The MSSM with large tah
beyond the decoupling limit

Lars Hofer

Institut fur theoretische Teilchenphysik
Universitat Karlsruhe

SKIT  FradA

Karlsruhe Institute of Technology

in collaboration with Ulrich Nierste and Dominik Scherer

EPS HEP, Krakow, July 2009



» The MSSM contains two Higgs doublets H,,, H,
Both acquire vevs: v,, v4
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» large tan§ &

small v,
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The pattern of tafi-enhancement

» The MSSM contains two Higgs doublets H,,, H,.

. (7
Both acquire vevs: v, vy —  tanf= =

Vd

» large tan 8 < small vy

» Consider tree-level amplitude with suppression v,.
One-loop corrections may involve v, instead.
[Hall,Rattazzi,Sarid; Blazek,Raby,Pokorski]

» Example: b-quark mass

lvg vy,
| 1
! / \ dmy,
» » L L, my,
b br br br ~ 0O(1)
my ~ Uy Omy ~ € -y,

~ €-tan 3



» Two possibilities to deal with such O(1) corrections
1. Effective Lagrangian for Msysy > v, M g0, Mo, M+

2. Calculation in the full MSSM beyond decoupling

DA



Effective Lagrangian vs. full MSSM

» Two possibilities to deal with such O(1) corrections
1. Effective Lagrangian for Msysy > v, M g0, Mo, Mg+

2. Calculation in the full MSSM beyond decoupling

» Why go beyond decoupling limit?
» Msuysy ~ v is natural.

» Test accuracy of calculations done with the effective
Lagrangian approach .

» Study tan S-enhanced effects in couplings of
SUSY-particles like g, y°
Impossible in the decoupling limit where these particles are
integrated out!



Summary of large-tam effects

effect

decoupling limit

beyond

modified relation

[Hall,Rattazzi,Sarid,;
Carena,Olechowski,

[Carena,Garcia,
Nierste,Wagner],

Yd; <7 Mg, Pokorski,Wagner]
corrections to - [Buras,Chankowski
CKM matrix [Blazek,Raby,Pokorski] RosieK,SIawianowska],

enhanced FCNCs
did; H°/A°

[Hamzaoui,Pospelov, Toharia;
Babu,Kolda;

Buras,Chankowski,Rosiek,
Slawianowska]

[Buras,Chankowski,
Rosiek,Slawianowska],

enhanced FCNCs

not accessible

di d; /X"

vertex corrections |  [Degrassi,Gambino,Giudice; | process-dependent
_ Carena,Garcia, ;

Ui,r djL o+ Nierste,Wagner] (non-universal)

—[3] = this talk




Three new results

Beyond the decoupling limit:

Scheme dependence of the resummation formula for the
Yukawa coupling

Resummation of flavour-changing self-energies

New effects in FCNC processes
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» Bottom-squark mass matrix: Mg = (

m%L — YUy pt
_Z'Jb’UuN* m%R
» Mixing matrix:

RyMZR| = diag(m? ,m

cos 0,

2),
= cos 0~b sin ébei‘z’b
Rb = X ~ L~
— sin By e~ v
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Input schemes for bottom-squark mixing

. 5 m% —Yp Uy b
» Bottom-squark mass matrix: MB = L 9
—YpUy b mi)R
» Mixing matrix: RyMZ2R} = diag(m? ,m2 ),
b 2% bo

B cos by sin 0 e'®®
b= R ~
—sin Gpe ™" cos b,

» What to choose as input? — different possibilities, e.g.
» elements of M%: mg, , My, Ky tan B

> mass eigenvalues and mixing angle: m; , m;_, 05, ¢
» eigenvalues and off-diag. entries of Ml?): mg , Mg, i, tan 3



Input schemes for bottom-squark mixing

. 5 m% —Yp Uy b
» Bottom-squark mass matrix: MB = L 9
—YpUy b mi)R
» Mixing matrix: RyMZ2R} = diag(m? ,m2 ),
b 2% bo

B cos by sin 0 e'®®
b= Ry ~
—sin Gpe ™" cos b,

» What to choose as input? — different possibilities, e.g.
» elements of M%: mg, , My, Ky tan B

> mass eigenvalues and mixing angle: m; , m;_, 05, ¢
» eigenvalues and off-diag. entries of Ml?): mg , Mg, i, tan 3

» Note: f,vanishes for v/Msysy — 0
— No different input schemes in the decoupling limit.



» Write  SfL

= mplAp = mpep tan

» Modified relation y;, < m, in the decoupling limit

% = ’Ud(l + Ab)
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Scheme dependence of the resummation formula

» Write ZbRL = mpAp = myep tan 3

» Modified relation y;, < m;, in the decoupling limit:

mp

v= vg(1 + Ap)

» Beyond decoupling: Formula depends on renormalization
scheme (choice of input)!!!

» Example: Gluino-contribution Xt = mj,Af

. mp

(i) Input: my , my_ , p, tanf — Yy = ————
e va(1+ AD)

.. ~ ~ m ~

(i) Input: mg , my,, Os, db — Y= U_db (1 — Ag)

(i) Input: my , mg,, p, tan 3
— analytic resummation impossible, use (i) iteratively.



