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U(4) Breaking Effects

* [ the TH model the Goldstone mass come
from global symmetry breaking effects.

* [ the linear U(4) model this arrises at order
g* /(16n?) and yi* /(16n?). +<>+
|

* [t could have arisen af order ¢°A/(16n?). '/' .
But (f does not! e %

* There ts a deeper reason for this which 15 the
fopic of this talk.



Outline

% Cffects of order 9° from the UV.

* Cffects of order g% n the linear model.
Two {ooPS. (Appendix A)

* 0(8) and collective sym. breaking,  (Appendix B)
* Thoughts-
© Ou custodial symmetry

© The top sector.



U(4) Breaking

* Counsider the (inear sigma model with the
addition of Higher dim operators (and keep
Frack of the strowg coupling limit, A—=>161?).

* U(4) is broken explicitly by gauging only the
SU(2)axSU(2)e subgroup.

* We can account for this by cousidering the D,
of SU(4) as a spurion

D, = 3, +igW2r’

where a ruus only over SU(2)axSU(2) generators.



U(4) Breaking

* Counsider a T-like operator tn the NDA [imit:
t FOW
DA (1

(might come from integrating out a heavy U(4) resonance
at A, but lets stay within the EFT)

* Expanding:

(‘/\hc) 9° [(HAHA)?WA + (HEHR)?WF] + cross terms.



U(4) Breaking

* Loop-off the W's, Assuming the loop is cut off
ar /\, we gef

~9* [(HAHa)?+ (HeHz)?]
* Recall:

HitHa= Fosin(b/F)= hl%+...
HeHe= Fecos?(h/F)= £2-1h|%+...

so the Higgs potential 15 corrected by
V(h) ~ 9 f*lhl?



Possibilities
* There are many ways fo avoid this problem.

O A weakly coupled model, 2.9. SUSY UV Completion
(Cheng, Hall, and Weiner), or (Craig and Howe)

O £ SU(4) is restored below the cutoff, the W (oop will

be suppressed.

O For example, if U(4) is broken non-locally tn 5D7?

* But can we avoid this problem n strongly
couP(eo( models.



Custodial Symmetry

* The operator ts related to the SM T-operator.
Can (and should!) be forbidden by custodial sym.

* (1 the SM we assume a large global symmetry

and embed H into a custodial doublet
H, H1)
HT H;

/" . 7, . %
so the custodial partuer of H1 (s Ha . (will be relevant later)

H= (e H):(

or, equivalently, assume SU(2)xSU(2) = SO(%).



O(8)

ln the twin Higgs case we can also assume a
larger O(8) symmetry.

SM custodial sym 15 a subgroup, By itself a
good reason fo impose O(8).

This forbids (H'D,H) (HDHH)

But, are there other, perhaps higher dim

operators that generate q¢°((HAHA) + (HeHg)?]
at (oop [eve[?



Before proving O(8) protects the Higgs,
Ml tell you about Appendix A.



Linear Modeel

* Barbiert, Gregiore, and Hall pointed out the

"9 (Hat+Hg®) problem” exists in the (inear

model (hep-ph/0509252).

v U(4) breaking
e should give
- / \ N v/ ’ 2 - ~ (
4 I N
( )

U(4) sym. quartic

21247
161m°%)?

(Hat + ")

NDA (imit: A ~ (4rn)?



Linear Modeel

* Appendix A:

—~ T~
~ i N
e / \
T
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/k::/ «Tr(t%)=0, sum to zero.

(b)

o o A correction to the scalar propagator.

L //%\\\ [s U(4) symmetric due to the Zs.



Linear Modeel

* And more diagrams:

A renormalization of A the U(4) quartic.
TN Turns out the Hat+ Het and 2HAHE

renormalize tn the same way, ($-2=2)
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Linear Modeel

* Note: The “large term tn the [inear model are
all accidentally O(8) symmetric.

Lo (3, HIF - m®IHIE + AHIY + ...

* What (s O(8) doing for us?
That leads us to “Appendix B, a collective

symmetry argument,

* ['([ show a more elegant version here based on

SPM)’I.OMS.



The Claim

ln a model with O(8) symmetry which (s broken
by gauging SU(2)axSU(2)exZ; no goldstone mass

s generated at order g°

As Andrea showed, Barbiert et al have recenty
showed the same thing i two site models.

We showed this within the low energy EFT.

The proofs are sufficiently different, making both

tnteresting.



O(8) Spurions

* The field H ive in an 8 or O(8). Lets pick the
embedding [ g7,

H’I :

2

Br

vy
B

* (auge only some of the O(8) generators and

promote them to spurions. Which ones?



O(8) Spurions

* We will need to keep track of the diagonal
SU(2) generators (Fhe others can be made

diagonal by a gauge trausformation).

* [ our O(8) embedding

[ . V
107 | 0 \
th = 107 ) 3 =

\ g

-
8x8 \ 52} 8x8

These are our spurions.



