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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 ]
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Analogy with 77 scattering in QCD: h < o

!

Q: why light and narrow 2

A: the Higgs is itself a (pseudo) NG boson [ Georgi & Kaplan, '80 ]

SO(5)
ex: > 4 NGBs transforming as a (2,2) of SO(4) [ Agashe, RC, Pomarol

SO(4) NPB 719 (2005) 165 ]

. 2 /
1210 e = | D, HI? + S [0, D]+ 2 () [0, ()] + .

[ Giudice et al. JHEP 0706 (2007) 045 ]
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1. O(v®/f*) shifts in tree-level Higgs couplings. Ex: a=1-cy (?) +...



Analogy with 77 scattering in QCD: h < o

!

Q: why light and narrow 2

A: the Higgs is itself a (pseudo) NG boson [ Georgi & Kaplan, '80 ]

SO(5)
ex: > 4 NGBs transforming as a (2,2) of SO(4) [ Agashe, RC, Pomarol

SO(4) NPB 719 (2005) 165 ]

. 2 /
1210 e = | D, HI? + S [0, D]+ 2 () [0, ()] + .

[ Giudice et al. JHEP 0706 (2007) 045 ]

2. Scatterings involving the Higgs also grow with energy
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How to test Higgs compositeness

1. Direct: Reach energy threshold for direct production of new resonances

2. Indirect: Precision measurement of low-energy quantities
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How to test Higgs compositeness

1. Direct: Reach energy threshold for direct production of new resonances

2. Indirect: Precision measurement of low-energy quantities

i) virtual corrections to single-Higgs processes /Qi

ii) tails in scattering amplitudes



to Higgs couplings
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Precision measurement of Higgs couplings
can give an appraisal of the strength of
the underlying interactions

-

contribution of resonances
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strong scale

9(As) =47 gy A5 =47 f

Precision measurement of Higgs couplings

can give an appraisal of the strength of

the underlying interactions

gr=g(m.) — My = gu f

N
/@* S W, Z. h

contribution of resonances

f Suppose we find:
00 00 M
— — — 0P L > A OTP
O O leap © = I o 7
j my > M

from NL sigma model
(from direct searches)



Tc:ils in scattering amplitudes
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Precision measurement of scattering amplitudes
can give an appraisal of the strength of the
underlying interactions

a2 =auE (10( £2))

strong scale

9(As) = 4™ gy s = 47 f

oooooooooooooooooooo

My = s |
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Precision measurement of scattering amplitudes
can give an appraisal of the strength of the
underlying interactions

strong scale

9(As) =47 uusasaasany A5 =47 f

g« =g(ms) y e :g*f
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strong scale
Precision measurement of scattering amplitudes

As) =4 Ag =4r
i i P ——
can give an appraisal of the strength of the 9(As) " o f

underlying interactions

g« =g(ms) y Ty :g*f

Suppose we find:

E” exrp ex E
A2 —2) = 1+O<m2)> Opy, 7 0 g« >g(F) = 5hhpg
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Precision measurement of scattering amplitudes
can give an appraisal of the strength of the

underlying interactions

strong scale

9(As) =47  psay As = 47 f

A W2k
Suppose we E? E
can bound —z < €pp  hence M > NG =M
E2 5€£Up 0 oxp E
A(2—>2):5hhv—2 1+ hh # » g*>g(E): 5hh E
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strong scale
Precision measurement of scattering amplitudes

As) =4 Ag =4r
i i P ——
can give an appraisal of the strength of the 9(As) " o f

underlying interactions

A Wz
Suppose we E? E
can bound —z < €pp  hence M > NG =M
E? >
AR =2 =0y (1 i ) Onn, 70 g->g(E) = /03 —

then we get the 5,619}?) E
stronger limi Ge>g(M) = | 7= —
ger limit €Enn U
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LHC 14TeV mpp > 800 GeV
A 2T COUTESEL T T

15 | 12--1.1.__]

10—1 #\‘\ ! ‘ ‘ ‘ ‘ ! LT~ ‘ ! ‘ ‘ ‘ ‘ !
1000 1500 2000 2500
M, [GeV]
E2
A(2_>2):5hhv—2 (1—|— )

measurement of resonance effects
gives direct access to strong dynamics

o(pp — hhjj)

R —
o(pp — hhjj)|LET

_ Gn 2
£—2f77((9“ )"+ ..

