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ntroduction

e of the most remarkable aspects of the Standard Model is that the ground state
metries are less than those of the bare Lagrangian...

potential is adhoc and not yet understood

des a DYNAMICAL symmetry breaking mechanism

my = m(pr + h.c.)




Composite Higgs Models
Technicolour

New strong sector and
ew techniquarks, and symmetry breaking

ngly coupled gauge group condensates lead to

4+ NGBs

BOTH THEORIES TRY TO SOLVE THE SM FINE TUNING a la QCD

BUT HOW DO WE CALCULATE IF DYNAMICS DIFFERS FROM QCD?

NB: POST LHC I’'M VERY AGNOSTIC ON WHAT GOD IS UP TO...
BUT THERE ARE MANY INTERESTING QFT PROBLEMS HERE...






Does AdS/CFT Work 1
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ow Does AdS/CFT Work 2

ds? = p2 + pPdri i, 2 0 0 0 0 1/2
I ! 0 p> 0 0 0
,”‘E—’_\/ v/ —Detg = Det |— 0 0 p*20 0
e 2
___________ ‘ 3+1d slices parallel to Lo 0 0 0p (1]
on which field theory lives 0O 0 0 O i

Operators and sources appear
as fields in the bulk

Eg

/ d*z m U

m is the quark mass
c is the quark condensate



Running Dimensions in Holography

aul Alvares, NE, Keun-Young arXiv:1204.2474 [hep-ph]; Matti Jarvinen, Elias Kiritsis arXiv:1112.1261 [hep-ph]

Holographically we can change the dimension of our operator by
adding a mass term

0,1p°0,L] — pAm*L =0

p)
Am =-1 corresp ohner Freedman
bound instability...

So we can include a running coupling by a p dependent mass squared for the
scalar.

Top down derivation: many string constructions eg probe D7 branes in D3
backgrounds are examples of this...

Very complex geometries describe the gauge theory glue-dynamics... a single
quark in that background is described by a DBI field such as this with the
running of the mass determined by the glue-dynamics...



m iC Ad S / YM Timo Alho, NE, KimmoTuomi

1307.4896

1
——|DX|* +
p2-|-|X|2| | P

S = /d4a: derpgl

|X] =L is now the dynamical field whose solution will determine the
condensate as a function of m - the phase is the pion.

We use the top-down IR boundary condition on mass-shell:  X'(p=X) =0

X enters into the AdS metric to cut off the radial scale at the value of m or the
condensate — no hard wall

The gauge DYNAMICS is input through a guess for Am




The Meaning of X

we can treat the up quark as a probe in a background of glue + other
qguarks: X — qu

v Includes the running from the quarks so there is some by hand
“backreaction”.... We can study mesons made of u quarks which by symmetry
are degenerate with d states and mixed ud states..

we can promote X to a 2x2 matrix, Tr over the action... now we have a non-
an DBI which can in principle include mass splitting — we won’t do that

Real Representa orm a Majorana
spinor u = (y, —i ¢ y*

And bound states are X with y—matrix structure inserted...

Assuming quarks are mass degenerate again we just look at one set of states,
degenerate by symmetry to all the others....




1ation of the Chiral Condensate

the vacuum

d,[p°0,L] — pAm*L = 0.

Am?2 from QCD



S = /d4a: dpTr p? [

1
———3|DX* T
p* + | X|?

Am

2 1
e | X|? + m(F\% +Fi)‘

2
0p(p30") — Am?pd — pLod 257 L

2 pa ? _

The source free solutions pick out
particular mass states... the o and its
radial excited states...

gy"'v°q — a meson

gy"q — p meson



Decay Constants (aia. adsiacp - hep-phi0501128 [hep-ph)

Decay constants are determined by allowing a source to couple
to a physical state

Vector meson
Yy* 1) source

x

Note not F r

perturbations..
For the physical states we canonically normalize the kinetic terms...

For the source solutions we fix k and the norms so that we match
perturbative results for eg I, in the UV...




Baryons In D3/D7 system some quark-gaugino-quark tri-fermion
states are described by world volume fermions on the D7 —
it does not seem unreasonable to include three quark
states in this way therefore.

