nutshell
1. Almost all decays looked for
2. Analyses optimized on pair production
.. — 1
ATLAS Preliminary = _
Status: Lepton-Photon 2013 ? 05 mT =600 GeV
Vs=8TeV, fl_dt=14.3fb" - N ’b’oc
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Two-body decay modes:

W+ /Z h W~ /Zh W

T7X2/37T B X5/3
b/t £/b ¢

# See talks by |.Vorobiev and R.Groeber on Friday

Current experimental status in a nutshell
Limits in the 700-800 GeV range

1. Almost all decays looked for

2. Analyses optimized on pair production
CMS preliminary V/s=8 TeV 19.6 fb™
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Once recast on (simplified) theory space exp. bounds
De Simone et al. JHEP 1304 (2013) 004

already exclude a big portion of the natural region

Blue region:

yra =3 (mp>mx,,,)

Green region:

Yr4 = 0.3 (mB Z mX5/3)
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LHC data currently set limits on modifications of the Higgs couplings

at the 20-30% level




LHC data currently set limits on modifications of the Higgs couplings
at the 20-30% level

O(v?/f?) from Higgs nlom

-----------

-----------

v my, v N2
() o3



LHC data currently set limits on modifications of the Higgs couplings

at the 20-30% level

O(v*/f?) from Higgs nlom

--------------------------

I 2 | y 2 2 '
B : v Lo (7 from heavy
Cy = 1 ‘|‘.‘ F(F) "|_:O <F g_2> “ resonances h

--------------------------




LHC data currently set limits on modifications of the Higgs couplings

at the 20-30% level

O(v*/f?) from Higgs nlom

--------------------------

I 2 | y 2 2 '
B : v Lo (7 from heavy
Cy = 1 ‘|‘.‘ F(F) "|_:O <F g_2> “ resonances h

~--

------------

-----------




LHC data currently set limits on modifications of the Higgs couplings

at the 20-30% level

O(v*/f?) from Higgs nlom

from heavy
resonances

h




LHC data currently set limits on modifications of the Higgs couplings

at the 20-30% level

O(v*/f?) from Higgs nlom

--------------------------

--------------------------

-------------------------------

------------------

-------------

from heavy h
resonances

-

P

>

)

>




32

" MCHMA4;
v
E=
MCHM5:
CMS Preliminary {s=7TeV,L<5.1fb"' ys=8TeV,L<19.6 fb™
2-0 :I T T T T Iyl T | T-II- \I/ II_ |5|1|be T | |8|T|V| L| |19|6|ft? f
150 e E
- ST ON ]
1.00 P ) E
- S ) i ]
0.5 :_ ‘\‘\G“‘\\\A o T T —:
0.0F / E
05 - o e . .
5 § z
1.0F S/ -
-1.5[ -
2.Qb —— e !
0.0 0.5 1.0 1.5
v

Agashe, RC, Pomarol,
NPB 719 (2005) 165

1 — 25 RC, DaRold, Pomarol,
1 — f Cop = PRD 75 (2007) 055014
1 — f Carend, Ponton, Santiago, Wagner,

PRD 76 (2007) 035006
_l T T T T | T T T T | T T T T T T T T | T T T T T T T T T I_
- ATLAS Preliminary + SM -
ql Is=7TeV,[Ldt=4.6-4.81f" * Bestfit -
" {s=8TeV, [Ldt=13-20.7 " — 68% CL ]
N ---- 95% CL N
21— —
¢ eI -]
—  MCHM4 i
v [ . . *‘\/X)— """" .
Op= wer® =
B -
:l | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I:

0.7 0.8 0.9 1 1.1 1.2 1.3

Cy

Red points at £ = (v/f)2 = 0.2, 0.5, 0.8



_ _ o Agashe, RC, Pomarol,
MCHM4: cy =cyp =1-¢ NPB 719 (2005) 165

E — F
1 — 25 RC, DaRold, Pomarol,
HMS5: oo — /1 — o= S PRD 75 (2007) 055014
MC S v f ¥ 1 — f Carend, Ponton, Santiago, Wagner,

PRD 76 (2007) 035006

Mmlmal Comp031te Higgs [MCHMS ]

_ ?I.Vl.s Prolminary ETTT.eY from arXiv: 1 212.1 380 my, = 126 GeV LI L L AL IR

: s * SM ]

L Combined X BeSt flt _

g | — 68% CL 7

-- 95% CL 7

= = -

o @ S :

v </ NN\ s -

: 3 o

2 NS X T .

- ° S P e N S N

g -

u S N

] I N S A I [y oo b by
0.0 0.5 1.1 1.2 1.3

04 05 06

— (’U/f)2 <0.22 at 95% Mnew < 2 L. 6 TeV ( 3 )



_ - o Agashe, RC, Pomarol,
MCHM4: cy =cy =v1-¢ NPB 719 (2005) 165

g — F
1 — 25 RC, DaRold, Pomarol,
HMS5: oo — /1 — - PRD 75 (2007) 055014
MC S v 5 ¥ 1 — 5 Carena, Ponton, Santiago, Wagner,

PRD 76 (2007) 035006

Mmlmal Composne Higgs [MCHMS ]

: ?M.S?r?lirr]i?anrynET?TueY from qu|v1212138O § mh_126GeV L L R R L L B BN
- | === ATLAS + SM .
3 — gg/llr?bined X Best fit ]
L | — 68% CL 7
-- 95% CL 7
= = -
o @ S _
> 2/ N\ e i
_ E 2
e 9% N — e ]
r %) e .
§ B E
u S _
- GEE—— l —— | | | | | | | | | | | | | | |:
0.0 0.5 o o5 os 1.1 1.2 1.3
= (v/f)? 0 >1.6TeV (L
= (v/f)* <022 at 95% Muew =, 1.6 Te 3

Sensitivity comparable to direct searches



34

Modifications to loop-level couplings ggh, yyh suppressed due
to the Goldstone symmetry
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Modifications to loop-level couplings ggh, yyh suppressed due
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Large modifications possible in I'(h — Z7)

Azatov, RC, Di lura, Galloway, arXiv:1308.2676

Relevant operatoris Ogw — OB

Opp = (D*H)'(D"H)B,,

Opw = (D*H)'o"(D"H)W},

1. Invariant under Higgs shift symmetry

2. Odd under LR exchange

oI'(Z~)

FSM(Z")/
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Large modifications possible in I'(h — Zv) ST(Z) 2 g2v?
o) vo(5e)

Azatov, RC, Di lura, Galloway, arXiv:1308.2676 FSM(Z/Y f2 mz
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Large modifications possible in I'(h — Z~)

Azatov, RC, Di lura, Galloway, arXiv:1308.2676

Relevant operatoris Ogw — OB
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1. Invariant under Higgs shift symmetry
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Summary: CH vs SUSY
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“ Bounds on “top partners” from direct searches

SUSY: stops = 700 GeV

CH: heavy tops/bottoms > 1 TeV
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Summary: CH vs SUSY
o

= Bounds on “top partners” from direct searches

SUSY: stops = 700 GeV

CH: heavy tops/bottoms > 1 TeV

= Corrections to EW precision observables

SUSY: bound on Higgs compositeness / tree-level UV

CH: large shifts in Higgs couplings allowed / loop-level UV

“ Largest effects in Higgs sector expected in:

SUSY: coupling to bottom (cb); vy and gg rates; production of Heavy Higgses

CH: tree-level couplings; h—7Zy rate; double Higgs production (gg— hh)
38