[ RC, Marzocca, Pappadopulo, Rattazzi, JHEP 1110 (2011) 081 ]
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LHC 14TeV mpp > 800 GeV

Mgyt [GeV]

Uy N - R VA i D N
s0 -5 3, s 12--1.1.._
_ o(pp — hhjj)
R = —
o(pp = hhjj)|Ler
= a
L="nO,m)+...
2f ( % )
[ RC, Marzocca, Pappadopulo, Rattazzi, JHEP 1110 (2011) 081 ]
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A high-energy e*e" collider
(such as CLIC 3TeV) can
provide a clean environment to
make precision studies of

scattering amplitudes

Example:  WW — hh
A(WW — hh) ~ %(“2 )

. _ 2 2
dim 6: On = 2f2 ,u‘H‘ 6M‘H‘

/

H

C
dim 8: Ol = o |HI?0, [ H0" |1

[ Higgs Effective Lagrangian (SILH basis) ]

[ RC, Grojean, Pappadopulo,
Rattazzi, Thamm, arXiv:1309.7038 ]
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Ex: SO(5)/SO(4)

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

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

Ab=1-b

Aa® =1 — d?
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Ex: SO(5)/SO(4)

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

Scenario 2:

Aa® ~Ab ~ 1%
Exp. precision ~ 1%

1. SILH proved

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

e
Ab=1-b
Aa® =1 — d?

size of dim-8
corrections

18
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Extracting b, ds at CLIC with vs =3TeV through ete™ — viv hh — viz bbbb

RC, Grojean, Pappadopulo, Rattazzi, Thamm arXiv:1309.7038

51):1—[)/&2

o = CL405M (1—|—A5b‘|‘B5d3 ‘|‘05b5d3 +D5§ +E5§l3)
5d3 =1 —dg/a
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Extracting b, ds at CLIC with /s = 3TeV through eTe™ — v hh — v bbbb

RC, Grojean, Pappadopulo, Rattazzi, Thamm arXiv:1309.7038

O=a OS)M (1—|—A5b—|—B5d3 ‘|‘C5b5d3 —|—D5b +E5d3)
5d3 =1- dg/a

The analysis in a nutshell
Parton level + Gaussian smearing of jet energy AE/E = 5%
Selected events with: 4 jets
Basic acceptance cuts: [, > 20GeV || <2  AR;; > 04

E; > 5GeV |77l’ < 2 AR]’[ > 0.4
Higgs reconstruction: 1) choose pairing (j1j27j3j4) that minimizes X2 = (mjle — mh)2+(mj3j4 — mh)

2) each candidate must satisfy  |m;; — mp| < 15 GeV

3) keep events with at least 3 b-tags

2



Extracting b, ds at CLIC with /s = 3TeV through eTe™ — v hh — v bbbb

RC, Grojean, Pappadopulo, Rattazzi, Thamm arXiv:1309.7038

O'ICL4O'SM (1—|—A5b‘|‘B5d3 ‘|‘05b5d3 +D53+E5§3)

Background negligible (requires good mass resolution h vs Z)

(largest processes: hZvi, ZZvv, ZZet e )

Signal analyzed in 4 kinematic regions to
enhance sensitivity on Higgs couplings:

11
111 :
IV :

20

mpp > 700 GeV and Hp > 400 GeV
mpp, > 700 GeV and Hr < 400 GeV
mpn < 700 GeV and Hp > 400 GeV
mpn < 700 GeV and Hr < 400 GeV

2
=1-"0b/a
=1- d3/a
““““ od=0
i s 5b=0
a = 5b=0.1
: 2 6b=0.3
- Q
L (¢)]
[ <
0 500 1000 1500 2000
myp in GeV
“““““ ob=0.L
3
= 6d;=—0.3
3 6d;=0
§ (5(1';:03
<

0 500

1000 1500 2000 2500
Mpyh in GeV



Extracting b, ds at CLIC with /s = 3TeV through eTe™ — v hh — v bbbb

RC, Grojean, Pappadopulo, Rattazzi, Thamm arXiv:1309.7038

5b:1—b/a2

O'ICL4O'SM (1—|—A5b‘|‘B5d3 +05b5d3 +D53+E562Z3)
5d3 =1 —d3/a

21

Expected precision on 0p with L = 1 ab_l/(a2BR(b[_))/BR(bE)SM)2

measured Ods
S 0.5 0.3 0.1 0 0.1 0.3 0.5
0 | —0.045+3:9%2  0.01573520  0.010%3:572  0.0073%5  0.00%5:53  0.00%5%  0.007983
0.01 | ~0.0553810 00307381 002073952 0.015°5%30  0.0107558  0.0104583  0.010%%538
5, 0.02 | 0.0250838 004070030 00257007 00207003 0.0207003  0.0207003%  0.02075033
0.03 0.03%503  0.050T0050  0.03510:050  0.030T0052  0.03010052  0.030%5952  0.03070 050
0.05 0.05700as  0.08015070  0.05570050  0.050%0 050  0.05070032  0.050%0 052 0.05070:050
0.1 | 012Fgg35 0107505 0.10%g93  0.10%505  0.107303  0.10709;  0.10%5:03
0.3 0.30700s  0.307005  0.30%905  0.30%005 030700  0.30%00;  0.30%00;
0.5 0.5070:05  0.507005  0.50700% 0501005 0501005 0.50%0:05  0.507003




