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Motivation and introduction to the model

Loop-induced Higgs production and decay
99 = h
» h— vy

Tree-level Higgs production and decay

Higgs phenomenology and implications for the RS parameter space
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Gauge Hierarchy Puzzle
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Motivation - hierarchy puzzles of the SM

- why is the Higgs so light, m;, < Mg, (roughly 32 orders of magnitude) ?

« Higgs mass operator not protected by any symmetry (radiatively unstable)

- why do Yukawa matrices have a hierarchical pattern (flavor puzzle) ?

observable

(A%V -+ mfc log(AUV/mf) 4+ .. )

6.4 1o2> & Y ~ 1, ye ~ 1072, yy ~ 107°

- new physics at the TeV scale should explain the suppression of FCNC processes (GIM-like mechanism)
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Warped extra dimensions - basics

Setup [Randall,Sundrum:hep-ph/9905221]

- effective QFT in a slice of AdSs space-time, bounded by two 3-branes

Sl
- extra dimension: S/Z; orbifold (t € [e, 1]) S/ 7
Z9
> Zo parity — chiral fermions @ —>
€ 1
« 5D space-time:
i 0: ds? = < (dwd Lo
> non-factorizable metric: ds~ = t_2< widry, — 5 dt )
> Ricci-scalar (negative scalar curvature)® = —20k>
AdSs5 geometry
» radius of S1: 7 ~ Mp;' h
_ . o, Mp) e/t
~ warp factor rescaling energy/length: €/t with e =e """
. - - MEW N _16
electroweak hierarchykr ~ 30 — e~ o 10 Misw
> stabilization of radius via bulk scalarGoldberger,Wise:hep-ph/9907447]
_ _ UV brane IR brane
- Higgs sector resides on or near the IR brane (t = ¢) (t=1)

all 5D fermions and gauge-bosons live in the bulk

KK decomposition of 5D fields:  ®(z,t) ~ Y _ ¢n(x)xn(t)
n=0

KK mass spectrum: m,, ~ ntMgkgk Myxk = ke ~ few TeV
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Solutions to the hierarchy puzzles

Gauge hierarchy puzzle  [Randall,Sundrum:hep-ph/9905221]

1 dt ~
SHiggs 2 /d4a: n V|G|t — 1) A (\CID(:E)]2 - v§)2 = /d4:17)\ (\CD(Q?)\2 — vge_QL)Q

- 5D vev is rescaled by the warp factor at the infra-red brane

vs ~ O(Mp)) = v=uvse " ~246GeV

+ 5D fermion bulk-mass parameters: €Q,, Cu,,Cd, ~ O(1)

+ 5D Yukawa matrices: |(Yu);;l, |(Ya);| ~ O(1)

= effective (4D) Yukawa matrix:

Y~ Fleq) Yy Fley)

q
1 ,c>—1/2
F(c) = /|14 2¢| x { o—|3+clL c< —1/2
= top mass:
v
my & ﬁKYu)BSHF(CQg)F(CuSN
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Randall-Sundrum Models - different versions

Minimal RS Model

+ based on SM gauge group
- tension with Zb by vertex and electroweak S,T parameters: Mgy > 4.0 TeV (at 95% CL)

Custodial RS Model

- implement enlarged bulk gauge group: SU (3). x SU(2)r x SU((2)g x U(1)x X PrRr
- protect T parameter by a remaining custodial symmetry on the IR braneSU (2)r, x SU(2)r — SU(2)y

- electroweak symmetry breaking accomplished by a Higgs bi-doubleb: ~ (2, 2),

+ protect Zbbyertex by Pir symmetry and: 17" = —Tp™" = 3

- quark sector (Z2 even fields): Qr ~ (2,2)%, ufh ~ (1, 1)%, Tr ~ (3, 1)% @ (1,3)

Wl

> 15 quark excitations in up-type sector (per KK level)
> 9 quark excitations in down-type sector (per KK level)
> 9 exotic fermion excitations with electric charge 5/3 (per KK level)

» lepton sector (minimal embedding): L. ~ (2, 1)_%, L% ~(1,2)_
> 6 neutrino-like excitations fields (per KK level)
> 6 charged lepton-like excitations (per KK level)

N[~

- tension with electroweak S,T parameter: ~ Mgk > 1.9 TeV (at 95% CL)
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Gluon fusion: 4D perspective

Higgs production rate normalized to the SM Ry — 0(<pp+ Z;Rs
o T S O T Ty O R S D D S R P S O S A ey o(pp — SM