Beyond the decoupling limit:
Scheme dependence of the resummation formula for the
Yukawa coupling

Resummation of flavour-changing self-energies

New effects in FCNC processes
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» Naive MFV: Only chargino-loops are flavour-changing
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Flavour-changing self-energies in external legs

» Naive MFV: Only chargino-loops are flavour-changing

» Consider flavour-changing self-energies in external
quark-legs:

SL bR br br bR SL

» New source of tan §-enhancement:
XRL
ngf x epcmptan . and M x Wl’zz X epc tan 3




Flavour-changing self-energies in external legs

» Naive MFV: Only chargino-loops are flavour-changing

» Consider flavour-changing self-energies in external
quark-legs:

SL bR br br bR SL

» New source of tan §-enhancement:

XRL
ngf x epcmptan 3 and M oc =k

myp

X €pc tan

» Subtract self-energies by non-diagonal wave-function CTs:
6Z1£/{ X €pc tan 3, SZ x EEFctanﬁ (i:d,s)
, p—

bi

— 071,k contain the tan 3 -enhanced effects!



» (epc tan 3)"-effects can be analytically resummed to all orders
szt « € tan
by, Fc tan 8 7
2 14 (ep — €rc) tan B
62152 _xy, Md; [ €pctan €y tan 8
o 1+ e, tan 3

1+ e, tan 3
(1 +€f tan §)

1+ (ep — €pc) tanf
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Resummed results

» (epc tan B)™-effects can be analytically resummed to all orders:

ozk t
b= vy retand
2 14 (ep —epc)tan g
5Z5’.’ :—V*V-mdi epc tan B €po tan B 1+ e, tan
2 b7t my [1+etanB  (14+€tanB)] 1+ (6, — epc)tan

» results in corrections to the CKM matrix:

\ P Vs K*V
‘ 1
VO — ‘/cd ‘/cs I(* b , K = : + €p tanﬁ
KVia EKVis Vi + (e — €rc) tan 3




Resummed results

» (epc tan B)™-effects can be analytically resummed to all orders:

8Zy; x epc tan 8
— = —VaVu )
1+ (e —erc)tan
5Z,5-’ _ V*V-mdi erc tan 3 €po tan B 1+ e,tan 3
g tbm my [1+etanB  (14+€tanB)] 1+ (6, — epc)tan

» results in corrections to the CKM matrix:

Vud Vus K* ub
146yt
Voo Vi Ve KVl K=o +eptan s
KVia KVie Va +(er — ero) tan §

» These results

» are of the same form as in the decoupling limit but with
different €y, EFC-

» are the analytic expressions for the limit to which the
iterative calculation of BCRS converges.



Beyond the decoupling limit:
Scheme dependence of the resummation formula for the
Yukawa coupling

Resummation of flavour-changing self-energies
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> 6Zi§ induce FCNC-couplings of order epc tan 3:

4 O A0 known in the decoupling limit
T new: generalized to Msysy ~ v
d;
dﬂ, 3,70 new! (not accessible in the

ﬁ decoupling limit)
d;
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FCNC-couplings at large tan

» 07 induce FCNC-couplings of order exc tan 3:

¢ HO. A0 known in the decoupling limit
o new: generalized to Msysy ~ v
d;
dﬂ, 3,70 new! (not accessible in the

decoupling limit)

> 6ZL < kV;Vi;, =  CKM structure of MFV preserved

. erpctan
» Coupling strength K o<
ping g 1+ (e — €pc) tan g8

Estimate for equal SUSY-Masses:  |x| ~ 0.08, for u > 0
(larger values for large A;) || ~0.24, for u < 0



» Flavour-changing gluino-coupling enters

AB=1.

eff :
» small effects in Wilson coefficients of four-quark operators
and C.

» large effect in Cs possible
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» Flavour-changing gluino-coupling enters HAB L

» small effects in Wilson coefficients of four-quark operators
and C.

» large effect in Cy possible

> Estlmate for equal SUSY-masses:
|C-"/CX | ~0.42, for p > 0;

|Cg/CX | ~1.3,forp<0

probability density

DA



Mixing-induced CP asymmetry 8’ — ¢ K

SeK o In naive factorization,
including tan -enhanced corrections to Cs:

SM

0.3 SM + charginc

0.2 SM + chargino+ gluino

400 60C 80C 100C 120C I Ad (GeV)

Here a rather large value ;. = 800 GeV is used,
parameter point is compatible with B(B — X,7).



Conclusions

» Effects of tan g-enhanced self-energies can be resummed
analytically beyond the decoupling limit, also in the
flavour-non- diagonal case.

» The resummation formula for the Yukawa coupling
depends on the renormalization scheme.

» Notonly #°, A but also g, Y develop flavour-changing
couplings at large tan .

» These couplings lead to a sizable modification of Cs.



