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MSSM

Q qa q (3,2;1/6)
There are 5 types of U* utout (3,1;—2/3)
fermionic gauge multiplets, D - d (3,1;1/3)
. . L [ (1,2;—1/2)
in 3 generations, e 5 e (1,1; 1)
and a Higgs doublet H, ha }:Ld (1,2; —1/2)

H, ha o (1,2;1/2)

Their supersymmetric non-gauge interactions derive from a
(holomorphic) superpotential

W =uH, Hy+ Y5 Qi - HUS +Y?Hy - Q;DS + Y Hy - L;ES

Holomorp
One coup
a two-

ny of W required two Higgs doublets Hy, Hqg
es to up-type quarks, the other to down-type quarks:

niggs doublet model of “type II”



Soft SUSY breaking

For phenomenological reasons, supersymmetry must be broken.
Soft breaking (i.e. breaking that preserves absence of quadratic cutoff
dependence) by explicit scalar masses and self-interactions
L:soft — _mg’ijgjgj R m%ijadac o m?{ijjddvc (16
—ml%.jﬂi— mgijécTéc — miUthu — m,%dh;hd

_ [mléé + e A + msg G + Buhy - ha

FTY G - bl + T ha - Gids + TEha - &5 + b,

(in the MSSM) arbitrary bilinear and trilinear interactions are soft, but
usually one restricts them to the above set (closed under
renormalization) which corresponds 1:1 to the superpotential (Yukawa +
mu-term)



Sflavour

Masses & trilinear soft terms are 3x3 matrices in flavour space: Many
flavour and CP-violating parameters

Minimal flavour violation: Only Yukawas violate flavour

mZ; =mil+a YUYV 4oy Py P 4

even simpler form (assumed below, valid at most at one scale)

2 _ 2 2 2
Mgi = mELl, Mg = ngl,
TU:atYU,...

approximately true at Mw in low-scale gauge mediation,
at Mp; In gravity mediation models with dilaton dominance



Scharged current

The brothers and sisters of the W*~ couplings:

Ur;q U;
W+ Vi g P ---- gt i Vjj(cos By, Pr+sin B yq, Pr)

dr; d;
AN UL \

/ wt i Vij\/2g Pr h+ 1 VijsinByg Pr
.o ) <
drj,* de/’
Ur; Upi ™

*®
\

/—»— w- i Vij V29 Py S S—— h— 1Vij cos By, PL
dLj dLj

in minimal flavour violation, these are the only flavour violating vertices
iInvolving quarks



MSSM Higgs potential

Superpotential and soft terms contribute just mass terms to the Higgs
self-interactions, rest fixed by SUSY gauge invariance

L1 = Db+ Duhal® — (1 +m3 il — (> +m3, ) hlha— [Buhy-ha+h.c]

2 /2 2
g-+g g

compare to most general renormalizable case
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MSSM Higgs potential

Superpotential and soft terms contribute just mass terms to the Higgs
self-interactions, rest fixed by SUSY gauge invariance

L1 = Db+ Duhal® — (1 +m3 il — (> +m3, ) hlha— [Buhy-ha+h.c]

2 /2 2
g-+g g

compare to most general renormalizable case

A A
+ —21 (H'Hy)? + ?2(}17;%)2 + As(HIH,)(H Hq) + M\(H Hy) (HIH,)
A
+ {35 (H, - Hy)* — Ng(HHy) (H, - Hy) — \y(H! I, (H, - Hy) + h.c.}

N

not present in tree-level MSSM
n.b. model Il (Hg->-Hq invariance) would allow As, forbid Ae 7



SUSY large tan(f3) B physics

In SM, higgs couplings flavour diagonal
(proportional mass matrix) Mg =0 Y



SUSY large tan(f3) B physics

In SM, higgs couplings flavour diagonal

. . d d
(proportional mass matrix) M = vaY; + vy Ay
H @) i
)Ik 1 ya, 067!
In MSSM, 3 neutral higgses, 2 vevs vy, vd N