3+6N
. generic depletion: R; < 1 [Carena,Goertz,Haisch,Neubert,Pfoh:hep-th/1005.4315 Z

 enhancement;: Ry, >1 [Azatov, Toharia,Zhu:hep-th/1006.5939] n=1
Subtletx
o UV brane IR brane
- Z>-0dd profiles are discontinuous at the IR brane (t=¢) (t=1)
. . . . h
> quark overlap integrals with Higgs not well defined 1
1
~ regularise Higgs profile:xa(t) = 6, (t — 1) = ;H(t —1+n) 1/n
4D,,KK ap_groa_ch [Carena,Casagrande,Goertz,Haisch,Neubert:hep-th/1204.0008] <« N>
36N ) 1.2: . : : :
Ye(N,n) = lim Y Inn\" [ (for 1 generation)
9 7 N—00 mq 1.1t
n—0 n=4 n -

 limits do not commute
> first n — O Ry, <1
> first N =00 R >1

Myw
Ui

* modes that can penetrate the box: Mg, ~
(shown for 1 generation)
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Gluon fusion: 5D perspective

: [RM,Neubert,Novotny,Schmell g
Cal_g:ulatlonal ste_ps 13] o
: : " h
+ use 5D quark propagators in mixed position-momentum space QY  >e-----
Q
- work in dimensional regularisation: d = 4 — 2¢ g

1
- regularize Higgs profile: Xxn(t) =6, (t — 1) = 59(75 —1+mn)

- parametrize the amplitude: A(gg — h) = C

« coefficents:

Qs
127v

g a uv.a
(001G, G"%|gg) — Cs . (001G, G"%gg)

8TV

3 (1 [ _
Ci = 5 / d:z:/ dy (1 — dzyy) Ly (zyy m3 ) (y=1-y)
0 0

1 1
C’s :/ dx/ dy I_(zyyms3)
0 0

« momentum integration (MSbar scheme):

R. Malm

ILLZeeeny

L(m”) = T(1— ¢

00 iy ) .
/ dpp py° 8—Ti(p% —m? —i0)
0 PE
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Gluon fusion: properties of propagator function

Propagator function

1
— 0 Y, \ ALt t05) + Al 1 pE)
Ti(p) = > —\/5/6 dt 6, (t — 1) Tr K v 0 ) e = 5 = = bulk region sliver

g=u,d

- calculate 5D fermion propagator in the sliver region
for 3 generations in the broken Higgs phase

 perform integration with regularised Higgs profile 1—n

10
Asymplotic behaviour (1)

|
1) pp < M
(1) pe < i J N\l e o

- _
o[ Y| S \

(2) Mxk < pp < . po0 \

B o s Y Ul — n=ou0s

(3) pe > = poo1 |

0.001¢

0.001 0.01 0.1 1 10 100 1000
PE | Mgk
9
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Gluon fusion: analysis of the loop momentum integral

Toy model analysis

- Study to model, that captures all the features of the exact resultt; = const)

t() — 11 — 19 to t3
Tmodel(pZ ) _ i 4+
+ E 5 > -
1+ pg VI+0E  V(ts/t)? 4 (nhe)?

 Performing the loop-momentum integration gives

2€ 2€ 2€ 2€
t1 N
7m0del(0) = (fg —ty — 1 H t H £, [ =L
0 =(to =t 2)<MKK Tl onna) T a, My

> eliminate dim. regulator: momentum integration andimn — 0 do not commute

> keep regulator: momentum integration andmn — 0 commutes — unique result:R, <1

Interpretation
- different results emerge from two models separated by a (non-calculable) transition region

v|Yq| v|Yq|
TIbrane-localized Higgs < A— < Mharrow bulk-Higgs <
TeV Mgk
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Gluon fusion: results

Using the exact solutions for the 5D fermion propagator we can obtain results valid to all ordersﬁrﬂME{K

Expanding the zero-mode contribution (minimal RS model):

Cr ~ |1 v R (YaYiYa)s, Ag(10) + Ag(1) + Trg(Xy) + Trg(Xy)
|1 - 0 Ty 7) + Tr g(X,) + Trg(Xq
SME{K (YU)33 ! !
2 (Y.Y,Y.)., > Ag(m) = 1.03
Cs ~ T Im[ Y, By(7¢) . Ay(r) ~ —0.03 + 0.03
By(m) ~ —0.02 + 0.02i

- suppressed zero-mode contributiorh{t coupling)

