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The first message from the LHC and latest news
from EWPTs
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The meSSCIge from fhe LHC CMS Preliminary (s=7TeV,L<5.1f" {s=8TeV,L<19.6 b

= Higgs couplings agree with SM prediction
within ~20-30%

The focus now is on a region of the parameter
space around the SM point

= This is a natural region to live in if:

1. The new boson is part of an SU(2). doublet

{s=7TeV,L<51fb"' ys=8TeV,L<19.6fb"

2. There is a gap between the NP scale and my CMS Preliminary el
== 95% CL
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Latest News from EWPTs (LEP+Tevatron)

Most recent EW fit much more

stringent than before due to:

— mH now precisely known from the LHC

— new mw from Tevatron

[ Assuming no extra contribution to
EWPO from new particles ]

Limitation: 1. evidence is indirect (through loops)

2. only hVV coupling constrained

11 1.2

M. Ciuchini, E. Franco, L. Silvestrini,
S. Mishima, arXiv:1306.4644
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At the end of its programme the LHC might
have only partial access to the spectrum of
new particles



New states are probqbly heavier than what g(As) =4m  memmmmemeees strong scale A g

naturalness would suggest

g« =g(m.) A T
At the end of its programme the LHC might
have only partial access to the spectrum of
new particles
\4




New states are probably heavier than what g(As) =4m  wmmmememiies strong scale Ag

naturalness would suggest

g« =g(my) Y My
At the end of its programme the LHC might
have only partial access to the spectrum of
new particles
TR W.Z. h

Precision measurement of low-energy quantities

can give an appraisal of the strength of the \
underlying interactions /@— loop effects

tails in scattering



New states are probably heavier than what

naturalness would suggest

At the end of its programme the LHC might
have only partial access to the spectrum of

new particles

Precision measurement of low-energy quantities

can give an appraisal of the strength of the

underlying interactions

O m?2

loop effects

9(Ag) = 4m
gx _g(m*)
0O
i _ 5exp
@ exp O
m, > M

(from direct searches)

strong scale A g



New states are probably heavier than what
naturalness would suggest
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Testing Higgs compositeness with high luminosity
at the LHC
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Framework:

Strategy:

composite NG boson Higgs + partial compositeness

no suppression from breaking of Goldstone symmetry

enhanced by multiplicity of states in the strong sector
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composite NG boson Higgs + partial compositeness

no suppression from breaking of Goldstone symmetry

enhanced by multiplicity of states in the strong sector

Framework:
Strategy:
g
Ex: --—-h
g

2 gt
G2 H'H

Amplitudes vanish for pure composite
loops by Goldstone invariance

Effective operators violate the
Higgs shift symmetry:

N
[
Y

B. H'H

2,,2
ANASMXO<)\Q;> A < g.

m*
H' — H" +



Sum Rule:

relies on: Low Energy Theorem Partial compositeness
0

Algg — h) o< - log det [M () M(h)] (h_ det [MT (W) M(R)] o AL(R)Ar(h)
2 2,2
gz AV

Asn X ¢ 6A =4 xO( m2)
~0000"
- S = Agw x F(¢)




Sum Rule:

relies on: Low Energy Theorem Partial compositeness

A(gg — h) x 9 log det [MT(R)M ()] ( det [MT(R)M(R)] o< Ar(R)Ar(h)

Oh

h=v
2 2292
A X C _ _9s
SM t 0A 167r2><0(m§)
~0000)
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Sum Rule:

relies on: Low Energy Theorem Partial compositeness

A(gg — h) x 9 log det [MT(R)M ()] ( det [MT(R)M(R)] o< Ar(R)Ar(h)
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Example: h — Z’y

[ Azatov, R.C. , Di lura, Galloway, to appear ]

Relevant operatoris Ogw — OnB

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

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

1. Invariant under Higgs shift symmetry

2. Odd under LR exchange

y
Y1 (0]
. —
/’ ¢2
D,m~ 0,h
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Example: h — Z’y

[ Azatoy, R.C. , Di lura, Galloway, to appear ]

Relevant operatoris Ogw — OnB

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

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

1. Invariant under Higgs shift symmetry

2. Odd under LR exchange

A(h% Z’y) :ASM X F(§)+5A

y
Py (0
—=%
/’/ ¢2 \\\
D,m ~ 9,h D,m~ gvZz,
_ 0,
CTPWM%% + h.c.
Am,
gx = g(ms) = 7 ¢ ¢~ O(1)
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Example: h — Z’y ol

[ Azatov, R.C. , Di lura, Galloway, to appear ]