51/2 — /d5513 ,03 \ (lDAAdS 2 m) v,

The four component fermion satisfies the second order equation

2 1 m2

M m
<83+P16p+7.—f+732ﬁ—r—2—7)3r—3 7p>¢:0a

Mp is the baryon mass and the pre-factors are given by

(p+ Lo 9,Lo) ,
2Lo + (0* + 3L3)(8,L0)* +







Calculate effective potential

Avv 44
AV;ffz—/ on )4Trlog(k2-|—m )
0

2A2uv

¢L1/)R1/)R1/)L — (VLYR)RYL —

2
AUV




Witten hep-th/0112258; NE + K Kim 1601.02824 [hep-th]

2A%JV

de)R#)R@DL — 2 (ULYR)YURYL —
AUv

2
AUV

oL QLA

0= FL eqn + 8L’5L|UV’IR+ pe

The Euler Lagrange equation solutions are left unchanged but we pick those
that satisfy the UV and IR boundary conditions..

Lir(MeV)
1500

Read off
m,c and
compute

g

For operators that are zero in the vacuum one can still include the effect of HDOs at the
level of the perturbations that give the spectrum.






Observables QCD

775 775"
1230 1183
500/990 973
938 1451
93 55.6
345 321
433 368

My 1 1465 1678
Mg pe1 1655 1922
Mg ey 990 /1200-1500 2009
Mp -1 1440 2406

AdS/SU(3)
(MeV) 2F 2 F

Deviation

fitted

- 4%
+64%/-2%

+43%

-50%

- ™%

-16%

+14%

+19%
+64%/+35%

+50%

Table 1: The predictions for masses and decay constants (in MeV) for Ny = 2 massless
QCD. The p-meson mass has been used to set the scale (indicated by the *).

Scale fixed by V-
meson

Pattern sensible

Pion decay
constant needs a
mass term

Baryon mass
high

Radial excitations
scale wrongly —
no string physics
included



vt decays (¥10) The weakly coupled gravity dual should only live

& Lattice QCD (NNLO)

= Heasy Oty between the red lines... probably we need HDOs

0 Heavy Quarkonia (NLO)

s Zpoeteoy at the UV scale to include matching effects...
and stringy effects in the gravity model....

v PP —> jets (NLO)

912/ 2 9,24 2
A2 lav"ql”, A2—|W‘75q| ,
uv uv

Observables QCD Dynamic AdS/QCD HDO coupling

(MeV)

My 775 775 sets scale

My 1230 1230 fitted by g4 = 5.76149 Pretty good... but
Mg 500,990 597 prediction +20%/ — 40%

Mg 938 938 fitted by g% = 25.1558 we’ve lost some

fr 93 93 fitted by g% = 4.58981 L
fv 345 345 fitted by g2 = 4.64807 predictivity....

fa 433 444 prediction +2.5%
1465 1532 prediction +4.5%
Mp =1 1655 1789 prediction +8%
Mg pn—1 990/1200-1500 1449 prediction +46%/0%
Mpp=1 1440 1529 prediction +6%

M Vin=1

Table 2: The spectum and the decay constants for two-flavour QCD with HDOs from fig. 7

used to improve the spectrum.







posite Higgs Models

hopes gauge
eg Golterman,

he form [47]




Ferretti and Karateev have catalogued 26 classes of composite Higgs models

with top partners (we have computed the spectrum for all of them!) .. Let’s
concentrate on 2 with lattice results...

4 4 F 6 A J. Barnard, T. Gherghetta, and T. S. Ray, “UV descriptions of composite Higgs models without
p 2 elementary scalars,” JHEP 02 (2014) 002, arXiv:1311.6562 [hep-ph].

Then the
generated. [It
here the symmetry i

3S S
ere is a real rep

These fix Am? and hence the model....




The RG mass profiles of

How you decouple the quarks is important and unknown - I’ll
concentrate on when they are removed below their IR mass scale.
Quench = pure glue running.