Backup slides



Backup: Parameter points

Scan ranges for Cs: tan § = 40 — 60, any value for ¢4,,

min (GeV) | max (GeV)
MQ L, Mug, Mdy 200 1000
| At 100 1000
py My, Mo 200 1000
M3 300 1000
M+ 200 1000
Parameter point used for Syx:
QL Mups May | 600 GeV || tan 8 50
p 800 GeV || m 40 | 350 GeV
My 300 GeV || M | 400 GeV
M3 500 GeV | ¢a, 3m/2




The Wilson coefficients; and Cy

> Crgll] = CF, +CHS, Crgl2) = CF + CHY 409

» Scan over relevant SUSY parameter space with
(p, My, Mo, mg, M+, mg 1,1, Mg grs M 11, MG gr) < 1T€V,
|A| < 3TeV, 0<¢a, <2m, tanf =50

IC712]| IC82]|

0.5 035 . . -
0.45 0.3C}" - -

0.4t

T . : : - JC8[1]|
J—— i . . . . L ICTIL £
0.15 g 2¢1°0.22°0.3C 0.35 0.4C 0.4t O.S&C Tl 0.0¢ 8 L 18 0.2C 0258 03C 035




Backup: Non-locatan 3-enhanced effects

» Some couplings of H* and h° are suppressed by cos 3 at
tree-level.

» They obtain enhanced vertex corrections ~ sin 3, e.g.

I Ht  HT
|
: A~ sin 3
+ 7o/ Nz
: t / N
! / \
- N A N
tr st lr g S
~ cos 3

» This effect is local only in the decoupling limit, but cannot
be cast into a Feynman rule in the full calculation.



Backup: Effective Lagrangian in the decoupling limit

» Integrate out all particles with masses Msysy > v, keep
only SM particles and Higgs fields

» Example:
- IHU IH'U
I — !
dp 7 Ndg !
#V—LF, q —» (EZ) L
dy, g dp dr, dy

.(](1,

£eff = —Yq, d; iQiHg — U(l,,CZiQiHu,

» Consequence: Modified relation between y4, and my;,

mgq.

1

Md; = Yd,Vd + Yd, v = = (1 + e tan 3)
d; Yd; Vd T Yd; Vu Yd;, Ud(1+6i tanﬁ)

contains contributions of the form (etan 3)™ to all orders
— resummation?



Backup: Resummation beyond decoupling

» Subtract tan S-enhanced corrections to all orders by
appropriate finite counterterms

fv== fv== fv==
» Example: ZbR)%i (v) = ey,  AY =¢f tanp
1 loop -
1) bia 1 X+

Vd 6?/(7 PN Up 57/()( ) = _Ab Yo
——X > = —_— yEM
b bg br br =AY 2
Vg



Backup: Resummation beyond decoupling

» Subtract tan S-enhanced corrections to all orders by
appropriate finite counterterms

fv== fv== fv==
» Example: ZbR)%i (v) = ey,  AY =¢f tanp
2 loops -

2) f1.2 | 2 XEs (1
vq 0y, TN (5,7/,()l> (Syl)( ) = —Ay ()?/b( )
eXe = £ om
b . br A = (—AY )22
Vq

~+
X1,2



Backup: Resummation beyond decoupling

» Subtract tan S-enhanced corrections to all orders by
appropriate finite counterterms

1 . -
> Example: S (y) = yovadY . AY =€ tang
n loops N
tl 2 .
vy 5?11(7”) // (57/(77 1) (Sybﬁl) — _AZ( ()yb(nfl)
e = =

yE, M
b br br \ 3 br = (—A) )n_b
~r Uq

X1,2



Backup: Resummation beyond decoupling

» Subtract tan S-enhanced corrections to all orders by
appropriate finite counterterms

ot . L
> Example: S (y) = yoad), Ay =€ tanf
n loops N
t1,2 .

04 5?/;7'1') RN 6?/[()77,71) 5yb(n) — _A?f ()yb(nfl)
——— = - . m
br br br, br — (_Azc )n,_b

~+ Vd
X1,2

m >+ ~+2 m

o va(1+AY)



Backup: Resummation beyond decoupling

» Subtract tan S-enhanced corrections to all orders by

appropriate finite counterterms

~+ =+
> Example: S (1) = ywady A
n loops 5
va oy RN 6?/[()77,71) 5yb(n)
eXe = =
b br M
Xia
0o_ Mb XE AR —
yb_v_d<1_Ab T4y — )=

fv==
=< tanf

= —AT oy
yE\, Mp
= (-ay 2
V4

Mp

va(l+AX)

» Explicit resummation of contributions of the form

Ay = ¢y tan 0



Backup: Resummation 625

» Subtract external leg contributions by matrix-valued wave
function renormalization:

my 32 - 57k, %
dy, br bLE o dy, br brL dy, :\,/ br bLE
X+ g
57k sEL(57
bi — _ b ( ), §ZL = O(epctan 3)
2 my

. : §Zk »RL(§7
» Resum 5Z£—|nsert|0ns: bi _ _Zbi (02)
2 me

§Zk erc tan 3
» Result: —Y% = _V,;,V*
2 f thy 4 (Eb — GFC) tan 3