(G U
Relevant operatoris Ogw — OnB
—
/,/ ¢2 \\\
Opp = (D*H)(D"H)B,,, D,m ~ 9,h D,m~ gvZz,
Opw = (D*H)'o"(D"H)W},
- O,
HZE b + h.c.
1. Invariant under Higgs shift symmetry C 1Y f V2
2. Odd under LR exchange Am,
’ gx = g(m) = ¢ ¢ ~O(1)
0A g2v? v? Am?
p— < Y NCN * ~r NCN *
Alh = Z7) = Asm @ oA Asnr d ( m2 ) TP m

2

shift of tree-level 14 O(U—)

Higgs couplings 2
> g9 pling f
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Example: h — Z’y

[ Azatov, R.C. , Di lura, Galloway, to appear ]

Relevant operatoris Ogw — OnB

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

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

1. Invariant under Higgs shift symmetry

2. Odd under LR exchange

A(h — Z) = Asu @ 5A

2
1 - v

Sh.lﬂ' of ’rree.level 1102
Higgs couplings f2

~
Y1 (0
’ —< ~
/, ¢2 S
D,m ~ 9,h D,m~ gvZz,
_ 0,
wa“%wz + h.c.
Am,
gx = g(ms) = 7 ¢ ¢~ O(1)
0A g2v? v? Am?
Asm (mi)NNCNFfQ ms

multiplicity of
composite states



80(5)/50(4) model: ¢5 = (1, 1)2/3 + (2, 2)2/3

Y10 = (2,2) 173+ (1,3) 173 + (3,1) 13

e e 250 £-350
. f=500GeV | [ =300GeY
0.1<r<25

01<r<25 |
f =800 GeV f =800 GeV

01<r<25 - 01<r<25

o
S
——

—
W

p—
()

T(h—>Zy)/SM

Rescaling tree—level

couplings dguyy = v?/f> |

om __ M3,1) — M(1,3)

- Gz =1 = (31

m m(3,1) + M(1,3)

13
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Example: S parameter

[ Azatoy, R.C. , Di lura, Galloway, to appear ]

AN

Suv ~
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tree-level (rho)

T

1-loop (fermions)



14

Example: S parameter A A

S = Sir + Suv
[ Azatov, R.C. , Di lura, Galloway, to appear ]
IR contribution from NG bosons
-
/ \
AVAVAVAY:: AVAVAVAY
\\ 7
2 2 2
. Ve g A A 1 1
Sir ~ log| — S + N.N
2 1602 g(mz) vV f2 [ " 1672

T

tree-level (rho)

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

First discussed by:

Recently reconsidered by:

T

1-loop (fermions)
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fermion contribution can be negative

Best seen using a dispertion relation:

[ Orgogozo and Rychkov, JHEP 1306 (2013) 014]

A g° . 5 ds
Suv = % sin / “ [o11(5) + prn(s) ~ 2p55(5)]

4

Z/ d'z " TYO|T (Ju(2) 0 ())]0) = (¢° N — 4uaw)T1(¢?)
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fermion contribution can be negative Best seen using a dispertion relation:

[ Orgogozo and Rychkov, JHEP 1306 (2013) 014]

R 92 ) ds negative contribution from
Suyy = = sin“0 /— [,OLL(S) + pRR(S) 2,033(8)4—— spectral function of broken
4 S SO(5)/SO(4) currents

Z/ d*a "m0 (T, (), (9))]0) = (PN — 4ug)T(G”) p(s) = lIm(H(S))



fermion contribution can be negative Best seen using a dispertion relation:

[ Orgogozo and Rychkov, JHEP 1306 (2013) 014]

R g2 ) ds negative contribution from
Suyy = = sin“0 /— [,OLL(S) + pRR(S) 2,033(8)4—— spectral function of broken
4 S SO(5)/SO(4) currents

i [t DO, )0 (5))10) = (@~ )T p(s) = ~Im(I(s))

Example: fora 5= (1,1)+(2,2) of SO(4)

¥(2,2) ¢ ¢ Y2,2)

Y(2,2) (OISIRY

15 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]

R g2 ) ds negative contribution from
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SO(5)/SO(4) model:
Y5 = (1,1)2/3 +(2,2)2/3

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

Some tuning needed to go back
into the ellipse

Suv from fermions can lead to such
tuning (even w/o T)

-0.1+

02+
0.1+

0.0+

m; =34 (TeV) A=5TeV
mg =1.0 Np =3
my =1.5
nM::21)

