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Higgs and flavor physics as indirect BSM probes

The hierarchy problem and the origin of flavor are two major,
unsolved mysteries of fundamental physics

« connected to deep questions such as the origin of mass, the
stability of the electroweak scale, the matter-antimatter
asymmetry, the origin of fermion generations, and the
reason for the hierarchies observed in the fermion sector

- we do not understand the SM until we understand these
puzzles (both rooted in Higgs Yukawa interactions)

Higgs and flavor physics provide unique opportunities to probe the
structure of electroweak interactions at the guantum level,
thereby offering sensitive probes of physics beyond the SM



Higgs and flavor physics as indirect BSM probes
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Possible solutions to flavor problem explaining Aniggs < Aflavor:

no fine-tuning U bounds on flavor mixing U,

() Auv > 1 TeV: Higgs fine tuned, new particles too heavy for LHC
(i) Auv = 1 TeV: quark flavor-mixing protected by a flavor symmetry






Flavor structure in RS models

Infrared
(IR) brane

ultraviolet
(UV) brane

R P R’
Randall-Sundrum (RS) models with a warped extra dimension address, at

the same time, the hierarchy problem and the flavor puzzle (hierarchies
seen in the spectrum of quark masses and mixing angles)

Randall, Sundrum (1999)



Flavor structure in RS models

UV brane IR brane
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Localization of fermions in extra dimension depends exponentially on O(1)
parameters related to the 5D bulk masses. Overlap integrals F(QL), F(gr) with
Higgs profile are exponentially small for light quarks, while O(1) for top quark

Grossman, Neubert (1999); Ghergetta, Pomarol (2000) A



Flavor structure in RS models

SM mass matrices can be written as:  Huber (2003)

(e
mSM = = diag [F(Q;)| Y ,diag [F(g:)] =] = = ™

V2
S )

where Y, with ¢ = u,d are structureless, complex Yukawa matrices with O(1)
entries, and F(Q,) « F(Q)), F(qi) < F(g)) fori<j

* in analogy to seesaw mechanism, matrices
of this form give rise to hierarchical mass
eigenvalues and mixing matrices

- hierarchies can be adjusted by O(1)
variations of bulk mass parameters

- yet the CKM phase is predicted to be O(1)

Warped-space Froggatt-Nielsen mechanism!
Casagrande et al. (2008); Blanke et al. (2008)




Flavor structure in RS models

UV brane IR brane

0 7 14 21 28
In(z/R)

Kaluza-Klein (KK) excitations of SM particles live close to the IR brane

Davoudiasl, Hewett, Rizzo (1999); Pomarol (1999)



RS-GIM protection of FCNCs

F(Qu1)
9oVI e L F(Qu)F(dr) F(Qar)Flsr)

F(Q2r)

- Tree-level quark FCNCs induced by virtual exchange of Kaluza-Klein (KK)

gauge bosons (inc|uding gluons!) Huber (2003); Burdman (2003); Agashe et al. (2004);
Casagrande et al. (2008)

* Resulting FCNC couplings depend on same exponentially small overlap
integrals F(QL), F(gr) that generate fermion masses

« FCNCs involving light quarks are strongly suppressed: RS-GIM mechanism
Agashe et al. (2004)

This mechanism suffices to suppress most
of the dangerous FCNC couplings!



Example: Rare leptonic Bs/q— ptu- decays

Rare decays Bqs—ptu” could be significantly affected, but RS-GIM protection is
sufficient to prevent too large deviations from SM:
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Bauer, Casagrande, Haisch, MN (2009)
see also: Blanke et al. (2008)

Recent LHC(b) results on Bs—p*u™ begin cutting into the interesting parameter space!
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Higgs Properties as an Indirect Probe
for New Physics

V(¢)

This costs too much
energy! | think I'll
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Goertz, Haisch, MN: arXiv:1112.5099 (PLB)
Carena, Casagrande, Goertz, Haisch, MN: arXiv:1204.0008 (JHEP)
Malm, MN, Novotny, Schmell: arXiv:1303.5702 (JHEP)
Hahn, Hoérner, Malm, MN, Novotny, Schmell: arXiv:1312.5731



Higgs physics as an indirect BSM probe

Higgs discovery marks the birth of In RS models, large number of bulk
the hierarchy problem: fermionic fields in 5D theory gives

« one of the main motivations for

rise to large loop effects, which change

physics beyond the SM the effective hgg and hyy couplings

- detailed study of Higgs properties
(mass, width, cross section,
branching fractions) will help to
probe whether the Higgs sector is
as simple as predicted by the SM

* Higgs couplings to photons and - KK towers of light quarks contribute

gluons are loop-suppressed in the as much as those of heavy quarks
SM and hence are particularly

sensitive to the presence of new
particles

Casagrande, Goertz, Haisch,
MN, Pfoh (2010);
Azatov, Toharia, Zhu (2010)

- effect even more pronounced in
models with custodial protection

Much like flavor physics, precision Higgs physics
probes quantum effects of new particles!