- contribution from KK-quarks

X, tanh X, 5 ) V2
g(Xq)‘brane Higgs o cosh 2Xq ~ _Xq - X, =

N 2
g(Xq) ‘narrow bulk Higgs — Xq tanh Xq ~ +Xq

- for a large ensemble of random (anarchic) matrices witHY ;)i;| < vx : (TrY; YfT) = N; =

- contribution from KK quarks in the custodial RS model (larger by a factor of 4)

Trg(Xu) +Trg(Xa) — Trg(vV2X,)+3Trg(v2X,)
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Higgs decay into two photons
rh ANV
:g:: 4\/\’\:\:\\/\/“ o ﬁ:: T : g:: w;?/r;il\lli\?-%z:son, dashed = W-Goldstone, dotted = W-ghost

W-boson loop contribution [Hahn,Hoerner,RM,Neubert,Novotny,Schmell,hep-ph/1312.5731]

- calculation inR?¢ gauge: contributions from W-boson, Goldstone and ghost modes

- vertices involving photons are diagonal in KK number — single KK particle in the loop

AY(h ) = TS g [ W (1)) [”SM A% (h = )

miy, mw —mW

- work with 5D propagators in mixed position-momentum space, e.g. W-boson propagator (minimal RS model

_ i Xn () xy (') Ltt' [pDyo(ts,1) — b1 D11(t>,1)] D1g(t<,e€)

By (t. t = ~
w( — p2 A Mz PDoo(1,€) — b1 D1o(1,¢€)

» with:  D;;(t,t') = J;(pt) Y;(pt') — Yi(pt) J;(pt') p=p/Mgk, ts =Max(t,t'), to=Min(t,t)

> avoid notion of infinite KK sums and work with compact analytic expressions
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Higgs decay into two photons: results

Q0 ~
- parametrize the amplitude: A(h — vy) = C1y — 6 Yy Euw FH710) — Csy o (Y| Euw FH10)

W-boson contribution expanded i /My : . Ay () ~ 119

« minimal RS model: & =1
- custodial RS model: £ = 2

(tower contribution larger by factor 9 compared to minimal RS model)

202 (YV.YTY )33 NQ2 2 N.(Q? + Q2 + Q%) v?
Cl ~ |1-— Re~—4_u_ "33 N Q2 A TY,Y! u t*d XN Ty Y
" [ 3M iy ’ (Yu)s3 Qu () F 2 + M2 LXat g
202 (YV.YTY )33 )
C5q’7 ~ 3MI2<K Im (Y )33 N Qy Bg(Ti) « A (1) = 1.03, By(1¢) =~ 1.05
- brane Higgs: -
7 Iton Corbtion stoil R oeI): * narrow bulk-Higgs: +
02
« minimal embedding: C’l,y ~ $Q2 5— 1r YeYl
2M ik
2
v
+ enlarged embedding: C’iv ~ F (Qﬁ + Qi) Ve TrY, YeJr (larger by factor of 4 w.r.t. to minimal RS model)
KK
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Tree-level Higgs production and decay

h— WW?®* ZZ* decays Higgs-strahlung Vector-boson fusion

Example: h — WW* = W fifl — fafs fifi [RM,Neubert, Schmell,hep-ph/14xx.xxxx]

m? 3 1
. hWWWeoupling: cw ~1— —1 (—L — 1+ _)

2M12<K 2 2L
Xw(l)XW( ) xw(L)xw(e) 1 ( 1)
- off-shell 5D W-boson propagator: ~ — 1 — —
PP nzo . P miy —p*  2Mgyg L

F(W — ]ff/)RS ~1_ m%/v 1
T(W — ff)sm M2, 2L

- modification of the W f f’coupling:  cry, =

= To good approximation the main effects can be accounted for by a multiplicative rescaling
of the SM decay rates and production cross sections
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Higgs couplings

Effective Lagrangian in the broken Higgs phase at the electroweak scale

2 2 2 _
Lo =cw —WRWIW ™ 4 ey 2 hz,2" — Y L hf(es+esin) f
UsSM UsSM Fetibr UsSM
+ ey = G2, GO — hGe, GO 4 ¢y ——— WF, F* — 5 ———— hF,, F*™ 4 .
g 127‘(‘?)51\/[ 87T’USM 671'?)31\/[ H 7 47‘("USM H

« SM: cww =cz =cy =1 and cp5s = ¢4 = c45 = ¢y = cy5 = 0.