SUSY large tan(f3) B physics

In SM, higgs couplings flavour diagonal

parametrically
large if vy » vg

. . d d
(proportional mass matrix) M = vqY; K v Ay
H @) A
A1 Ya, 07
In MSSM, 3 neutral higgses, 2 vevs vy, vqd 0,/ . pe
o *
tan B=Vu/Vd : / z g .
dr d9



SUSY large tan(f3) B physics

In SM, higgs couplings flavour diagonal
(proportional mass matrix) M =

parametrically
large if vu > vqg

UuA’ij

H @) i
)Ik 1 ya, 067!
In MSSM, 3 neutral higgses, 2 vevs vy, vqd 0,/ . pe
4 A
tan B=Vu/Vd : / z g .
qr d?]
Yukawa becomes g g

flavour-violating

bR

* 2
@S’d) ta@ 10 770 A0

Sr,dy,




SUSY large tan(f3) B physics

In SM, higgs couplings flavour diagonal
(proportional mass matrix) M =

parametrically
large if vu > vqg

Uqu'j

HW i
)Ik 1 ya, 067!
In MSSM, 3 neutral higgses, 2 vevs vy, vd QI/// \\\Dg
tan B=vu/vqg A
qr df]
Yukawa becomes Js 9s

flavour-violating

BR(By — pp) o< tan® 8

bR
@(S,d) taﬂ@ ————————— tan (3 [Choudhury&Gaur 99; Hamzaoui, Pospelov,
rY HY AY Toharia 99; Babu, Kolda 99; Isidori, Retico;

(for minimal Buras et al 02; Foster et al 04-06,...]
flavour violation)

SL dL l+



Leptonic decay

+ ..
S 7 % > helicity suppressed
B  —H theoretically clean in SM
8 M; lize to AM
b s w  (normalize to s ) Buras 03
BR(B, — ptpu )sm = (3.5 £0.5) x 1077
S ,u+
H A 2,12 Yukawa suppressed in SM
B My, 6 .
s x —a tan’ B strong enhancement in 2HDM
b e i (or MSSM) possible
O?é\ : 50 sensitivity %: __L_;f'ff ’ "Lgﬂfffh-hr
j:’ — ;cc;sjr:jltgg;a gé:
5 \ ATLAS/CMS
1 I ‘ I ‘ I ‘ |

0 10 0 3 S T T I B R
Integrated Luminosity, fb

Integrated Luminosity {fb-1)



Structure of the coupling

assume Msusy » Muan ~v=246 GeV ; effective 2HDM description

M,f; = de;-f} + parametrically large if tan 3 » 1

diagonalization of Md rotates Y¢ out of diagonal form:

br
Log D r(cos BhY* — sin BhY) [ysbrst, + ysbrsR] 10 170 40
1 tan (3 SL,dr,
K X —
"t 162

minimal flavour violation

note the hierarchy between the two couplings



B mixing at large tan (p)

SL br
\\?/_ sin®(a — 3)  cos?(a—fB) 1
B, A% rH B X /12y§ [ | — }: 0
8/4/‘\‘\ S M2, M? M?%
b SI [LO higgs masses & mixing angle q]

Flipping the chirality of one b (hence one s) quark,

SR bL
\‘//
| _ . 2 2
B. 41 HB 5 {Sm (a—p) cos*(a—pF) 1 .
bR SL

costs a factor ms/my (in B4 — B4 mixing: md/mp - negligible)

But this is only one of several small parameters!
1/(167%) ~ my/my ~ 1/tan  ~ 107



B mixing at large tan (p)
1 @

' — sin®(a — 3)  cos?(a—fB) 1
0, ' | — —
Bs/j‘h\o’iBs o< w{0s) M2 M2 MEJ !
51 [LO higgs masses & mixing angle q]
Flipping the chirality of one b (hence one s) quark,
SR bL
\‘I/_ ¥ :
Bg A0 HBy |m2|ybys[sm (a; b, cos (az_ b, L1240
e\ My Mj; M
bR SL

costs a factor ms/my (in B4 — B4 mixing: md/mp - negligible)

But this is only one of several small parameters!
1/(167%) ~ my/my ~ 1/tan  ~ 107