Extracting b, ds at CLIC with /s = 3TeV through eTe™ — v hh — v bbbb

RC, Grojean, Pappadopulo, Rattazzi, Thamm arXiv:1309.7038

5b:1—b/a2

O':CL4O'SM (1—|—A5b‘|‘B5d3 +05b5d3 +D53+E5§3)
5d3 =1 —d3/a

21

Expected precision on 0p with L = 1 ab_l/(a2BR(b[_))/BR(bE)5M)2

measured Ods
S 0.5 0.3 0.1 0 0.1 0.3 0.5
0| 00457000 001579920 0010790 (0.0070%8 ) eIl 0.0070%  0.0079%3
0.01 | ~0.055*3810 00307381 00207392 0.015°5%30  0.0107508  0.0104583  0.010%%538
5, 002 | 0027058 0.040700%0 00257007 00207063 0.02070032  0.0207003%  0.02070033
0.03 | 0.03%3832 0.05050050 0.03570:030  0.030%0:052  0.03010032  0.03050032  0.030%5:050
0.05 0.05700as  0.08015070  0.05570050  0.050%0 050  0.05070032  0.050%0 052 0.05070:050
0.1 | 012Fgg35 0107505 0.10%g93  0.10%505  0.107303  0.10709;  0.10%5:03
0.3 0.30700s  0.307005  0.30%905  0.30%005 030700  0.30%00;  0.30%00;
0.5 0.5070:05  0.507005  0.50700% 0501005 0501005 0.50%0:05  0.507003

For injected SM: precision on 0y is 5%



Extracting b, ds at CLIC with /s = 3TeV through eTe™ — v hh — v bbbb

RC, Grojean, Pappadopulo, Rattazzi, Thamm arXiv:1309.7038

5b:1—b/a2

O'ICL4O'SM (1—|—A5b‘|‘B5d3 +05b5d3 +D53+E562Z3)
5d3 =1 —d3/a

L=1ab '/(a>BR(bb)/BR(bb)ss)?

Expected precision on 5d3 with

22

measured 5d3
Sd 0.5 0.3 0.1 0 0.1 0.3 0.5
0] ~05050% 025702 000103 005703 010503 0307 05078
0.01 | —0.45793>  —0.207932  —0.051030  0.007032 0.1075350 0.307012 0.507¢ 12
5, 002 ] —0357052  —0.25%0%  —0.1070:30 0.007032 0107035 0.30701 0507013
0.03 | —0.407932 —0.257925 —0.101032 0.00705% 0.107550  0.307012  0.507¢ 12
0.05 | —0.5510%0 —0.3010% —0.101035 0.00%0:50 0.107071%  0.30%012  0.507010
0.1 | —0.50%5:32  —0.30103%  —0.10%920 0.00%012 0.10%912 0301010 0.50101¢
0.3 | —0.5050 12 —0.301012  —0.105970 0.005970 0.10%575 0.30%515  0.501¢:10
0.5 | —0.501015  —0.307015  —0.105015  0.001%15  0.10%515  0.301015  0.50%010




Extracting b, ds at CLIC with /s = 3TeV through eTe™ — v hh — v bbbb

RC, Grojean, Pappadopulo, Rattazzi, Thamm arXiv:1309.7038

5b:1—b/a2

O'ICL4O'SM (1—|—A5b‘|‘35d3 ‘|‘05b5d3 +D53+E5§3)
5d3 =1 —d3/a

L=1ab '/(a>BR(bb)/BR(bb)ss)?

Expected precision on 5d3 with

22

measured Sdg
Sd 0.5 0.3 0.1 0 0.1 0.3 0.5
0 -0 50+0.35 -0 25+0.20 0 00+0.25 0 O5+0.30 W.25 0 30+0.20 0 50—|—0.15
UMY —-0.25 *=~—-0.50 VY —-0.40 ¥~ —0.30 .20 UV —-0.15 YV —-0.15
0.01 | —0.45793>  —0.207932  —0.051030  0.007032 0.1075350 0.307012 0.507¢ 12
5, 002] -035T055 —025705; —0.10Tg%; 0.00%555 0107550 0307035 0.50%53
0.03 | —0.407932 —0.257925 —0.101032 0.00705% 0.107550  0.307012  0.507¢ 12
0.05 | —0.5510%0 —0.3010% —0.101035 0.00%0:50 0.107071%  0.30%012  0.507010
0.1 | —0.50%5:32  —0.30103%  —0.10%920 0.00%012 0.10%912 0301010 0.50101¢
0.3 | —0.5050 12 —0.301012  —0.105970 0.005970 0.10%575 0.30%515  0.501¢:10
0.5 | —0.501015  —0.307015  —0.105015  0.001%15  0.10%515  0.301015  0.50%010

