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Term inology: fo l low s Daw son, 
J ac k son, Reina and Wac k erot h 
(Mod.Phys.Let t . A21,89 -2006)
for  bot t om - neut ra l  Higgs 

and Berger ,Han, J ing  J iang
 and Plehn
(Phys.Rev.D71,115012-2005)
 for  t op- c harged Higgs 
(“ sem i-inc lus ive” =” assoc iat ed” )
produc t ion.

Apologies t o t he very large num ber 
of  unquot ed aut hors.....

 

Pe
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The resul t s  t hat  I  w i l l  show  have 
been obt a ined w ork ing in  t he 
5FNS and c onsider ing t he 
4 “ sem i-inc lus ive”  proc esses:

bg---> bh  (h=ho, Ho, Ao  MSSM)

                       
bg---> t H  (H=c harged MSSM Higgs).

in  t he MSSM and a lso in  t he 2HDM,
Type 2, approac h, for  MH>m t op.   
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The t heoret ic a l  group t hat  per form ed
t he c alc u lat ions is  m ost ly  
c onst i t ued by t he m em bers of  t he
I t a l ian INFN suppor t ed LE21 
“ In izia t iva Spec i f ic a”  i .e .

Mat t eo Bec c ar ia , Giac om o Dovier ,
Guido Mac or in i , Luc a Panizzi , C.V.
(green ones prev iously  p.h.d. s t udent s  
of  m ine)
w i t h t he ex t ra essent ia l  c ont r ibut ion 
of  Fernand Renard, Edoardo Mi rabel la .
and (for  t he last  paper)   
Abdelhak  Djouadi .

L'idea prevalent e  euppo 
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At  t he low est  t ree level  order , 
t he four  c onsidered proc esses are
desc r ibed by t he fo l low ing 
Feynm an d iagram s (nex t  page): 

To underst and t he m ain goals  of  t he 
t heoret ic a l  e f for t s  t o  be desc r ibed,
a good s t ar t ing point  is  t o  der ive
t he MSSM ex press ion of  t he re levant
(t ,b  H=Higgs) Yuk aw a Lagrangian.
In t he not at ion of  Carena, Garc ia,
Niers t e and Wagner  (Nuc l .Phys.B577,
577-2000) t h is  reads:   
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In   t he prev ious ex press ion (w here
I  assum ed Vt b=1),  ho, Ho, Ao 
are t he physic a l  neut ra l  CP even and 
odd Higgses (CP is  assum ed t o be 
c onserved), H+ is  t he phys ic a l  c harged  
Higgs. In  pr inc ip le, t here are s ix  f ree 
param et ers  (t he four  m asses and t he t w o
angles).In  t he MSSM at  t h is  low est  order  
only  t w o param et ers  are independent ,
usual ly  t ak en as MAo and t gbet a. 

In  a m odel  w i t h  one m ore (ex t ra SM) Higgs
Doublet  and t w o d i f ferent  vevs l ik e in  t he
MSSM (2HDM) t he s ix  param et ers  are f ree.
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Look ing at  t he LO Lagrangian of  page 7
one sees t hat  t ak ing large values (e.g.
>10) of  t anbet a t he t erm  propor t ional  t o
Mt  in  t he bt H in t erac t ion c an be ignored.

The four  proc esses bg--->bh  and bg--->t H
are t herefore desc r ibed in  t h is  regim e by
t he sam e param et ers , t anbet a, MAo
and m b. This suggest s  t he c r i t er ion of
m ak ing a c om m on st udy and c om par ison 
of  t he four  reac t ions, t hat  m ust  nec essar i ly
involve t he h igher order  “ radiat ive”  
c orrec t ions and, a lso, t he “ poor boy”  sm al l
t anbet a (e.g. <10) region. 
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Moving t o h igher orders.

Moving t o h igher orders in t he MSSM   
requi res f i rs t  o f  a l l  a  c hoic e of  t he SUSY
param et ers   desc r ip t ion. Nex t , s t rong  
and EW int erac t ions ef fec t s  m ust  be 
c om put ed   (in  a possib ly  t err i fy ing w ay, 
w here a num ber N>>1 of  in f in i t ies m ust  be
ex ac t ly  c anc el led) and sui t ab le def in i t ions
for  c er t a in param et ers   m ust  be adopt ed.   

A par t ic u lar ly  re levant  ex am ple of  
t he la t t er  sent enc e is  t hat  of
t he c hoic e of  t he bot t om  m ass.
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At  t he low est  order , page 7, m b is  t ak en as 
t he “ pole m ass” . But  as soon as one m oves
t o h igher orders, t h is  def in i t ion is  not
a lw ays safe and ot her  renorm al izat ion
sc hem es are preferable, see e.g. Benek e
and Singer , Phys.Let t .B471, 233 (1999). 