B mixing at large tan (p)

| - sin“(ac — ) cos?(a—p) 1
0] { | — —
By & hO’HOBS = /{ Mz, M7 Mi} !
/4/‘\‘\ . o
[LO higgs masses & mixing angle a]
Flipping t hlrahty of one b (hence one s) quark,

BS AO:hO,HOBS « |li2{Sin2(a — ) n C()SQ(@ — ﬁ)_|_ 1 20

2 2
M2, M?
§

costs a factor ms/my (in B4 — B4 mixing: md/mp - negligible)

But this is only one of several small parameters!
1/(167%) ~ my/my ~ 1/tan  ~ 107



tang = 50 Strong correlation between

| Ma =200 Gev | &« AMp, and BR(Bs — ' p™)
10 | NEEI [Buras et al 02]
3 COF - i
1 (AM,)exp = (17.77 £ 0.12)ps
AMM ~16...27ps™!
>~ | f
S ' CDE 07 | (recent claims of CP violation,
10 3 ‘ i upper limit ~ Zero in SM)
- suppression  ils 1
| predicted e
-8
90 0.5 | 1.5 A (naively) subleading effect:
AM,/AMM arises at first order in ms/my

Can more loops or 1/tan(B) corrections remove m/m; suppression?

claims of large effects from Higgs self-energies
both in AM,; and AM,. in recent literature [Parry 06; Freitas,Gasser,Haisch 07]




“Subleading” contributions to AM;

The nonvanishing “effective” tree diagram (double penguin from MSSM
viewpoint) is ms/mp suppressed over the naive expectation.

Do higher loop corrections remove this
suppression and give O(1) corrections?

bs{h,H,A} vertex derived in limit v << Msusy,
what about v/M corrections?

Is the cancellation broken at (1/tan )" level for some n?

tan 3 is renormalization scheme dependent, impact on AMs ? More
generally, on flavour physics?



Plan of attack

Assume hierarchy Msusy » Muan ~ v=246 GeV

Integrate out all superpartners. Since M » v, this can be done in the
“symmetric phase”, ie without shifting Higgs fields by v

/D[g) f iL] [ w) ifd4x(£gauge+kin[§ fﬁ @b ]_V(hz))

— /l)[147 w’ fd x(ﬁgauge kzn[Aawah ] eff(h ))

92_|_g/2 T ; ) 92 ; ;
V=" (hlhe = hiha)® + 5 (hhha)(Biha) = Ver = Y NiQilhu, ha]

then shift Higgs fields and compute loops with Higgs particles



Loop-corrected Higgs potential

p Ha p Ha
JANVANVAN : :
. VLY / Sparticle loops generate most general quartics
D >
§> Q §>Q break tree-level relation giving zero O(1) amplitude
D> D previous calculations [Haber, Hempfling unpublished; Carena et al.; ...?]
JANVANVA : . .
\VARVERV/ in the context of Higgs masses & mixings
1 o u t 7 here: complete computation including arbitrary MSSM flavour structure
u U

A1 t 2 | A2 2 T

+ S (HVH)? + Z2(HIH)? + Ns(HIH) (H Hy) + M\ (H Hy) (HVH, . .
y (Hata)” + 5 (HyHu)™ + Aa(H Hu) (HoHa) + M(HoHa) (HaHo) +higher-dim
As

+ {? (Hu ) Hd)2 T )\6(H;Hd) (Hu : Hd) — )\7(HlHu) (Hu . Hd) + h.C.} OperatOrS
(v/IM corrections)



Loop-corrected Higgs potential

p Ha p Ha
JANVANVAN : :
. VLY / Sparticle loops generate most general quartics
D >
§> Q §>Q break tree-level relation giving zero O(1) amplitude
D> D previous calculations [Haber, Hempfling unpublished; Carena et al.; ...?]
JANVANVA : . .
\VARVERV/ in the context of Higgs masses & mixings
1 o u t 7 here: complete computation including arbitrary MSSM flavour structure
u U

V =mi HiHy+m3HIH, + {m%H, - Hy+ h.c.}
+ ZS(HTH)? + Z2(HYH)? + X\ (HIHY) (HHY) + M\ (HYH ) (H H, . .
y (Hata)” + 5 (HyHu)™ + Aa(H Hu) (HoHa) + M(HoHa) (HaHo) +higher-dim