The gap between F and A2 grows the less you decouple the quarks — the
slower the running the more conformal the theory is around the chiral
symmetry breaking point — this will lead to a lighter scalar meson...




|
AdS/Sp(4)  AdS/Sp(4) | AdS/Sp(4) lattice [78] |lattice [79]

no decouple A2 decouple quench quench unquench

0.120 0.120 0.103  0.1453(12)

0.0569 0.0701 0.0756  0.1079(52) |0.1018(83)
1* 1* 1* 1.000(32)

0.517 0.517 0.518 0.508(18)

0.61 0.814 0.962 0.83(19) | 0.83(27)
0.271 0.364 0.428 0.411(58) | 0.430(86)
1.35 1.35 1.28 1.75 (13)

0.520 0.520 0.524 0.794(70)

0.938 1.19 1.36 1.32(18) | 1.34(14)
0.303 0.399 0.462 0.54(11) | 0.559(76)
0.375 0.375 1.14 1.65(15)

0.325 0.902 1.25 1.52 (11) | 1.40(19)
1.85 1.85 1.86

1.13 1.53 1.79

Consider our quenched model against the lattice
guenched results of



AdS/Sp(4) AdS/Sp(4) AdS/Sp(4) lattice [78] lattice [79]

no decouple A2 decouple quench quench unquench

0.120 0.120 0.103  0.1453(12)

0.0569 0.0701 0.0756 0.1018(83)
1* 1* 1* 1.000(32)

0.517 0.517 0.518 0.508(18)

0.61 0.814 0.962 . 0.83(27)
0.271 0.364 0.428 . 0.430(86)
1.35 1.35 1.28 1.75 (13)

0.520 0.520 0.524 0.794(70)

0.938 1.19 . 1.34(14)
0.303 0.399 0.462 0.54(11)  0.559(76)
0.375 0.375 1.14 1.65(15)

0.325 0.902 1.25 1.52 (11)  1.40(19)
1.85 1.85 1.86

1.13 1.53 1.79

We set the scale in the A2 sector... the pattern of
mass scales is right.... frr, A, 6 meson sectors are a
little light....



AdS/Sp(4) AdS/Sp(4) AdS/Sp(4) lattice [78] lattice [79]

no decouple A2 decouple quench quench unquench

0.120 0.120 0.103  0.1453(12
0.0569 0.0701 0.0756  0.1079(52) |0.1018(83)
1* 1* 1* 1.000(32)
0.517 0.517 0.518 0.508(18)
0.61 0.814 0.962 0.83(19) | 0.83(27)
0.271 0.364 0.428 0.411(58) | 0.430(86)

1.35 1.35 1.28
0.520 0.520 0.524  0.794(70)

0.938 1.19 1.36 1.32(18) | 1.34(14)
0.303 0.399 0.462 0.54(11) | 0.559(76)
0.375 0.375 1.14 1.65(15

0.325 0.902 1.40(19)
1.85 1.85 1.86

1.13 1.53 1.79

The F sector is lighter than the A2s and then also in
the right pattern



AdS/Sp(4)  AdS/Sp(4) AdS/Sp(4)| lattice [78] lattice [79]

no decouple A2 decouple quench quench unquench

Frds 0.120 0.120 0.103 | 0.1453(12)
0.0569 0.0701 0.0756 | 0.1079(52) 0.1018(83)
1* 1* 1* 1.000(32)
0.517 0.517 0.518 0.508(18)
0.61 0.814 0.962 0.83(19)  0.83(27)
0.271 0.364 0.428 0.411(58)  0.430(86)
1.35 1.35 1.28 1.75 (13)
0.520 0.520 0.524 0.794(70)
0.938 1.19 1.36 1.32(18)  1.34(14)
0.303 0.399 0.462 0.54(11)  0.559(76)
0.375 0.375 1.14 1.65(15)
0.325 0.902 1.25 1.52 (11)  1.40(19)
1.85 1.85 1.86
1.13 1.53 1.79

Unquenching done for the Fs only on the lattice and there
are no big changes — no info on interplay with A2 though...



holographic model is most useful to see how changes in the
ing change the spectrum... the gap between the F and A2 se
even more if you don’t decouple the heavy A2s)

AdS/Sp(4)  AdS/Sp(4) AdS/Sp(4) lattice [78] lattice [79]
no decouple A2 decouple quench quench unquench

Fras 0.120 0.120 0.103  0.1453(12)