For injected SM: precision on 04.is 30%



Extracting b, ds at CLIC with /s = 3TeV through eTe™ — v hh — v bbbb

RC, Grojean, Pappadopulo, Rattazzi, Thamm arXiv:1309.7038

5b:1—b/a2

O':CL4O'SM (1—|—A5b‘|‘B5d3 ‘|‘05b5d3 +D53+E5§3)
5d3 =1 —d3/a

L=1ab '/(a>BR(bb)/BR(bb)ss)?

Expected precision on 5d3 with

22

measured 5d3
Sd 0.5 0.3 0.1 0 0.1 0.3 0.5
0 -0 50+0.35 -0 25+0.20 0 00—|—0.25 0 O5+0.30 W.25 0 30+0.20 0 50—|—0.15
UMY —-0.25 *=~—-0.50 VY —-0.40 ¥~ —0.30 .20 UV —-0.15 YV —-0.15
0.01 | —0.45793>  —0.207932  —0.051030  0.007032 0.1075350 0.307012 0.507¢ 12
5, 002] -035T055 —025705; —0.10Tg%; 0.00%555 0107550 0307035 0.50%53
0.03 | —0.407932 —0.257925 —0.101032 0.00705% 0.107550  0.307012  0.507¢ 12
0.05 | —0.5510%0 —0.3010% —0.101035 0.00%0:50 0.107071%  0.30%012  0.507010
0.1 | —0.50%5:32  —0.30103%  —0.10%920 0.00%012 0.10%912 0301010 0.50101¢
0.3 | —0.5050 12 —0.301012  —0.105970 0.005970 0.10%575 0.30%515  0.501¢:10
0.5 | —0.501015  —0.307015  —0.105015  0.001%15  0.10%515  0.301015  0.50%010

For injected SM: precision on 5d3 is 30% |:> Much stronger sensitivity on b than on d3
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Reach on compositeness scale

£=(v/f)? A=dnf
LHC 14TeV L =300fb~! 0.5 (double Higgs [1,2]) 4.5 TeV
0.1 (single Higgs [3,4]) 10 TeV

ILC  250GeV L =250fb!
+ 500GeV L =500fb!

CLIC 3TeV L=1ab!

CLIC  350GeV L =500fb"!

+14TeV L=15ab ! 1.1-2.4x1072 (single Higgs [8])

+3.0TeV L=2ab!

2-5 x1072 (double Higgs [7])

0.6-1.2 x10~2 (single Higgs [5,6]) 30-40 TeV

15-20 TeV

60-90 TeV
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Tests of Higgs compositeness (i.e. strong EWSB) can be done by precisely
measuring low-energy quantities (e.g. tails of scattering amplitudes)

From study of W —-hh at CLIC with /s =3TeV:
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Conclusions

Tests of Higgs compositeness (i.e. strong EWSB) can be done by precisely
measuring low-energy quantities (e.g. tails of scattering amplitudes)

From study of W —-hh at CLIC with /s =3TeV:
- precision: \VWhh at 5% ; hhh at 30%
- tests of Higgs effective Lagrangian at dim-8 level: PNBG vs SILH

Take the right approach to look for NP

Ex: much more information from "W - hh than just the trilinear coupling
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Extracting b, d3 at the ILC
with /5 = 500 GeV —1 TeV
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Further test of PNGB vs SILH (more difficult): WW — hhh
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Further test of PNGB vs SILH (more difficult): WW — hhh

RC, Grojean, Pappadopulo, Rattazzi, Thamm arXiv:1309.7038

a b
15 5 (vt Test dim-8
— hhh) = — (4ab — 4a® — 3b3) = 2i (cyy — 2cy) — | - | + ...
A(XX ) U3 ( a a 3) l (CH CH) U3 <f4) + Operqfors
vanishes for a PNGB (with symmetric
coset) due to Z; parity m — —7
o 3
[ab] 0 0.05 01 02 03 05 099 For £ 2 0.3 detectable for
PNGB | 0.32 046 0.71 147 241 413 0.30 a SILH (PNGB disproved)
SILH | 0.32 0.71 0.87 7.56 42.89 407.9 7808