In  t he spec i f ic  MSSM c ase, a par t ic o lar ly
c onvenient  c hoic e for  m b is  t hat  o f  t he 
Dim ensional  Reduc t ion renorm al izat ion
sc hem e, (Siegel ,Phys.Let t .B84,193(1979)),
as d isc ussed in  det a i l  by Heinem eyer , Hol l ik ,
Rzehak  and Weig le in, Eur.Phys.J  C39,465
(2005). Di f ferent  “ m ix ed” c hoic es are
how ever  a l low ed  (w i t h som e c are).
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             H igher  QCD orders.

In  t he 5FNS t reat m ent  of  t he four  
c ons idered ” sem i-inc lus ive”  produc t ion 
proc esses one f inds t w o t ypes of  QCD
c orrec t ions, t hat  m ight  be c al led of
“ d iagram m at ic ”  and “ bot t om  pdf ”  or ig in.

The la t t er  ones or ig inat e f rom  t he (k now n)
fac t  t hat  in  t he 5FNS t he bot t om  par t on
is  desc r ibed by a proper  pdf  t hat  resum s 
c ol l inear  logar i t hm s and is  a l ready of
O(alphas) (see d isc ussion and referenc es
of  Daw son et  a l ., page 2).
Moving t o NLO replac es t he LO vers ion 
(CTEQ6L) w i t h  t he NLO one (              ).  
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The SM and SUSY QCD NLO 
“ d iagram m at ic ” c orrec t ions for  t he
c onsidered “ assoc iat ed”  proc esses
in t he 5FNS have been c om put ed 
by a num ber of  honourable aut hors,
t o  m y k noledge: 

Zhu, Phys.Rev.D67,075006 (2003);
Plehn, Phys.Rev. D67, 014018, (2003)
Gao,Lu,Xiong, Yang, Phys.Rev.D66,
015007(2002);
Berger  et  a l ., page 2;
Cam pbel l ,El l i s ,Mal t oni  and Wi l lenbroc k ,
Phys.Rev.D67,095002 (2003);
Daw son et  a l ., page 2.
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As a genera l  feat ure, SM QCD 
c orrec t ions t o t he t ot a l  ra t es 
are large and posi t ive, w hi le  SUSY QCD
ef fec t s are negat ive and s izeable for  large
values, e.g.>10, of  t anbet a. This  c an be
re lat ive ly  easi ly  underst ood as a 
c onsequenc e of  t he spec ia l  large t anbet a
param et r izat ion of  t hese ef fec t s  
or ig inal ly  proposed by Carena et  a l .
(page 5), w i t h  t he in t roduc t ion of  an
“ Ef fec t ive”  Yuk aw a Lagrangian replac ing
t hat  of  Page 7 and c ont a in ing t he 
“ g lor ious”  param et er  Del t am b.   
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Short  Del t am b sum m ary.

At  t he or ig in of  t he form al ism  t here is  t he
sim ple  observat ion (Carena et  a l ., page 5)
t hat  in  t he low est  order  Yuk aw a Lagrangian
(page 7) t he bot t om  quark  on ly  in t erac t s
w i t h d-t ype Higgses, w hi le  at  h igher  MSSM
order an in t erac t ion of  SUSY QCD or ig in
w i t h u-t ype Higgses is  in t roduc ed by t he 
fo l low ing d iagram  (nex t  page).  
St ar t ing f rom  t h is  observat ion and af t er  
 br ight  s t eps one is  led t o a desc r ip t ion
of  t he 4 proc esses val id  in  t he large t anbet a
range(in fac t , t he leading t anbet a ef fec t s
are resum m ed t o a l l  orders) and based on
an “ ef fec t ive”  Yuk aw a Lagrangian w here a
m odi f ied bot t om  m ass ent ers : 
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The SUSY QCD c ont r ibut ion t o Del t ab 
depends on t he values of  t he involved
MSSM param et ers . For  c er t a in c hoic es
one sees t hat  Del t ab c an be pos i t ive,
proport ional  t o  t anbet a and t hus large.
The denom inat or  (1+Del t ab) t herefore 
dec reases t he rat es of  t he proc esses.

In c onc lus ion, NLO QCD ef fec t s are k now n
(w i t h t he i r  re lat ed t heoret ic a l  unc er t a int y ,
due t o fac t or izat ion and renorm al izat ion
sc ale dependenc e, d isc ussed in  t he quot ed
referenc es). 

