Dynamic Composite Higgs: Theory and Status

Haiying Cai

IPNL, Université Lyon 1

Haiying Cai (CHEP 2015) Dynamic Composite Higgs



Part Il :

Anarchic Yukawas and Top partial compositeness
Cacciapaglia, Cai, Flacke, Lee, Parolini and Serodio

arXiv:1501.03818

Working month at University of Science and Technology of China

July 6 - July 8

Haiying Cai (CHEP 2015) Dynamic Composite Higgs 2 /30



MCHM: SO(5)/S0(4)

In MCHM, the Higgs doublet, being identified with the pNGBs in the coset space
of SO(5)/S0(4), appears through a matrix U, in the unitary gauge to be:

1 0 0 0 0

0 1 0 0 0
U=1]0 0 1 0 0

0 0 0 «cosh/f sinh/f

0 0 0 —sinh/f cosh/f

The pion matrix U transforms non-linearly under g € SO(5): U — gUh(g, h),
where h € SO(4). By CCWZ, Cartan-Maurer forms are decomposed in the broken
T4 and unbroken T? directions:

iU'D,U=diT?+ E3T?

where d,, and E, are the building blocks for an effective Lagrangian of pNGBs
and vector resnances.
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We embed the left-handed quarks q; = (¢, bL)T and right-handed one tg in a
fundamental 5 of SO(5):

agL = % (_iELa EL) _ifL7 _?La 0) ) fl,:)? = (07 Oa Oa 07 fR) )

The composite sector contains many spin-1/2 fermionic resonances. The minimal
set is a four-plet Q and a singlet T of SO(4), in a 5 of SO(5):

i B—i X
Q . B+X5/3

7/}:("):\/5 I'T+I.X2/3

T —T+)~<2/3
V2 T
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General Lagrangian

The general Lagrangian we can write is then:

Leomp = i@,&(w + ELQL,R + f7~'L,R1?7~'L,R — M, (@QR + QrQL)
M, <7N_L Tr+ Tr 7~—L> + icLblL’y“dL T+ icRbl,w“dL Tr + h.c.
~Lpe = yra1fqs Ug + )/R4,1ff??U¢L +h.c.

= yuaf (bLBR + ng/zﬁ Tr + Sg/gﬁxz/m) - %Seﬂ Tr

+  YRaf (%f}? T, — %ERX2/3L) + yrifcotr _i—/_ + h.c.
with the defination of sy = sinf = sin h+< ) The piece of L, is a linear mixing

between an elementary fermion and one comp05|te fermion, connected by the U
matrice, in order to generate a mass for the top via partial compositeness.
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Direct Yukawa Interaction

In addition we assume the presence of direct Yukawa interactions of all fermions,
generated at a scale Ayy > Ayc. e.g. through four-fermion interactions in
technicolor theory:

Ly = V2 (@ )My ap (X7 udg) + V2 (32, D)my s (T d3g)
= 20 (G mt ugg+ daim® ad
- alllgvapgtBR alMgvapYpR

Where the fields g; and ug are a generalization to include three families, and g,
and dg are defined by

0 00 -1 0 0

0O 01 0 O 0
Goo=|0 10 0 0fg,, dpr=| 0 [,

-1 0 0 0 O 0

0 00 0 O dor

with ¥ = U-(00001)", transforming linearly as a 5 under SO(5).
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Characteristic energy scale

Due to our model set-up, several energy scales will be present here:
@ Flavor scale (Ayy): additional Yukawa operators are generated.

@ Condensation scale (Ayc): at this scale, the strong dynamics breaks SO(5)
into SO(4), and we have Ayc = 4rf.

@ Compositeness scale (f): the strong sector is described by heavy reonances,
e.g. spin-1/2 top partners and spin-1 vector resoannces, some of which have
a mass of order f.

@ EW scale (v): the mass scale of the W and Z gauge bosons.

In order to sufficiently suppress FCNC, we will require Ayy = 10° TeV, and to be
consistent with naturalness, the compositeness scale f should be around 1 TeV.
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Flavor Structure

The fermionic field content can be split into up and down sectors as
T T
=W c t T Xo3 T) , &=(d s b B) .
Their Yukawa-mass Lagrangian is given by

_Acyuka_wafmass = gTL [Mup + Yuph + - ] gTR
+ E,LL [Mdown + ydownh +--- ] f,LR + h.c

Notice that the up-type Yukawa matrice Y,, comes from both the differentiation
of My, and from the d}} o 0, h term in the Lecomp.

