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Introduction

In standard model (SM), flavor physics 1s linked to
electroweak symmetry breaking & hence Higgs via
Yukawa interactions

Since both flavor-changing & Higgs couplings probe
quantum structure of underlying theory, interesting
to ask whether “Higgs-flavor connection” can survive
even 1n presence of new dynamics

Goal of this talk 1s to show that models with vector-
like matter as well as minimal supersymmetric SM

(MSSM) can feature testable correlations between

Higgs & flavor observables



& 2 -
- - 3 N - = -
r > " 13 - g -~ o O
: X ’ w-'- o O 2
e [ W \d w B ® ~
- ol - - Fs - - .
& : gy ] ol e
! a 1 A ~ » i
¥ y - ] - > el ~ ,
i e e, i g g e Y 3 . . T i S ¥ W= 8 S N -
A M"’"’ g "3
QWWVJQW - > — - ’fm
W(W -y R TGN - —.L*N . — —
2 - ,,.-o..-»—--r-m "vvﬁ-v “",{‘M = NNy Gty v, S e i Py
-.}‘,‘.M. ,.,—A.._\ B ..r oy T e — cw-“*m v-——. WS e el rm— -‘-%w—.-»-—— - P L et S L
-y —y ™ _~~_~,-’(_—-.~_.. Y Ny — g -s'—.v---s'_wv’ ‘._'sa et S, g S p—yy b Py n e o b e PN Yy — L~ e e - ——— \-—»—. EB I S __\p'-,.;_.—,. B R P —
PIOASYO B it ¥yt WA s o A e i w PR Py T S ATV O BT eyt 2 et '—-’4 B i B S L B e P S A ] Sty Yy & e -p.-.—.—-;--n/\.v--—-*qms‘. -, B e S e B I
MW"-' -_._..--.-.-..-.\.--.....s‘u.'-a— AP 5 PN e AL B et - ot 3 = . Ol P S s e S S W R i LS . - e N A SRRy Nyt eIV TP fC e S P - "
f"-'“ B e e af— ar .-ﬁ_,,,.--x.._‘-.w._.__..-'j‘.ro-—w---'-———‘\”-a- = .'v-- et e 1) e -—1w . S e v —...~.wv~$.-,.»..-.—._.,. Aoy - N e g f‘* P o g ~_...'_’ o Ay o g b el = Ay
- <t . o —e L e P S P w\,—*uaﬁ‘ * — v" e 0 S i - -*"'-w--"\’h—\}-- = ,‘.” L ——— g el B A e
-ty - o P -l 2P g -y
ase on ! asa ran e . 'a eer 7z et al. ' ‘ s s
4 . A - ——
o f Ny - 4:.\—-.~ L —— s O, -\v-PN o — "--‘. - ~ > B ey - T -—“-"-—-”—*' - -'~v-- . — e . ..,s.,~-~—~-;., PR ...——‘
g el Ot anrr-e T IR Sl - - - .-.' (O > ity - e . - w .,-_‘.‘
PR P N g e S P i P P N 1
A g ptay 7 — " —— D v e — - B S it _i
N " - — g~ R - — ~aber p iy ‘
— - - - ) - SR . el = ‘
S i B i A M i P 5 e e e g s ‘
-y o — -~ - - - - - ——
PR— ~ > - - - - — - -t e
- - i ” - -~ £ — - D - a ‘
» » - » s o - . 3 - . - o o - |
- - ” . - - - — - o j
n
{
1
1
|

|
:
I
|
1



Minimal Effective Theory of Flavor

Effective Lagrangian

L~ mqQ + MQQ + M\hQQ + YhQQ + ahqQ

describing interactions of chiral (q) with vector-like quarks (Q)
captures most important flavor-physics aspects of many theories
of flavor such as Froggatt-Nielsen models, partial compositeness,

warped extra dimensions, ...