A
+ {?5 (Hu ) Hd)2 T )\6(H;Hd) (Hu : Hd) — )\7(H$Hu) (Hu . Hd) + h.C.} OperatOrS
(v/IM corrections)

N

not present in tree-level MSSM

M =2 =AY = (P + %) /4= 3%/4. A =g%/2



Loop-corrected Higgs potential

p Ha p Ha
JANVANVAN : :
. VLY / Sparticle loops generate most general quartics
D D
§> Q §>Q break tree-level relation giving zero O(1) amplitude
D> D previous calculations [Haber, Hempfling unpublished; Carena et al.; ...?]
JANVANVA : . .
\VARVERV/ in the context of Higgs masses & mixings
1 I U 1 7 here: complete computation including arbitrary MSSM flavour structure
u U

ALt a2, A2 ) " ;
+ =(H'H)?> + =2(H'H)* + M\s(H'H,)(HH,) + \(H'H,))(H'H, _ _
o (HIHD® + HLH) + da(HUH) HIHD + MU H) D
+ Xe(H'Hy) (H, - Hy) — \7(HIH,) (H, - Hy) + h.c.} operators
/ (v/IM corrections)
allowed in a model Il not present in tree-level MSSM

M) =AY = M = (P +g?)/a=g A N =72



Effective tree diagram (loop-corrected)

1O, HO, A = (V;iVis)? x (fermion coupling) x F~



Effective tree diagram (loop-corrected)

\\,/
1O, HO, A = (V;iVis)? x (fermion coupling) x F~
/.\v\
br SL
4
F~ = — 5 U2 5 X {()\2)\* — )\*2) S% + 2 ()\2)\* — )\3)\; + )\*)\7) S%Cﬁ
Ty, M T 4

-+ ()\1)\2 ’)\5‘2 — 2)\6)\* -+ 4)\*)\7) 8565
-+ 2()\5)\2 — )\3)\6 + )\1)\7)856ﬂ + ()\1)\5 — )\?j)cﬁ}



Effective tree diagram (loop-corrected)

SL br
g
W0, HO, A = (V3Vis)? x (fermion coupling) x F
/.\\
br SL
4
Free U & {(AQA;; —A22) s 2 (s — 3L L) shes

mhmHmA 2 * *
_|_ ’)\5‘ - 2)\6)\7 _|_ 4)\ )\7) Sﬁcﬁ
-+ 2()\5)\2 — )\X{\@ + )\1)\7)856ﬁ + ()\1)\5//)\%)05}

only contribution with tree-level matching is down by two powers of 1/tan 3
in fact A1 A2 - A32 = 0, but cancellation removed by leading logs(v/M)



Effective tree diagram (loop-corrected)

\\’/
10, HO, A" = ( ;thS)Z X (fermion coupling) x F—
/.\\
br SL
U4 % * * 3
F~ = — 55 X { 2()\2)\ —)\3)\7—|-)\ )\7)8565
M M 4

’)\5‘2 - 2)\6)\; —|— 4)\*)\7) Sﬁcﬁ
-+ 2()\5)\2 — A 6 T )\1)\7)856ﬁ + ()\1)\5//)\%)05}

only contribution with tree-level matching is down by two powers of 1/tan 3
in fact A A2 - A32= 0, but cancellation removed by leading logs(v/M)

New contribution at one loop matching
neither ms/myp nor tan B suppressed



U(l)rq symmetry at large tan ()

What is the reason for the leading-order cancellation?
cannot be model-Il restrictions, because As is allowed by these

The relevant symmetry is continuous and of the Peccei-Quinn type:

(X"
ha — €7 hq + suitable (chiral) transformations

hu N hu of fermion

broken in MSSM only by the py parameter
This is a symmetry which forbids As 6,7 but allows A1..4

The useful aspect is that it is not spontaneously broken in the large tan[3
limit <hg>=0



Large tan (B) effective Lagrangian

- leading-order Higgs potential invariant under hg — emhd
even if electroweak symmetry broken, at tan 5 = oo
loop-corrected potential still approximately invariant, at

%v%i preserves U(1)