- not complete list of operators; but remaining ones are subdominant, .2, /7" f , hZ, fy" s f
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Higgs couplings: loop-induced

h =3y (custodial RS model)

207
18 custodial RS model
16 narrow-bulk Higgs

14}

04} my~ =15
02 my« =3 -
0'0 ;\ S S S T T S T S S S T S S S 0'0 ;T° ! L P"'QS' 7 S S S S SO S SR
25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200
Mg(l) [TGV] Mg(l) [TGV]

L Ay (w) ew 1t V2

[(£21.7+0.9) y; — 5.1]

[(£36.0 — 3.3) y7 — 3.6]
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Higgs couplings: future sensitivities at LHC and ILC

bounds onMyw at 95% CL

custodial RS model)

LHC (14 TeV, 300fb™1) ILC (1TeV, 1000fb™1)
””””””””””””””””””””””””””” (n.b.) = narrow bulk-Higgs
Yo =3 (b.) = brane Higgs
77777777777777777777777777777777 (Y g)ij| < yx
y* — 1.5
Mg(1) = 2.45 MKK
o (1. b.)
Y (nb) M- I L L . . . . . . 8% (n ) TR T . . L L L L L .
25 75 125 175 225 275 325 375 425 475 25 75 125 175 225 275 325 375 425 475
Mg(l) [TeV] Mg(l) [TeV]
- LHC analysis: » brane Higgs: M,a) > 21TeV x (y./3)

> narrow bulk-Higgs: M ) > 13TeV x (y./3)

« ILC analysis: * brane and narrow bulk-Higgs: M ) > 43TeV X (y./3)

C; — 1 %74 A t b
. LHC 14ToV, 300~ | (—0.069,0) (—0.077,0)  (—0.154,0.147) (—0.231,0.041)
[Peskinthep-ph/1207.2516] | 11 1 Tev. 10001 | (~0.004.0) (—0.006,0)  (—0.044,0.035) (—0.003,0.011)
« assume SM outcome ci — 1 T g vy
. LHC 14TeV,300fb* | (=0.093,0.132)  (—0.078,0.10) _ (—0.096,0.059)
. - C < 1 ) ’ ) )
constraint: “w.z = & | 1 01 Tev, 1000/ | (=0.013,0.017)  (—0.014,0.014)  (—0.032.0.035)
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Signal rates

Contribution of new physic

o(pp — h)Rrs

* Higgs production:
995 P o(pp — h)sm

~ (|C§ﬁ|2 + |C(£ 2) far + ¢t fusr > far = 0.9, fyvr = 0.1

- Higgs decay rates:

- 2 2
['(h — X)sm ~ Jex|” + lexs|

RS
- Higgs width: F%LM ~ 0.57 |cp|® + 0.22 [ew |* + 0.09 (|2 * + |cSa[?) + 0.12,
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Signal rates: bounds on KK gluon mass and yx

bounds onM,x at 95% CL

(custodial RS model)

bounds on Y- _at 957% CL_(custodial RS model)

h — bb h —bb F
h— 1777 - = h—rTr= L Mg(l) = 4.8T
h : WZM;** I h :—T/ZW;‘_ green = brane Higgs
— - - ] i
h=7 il | I =y
h — bb | h — bb |
h—rtr= | h—rtr— |
5 h_> _}WZVZ: - 5 :%WZVZ: blue = narrow bulk-Higgs
h =y L h— vy L
b h—bb F
h — T+T_ i Mg(l) = 6TeV
h— WW* |
h— ZZ*L
hi= vy b ]
h — bb |-
h—rtr h—rtr7 }
h— WW*E h— WW* |
h— ZZ*F l h— Zz7*L
h — vy - i. . . . . . . h — ~vvy L
25 50 75 100 125 150 175 200 00 05 10 15 2.0 25 3.0
Mg(1) [TeV] Uk
- brane Higgs: M,a) > 19.9 TeV * brane Higgs: Y < 0.4
- narrow bulk-Higgs: M, 1) > 14.9TeV - narrow bulk-Higgs: ¥x < 1.1
Rx bb TT Ww 27 yy
[ATLAS-CONF-2014-009] | ATLAS | 0.2797 14795 1.007932 1447920 1577033
[CMS-PAS-HIG-13-005] CMS | 1. 0+O i 0. 78+8 éi 0. 68+8 ?9) o.92+8 gg 0.77+% ;E
average | 0. 7t8 T0.927020  0.77T 1L 1.0910355  1.097104%
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Conclusion

- 5D calculation of the loop-induced Higgs processg¢ — , h = vy with a distinction
between the brane-localized and narrow-bulk Higgs scenario.