[see recently for example Ziegler et al., 1105.3725]



Minimal Effective Theory of Flavor

Effective Lagrangian

L~ mqQ + MQQ + M\hQQ + YhQQ + ahqQ

describing interactions of chiral (q) with vector-like quarks (Q)
captures most important flavor-physics aspects of many theories
of flavor such as Froggatt-Nielsen models, partial compositeness,

warped extra dimensions, ...

Will use 1dea of compositeness to illustrate effective framework ...

[Kaplan, Nucl. Phys. B365 (1991) 259]



Partial Compositeness

In case of partial compositeness, hqQ coupling absent

L ~mqQ + MQQ + \hQQ + YhQQ + '

since q 1s an elementary field that does not couple to strong sector,

which includes (at least™) composite Q & h fields

T

presence of additional composite states introduces model dependence



Partial Compositeness

Although hqQ coupling absent

£ ~mqQ + MQQ + \hQQ + vhQQ + b

mass term for q arises from mixing with strong sector

()
q QIQ q I mqu)\]\w;—z

Mechanism gives neat explanation of SM flavor puzzle in terms

of anarchic Yukawa couplings A& hierarchy between m & M

™m
Eniee s =



Geometrical Sequestering

ultraviolet infrared

(UV) brane Warped extra dimension (IR) brane

Fy
heavy quarks
Fojs
Higgs,
Yukawas
I3
0 12 24 L =In(Mp/Mw) = 35

In warped scenarios, role of € is played by overlap IF = exp(-Lc) of

quark profile with IR brane, where c 1s bulk mass parameter



Flavor Anarchy

Full anarchic description of SM quark mass & mixing hierarchies
involves 3 generations (1 = 1,2,3) of chiral quarks (f = d,u) with a
vector-like pair of heavy quarks each (F =D,U)"

; Qi Qi
= ur, - ' ' Ur ' Ur
27 7 . : z’ 7,’ 7 . 7 i |

TRy AL, = (dZ) Fr, F1,Qr = (D%’) e (Dgz)

& following interaction terms
= -+ hPQLDY + MP D Di, + MOQLQ!
+ my; D; d§%+m @ D = e
involving both Yukawa couplings of “right” & “wrong” chirality

Tprotection of T & Z — bb calls for enhanced gauge & fermionic sector



Quark Masses & Mixings

To leading order, Yukawa couplings of “wrong” chirality irrelevant
in generation of quark mass & mixing hierarchies:

(yd) = GQAZJEd .6226317 (yu) GQ)\ZJ u .6.

with (A = Q,D,U)

;
m 4

;
M

€4 R

6?4 > 6?4 > e}4

Ap v = O(1) complex



Quark Masses & Mixings

To leading order, Yukawa couplings of “wrong” chirality irrelevant
in generation of quark mass & mixing hierarchies:

(yd)l o GQAZJEd .6226317 (yu)z GQ)\ZJ U .

After diagonalization quark masses & mixings are given by

€O€L

i i i =
=2 'GQEd GJQ
: | Vij ~

TCP violation of O(1), but exact amount to first order independent of €



Higgs-Boson Production & Decay

In view of large multiplicity of colored, fermionic states with O(1)
couplings to composite sector, expect changes in both production
cross section & branching ratios of Higgs boson relative to SM:

= = o )2
99999 h Rh_(7(99—>h)sm_(1Jr 2

S\VVV =) = 2
e 7,%7 T'(h = yY)sm 1y
= o s

lo(pp — h)Br(h — f)lsm



Higgs-Boson Production & Decay

Effective hgg coupling receives correction from modification of top

Yukawa & loops involving non-SM quarks. Soft-Higgs theorems

relate non-SM loop contributions to logarithmic derivative of mass

matrices Mq with respect to vacuum expectation value v:

g
0. Q
h
Q‘>)— map -+ Re
o~ @
g

2

q=d,u

.

vgln

Ov

9

v? e : h

Ky A2 ZMUMQRe( oY) 4t t C—
9

det (MIM,)] }

[see for example Spira et al., hep-ph/9504378; Kniehl & Spira, hep-ph/9505225]