0.37‘\‘“‘\“"\““\““\““\““\““\‘

¢=20

=_._::t:::?f:1200::1::f

;03 . ;02 . ;Oi “‘OD“ “OJ“

02 03 04




SO(5)/SO(4) model: . mp=34(TeV) A=5TeV

, mgr=1.0 Np =3
Y5 = (1,1)2/3 + (2,2)2/3 0, M= 1.5
., m4:2.0

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

0.1+

0.0+

¢=0

=__:f:1200: 1

Some tuning needed to go back

into the ellipse | . B Skt ailuln ity S=800----
| GA/Asy =05 / \ |

—0.1L A ey . N f:600————7

03 -02 -01 00 01 02 03 04
Suv from fermions can lead to such S
tuning (even w/o T)

Ex: for f=800GeV g,=3

AS, ~0.13 ASy ~ 0.8 x (1 —|¢]?) tuning ~ 10%



- PART 2

Testing Higgs compositeness with high precision at
an e*e (linear) collider



A high-energy e*e" collider
(such as CLIC) can provide a
clean environment to make
precision studies of scattering
amplitudes

[ R.C. , Grojean, Pappadopulo, Rattazzi, Thamm, to appear ]

Example: WW — hh

A(WW — hh) ~ = (a® — b)

V2

19




A high-energy e*e" collider
(such as CLIC) can provide a S S
clean environment to make A2 = 2) = 0nn 3 (1 +0 (m,%

precision studies of scattering
amplitudes

[ R.C. , Grojean, Pappadopulo, Rattazzi, Thamm, to appear ]

Example:  WW — hh “ ~ 8
|

S // T //& .’
b o
a

A(WW — hh) ~ —(a* —b)

V2

2 2 / 4
. CH B CHg U 3CH Crr \ v
dim & O =5 OuHIOHI =1 G (8T 1
. O/ _ C/fl H2a HQa,uHZ v’ 2 36}-[ 104
dim 8: H_2f4’ “Ou| H| | H | b:1_2CHF+ 3cy — > ) 7

19
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Ex: SO(5)/SO(4)

In PNGB Higgs theories the whole a=+1-¢
series in H/f can be resummed:

b=1-—2¢
At dimension-6 level: Ab = 2A g2 (1 i O(AQQ))

v
§=F
Ab=1-b

Aa® =1 — d?



20

Ex: SO(5)/SO(4)

In PNGB Higgs theories the whole a=+1-¢
series in H/f can be resummed:
b=1-—2¢
At dimension-6 level: Ab = 2A g2 (1 i O(Aa2))
Ab

Scenario 1:

Aa? ~Ab ~ 10% - Test dim-8

Exp. precision ~ 1% corrections

e
Ab=1-b
Aa® =1 — d?

size of dim-8
corrections

-
-
-
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Ex: SO(5)/SO(4)

In PNGB Higgs theories the whole a=+1-¢
series in H/f can be resummed:
b=1-—2¢
At dimension-6 level: Ab = 2A g2 (1 i O(AaZ))
Ab

Scenario 1:

Aa®~Ab ~ 10% - Test dim-8

Exp. precision ~ 1% corrections

e
Ab=1-b
Aa® =1 — d?

size of dim-8
corrections

-
-
-
-

1. PNGB (and specific coset) proved




Ex: SO(5)/SO(4)

_ ./ 2
In PNGB Higgs theories the whole a=+/1-¢ £ = U_2
series in H/f can be resummed: !
b=1-—2¢
Ab=1-1>
At dimension-6 level: Ab = 2A g2 (1 i O(AaZ)) A2 = 1 o2
Ab

Scenario 1: size of dim-8

corrections
Aa? ~Ab ~ 10% - Test dim-8

Exp. precision ~ 1% corrections ot

1. PNGB (and specific coset) proved

2. SILH proved, PNGB disproved

20
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Ex: SO(5)/SO(4)

_ ./ 2
In PNGB Higgs theories the whole a=+/1-¢ £ = U_2
series in H/f can be resummed: !

b=1-—2¢
Ab=1-1>
At dimension-6 level: Ab = 2A g2 (1 i O(Aa2)) A2 = 1 o2
Ab

Scenario 2:

Aa? ~Ab ~ 1%

Exp. precision ~ 1% \aton

-
-
-
-

1. SILH proved

size of dim-8

corrections



Ex: SO(5)/SO(4)

_ ./ 2
In PNGB Higgs theories the whole a=+/1-¢ £ = U_2
series in H/f can be resummed: !

b=1-—2¢
Ab=1-1>
At dimension-6 level: Ab = 2A g2 (1 i O(Aa2)) A2 = 1 o2
Ab

Scenario 2:

size of dim-8
corrections

Aa? ~Ab ~ 1%

Exp. precision ~ 1% aton

-
-
-
-

1. SILH proved

2. SILH (i.e. Higgs doublet) disproved

21
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An e*e collider with sqrt[s]|=3TeV can reach

a precision of a few% on the coupling b

R.C., Grojean, Pappadopulo, Rattazzi, Thamm, to appear

see dlso: Barger et al.