0.0569 0.0701 0.0756 | 0.1079(52) 0.1018(83)
1* 1* 1% 1.000(32)

0.517 0.517 0.518 0.508(18)

0.61 0.814 0.962 0.83(19)  0.83(27)
0.271 0.364 0.428 0.411(58)  0.430(86)
.35 .35 T.28 1.75 (13)

0.520 0.520 0.524 0.794(70)

0.938 1.19 1.36 1.32(18)  1.34(14)
0.303 0.399 0.462 0.54(11)  0.559(76)
0.375 0.375 1.14 1.65(15)

0.325 0.902 1.25 1.52 (11)  1.40(19)
1.85 1.85 1.86

1.13 1.53 1.79




1e slower the running the lighter the
ass becomes — this is the biggest
1ote it makes a big difference
ees the slower running...

AdS/Sp(4)  AdS/Sp(4) AdS/Sp(4)

no decouple A2 decouple quench

lattice [78]

quench

lattice [79]
unquench

JrAs 0.120 0.120 0.103

0.0569 0.0701 0.0756
1* 1* 1*

0.517 0.517 0.518

0.61 0.814 0.962

0.271 0.364 0.428

1.35 1.35 1.28

0.520 0.520 0.524

0.938 1.19 1.36

0.303 0.399 0.462

0.375 0.375 1.14
0.325 0.902 1.25

0.1453(12)
0.1079(52)

1.000(32)
0.508(18)
0.83(19)
0.411(58)
1.75 (13)
0.794(70)
1.32(18)
0.54(11)
1.65(15)

0.1018(83)

0.83(27)
0.430(86)

1.34(14)
0.559(76)

| 1.52 (11)

1.40(19)

1.80 1.80 1.30
1.13 1.53 1.79




M;/My
-

Ag Sector - quenched

P

P
o

-~
-

-

i My

Mg 1.14 +0.217 M2,
o Ms1ae = 1.65(15) +0.17(5) M2,
1+0.392 M2,

-

— My = 1.000(32) + 0.45(26) M2,
My =1.28+0.627 M2,
Mare = 1.75(13) + 0.40(12) M2,
— 2
YRR Mp = 1.86+0.673 M2.

Mg = 0.375+0.564 M2 —0.0299 M2,
My  =1+0.595 M2 —0.0307 M2,
M, = 1.35+0.865 M2 —0.0450 M2,
Mp = 1.85+1.07 M2 —0.0564 M2.

F Sector - quenched

Mg  =1.25+0.154 M2,

Mgl = 1.52(1) +0.09(10) M2,
My = 0.962+0.349 M2,

My = 0.83(19) 4 0.50(16) M2,
My =1.36+0.758 M2,

Mag = 1.32(18) 4 0.42(0.20) M2,
Mp  =1.79+0.599 M?2.

Mg = 0.325+0.57 M2 —0.031 M2,
My = 0.61+0.61 M2 —0.033 M2,
My =0938+ 1.1 M2 —0.06 M2,
Mp = 1.13+1.09 M2 —0.059 M}.




we can predict the F A2 F top partner mass... we boun
eena FFF andan A2 A2 A2 state...

AdS/Sp(4)  AdS/Sp(4) AdS/Sp(4) lattice [78] lattice [79]

no decouple A2 decouple quench quench unquench

0.120 0.120 0.103  0.1453(12)
0.0569 0.0701 0.0756  0.1079(52) 0.1018(83)
1* 1* 1% 1.000(32)
0.517 0.517 0.518 0.508(18)
0.61 0.814 0.962 0.83(19)  0.83(27)
0.271 0.364 0.428 0.411(58)  0.430(86)
1.35 1.35 1.28 1.75 (13)
0.520 0.520 0.524 0.794(70)
0.938 1.19 1.36 1.32(18)  1.34(14)
0.303 0.399 0.462 0.54(11)  0.559(76)
0.375 0.375 1.14 1.65(15)
0.325 0.902 1.25 1.52 (11)  1.40(19)
1.85 1.85 1.86
1.13 1.53 1.79




Plausible forms for the Z
factors upto order one
couplings (this is beyond
qguadratic order in the
holographic model)

Vi = 0.01 naturally... A =5 TeV






(4) 3F 3F 5A,

G. Ferretti, “UV Completions of Partial Compositeness: The Case for a SU(4) Gauge G
JHEP 06 (2014) 142, arXiv:1404.7137 [hep-ph].