We will apply an expansion of sin 2¢, ¢ = (h)/f, for a block diagonalization, so

that in this new basis the heavy eigenstates are diagonal and can be safely
integrated out.
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Up-quark sector

After the block diagonalization, we get for the up-quark sector, up to O(s3.),
m 0
UILMUP UUR = < OU DM) )
with

my ~ %= miy, +ml, 1= , Dy ~diag (MT7M4,Mf)7

o O o
o O O
= O O

where m; is the contribution to the top mass from partial compositeness (so that
Soe Myv ~ me < m;). The masses are defined as

_ 2 |yL1yri Ma—yiayra M| _ 2 2.2 _ 2 2.2
my = Sy, AN M , My =/ M; +f2y;,, Mz =+/M;+f2yz .

For later use, we define sy, = VAL/,—“T’( and syr = yA'jll_f, indicating the degrees of
T

partial compositeness.
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The Yukawa interaction is transformed into a non block-diagonal form. For the

light quark sector:

my
=~ (1-1s2)+B,, where B, ~ Z4.

f525/2

We also define

2

e

PIPRS mz
mecmz

m
m

anNa N

mc

3

mcmy
mecmy

2
my

which is only capturing the order of the corrections and should not be considered
as true equalities because order one coefficients are neglected.
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Down-quark sector

Similar results can be obtained for the down sector:
mp
Uc];LMdown Ugr ~ < MT) , Mp= 5276 m%V :

Note that no partial compositeness for bottom quark. The Yukawa coupling is
decomposed as:

2
mp S5,
~ ——(1—- =% B
yd f526/2< 2>+ d

where in analogy with up-quark sector we have

mpX 2 d 2
By ~ Tt where Y4~ (mgy)".
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EW gauge currents

The interaction Lagrangian of the EW gauge currents is:
3 LR 3 bL,R
Loauge = ZufT_LvRW’MAfv;C SR+ 2SRy Ane SuLR
+ WG ry"AccéuLr + h.c.

Through block diagonalization, the deviations are expressed in terms of squared
inverse of M, (generic top partner mass), X, and X :

@ deviations in the neutral currents

T, X,
5A;\II_C 3%3 ~ g 5AtR ~ fi

cw M' TNCEa T gy M2
Ml s = 0. (0ARR,,) =5
NC|3x3 ’ NCl3x3 i 2cw M2

@ deviations in the charged currents

me me m
(5A’5C) ~ & Xy (5AR ) ~——£ _my mc mc mc
V3 M2 cc NCIVE c c A

* )
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True mass eigenbasis

In order to go to the “true” mass eigenbasis we need to perform unitary
transformations acting only on the light quark generations:

my = VuMyVls, mp = VaMpVli,

where My = diag(m,, mc, m¢) and Mp = diag(mg, ms, mp) are the masses of the
six quarks. Since m; > m. in automatically settled in our model, the light quarks
can be diagonalized through V,; r of the form

o(1) o@) of

ViuLr ~ o1 o(1) o
O(%) O(%)

)
)

33313

=3

Only the mixing between the first or second generation with the third generation
is suppressed by a factor of m./m;.

However, in the down sector there is no a priori hierarchy in the mass matrice.

Haiying Cai (CHEP 2015) Dynamic Composite Higgs 13 /30



Confront the data

We confront our model with constraints from flavour conserving/violating
processes, which have three distinct origins:

(1) induced solely by the mixing effects due to top partial compositeness and
direct Yukawa couplings;

(2) induced by heavy resonances, appearing at the compositeness scale;

(3) the four fermions interactions induced at the UV scale is of the form
L= 3-(qq)?+ h.c.
uv

For Ayy ~ 10% TeV, it should not introduce any flavour problem.
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Flavour preserving processes

The deviation of f, Wb, needs to be compatible with |V;,| = 1.021 4 0.032:

<107t

~

‘5AL |1/2 N ﬂ(l_si,‘?)
cc M ~asor

This implies that s, < 1/2 is disfavoured, unless M; > 1 TeV.
The right-handed coupling tr W bg,

6AR ~ & memy
cC V2 Mf

need to satisfy the measurement of b — sy, = we need M, = 1 TeV.
For the couplings of the bottom quark we obtain

2
Sgzb, =0, Ogzp, = —ﬁsﬁp&(%)

0gzp, vanishs due to the custodial symmetry, but gets correction from higher
order operators; dgz, is suppressed by m2/M?2. (EW constrants is satisfied)
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Flavour violating processes

The FCNC process with |AF| = 2 transitions can place strong constraints. The
relevent effective Lagrangian is:

AF|=2 __ 5 dadp Nn9adqp 3 ~dads A9daqs
LIAFI=2 = 570 Gl 37 GO

with the dimension six operators defined as

01" = (Gp178at) (@orrndat) » 9" = (dsr7uGar) (sr7uGar) |

Q3% = (Gpr9ar) (GsrYaL) anqﬂ = (95.90r) (Gs19arR)
anqﬁ = G%quﬂfmqiu anqﬂ = a%ngRaquim

27 = (dsr9aL) (GsL9arR)
Qe ? = a%ngLaquZR-
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Firstly we apply the effective approach to the D° — D’ system. The contribution

of a Higgs exchange to the operator QJ€ is estimated to be:

i(mc)ll . 1072 (1 TeV)
myy \ M- TeV* \ M. ’

The contribution from exchanging of a Z boson to the operator Qf¢ is

4 4
g° me ) ~ 1071 (1 TeV
16c2,m% \ M. — TeV? M,

Therefore, flavour violation in the up sector is well under control.
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In the down sector, using the higher order correction to dgzp,, we can find

effective operators of the following form:

4
(%L%ﬁ) [(Viiias V) QF° + (Vjiss Vars2)? Q5 + (Vs Vars:)* QF° |

1
2
mz
—4
11'2V2 [(Viiias Vs )? QF° + (Vjiss Vars2)? QF + (Vs Vars:)* QF° |

setting my ~ 3 TeV. These coefficients are too large, therefore one need the

mixing angles in the down sector have a hierarchy.
|Viias Vaar| < 1071, [Viss Vawsa| < 10712, [V Vi | < 107572,
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Top rare decays

The CMS measurement for the flavour violating top decays, e.g. t — ch, t — cZ
with 19.7 fb~! at \/s = 8 TeV is:

B(t—ch) < 6:8x10"3 95%CL,
B(t—cZ) < 5x107* 95%CL.

In our model, we can estimate the corresponding branching ratios to be:

2

B(t — ch) ~0.25 (|yse.r|” + |yee.r 32

%), B(t — cZ) ~3.5 (ALF)
The leading contributions to misaligned Yukawas are:

mcmy

M.,

—4
Ytc,L = Ytc,R ™~ ~ 10 )

and the third generation flavour violating Z couplings are:

LRy o & mme  10—4
(6ANe )32 oM = 107",
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The CKM matrix is defined by the following expression:
Verm = Vi (14 226AL) V..
Thus the correction 5Aléc is constrained by unitarity, in particular
T
(Viva) (Viva) = 1 = VI0AL +0AE) Vi = Vi Vo - 1,
T
(VJL VdL) (VJL VdL)

For the up-type sector, the bound is easily satisfied, while a mild hierarchy in the
down-type sector is required, we find

1 = V] (0AL + ALY Vi = Vekm Vi — 1.

‘VdL13| <101 R |VdL23|2 <1071,
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Scalar resonance

First we consider the scalar interaction: £ = ®(ggQQ + gs 7'7”') + Em3®2. After
diagonalization and integrating out ®, we find:

N 1 TeV)\? g )2 1070 Ay
Lo = (M* ) <m®/TeV X Tev? 4%

2 2 _
L= () () Hae [aroe et e

with the coefficients given by rotating matrices:

da d,B _ * *
2 = Viiza Va3 275 Varys Virsa -

The constraints on Q4 operators require the coefficients to satisfy:
|z <1072, |zP2 < 107!, |z¥| <1076,

by assuming me/g ~ 1 TeV in a conservative scenario.
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Vector resonance

The interaction with a massive vector resonance is:

L= Vy(gBQL’YMQL + gs 7_1_’7“ 7-L) + (L — R) + %m%/ VH [V

2 2 * 2
uc g8 10~° dadp ( 8B ) [Viisa Vaissl
G (mV/TeV> Tz G m TeV) X e
The constraints on CP¢, CP* and C;¢ imply, respectively,
|ViiasVarn| <1073, Vg3 Vaisa| <1072, [Vjig Varaa| < 107°.

= i.e. certain alignment in the down-sector is required.
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Summary of bounds

In composite Higgs models, deviations in its couplings to quarks are given by non
linearities:

YsM—Y ~, ] — 1-257 0.15
m/v. T i-s2 T
This value is for the hbb coupling is allowed by the experiment measurement.
A combined analysis for all the results is in order:

FCNCs : |V}33 Varis] < 1071 | V553 Varos| < 1072 |V 15 Vo] < 107572

CKM unitarity : |VdL13‘ <1071 s |VdL23| < 10_1/2,

Scalar resonance : |z§?| < 1+1072,|z?| <1 +107Y/2 |z <10* +10°°

Vector resonance : | V33 Vs < 1071+ 1073, |V 33 Ve < 1+ 1072,
|V;L32 VdL31| <1073 +10753.