Higgs-Boson Production & Decay

Yukawa couplings of “wrong” chirality play crucial role in gluon
fusion Higgs-boson production. In fact, each non-SM quark gives
same correction regardless of mass of corresponding SM partner.
gg — h hence highly sensitive to size & structure of quark sector

2

,U *k
Kg R —2 My Mg Re .WU)

U
= A:ZQU M Mg

[see also Azatov et al., 1006.5939]



Higgs-Boson Production & Decay

Result for effective hyy vertex derives from that of loop-induced
hgg coupling after including relevant charge factors. In terms of

Aw = 6.25, describing W-boson effects for Higgs of 125 GeV, one

obtains:

1
T Aw —4/3 |

Ry

=

[see also Azatov et al., 1006.5939]



Higgs Flavor-Changing Neutral Currents

In quark-flavor sector, most stringent bound on new-physics scale
arises from CP violation of neutral kaons (€x). Corrections to left-
right chirality-flipped operator are particularly dangerous due to
chiral & renormalization group enhancements:

SR dR
h
7:%2 = (5rdL)(5Ldr) < ?L g

RGeS e e

[see for example UTht, 0707.0636; Isidori et al., 1002.0900]



Higgs Flavor-Changing Neutral Currents

Like contributions to Higgs-boson observables, dominant effects in
ek also involve “wrong” Yukawas. Vector-like quark masses below

TeV typically excluded:
4 v?
sd 1 1 2 2 4 * \ 2
CrLr ~ m% M%Mc?g €EDEQ €DEQ <.> (7D)

4 02 2( % )2
o 2 2 2 Mg ’YD
ms MDMQ

/MpMg > 2.6 Tev\/.% ~ 2.6 TeV

[see also Agashe & Contino, 0906.1542; Azatov et al., 0906.1990; Ziegler et al., 1105.3725]




Ry or €k, Which Constraint 1s Stronger?

In order to compare constraining power of gluon-fusion Higgs
p ing p g g8
production & kaon mixing will make following assumptions:

vector-like quarks are of Kaluza-Klein type & arise from

Randall-Sundrum (RS) setup with [R-localized Higgs sector

Yukawa couplings of “right” & “wrong” chirality are equal,
AD = YD, MU = Yu & anarchic with elements smaller than ymax

future measurement of ratio of Higgs production Ry = 0.8, in
line with model-independent analyses of latest LHC data

no accidental suppression of contribution to €k due to small or
vanishing imaginary parts of Ci%k

Will show result for both minimal (mRS) & custodial model (cRS)

[see for example Carmi et al., 1202.3144; Azatov et al., 1202.3415; Espinosa et al., 1202.3697; ...]

10



Ry or €k, Which Constraint 1s Stronger?

y max
y max

Both observables allow to probe scales above direct LHC reach of
around 4 TeV. Depending on structure of quark sector either Higgs
(red lines) or flavor physics (blue lines) more constraining

10



Ry or €k, Which Constraint 1s Stronger?

y max
y max

If vector-like quarks responsible for eftects in Higgs physics, should
also see modified CP violation in kaon sector, because observables
are driven by “wrong” Yukawas & cannot be fully decoupled

10
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Anatomy of Higgs Mass in MSSM

Tree-level mass of ightest CP-even Higgs maximized in decoupling
limit Ma >> Mz with tanf = tg >> 1:

M2

A

2~ M3 s (1 325> < M2

Large one-loop contributions arise from incomplete cancellation of

top-quark & -squark loop

326G ' 2\ X2 Xz
(Amh)f vy fsl =i m_g | t2 1 t2
i m= m2 12m3

t t

that can make mp suftficiently heavy if my = v/my my >> m¢ and/or
X = A¢- p/tp close to maximal [Xl = V6 m:. Two-loop effects break
symmetry X; <> -X; & allow larger value of my, for sgn(X:M3) = +1