- @(hg*f +@¢uh2* - h.c.} v?, breaks U(1) but
1 2 loop suppressed
1

(have shifted hY = ﬁ(vu + u) )

- For the fermions assign charge only to br: bp — eio‘bR

Lot D k(cos Bhy" — sin 5h2)R8L +@§R5L]

preserves breaks U(1)

T

A A
v = [mi + ?5@2} H'H,; + ?41)2\hg|2 +

All U(1) breaking in EFT proportional to small parameters As 7, ys, 1/tanf3



Effective loops

Large tan(beta) effective Lagrangian allows to compute in terms of
complex fields and symmetry-breaking insertions

hqg = Hy — 1Ay + O(loop; 1/ tan ()

h:

J
S e - /Z_\ : % small subset
" of diagrams
" . 4@ that cancel
& due to the
s b s * b b s e b 3 —¥% ; Symmetry
(b) (c) (c)
bR SL bR S, bL bR St
< + “«—%
& e @2 only one loop
0 ®U2 - A\E 02 Yhd AN diagram remains
* . 7 .
: e (3-loop in MSSM)
< < e
SL bR ST, bR Sy, bR bL
(F) (g) (h)

U(1) preserving

U(1) breaking couplings Higgs loop

(sfermion-loop suppressed) N B
— O(brsrbrsr) —O(brsrbrsr)



Effective hamiltonian

dri < dr;
w w
dr,; ol dpi Q
bR< ST, bR4 S, b, bf g ST, OPE (mB/mW) Z Cq, ¢
K o FE)
2 Ou 0x 0%
hy' @v J,0% A7 v? 1" P
d
SL >bR SL >bR SL X b>R br,
@1 (E%fyﬂb%)(g%y“b%D only operator present in SM
Q2 = (5T )(5%bY),
QS — (g%b%)(g%b%),
Qa = (3%b1)(s3b%), ~ *3more
Qs = (5%b1)(5,0%)




U(I) classification of mixing amplitudes

A(B — B) = Z C;(B|O;|B) weak hamiltonian (4-quark operators)

(

suppression of leadin

operator(s) U(1) charge Higgs contribution °
O(brsrbrsr) AQ =2 As [ sparticle loop new

_ _ formall
O(brsrbrsgr) AQ =1 Ys known \ ¢ samg

size

Obr 51 B s _ 2HDM loop new

( LoLYL L) (SM)  AQ =0 (no scalar tree)
O(brsrbrsr) AQ = 2 (ys)?> and 2HDM loop tiny
O(brsrbrsR) AQ =0 (ys)? and Asfsparticle loop |

AQ = -2

[modified assignment]



v/Msusy corrections

consider a higher-dimensional higgs-fermion coupling

1 _ 2203 - 202 - _
Q(G) — 2 (HZ,Hu)(bRHJLQZL> — = brsr, + - (bRSth + 2 bRSth*)
Mgusy Mgysy Mgysy

U(1)-breaking

contributes, but is loop-suppressed (with no compensating tan[3 factor)

do not consider higher-dimensional Higgs self couplings, as all
possible amplitudes are already generated at dimension-4 level



tanp scheme dependence

JFfirst arises at this order, scheme independent up to higher orders.

However, higher orders in relation defining tanf3 can in principle be
themselves tanB enhanced! [see also Freitas, Stockinger 03; Beneke et al 08]

1-loop effective action due to heavy particles, for DRbar fields:

LSY{}.;! - / d.: I

(1 + AZu)( - 1:lI"""".:l,I""'."“:"v“ - (]. * AZU)(’ - 1 :lB“:,B'“V
. :,1 i \ ‘,1 ,