The O(10?) magnitude variation is that we may times a (47)? factor for the
resonance mass, thus the contraint will be relieved.

Haiying Cai (CHEP 2015) Dynamic Composite Higgs 23 /30



Partial composite bottom

We discuss the possibility for bg to linearly couple to composite operator,
containing B;, without introducing additional bottom partner:

LD C_I3LOqL + ERObR + h.c.

The difference is that the mixing with bg requires EWSB. Explicitly we can write
down the Lagrangian to be:

L= yrf h U'd}ET + h.c. = SyrfsyBLbr + h.c.,
where 1) is the quark partner five-plet that contains the bottom partner B, and

dif is a spurion formally transforming as the 14 of SO(5), whose only dynamical
component is the bg:

00 1 i 0
0 0 — 1 0
dp=2211 - 0 0 0
10 1 0 00
00 0 00
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Down sector structure

From the partial compositeness and the elementary Yukawas we obtain:
L= JaLm‘ingR +hec, m'=mf, 2+ I_I—fy’?zs‘i’LsE .

We require fygrsyis./2 >~ mp, and |mfl/v| ~ mg < my. This hierarchy generates
the following rotating matrices:

VaL,r ~ | O(1

In analogy to the top partial compositeness, we generate an additional mass
hierarchy mg/my, which relieves the flavor constraint in the down-quark sector.
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Full composite tg

Another minimal variation is to assume that tg is a full composite state. This
assumption leads to changes in the up-sector mass, Yukawa matrices and gauge
interactions.

Leomp = QLR (P +E) QLR‘F/-?L Rlpi—LR*Mz; (QLQr + QrQL)
My (TL Tt TrTs) + ia @d, To
+ ICRQR’}/”d’ TR—‘rICtQR’}/“‘d' tr +h.c.

~Lmix = Y1a17q3, Ur + y1:7q3, Utr + h.c.
yuaf (BLBr+ B0t T+ 5F/aFL e 2

— y\“[fSQtL Tr — }:L}%‘_SQ?[_ER + h.c.
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Up sector structure

We find that the factorization pattern displayed for my continue to hold, and the
additional ¢; term in the Lcomp will give rise to an O(1) correction in the Yukawa
interaction:

my
my ~ % miy Fmdl,  y, o~ oo )2 (1—3s2) + ¢t (yie — yia) cotN+ By,
0 0 O
where M=| 0 0 0 |, BUNAZ/’;7 and ¢y = A
0 0 1 . vV M+,

The deviations in charged and neutral right-hand currents can be calculated and
are of the same order as in the partial composite case.
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Scalar resonance

For scalar interaction, the effective Lagrangian is the same as before:
L=0geQQ+gsTT)+ imio2.

When we integrate out the scalar resonance, the effective Lagrangian for the
dimension-6 operator is,

2
—10
Ls = lIQeV2 (1 LfV) &

The coefficient (¢ is well below the experimental bound.

Haiying Cai (CHEP 2015) Dynamic Composite Higgs



Vector resonance

Larger difference comes from the tg coupling to a vector resonance V,, due to the
chiral property:

Lv=V,(geQuy"Qu+gsTiy"Tr) + (L — R) + V,.gliry tr + Tm3 Vv, Ve

After rotating to the mass eigenstates and intergrating out the vector resonance,,
we find the coefficients:

2 2\ 2
Qi : flz(séL (%) _25§>LC<;25L (Ei) )
~:LllC . 1<g§(mC)2+((1_2C )2_g75/)52 (mc)2)2
2\ gg \ m: oL gs ) oL\ M,

Therefore numerically, the Wilson coefficients are of order of 10_9/TeV2, below
the experimental bound.
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Conclusion

@ We have explored the possibility that the top quark mass is mainly
generated by partial compositeness, while other quarks masses are from
four-fermion interaction.

@ We showed that this scenario is naturally compatible with bounds from
flavour constraints for the up sector. For the down sector, in order to satisfy
the bounds, they require a mild hierarchy in the mixing matrice.

@ The discussion of flavor violating suppression is quite general, can be
generalized to the case with additional top partners and the scenario of non
minimal coset.

@ The mechanism also applies to the scenario of tg being a full composite
state, as the flavor structure would not be affected.
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