Higgs physics as an indirect BSM probe

RS model is an effective theory defined with a physical, 5D position-
dependent cutoff - the warped Planck scale:

R R’
Avv(z) ~ Mp — = Arev —

Z
for loop graphs including a Higgs boson as an external particle, the
warped Planck scale is in the several TeV range (since z=R’)

two physically different variants of the RS model can be defined,
depending on whether the structure of the Higgs boson as a 5D bulk
fleld can be resolved by the high-momentum modes of the theory, i.e.,
whether the inverse 5D Higgs width v/n (with n«1) is larger or smaller

than the cutoff scale:

v
> Atey  (brane-localized Higgs) My < 7 < Apev  (narrow bulk Higgs)
n

Carena, Casagrande, Goertz, Haisch, MN (2012)

Delaunay, Kamenik, Perez, Randall (2012)
Malm, MN, Novotny, Schmell: arXiv:1303.5702 10



New physics in Higgs decays: 3 portals

In any extension of the Standard Model, new-physics contributions can
affect the measured rates for Higgs production and decay in three ways:

N F(H — VV)

(c-BR)(pp = h—=>VV)=0(pp — h)

['(h — anything)

Higgs production cross section
(~90% gluon fusion, <10% vector-
boson fusion, ~few % VH prod.)

Higgs decay rate to the observed
final state (here VV)

total Higgs width (sensitive to
h—bb, h—»WW, also h—invisible)

11



Higgs decay rates to WW™ and ZZ*

Four different sources of effects from new physics:

modification of Higgs vev: &k,

« f « modification of Higgs coupling to
h |44 gauge-boson pairs: Ky
T T T f « modification of W- and Z-boson
%% couplings to fermions: ~kr
contribution of heavy KK bosons
Expression for the decay rate: /

m3 krl'w m? m? 1 m?
I'(h— WW*) = H S 17 [ —— - [ ) —— ) (1A
( )= tomrtegy o 9t ) o (07 2) (i

Malm, MN, Schmell: in preparation
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Higgs decay rates to WW™ and ZZ*

Four different sources of effects from new physics:

modification of Higgs vev: &k,

« f « modification of Higgs coupling to
h |44 gauge-boson pairs: Ky
T T T f « modification of W- and Z-boson
%% couplings to fermions: ~kr
contribution of heavy KK bosons
Expression for the decay rate: /

m3 kol 'w m? m? 1 m?
I'(h— WW*) = =l S 17 [ —— - [ ) —— ) (1A
( )= Tt o &9 ()~ o (1 2) (o

()

Malm, MN, Schmell: in preparation

Correction factors:

Lm? m2 m? 1
fp =14 - ke =1-— T Fw =1 - 5o (L—1+_)
4MI2(K 4L]\4}2<K 2MI2(K 2L

<With! L = ln(Mpl/ATev) ~ 34) 10



h—vyy decay rate (details of the calculation)

Decay h—vyy mediated by loops of gauge bosons (+ KK modes) and
fermions (+ KK modes):

(e) to (f) W (9) (h)
b L »
(2) (7) (k)
W - \\ﬂ S ANV
M\, - LUV VIV

Bosonic contribution expressed in terms of 5D gauge-boson propagators:

2m2,
iAh — yy) = — il

. d? ! o [dt
2W€2€;(k1)€:(k2)na'8/ P /dté”(t—l)—ﬂ -1

v (Qﬁ)d L ¢ tl

27r ldtQ L\ oUS . |
X [f [ E QW“ pv Da_)a?:(t tlap + k-l) Da_f)‘opc(tl tg,p) Da_);;(tzs t§p . kg)

+ (207" — 0™ — 0" nt?) Dy (¢t p + ku) Dyl (ta, 6, p — kz)]
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h—vyy decay rate (details of the calculation)

Decay h—vyy mediated by loops of gauge bosons (+ KK modes) and
fermions (+ KK modes):

(@ (b) (©) ()

Parameterization of the decay amplitude:

Qe

A(h — yv) = Cyy (yy| F F*)0)

Q
F,,F*0) - C =
67V WV‘ K ’ > T A

13



h—vyy decay rate (details of the calculation)

Exact result for C+," expressed in terms of a single 5D propagator:

1 1—x
Cty = —3mmgy [T‘,V(O) +6 / dr / dy (1 — 2xy) fl"‘.‘..r(—:rym,?z)]
0 0

Hahn, H6rner, Malm, MN, Novotny, Schmell:
with: arXiv:1312.5731

1
Tw(—Pz) ~ / dt6"(t — 1) By (¢, ¢; —p® — i0) = By (1, 1; —p® — i0) + O(n)

D"S,‘,.-’W(t, t';p) = Bw(t,t'; —p* — i0) (nuu - p;)%) + Bw (t, t; —PQ/f —10) p;fu

Results for bosonic contributions:

14



Higgs production in gluon fusion

Results for fermionic contributions (quarks and charged leptons):

9 .
qa v (Y.Y,Yy)s3 2 , 2 2
Cl ~ [1 R e | Ne @A) + Ne QG Ag(m) + q=§u d: N.Q2 ReTr g(X,)
2 i v
- v (Y,Y,Y,)ss o | o | _ / i
C&}, ~ _3M}%K Im [ AP N.Q: Bq('rt) 4 E N. Qq ImTTg(Xq) X, M Y,Y,

g=u.d
0 < [(¥p)ii| < ya
Cy, +iCy, ~ Q2 Tr g(X.)
Hahn, H6rner, Malm, MN, Novotny, Schmell:
with: arXiv:1312.5731
(X | Higes — X tanh Xy — X, tanh 2.X,

— X, tanh X, difference due to “resonant” contribution from

X .
gl ‘J) narrow bulk Higgs high-mass KK modes (~1/n) near the cutoff

Results depend on very few parameters only:

2 ]/’]f’l‘]f o

y* udtqy *tu y*

Mgk, L, <TrYfYJJ>:N§§, <( ) )33>:(2Ngl)2
u/33
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Phenomenological predictions and LHC data

| I I I I
ATLAS Preliminary

W,ZH — bb

l
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\s=8TeV: |Ldt= 130"

H— 1t
\s=7TeV: [Ldt= 461"
\s=8TeV: |Ldt=131b"

H— WW' = Iviv

\s=7TeV: [Ldt= 461"
\s =8 TeV: |Ldt = 20.7 fb”

H— vy
\s=7TeV: [Ldt= 481"
\s=8TeV: [Ldt = 207 fo”"

H— 77" = 4

\s=7TeV: [Ldt= 460"
\s =8 TeV: |Ldt = 20.7 fo

Combined
\s=7TeV: [Ldt=46-481b"
\s=8TeV: |Ldt = 13-20.7 fo"

w=1.30 + 0.20

Signal strength ()

Use Run-| date sets from ATLAS and CMS:

m_=125.0 GeV
(H->22"” 541 m =125.8 GeV)

T T 1 | 1T T 1 | L

CMS preliminary

V H—bb c¢MsHIG-12-044
Ys=7TeV,L=49fb"
Ys=8TeV,L=12.1fb"

H—1T cMs HIG-13-004
{s=7TeV,L=49 fb"
Ys=8TeV,L=19.4fb"

H—yy cms HiG-13-001
Ys=7TeV,L=5.1fb"
Ys=8TeV,L=19.6 fb™"

*)
H->ZZ' '—4l cms HiG-13-002
Ys=7TeV,L=51fb"
Ys=8TeV,L=19.6 fb™"

H—>WW( )—>2I2v CMS HIG-13-003
Ys=7TeV,L=49 fb"
Ys=8TeV,L=19.5fb"

|

_._E

0 1 2
Best Fit /o, (1)

16



Phenomenological predictions and LHC data
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Phenomenological predictions and LHC data

Extended RS model with custodial symmetry protecting the T parameter,
the left-handed Zbb couplings and flavor-violating Z-boson couplings

Bulk symmetry group: SU(3)c x SU@2)L x SU(2)r X U(1)x X PLR

Representations of quark multiplets:

3
Tr="Tir® Tar = U;z(—);; &b (Dg)_% Uf(z_)g Ag;_)g) )
3

18



Phenomenological predictions and LHC data

Ratio R, = o(g9 — h)rs

in RS model with custodial symmetry:
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Phenomenological predictions and LHC data
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Phenomenological predictions and LHC data
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Strong correlation between Ry, and Rzz

Strong correlation of the predictions for R,, and Rzz is observed!

Parameter scan of model points satisfying the bounds from electroweak
precision tests:

experimental data from ATLAS/CMS (combined)

1.4_' / 1.4_' . o
minimal | / custodial

121 RS model 121 RS model

5 1.0} N 10
m Y- =05 = _ m v =05

: Yk = ' Yk =

06k . 06k e
0.6 0.8 1.0 12 14 0.6 0.8 1.0 12 14

Ry By

Malm, MN, Schmell: in preparation

More precise measurements at LHC and ILC will allow one to differentiate
between different variants of RS models
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Conclusion:s
/_j’;év S X3 ‘Wf o !