11



Anatomy of Higgs Mass in MSSM

For large tp there are further contributions from sbottom & stau
sector that can be relevant (f = b,%):

N
(Am%) === C yf :u4
f VoG 482 m

where N2 = 3,1. Corrections are negative & quartic in Higgsino
mass p. Their impact 1s minimized for sgn(uM3z9) = +1

[see for example Carena et al., hep-ph/9504316, hep-ph/9508343; Haber et al., hep-ph/9609331]

sk



Anatomy of Higgs Mass in MSSM

For large tg there are further contributions from sbottom & stau
sector that can be relevant (f = b,%):

where N® = 3,1. Corrections are negative & quartic in Higgsino
mass p. Their impact 1s minimized for sgn(uM3z9) = +1

Needless to say that in view of hints of Higgs at around 125 GeV

MSSM is not very natural. Will be agnostic about 1ssue & instead
ask following question. Let’s assume fine-tuned region of MSSM

parameter space realized with Ma >> Mz & tg & trilinear term A

large. Are there other observable consequences?

sk



Dissecting Higgs Production

Structure of MSSM corrections to gg — h & h — Y can be easily

understood by again studying soft-Higgs case. In decoupling limit
one finds for stop & sbottom contributions to hgg vertex:

=g 5 s
kg & — My ) In [det (/\/lqv)} | q = O )
4 mg =
qg q
e =t 1 e =
St e o e
4 mgl m£2 mflmgg
2 v2
my X G=15
Am?2 m?

52



Dissecting Higgs Production

Assuming degenerate stops & neglecting sbottom-loop effects, shitt
in Higgs production cross section hence approximately given by:

2
1=m§, X, =0
2 i
Rh%(l—l—lif) > 2
1-2—, X;=+6m;
TrL=

As Higgs-boson mass around 125 GeV calls for close to maximal
mixing, natural to expect suppression of gg — h. In fact, this is

exactly what happens in wide ranges of MSSM parameter space

[see for example Dermisek & Low, hep-ph/0701235; Cacciapaglia et al., 0901.0927]

52



Dissecting Higgs Decay to Diphotons

For Ma >> Mz, charged Higgs effects are strongly suppressed, but

chargino & stau loops can have notable impact on diphoton rate:
a 2
X NV %6\’\'\’\
X el

} }

f) —

e X2
~ det ./\/l %% e B
o sgnldet (M) £ 78 e

[see for example Djouadi et al., hep-ph/9612362; Carena et al., 1112.3336; 1205.5842]

13



Dissecting Higgs Decay to Diphotons

For Ma >> Mz, charged Higgs effects are strongly suppressed, but

chargino & stau loops can have notable impact on diphoton rate:
= el
x NV %4\’\'\’\
X el
X = i
.‘/\/\/‘ ~ T %l/\ ~

\ 4

f) —

e X2
~ det ./\/l %% e B
o sgnldet (M) £ 78 o

Unlike chargino effects, stau loops not tg suppressed. In fact, Ry > 1
needs light stau with large mixing X: = A¢ - ptp, which 1s most easily
achieved for tg >> 1 & p significantly above weak scale

13



Anatomy of B — XY

In parameter region of interest, dominant MSSM contributions to
inclusive radiative B decay stems from loops with stop & higgsino-
like chargino:

Br(B — Xs7v)

R —
S BT = ey

~ 255 ACE S EACT)-

S
X 0~/ =
p —e, ¢ m  ACY o —pAits —
D -

D/

S t
zt'\/v\,‘7

For tp = 50, mz= lpl = 1 TeV & |Ad = 2 TeV, MSSM rate enhanced
(suppressed) by around 20% relative to SM for sgn(pA) = +1 (-1)

14



Anatomy of B, — pp

In large-tp regime, rare purely leptonic Bs decay receives dominant
corrections from neutral Higgs double penguins:

Br(Bs = p"p”) 2 2
e ~1—-13.2C 43.8 (C C
e Br(Bs — T~ )sm = =

_I_
b H 5
\ -{1- / L CS ~ Cp X ,uAt t% S

s/ \ = m% Mz, M=%

14

Term linear in pseudoscalar coefficient Cp due to interference with
semileptonic axial-vector SM contribution. Data prefers Cp > 0

[see for example Babu & Kolda, hep-ph/9900476]

15s,



Anatomy of B, — pp

In fact, upper bound on branching ratio of B; — p*p- translates into

two-sided limit on product pA¢. For example, R,;:,- < 1.3 gives

6= ad. Foe 52
TeV® ~ mzM3 \50/ = TeV~

Inequality shows that for sgn(pA¢) = +1 constraint from B, = p*p
more easlly evaded. For pA; > 0 rate below SM. Taking

== = =
mZM% \50) ~ TeV’

for example implies suppression by about 50%

15s,



Anatomy of a,

Throughout parameter space of interest, dominant contribution to
muon anomalous magnetic moment arises from chargino-sneutrino

diagrams:
(L
D',/ = 5
S X L= My
H ——e =  Aaf 52 puMo tp =

For tp = 50, my = lpl = 1 TeV & [Mal = 0.2 TeV, one has numerically

Aay ~ sgn (uMs) 7.5 - ==

meaning that for pMs > 0 tension between experimental result &

SM prediction 1s reduced

[see for example Moroi, hep-ph/9512396]

16



Slice of MSSM Parameter Space

Above suggests that parameter space with p > 0 & A¢ > 0 1s least
constrained & may lead to interesting effects. Fix relevant MSSM
parameters to following weak-scale values

ba =160, W =1EI8Y
A R R e e Eag BOA Y
I s e e e ) e D e e (e D () (JHE eV
M; =100GeV, My =300GeV, Ms=12TeV

& vary trilinear term A: & Higgsino mass parameter p

[see also Carena et al., 1112.3336; 1205.5842]

1%



A¢-p planes: my & Ry,

Higgs mass in GeV Higgs production
1.0 o5 T 10 """""""" igglll:l
e _—
st :
09 09}  Staumass
= 0.8 = 0.8
0 O
) =,
< 0.7 < 0.7
0.6 0.6
i 0.92
0.5 ' 0.5'---/--- '
10 12 14 16 18 20 22 24 10 12 14 16 18 20 22 24
A; [TeV] A, [TeV]

Higgs mass “measurement” & lower limit on stau mass of 92 GeV

(LHCDb bound on By — p*p) bound p (A¢) from above. In preferred
parameter space, Higgs production smaller than SM by about 10%



A¢-p planes: Ryy & mx,

Higgs diphoton signal lighter stau mass in GeV
E—— Wy & S SRS e 6 S
09l . stau mass = 145 = ] 09l + stau mass
CLy L 12t i Ty
| - 0
= -7 =, )
- 180 “r
% 0.7¢ B, — pp b = 0.7 B. — -
_ s pp
! 200
0.6} ! 0.6 d
[ 220
R Bl T ' 080 '
10 12 14 16 18 20 22 24 10 12 14 16 18 20 22 24
A, [TeV] A; [TeV]

B

Enhancement in diphoton rate strongly correlated with mass of
lighter stau mass eigenstate & p parameter. Can find upper bound

on Ryy as function of my; & absolute limit of Ryy < 1.7



A¢-p planes: Ryy & mgx,

Higgs diphoton signal lighter stau mass in GeV
I Pt | |
09l 1 staumass 3 | Rl R ] 1.6f
Ly 1.2 _
15|
%0.8 ]
= « | o814
2 0.7 Bs—>}1+}1"‘ -
1.3
0.6 ) 12}
o5l meO8REE L ' |8 e -'
10 12 14 16 18 20 22 24 9 100 110 120 130 140 150
A, [TeV] s, [GeV]