PRD 67 (2003) 115001

measured O with [ = 1ab_1/a4

eTe” — v hh — v bbbb

0p Ods

-0.5 -0.3 -0.1 0 0.1 0.3 0.5
0 | —0.01755 0.01753%  0.01T505  0.01700;  0.01700;  0.%505 0.5
0.01 | 0.0170%  0.027003  0.021003  0.02755; 0.027003 0.017003  0.0110 53
0.02 | 0027008 0.03700% 0037001 0037008 0.027008  0.027005  0.02703

0.03 | 0.037007  0.047003

0.04
0.0477 03

0.05
0.0477 03

0.0379:09

0.0370:0%

0.0370:03

0.05 | 0.057002 0067003 0077003 0067905 0.057903  0.057903  0.05 07,
0.3 0.3;8;85 0'318:83 0'318:83 0'318:8% 0'318:85 0.3;8;85 0'318:83
0.5 0.5 0,02 055002  0.555002 055502 05%g05 05757  0.55507
5521—b/a2
5d3 :1—d3/CL
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An e*e collider with sqrt[s]|=3TeV can reach
a precision of a few% on the coupling b

R.C., Grojean, Pappadopulo, Rattazzi, Thamm, to appear

see also: Barger et al. PRD 67 (2003) 115001

measured O with [ = 1ab_1/a4

eTe” — v hh — v bbbb

Op

-0.5 -0.3 -0.1 0.3 0.5
0 | =0.01%g05 001551 0.01%0 0y 01908 (002

0.02 | 0.0279:9%  0.03%993 0.03+9-04

. . .04
0.03 | 0.03¥292  0.04%0993  0.040:04

0010y
002 0.3
0.03 0.03

00100y
002 0.3
0.03 0.03

0.05 | 0.05%5%2  0.0675:93 0.07+5:93 0.0575:0%  0.0579¢,
0.1 | 0.117993  0.13700% 0.117997 0.1+0:02  0.1+992
002 002 007 1005 1005
0.3 0'318‘8% 0'318'83 0'318'83 0'318‘85 0'318'83
0.5 057502 057502 0-57¢03 0575002 0-5%¢03
(55 =1- b/CL2
5d3 =1- dg/CL



Further test of PNGB vs SILH (more difficult): WW — hhh

\é + / + / +  crossings
, / 4 T . ,& . /@<
b3 1 '

a b

o 2 4
A(xx — hhh) = Z—i (4ab — 4a® — 3bg) = 2i (¢ — 2cp) % <%> +.
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Further test of PNGB vs SILH (more difficult):

) +
0
b3

A(xx — hhh) =

15
03

S
N
S
S

WW — hhh

I + I : + crossings
|

a b

(4ab — 4a® — 3b3) = 2i (g — 2cp)

A

S

v3

(

’U4

F

)+ -

Test dim-8
corrections
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Further test of PNGB vs SILH (more difficult): WW — hhh

\é + / + / +  crossings
, / 4 T . ,& . /@
b3 . T .

a b

(%

4 5 4
A(xx — hhh) = % (4ab—4a3—3b3) :22'(0}[—20111)i ( )—I—

F

v v3

!

vanishes for a PNGB (with symmetric
coset) due to Z3 parity m — —7T

Test dim-8
corrections
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Further test of PNGB vs SILH (more difficult): WW — hhh

a b

15 , 5 (v Test dim-8
A(xx — hhh) = 3 (4ab — 4a’ — 3b3) = 2i (y — 2cm) 3 (F) +... corrections

!

vanishes for a PNGB (with symmetric
coset) due to Z3 parity m — —7T

o §

[ab] 0 0.05 01 02 03 05 099 For £ > (0.2 detectable for
PNGB | 0.32 046 0.71 147 241 4.13 0.30 a SILH (PNGB disproved)
SILH | 0.32 0.71 0.87 7.56 42.89 407.9 7808
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= Tests of Higgs compositeness can be done by precisely measuring low-
energy quantities

= With high luminosity
Loop effects of pure composites: h—Zy (not h—YY,g9), S parameter ()

" With high precision (ex: e*e" linear collider at 3TeV)

tests of Higgs effective Lagrangian at dim-8 level: PNBG vs SILH
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