+(85; + AZi) (D H:) (D*Hj) — i H Hy; — Y MO + .. ]
A=]
can directly interpreted as effective Lagrangian for non-canonical fields

many ways to make —eH " Zoi Za Het
EFT fields MSbar: ( HPR ) a ( Zud Ly ) HS*



tanp scheme dependence

choose vi'\  (1+0Z,,/2 0Z,4/2 v,
Vce,ff - 0 1+ 0Z4q/2 Vq

relation between MSSM and EFT tanf3

tad

- off DR : . g VR

(b (/J:' — U'_z(‘l-l)l =v, OZ»_;,{U,!' — éZimv!x T O'Uz
DR - o, bad
Uqg — OZrz’d'L"d t évtlﬂ

o stad o tad

1
U1 Uz

o) = va ()™

tan B(p)® = tan g3°% (1 — + 6244 — 0 Zy — 6 Zyq cot J)

tad
)

where 6v'*¢ renormalizes tadpole (v + 0v = (@), any field)

tan 8 = tan 5ﬁ + small (i.e. not tan 8 enhanced) shift

(had we chosen 074, # 0 , a term proportional tanf3 would appear)




Phenomenology

nonperturbative
QCD effects
[ —14ps—! ) ms mp, pLR
AM — AM - ] >X[ H } 2| ffect
( sMs/d =\ Copst |~ [0.06Gev] [3Gev [2.56 nown etee
_ 5 ; |
4.4pS_1 X Ma\/ (—)\5 T i_;) ].67T2 mp 2 PSLL
+ .13pS_1 M,%\ [3(}6\/’} @’ new effect
- m] (6y167r2)2 [tan ﬁ] * grl:]rgﬁrlcally
My M3 (1+é&tan8)° (1 +eotan 3)* | 50

All new effects numerically somewhat (accidentally) suppressed

(AM)exp = (17.77 £0.12)ps™? (AMg)exp = (0.507 £ 0.005)ps~*
AMM ~16...27ps™?




Zero! (Almost)

—6 1.3 [Gorbahn, SJ, Nierste,
\. 19 Trine, in progress]
_8 s E
1.1 |
; — — — = excluding
< ~10f __—— | ] g including
- 1 0.9 new corrections
-12t 7 <
/ 08 tan 3 = 40
100 200 300 400 azp, = 2000 GeV,
M, Mz = p = 1500 GeV
® R, =log,( |BR(Bs; — putu")/AMg_ ps] Mz = M, = 1000 GeV
M, = 500 GeV

® AM/AMM

main features - and correlations - of AMp_ and BR(Bs — p*pu™)
are preserved




tanfd scheme conversion

We have seen that no extra enhanced terms appear in B-physics
observables if expressed through tan 8°%.

Not so for other schemes: We show that different schemes in the
literature differ by tanf3-enhanced terms. Start with:

oyl ' "l;: Q0D . 1 - 1 . O "‘l 6 "fJ . - .
tan 3" = u 1712 o d(l + 04, — -04; — L L‘) = tan 3 + o tan (3
v ff .) 2 2 ' " v d
1 | "
(h! — —=v) =0 o' = Z. “(v; — dv; )
..' : ﬁ (O : . \ . “J
tan 3% — tan 8% = étan 3% — 6 tan 3%
DR Z; = ov; = minimal = ¢tan (3 = pure divergence
“DCPR” set of on-shell conditions; vanishing A°-Z° mixing and
ov L ov d

Uy Ud



tanfd scheme conversion

(1+AZy)( '1:'I""’"?'I""""‘“"" + (14 AZg)(- 711:'3,.';.-,3"”/

| S

. S, = [dt
Now interpet  “* / g

(+(8 + AZy)(DH) (D*H;) — il H H; — 3 3aOx + ...
k=1

within the MSSM. The Higgs kinetic operator contributes to A%-Z°
miXxing as:

const AZ51(1 4 O(cos ()

However, only “diagonal” wave-function renormalizations 5Zii\DuHi]2
are allowed in the MSSM, contributing:

const sinFcos 302, — 0 Z44)
Cancelling A°Z° mixing implies
tan? (3
2

tan 6ﬁ — tan BPCPR = ReA12(1 + O(cos 3))



Conclusions/outlook

First systematic study of all “subleading” Higgs-mediated effects
in Delta F=2 processes in the large tan(beta) MSSM

Approximate symmetry allows for transparent & efficient
treatment.

We computed “zero”, i.e. no large corrections from Higgs loops.
Correlations and phenomenology of e.g. Buras et al remain
valid, no relevant corrections at even higher orders expected

Parametrically large shifts between tan3 schemes in the
literature exist