In this e Fs are

to glve V. Ayyar, T. DeGrand, M. Golterman, D. C. Hackett, W. 1. Jay, F
B. Svetitsky, “Spectroscopy of SU(4) composite Higgs theory
representations,” Phys. Rev. D 97 no. 7, (2018) 074505, a

The lattice has 5

Lattice [80] AdS/SU(4) AdS/SU(4) AdS/SU(4) AdS/SU(4) AdS/SU(4)
445, 2F,2F 4A5, 2F 2F 4A9,2F,2F 5A,3F,3F 5A,,3F,3F 5A,,3F,3F
unquench  no decouple decouple no decouple decouple quench

0.15(4) 0.0997 0.0997 0.111 0.111 0.102
0.0949 0.0953 0.0844 0.109 0.892 ,
1* 1* 1* 1* 1* The A2-F gap is
0.489 0.489 0.516 0.516 0.517 very well
0.933 0.939 0.890 0.904 0.976 .
0.458 0.461 0.437 0.491 0.479 described...
1.37 1.37 1.32 1.32 1.28

0.505 0.505 0.521 0.521 0.522 Addi ‘
1.37 1.37 1.21 1.23 1.28 INg extra

0.501 0.504 0.453 0.509 0.492 flavours is not a

0.873 0.873 0.684 0.684 1.18
1.03 1.02 0.811 0.798 1.25 huge change...

2.21 2.21 2.21 2.21 2.22
2.07 2.08 1.97 2.00 2.17
1.85 1.85 1.85 1.85 1.86 §calar masses get
1.74 1.75 1.65 1.68 1.81 lighter as add

extra flavours




In this model the A2 symmetry breaking generates the SM higgs and the Fs are

to give F A, F top partners

The lattice has simulated (unquenched) SU(4) 2F 2F 6 A,

.f TAg

f TF
My a,

fvas
Myp

fvr

M aa,
faa,
Mar

far

Mg 4,
Mgk
Miya,

Lattice [80] AdS/SU(4)
4A,,2F,2F 445, 2F,2F
unquench  no decouple

0.15(4) 0.0997
0.11(2) 0.0949
1.00(4) 1*

0.68(5) 0.489

0.49(7 0.458
1.37
0.505
1.37
0.501
0.873
1.03
2.21
2.07
1.85
1.74

AdS/SU(4)

AdS/SU(4)

4A9,2F,2F 5A4,3F,3F

decouple

0.0997
0.0953
1%
0.489

0.461
1.37
0.505
1.37
0.504
0.873
1.02
2.21
2.08
1.85
1.75

no decouple

0.111
0.0844
1*
0.516
0.890
0.437
1.32
0.521
1.21
0.453
0.684
0.811
2.21
1.97
1.85
1.65

AdS/SU4)
5As,3F,3F
decouple

0.111
0.109
1*
0.516
0.904
0.491
1.32
0.521
1.23
0.509
0.684
0.798
2.21
2.00
1.85
1.68

AdS/SU(4)
5As,3F,3F
quench

0.102
0.892
1*
0.517
0.976
0.479
1.28
0.522
1.28
0.492
1.18
1.25
2.22
2.17
1.86
1.81

The pattern is
right...

Adding extra
flavours is not a
huge change...

Scalar masses get
lighter as add
extra flavours



(4) 3F 3F 5A,

G. Ferretti, “UV Completions of Partial Compositeness: The Case for a SU(4) Gauge
JHEP 06 (2014) 142, arXiv:1404.7137 [hep-ph].