 Loop-induced Higgs couplings are very sensitive on the exchange of virtual
fermionic KK excitations.

 Higgs physics is well describable by only two parameters, the KK scale and the
maximal Yukawa value.

- Signal rates already give stringent bounds on the RS parameter space. These bounds are
complementary and often stronger than those from electroweak precision observables

and rare flavor-changing processes (custodial RS model).

Outlook

- Calculation of magnetic dipole-operatorsh — sv, u — ey
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magnetic dipole operators
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Signal rates

pp = h = VV vs. pp

— h — vy

; - 14F s
iy o g
3 .
: narrow bulk-Hi
3 A I
nesgen ¥, .
% .
AN

S.

custodial RS model
brane Higgs

12
N
QE i ok
o
05 : m Y =00 =15
custodial RS model o 4, =15 038 oY=
L 30 il _ narrow-bulk Higgs m e =3 mys =3
00L, | | | | | | | 001 | | | ‘ ‘ ‘ ‘
25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200 06
Mg(1) [TeV] Mg(l) [TGV] 1.2 1.4
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Higgs couplings: tree-level

TeV \ °
[ )

M)

1 icouping (custodial RS model): e ~ ¢z ~ 1 - 0.078

- directly sensitive on KK gluon mass

Lm%v v? (YfY}Yf>33

— + ...
AMZ, 3MZ, (Y f)33

httcoupling (custodial RS model) crticgs =1 —€p —

L4f 0.06[ - =

5, custodial RS model “\ custodial RS model .
i 004 8 s 00 L » 5000 scatter points
1.0¢ i
: 0021, P |(Yq)ij| < Yx
2 0.00F
my~ =0.5 ©
s = 1.5 ~0.02 550
« =3 T R
- —0.04f "t
00* 006Lit s e
25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200
Mg(l) [TGV] Mg(l) [TeV]
- electron EDM (at 90 % CL): d. < 8.7 - 107%eem  — ¢ <0.01 [Brod,Haisch,Zupan,hep-ph/1310.1385]
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Loop calculations in warped extra dimensions

- Randall-Sundrum models are effective field theories:

> e.g. QED in D dimensions: [ep] = 5~
€

» position dependent cutoff: A(t) = ZMPI

-+ work with 5D propagators in mixed position-momentum space, e.g. W-boson propagator

00 %% W (41
Xa () X0 (')
BW tat/;_p2 = - -
( ) nE_O: .

> advantage: avoid notion of infinite KK sums and work with compact analytic expressions

- current status: calculate one-loop processes that are finite (not UV sensitive)

> magnetic dipole operators: b — s7v, u — ey

> anomalous magnetic moment of the muon:(g — 2)

> loop-induced Higgs production and decay: 99 — h, h — vy
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Loops in Higgs physics

« 4D loop-momentum cutoff: Arey = A(1) = € Mp; ~ 20 TeV

« 99 — h, h — vy

> vertices with SM gluons or photons are KK-number diagonal, which

follows from the flatness of the profiles 7
h
> only one infinite sum over KK modes per diagtam  —T=--
> perform the momentum integration analytically and express resultsvig BIMS of y
5D propagators in the broken electroweak phase, valid to all orders in~ XK
; Y
* subtlety: quark Z>-odd profilesg(?) ;) are discontinuous at the IR brane =777~
y
- Sy =obut  SP(17)#0
> quark overlap integrals with Higgs profile not well defined
" 1 UV brane IR brane
~ regularise Higgs profile: xn(t) =, (t — 1) = 59(15 —1+mn) (t=e) (t=1)
h
> distinction: brane-localized Higgs or narrow bulk-Higgs scenario /\ j
L/m
(¥ (¥ l
Tlbrane-localized Higgs < m < Thharrow bulk-Higgs < M—KK <>
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Overview of Higgs localisations

Model bulk Higgs narrow bulk-Higgs transition region brane Higgs
e Y| Y| v, Y|
v v v v

profile n=0(1) A K< <L N~ is n< 3=

width

Power ~ Mxkxk ~ Mxkxk ~ Mxkxk ~ Mxkk
corrections Azev nATev v|Yq]| Arev

resolved resolved by high- partially resolved by

Higgs profile

A(gg — h)

by all modes

enhanced
[hep-ph/1006.5939]

momentum modes

enhanced

high-momentum modes

not calculable

not resolved

suppressed

R. Malm
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