R : . | ;&.,_l_u,é?‘f' S, A g
- Higgs phenomenology provides a superb laboratt
physics in the EWSB sector at the quantum level...

fb‘F problng hew ’

“ =
J Q

: 2 ;‘

« Much like. Fafe FCNC processes, Higgs production in “gluon fusion apd
. Higgs decays Into two photons are loop- suppressed processes, which
are sensitive to new heavy particles = |

-
\ -

» Warped extra-dimension models provide an abpealihg framework for
addressing the hierarchy groblem and the flavor puzzle within the
same geometrical approa“é!ﬁ |

Y Y

 Find that the contribution of the Kaluza-Klein towers of SM quarks and
gauge bosons are universal and.given entirely in terms of fundamental
5D Yukawa matrices and KK mass scale

- Effects are enhanced by the large multiplicity of 5D fermion states and
probe regions of parameter space not accessible to direct searches
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Representations of lepton multiplets

Extended RS model with custodial symmetry protecting the T parameter,
the left-handed Zbb couplings and flavor-violating Z-boson couplings

Bulk symmetry group: SU(3)c x SU2)L x SU2)r x U(1)x X PLr
Representations of lepton multiplets: minimal model

(+) c(+)
L, = ’;L) 0 LS, = eR( )—1
- + ’ T —
€L _1 1 Np 0/ _1

— used as default



Representations of lepton multiplets

Extended RS model with custodial symmetry protecting the T parameter,
the left-handed Zbb couplings and flavor-violating Z-boson couplings

Bulk symmetry group: SU(3)c x SU2)L x SU2)r x U(1)x X PLr
Representations of lepton multiplets: extended model

(+) (—)
b= %0 wL_l . G = (Vg
@) R o),
0

€L 1 VL o
1(—)
e

&3 = Tsp @ Tyr = ( N,(R(—))O ) D (EI(?+)—1 NI(%—)O q';t_)l)
ER— -1/

(+) c(+)
L, = I;L) 0 LS, = BR( )—1
— L ’ = -
€r 1 1 Np 0/ _1

0



gg—h production (details of the calculation)

Definition of the gg—h amplitude:

_ Qs a puv,a . & a Yuv,a
Algg = h) = C1 15— (0]G, G"gg) — C5 o (0]GL, G™|gg)
Expression in terms of 5D propagators: b
k1
- d%p 1 1 1 p Lo
A(gg_>h) :ng 5 qzu:d/(Qﬂ-)d/e dt1/€ dt2/€ dtéz(t_].) ko t
< o ()70t = ha) lhs) 7t i) k) S i 4
\/i l/:]—'- O ) Y ) ) )’ )

with:

iSU(t,t';p) = /d4513 e?* (0| T(Qu(t,z) + Qr(t,2)) (QL(t',0) + Qr(t',0))]0)

= | ALt =)+ Al (1 =) Pt (L R)

Malm, MN, Novotny, Schmell: arXiv:1303.5702



gg—h production (details of the calculation)

Exact analytic results for Wilson coefficients in terms of an integral over a
single 5D propagator function:

-z
Cf, =3N. Y Q: / dz / dy (1 — 4zy) [T (—zym;) — TL(ALev)]

f=ud

1-x
Cs, = 2N, Z /da/ dy [T (—zymj) — T? (Afwy)]

f=ud
where:
ZL/ dt st —1)T (0 Y>A}]%L(ttpE)+Acl];R(ttpE)
V2 Y 2
/ dt &7 (t — 1) 0 Y, A?’%L(t?t;pQE) — AqLR(tat§p2E)
Y, 0 2

Contributions at large momenta (near cutoff) vanish if the Higgs is a bulk
field, but not if it lives on the IR brane!



Impact of higher-dimensional hgg operators

Consider a dimension-6 operator localized on the IR brane, which can
mediate gg—h at tree level with effective strength cesr (could be O(1) for
strong coupling):

o ®T¢ gg a v,a
Seff — /d4ﬂf /_de$5 Ceff 5(‘335‘ — T7T) A?Tev 4’5 g,uy gme 4
Resulting effective Lagrangian:
Coft . g3 gv? hz)\’
— _ &t S a v,a S a v,a
Lo = 37— Oen with Qe = @10 =2 G}, G 5 = (1 +—=) GG

Resulting contribution to Wilson coefficient Cs:

Scos [ 4o \ 2 2.7TeV ) ?
AC, = ~ Ce
! 1 (ATeV> ‘ ﬁ( ATeV )

for Atev~20-50 TeV, as is appropriate for KK masses
in 5-15 TeV range, this effect is very small !