B

Enhancement in diphoton rate strongly correlated with mass of

lighter stau mass eigenstate & p parameter. Can find upper bound
on Ryy as function of my; & absolute limit of Ryy < 1.7



A¢-p planes: Ryy & Ry

10 Higgs diphoton signal purely leptonic Bs decay
----------------------------------- W ey — S — s S
00l . stau mass = L4 ] 09l . stau mass 1 .\ 1\2 . ]
oLy 12} i Iy \ S
: L1 3 ]
= 0.8 = 0.8 1
() [ ()
= - =, I
3 “- -
207 B, — pp 207 B oy b
sTHR _
0.6 ) 0.6 Y
R Bl T ' 080 '
10 12 14 16 18 20 22 24 10 12 14 16 18 20 22 24
A, [TeV] A; [TeV]

Increases in & depletions of Ryy & Bs — p*p~ branching ration occur

simultaneously. Stringent link can be broken by further decoupling
heavy Higgses, Ma >> 1 TeV



A¢-p plane: Rxs & Aa,

radiative inclusive B decay shift in a, in units 1019
().9:. 09l i stau mass s o ]
| 54
> 081 > 0.8 — 56—
0 0
=] =
- — 5.8 &-"
< 0.7¢ 3 0.7
: 6.0 Bs — }1"'}1'
I Z 6.2
Oor 061 6.4 ‘.
: _ [ — 66— :
0.3 oSbL—m— .
10 12 14 16 18 20 22 24 10 12 14 16 18 20 22 24
A; [TeV] A; [TeV]

Branching ratio of B = X,y enhanced by (20-30)%, which can be

probed with improved theoretical & experimental accuracy. Tension
1n anomalous magnetic moment of muon reduced
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Conclusions

Much like flavor physics, precision studies of Higgs-
boson properties provide powertul way to illuminate
dynamics of electroweak symmetry breaking

Both in models with vector-like quarks & MSSM
there can be testable correlations between Higgs-
boson measurements & flavor physics observables

Only synergy between high- & low-pr observations
may give us key to solving puzzles of fundamental
physics. LHCb precision measurements of B — ppr,

B — K*I'l, angle ¥, ... crucial in endeavour

A5



Vector Quarks: Z-Boson Constraints

Left- & right-handed Z-boson couplings are modified:

2
d v . 2
O9Z.r)y ~ 237z 0 ‘@.0Q '

BromESE =it == TN From Z — bibr:

| (09%,r) 15| <9-107° [ (5g%).., | < 0.0032

} }

Mp.g 2 {1.0,0.1} TeV Mp 2 2.2TeV

Bl



Vector Quarks: W-Boson Constraints

Right-handed W-boson coupling arises:

v 3 3
(59R)33 M2 E1)€U.

I T b s From oblique corrections:

((6gR) 45| < 0.0057 =

\ 4

Mg > 0.3 TeV My > 2.7TeV

B2



Master Formula for pp — vy

g g 2X2 2X2
sz1+0.33(m§ e ’;)—0.43 et

2 2
mifl m_z'2 mifl m_Ez mglmBQ
2 2 2 2
m2X 1 M M
+ 0.10 —5—=%~ + 1.63sgn (uM>) i 2.46 g
Ma 14 tﬁ (8= i s MA
T1 T2 X1 X2

[Large non-decoupling corrections arise from fact that for Higgs of

around 125 GeV branching fraction of Higgs to bb is about 60%

B3



Master Formula for pp = WW,ZZ

I Ooon : W, Z
g 99 i W, Z
m2 m2 m2X2 m2X2
RV%1+O.46< ; | 2’5 2’5 ’; 2" g
mgl mgz mgl mEQ mgl mgz
M2
= A G
M3

Also massive vector-boson channels plagued by non-decoupling
corrections associated to Br(h — bb) = 60%



A¢-p planes: mp & Rww,zz

Higes mass in GeV Higgs diboson signal
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Production of Higgs boson times decay to electroweak dibosons

reduced with respect to SM by about (10-15)%