In this e Fs are
to give F A,

The lattice has si

Lattice [80] AdS/SU(4) = AdS/SU(4) AdS/SU(4) AdS/SU(4) AdS/SU(4) ;
4A9,2F,2F 4Ay,2F,2F = 4A9,2F,2F 5A5,3F,3F 5A9,3F,3F 5A,,3F,3F The pattern is
unquench  no decouple =~ decouple = no decouple = decouple quench ri ght

0.15(4) 0.0997 0.0997 0.111 0.111 0.102

0.11(2) 0.0949 0.0953 0.0844 0.109 0.892 ,

1.00(4) 1% 1* 1* 1* 1* The A2-F gap is

0.68(5) 0.489 0.489 0.516 0.516 0.517 very well

0.93(7) 0.933 0.939 0.890 0.904 0.976 :

0.49(7) 0.458 0.461 0.437 0.491 0.479 described...
1.37 1.37 1.32 1.32 1.28
0.505 0.505 0.521 0.521 0.522
1.37 1.37 1.21 1.23 1.28
0.501 0.504 0.453 0.509 0.492
0.873 0.873 0.684 0.684 1.18
1.03 1.02 0.811 0.798 1.25
2.21 2.21 2.21 2.21 2.22
2.07 2.08 1.97 2.00 2.17
1.85 1.85 1.85 1.85 1.86 Scalar masses get
1.74 1.75 1.65 1.68 1.81 lighter as add

extra flavours




In this model the A2 symmetry breaking generates the SM higgs and the Fs are
to give F A, F top partners

The lattice has simulated (unquenched) SU(4) 2F 2F 6 A,

Lattice [80] AdS/SU(4) AdS/SU(4) AdS/SU(4) AdS/SU(4) AdS/SU(4) ]
UA9,2F,2F 4Ay 2F,2F 449, 2F,2F 5A9,3F,3F 5A9,3F,3F 5Ay,3F,3F The pattern is
unquench  no decouple  decouple  no decouple  decouple quench ri ght

Frs 15(4) 0.0997 0.0997 0.111 0.111 0.102

For . 0.0949 0.0953 0.0844 0.109 0.892 ,
My a, , 1* 1% 1% 1% 1% The A2-F gap is
Fras . 0.489 0.489 0.516 0.516 0.517 very well

My p : 0.933 0.939 0.890 0.904 0.976 .

fvr . 0.458 0.461 0.437 0.491 0.479 described...
Maa, 1.37 1.37 1.32 1.32 1.28

faa, 0.505 0.505 0.521 0.521 0.522 :
Mar 1.37 1.37 1.21 1.23 1.28 Adding extra

far 0.501 0.504 0.453 0.509 0.492 flavours is not a

Mg a, 0.873 1.18
Mgy 1.03 o5 huge change...

My, : 2.21 : . 2.22
2.07 2.17
1.85 1.86
1.74 1.81







of

e also computed for B

at the level
rizations of the

AdS/Gy AdS/Gs AdS/Fy, AdS/Fy
11F 15F 11F 12F
AdS/Sp(4) AdS/Sp(14) AdS/Sp(4) AdS/Sp(8)
5As, 6 5As, 6 AF. 6A5 AT, 6 A5
AdS/SO(7) AdS/SO(7) AdS/SO(9) AdS/SO(9)
S5F, 6s 5s,6F 5F, 6s 5s,0F

AdS/SO(10) AdS/SO(11) AdS/SO(11) AdS/SO(13)
S5F, 6s S5F, 6s 4s,6F 4s,6F

AdS/SO(8) AdS/SO(10) AdS/SO(12) | AdS/SO(10) AdS/SU(4)
5F, 3s,35 5F, 3s,35 5F 3s,35 4s,45,6F  AF,4F.,6A,

AdS/SU(5) AdS/SU(5) AdS/SU(7) AdS/SU(10) AdS/SU(71)
AF AF 3A9,3Ay 4Ay,4A9,3F,3F AF,AF 3A3,3A3 A4F,4F,355,352 3F,3F,455,45,




Clearly there n if they understand
decoupling we can i

* We can quickly do a lot of theories!

 We've proposed a new HDO method to raise the top Yukawa coupling in these
models....

 What next? Specific model issues after this broad brush survey eg mass splittings,
competing NJL and mass term vacuum alignment... Strongly coupled dark matter
sectors?

* A parallel programme is using these techniques to study dense QCD matter and making
contact with LIGO data on the equation of state...



Hot off the press....

We've seen mul
scales.... How big can the

This would be a measure of the gap to confinement also...
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These theories are quite walking