(JYOPPI.MQ Lorentz indices)
W+ =7 [ WA + WB]
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* The symmetry s most fransparent n the basis
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* Thawnks to the Z2: W, and W. do not mix.
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8x&



A U(4) symmetry

* What do these spurions break O(8) into?
Clatm: Each breaks it to a U(4)

* To see this, consider <>
Perform the following O(8) trausformation

U, = diag(1,1,1,-1, 1,1,1,-1)

/7 /7 / 7 "/

- (a 180° rotation tn the ¢-8 P(ame)

. \ r. \

0z 07
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A U(4) symmetry

* [t (s easy to show that the matrix
. \

07, .
07, :IQ CS@(JZ
(07 X

\ L |8x38

respects a U(4) symmetry (which acts on the blocks)



A U(4) symmetry

* U, has f{l.PPQO{ the Sl.9M 075 Fhe l'maglomary part
of Haz and Hz2. O,

* *
Haz © Haz He, « He:
V \ V \
. 2 [ Ty
and vof surprisingly 3= I T
\ Pgxg ) I 4x4
* The freld Hy will transform as a fundamental,
w/
Har! Note: HIH. = HH
H = HAZ
’ HB*1 This U(4) protects the Higgs.
\He2 |




Avother U(4)

* For >, we can do a different O(8) rotation
U. = diag(1,1,1,-1, 1,-1,1,1)

& —5 > L e02 g different U(4)

Gx%
subgroup 15 preserved.

i) HEH. = HiH
H = HAZ .
— B*T This U(4) also protects
\Hz, | the Higgs.



Collective Symmetry Breaking

* You can repeat this for off diagonal <'s
(by doing a gauge trausformation into a diagonal ).

* The conclusions are:
© The various generators do not mix.

© No gauge generator can harm the goldstone by ifself.

No goldstone potential at order g°.

To give the Higgs a potential toy need at (east
Fwo generators and another 9%/(16n?).



Thoughts on Custodial Symm.

* We enlarged U(4) to O(8) to tnclude custodial

Symmetry,

/

* Custodial symmetry made an appearance :

} a custodial doublet of the A sector
H.

HB; } a custodial doublet of the B sector

* Question: [s custodial symmetry enough to
guarantee the safety of the Higgs?
Or do we need the whole O(8)7?



Custodial Symmetry

We suspect the answer (s
“No, custodial symmetry is not enough.
You need more.
But we would like to understand
under what conditions it is.”

[ progress.



Custodial Symmetry

* To do harm we need operators w/ & Higges
and fwo gauge bosous.

* Counsidering only SU(2)axSU(2)exZ2, We can
write other operators that can give the
goldstone a mass, but give not T parameter.

Examples™: [Hal?ID,Hal? + [Hel*[D, Hgl

- 0Y -

[Hel*[DHAl? + [HAl?ID,Hel?

*ln the usual SILH story such operators are shifted away by
H — H + H3/F2. But For us such a shift breaks U(4).



Custodial Symmetry

* To do harm we need operators w/ & Higges
and two gauge bosous.

* Counsidering only SU(2)axSU(2)exZ2, We can
write other operators that can give the
goldstone a mass, but give not T parameter.

Examples™: [Hal?ID,Hal? + [Hel*[D, Hgl

._O)’._ ‘
[ e

Thaese do no |
*ln the usual SIL lgl'\f' ariSﬂ. 1% O{"L\-QY

H—H + H/j but aSWEF breaks U(4).




Batra, Chacko (08),

Sp(4)xsU(z) e

* $0(4) (s can also host the twin Higgs mechanism.

* $p(4) (s compatible with a SM-like custodial
extension.

fi=(@H H

x4

j-—— I3

‘ I 4x4

the Sp(4) tnvariant tensor.



Sp(4)xsU(2)
* Again, we break Sp(4) by gauging the
SU(2)axSU(2)g subgroup, etfc, ete.

* The H. multiplets do not transform under a

7514” SP(‘(’).

* [ndeed, the operafor

QZTY[ ({'/I\TE{’/{\ T ta)z ] ( J acts tn Sp(4) space. )

¢ acts tn SU(2) space

leads to 9% [(HAHA)?+ (HeHz)?).

[nvestigation tn Progress.



Top Sector

* (Generically, there (s no analogous problem with

the fop sector.
* U(4) or O(8) breaking:

yaHaQaUa + yeHeQeUz  can be  spurionized
* The spurion y accompanies a single power of H.

* A QMG)’HC arrises at order 94-

Parametrically similar for U(4), Sp(4), or O(8).



Counclusions

* [u Twin Higgs models care should be taken to
avold a large goldstone mass af order g°.

* This (s eastly achieved n models with either
0 Weakly coupled UV completions.

O Au extended O(8) symmetry, exhibiting collective
symmetry breaking.

* Custodial symmetry plays a role, but s
probably not sufficient.
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