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LHC data prefer |k¢| > |kg|!



Composite Higgs model scenario

» Two sectors: the elementary sector, the composite (strong)
sector.

» Higgs are pseudo-Goldstone bosons living in some coset G/H

» SM fermions acquire masses from linear mixing.
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General Analysis: Higgs are Goldstone bosons G/H

The whole strong dynamics encoded in the form factors:
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Partial compositeness

Partial compositeness tells us:
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Higgs couplings from the form factors

The quark masses are evaluated at the zero momentum:
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Higgs couplings from the form factors

Due to partial compositeness, the ggh coupling can be obtained by
the form factors:
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We have:
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The coupling difference ¢; — ¢,

The coupling difference is controlled by wave function
normalization:
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Recall the expansion:
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Higgs potential from the form factors

The Coleman-Weinberg potential for the Higgs boson:
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Expand in sp:

Vi(h) ~ —¢ si + B sh

The leading contribution to the ~¢ factor:
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Relation between ¢; — ¢, and Higgs mass term

They are related by the master function:
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The slope of the integrand at the origin:
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Roughly, we have:
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Example: 5 of SO(5)/SO(4)

Neglecting the kinetic terms, the effective Lagrangian:
LM = — MWV + [C4YLf(C_7E)/UIiw;? + agyrf(ER)I U WL + h-C~]
L Mls _MI\TJ\U + [C1ny((7?)/Ul5\UR + alny(i_',%)/U%\UL + h.C.]

The non-linear realization of SO(5) (g € SO(5), h(x) € SO(4)):

U's = g'yh? U, Uls — g',U%

The constrained SO(5) vector:

¥/ = U5 =(0,0,0,s4,¢5) ", Yy =1



SO(4) ~ SU(2). x SUR)r, Y =T3FR4+X

The embedding of the SM third-generation quark:
q? = tLPtL + bLPbL7 (_7[5_ = ELPZL + ELPTL‘) t?\’ = tRPtR’ t_-ls? = EF"PZR

The vectors are determined by their SM quantum numbers:

0 i 0
0 1 0
1 . 1
(P) = NG I ; (Py,)' = NG 01, (P)' =1 0
-1 0 0
0 0 1

’Upper indices transform under g, lower indices under g*




Partial compositeness
The decomposition of the fourplet:

iB — iXs3
1 B+ Xs/3 ~
v,=—| 277 v, =T.
TV T+ iXys 1
—T+X2/3

Two SU(2), doublets:

qr = (T, B)/e» ax = (Xs/3, X2/3)7/6
Before EWSB:
cay fqLqrr, a1yrfir TL
The mixing angles:

cyLf a1yrf
tanf; = j\)ﬂ/L , tanfr = 1/\);,‘?
4 1




Spurion Analysis

G = SO(5) x U(1)x x U(1)},

The embedding vectors are treated as spurions:
(Pq) — &'s(Pa)?,  (PD) — &7 (Pl)s
The elementary U(1)3, global symmetry q = (t., by, tg):
qg— eio“’q, Pg — ef"o“’Pq
LM — M, Uv 4 {C4ny(C_lE)IUIi\UI;'? + agyrf(ER)1 U WL + h.c.]

£V = MOV + [y F(32)1 U5V + a1y () U5V + hc |



Spurion Analysis

G = S0(5) x U(1)x x U(1),

rlt/_ ELP t; + |_|bL ELP by + I'ItR ERP tr — (I'ItLtR t tr —I—h.C.)

The form factors are determined by the invariants:
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I_ItLtR = ShchnltLtR



The couplings
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The ggh coupling strength:
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The top Yukawa coupling:
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14 of SO(5)/S0(4)

[14=9(33)04(2,2) 01|

The effective Lagrangian:

LM% = Mo w4 [CQny(at4)/JUI/U{,'W% + agyrf (TR ) U UL WY + h~C-}
LM — MOV 4 V2 [y F(GE) U USE + agyrf (B8, U UYL + hc]
LM = — M+ ? [y f(G)uU'sUsWr + ar yrf (TR U's UL + h.c]
The SM quark embedding matrices:

0 i
0 1
1 . 1
(PtL)U:§ ! ) (PbL)U:§ U I
—1 0
00 i -1 i 1 0 0



The invariants
The advantage of 14 is that now we have two types of invariants:

STPIPY*,  STPIY vips*

The invariants affecting the ggh coupling:
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The Higgs couplings
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The ggh coupling depends on the mass scales now:
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The modification to the top Yukawa:
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The difference Ay — A,

The essential quantity to fit the data:
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Benchmark plot: rp = —1

sinfg

Red dashed lines: € =0.1,4 ~ 0.4

Blue solid lines: £ =0.2,1 ~ 0.5



Higgs potential

The Higgs potential:

NeMS (. oh  « 4h
Vr(h) ~ 1672 <—’Yf5|n ?+stm 7

We can see the tension between positive A; — A, and positive ~¢:

9 1 5 1 5
Ar— Dy ==sin?0[1— = | +=>sin?0,(1— = | + =sin?0g(1 — r?
= Dg = sin L( r92>+4sm L< r12>+2sm r(1—1r7)
'Nyff = gtan2 91_(1 — r92) [fl(x/\,sec2 0) — r92f2(x/\, r92,sec2 GL)]

5
+ 5 tan? 0(1— r12) [fl(x/\,sec2 01) — r121‘2(x/\, r12, sec? HL)]

ﬂ"y,}:’% = —5tan’ g r{ (1 — r}) [fi(xa, rf sec® Og) — fo(xa, 1, i sec® Or)]
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The Higgs mass

After EWSB:
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Possible solution

Enlarge to SO(6)/SO(5), gauge an extra U(1)4 in the coset:

V2

We have the contribution from the gauge sector:

cmj (2&2\ 28 g’2>

-,—ISJ _ _ (55/56J . 55J56/)

N
& g2 g2 g’

T 642 \“g2
Need careful study!
See also:

M. J. Dugan, H. Georgi and D. B. Kaplan, Nucl. Phys. B 254
(1985) 299.



Conclusion

» LHC data prefer ¢; > ¢,.

» We find strong correlation between ¢; — ¢, and the Higgs
mass term in the composite Higgs framework.

» Possible ¢; — ¢z usually leads to positive Higgs mass term
without EWSB.

» An extra U(1)a gauge boson may solve the problem.



The form factor (continue)
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