What  about  NLO elec t row eak  c orrec t ions?
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For t he c onsidered proc esses, NLO MSSM
EW radiat ive c orrec t ions have been 
c om put ed  in   t he fo l low ing w ays:  

Daw son et  a l ., page 2, (bh) have used  a 
“ genera l ized Del t ab”  approac h. Beyond 
t he g lu ino-sbot t om  graph of  page 17, t here
are s im i lar  SUSY EW graphs, e.g. one w i t h
c harg ino-st op. This  c an be resum m ed and
provides a “ Del t abEW”  ef fec t  w hic h 
is  a lso enhanc ed for  large t anbet a and is
supposed t o be t he dom inant  SUSY EW
c ont r ibut ion. Num er ic a l  resul t s  are g iven  
in  t h is  approx im at ion.
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Berger  et  a l ., page 2, add t o t he SUSY QCD
Del t ab t erm  ot her  NLO “ Supersym m et r ic  
c ont r ibut ions” . In  t he (usual ) large t anbet a 
l im i t , t hese ex t ra MSSM “ non SUSY QCD 
Del t ab”  e f fec t s  are sm al l  and negl ig ib le.  
MSSM EW ef fec t s seem  not  t o  be re levant .

The “ d igni t y”  o f  MSSM EW ef fec t s  is
rec onsidered in  t he” fu l ly  inc lus ive”  proc ess
of  h produc t ion by bot t om  fus ion in  a paper
By Di t t m aier ,K ram er,Muc k  and Sc hlut er
(J HEP 0703, 114(2007) ).
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This  paper  per form s t he c om plet e NLO
MSSM EW c alc u lat ion for  t he proc ess and
separat es t he resum m ed ex t ra “  EW Del t ab”
ef fec t s (w ino-h iggsino-st op, w ino-h iggsino-
sbot t om ,..) f rom  t he  “ rem ain ing”  ones.

The resul t  is  t hat  t he EW Del t ab ef fec t s  are 
w el l  c om pet i t ive w i t h t he SUSY QCD ones,
and of  opposi t e  s ign. The “ rem ain ing”  ones
give a sm al ler  (re lat ive few  perc ent ) e f fec t .

Our c onc lus ion  is  t hat  t hese NLO MSSM
EW ef fec t s m ust  be ac c urat e ly  c om put ed.    

This is  w hat  w e d id.
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For t op-c harged Higgs c alc u lat ion:      
Bec c ar ia ,Mac or in i ,Panizzi ,Renard,
C.V., Phys.Rev.D80,053011,(2009).

For  bot t om -neut ra l  Higgs c alc u lat ion
Bec c ar ia,Dovier ,Mac or in i ,Mi rabel la ,
Renard, C.V.,arXiv:1005.0759(hep-
ph). A m ore rec ent  vers ion w i t h ex t ra
c alc u lat ions and t he sam e aut hors 
ex is t s , arXiv:

For  t he t op polar izat ion in  t H 
produc t ion , a  pre l im inary vers ion 
ex is t s ,Bec c ar ia ,Djouadi ,Dovier ,
Mac or in i ,Renard,C.V.
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In  a l l  papers, t he c om plet e one-loop
MSSM EW ef fec t s (inc luding QED) 
have been c om put ed.

NLO QCD has not  been inc luded (i t
a l ready ex is t s).

The resum m ed SUSY QCD Del t ab 
t erm  has been inser t ed in  t he bh
produc t ion proc esses, and om i t t ed
in t he t H produc t ion c ase. 
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The EW c alc u lat ion is  va l id  for  a l l
t anbet a values, inc luding t he
usual ly  neglec t ed “ sm al l ”  ones. SM 
ent ry  a lpha, MW,MZ.

For  bh w e c hose t he Dim ensional
Reduc t ion Renorm al izat ion sc hem e,
w i t h t he (k inem at ic a l ) bot t om  m ass
def ined in  t he OS syst em .  

For  t H w e c hose t he Wan,Ma,Zhang,

Yang (Phys.Rev. D 64,115004-2001-)
Renorm al izat ion sc hem e, w i t h
t he b,t  m asses on shel l .
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The bot t om  pdf  has been c om put ed 
in  t he MSbar  syst em  at  sc ale  (Mt +
MH) or  Mh.   

A l l  t he def in i t ions of  t he var ious 
c ount er t erm s c an be found in  t he
t w o f i rs t  quot ed papers (a par t ia l  
i l lust rat ive set  of  f igures is  enc losed).

We have c alc u lat ed invar iant  m ass 
d is t r ibut ions and t ot a l  ra t es w i t h
only EW (and SUSY QCD for  bh) NLO
ef fec t s for  d i f ferent  param et er  spac e
sc enar ios ,for  t he MSSM 
and for  t he 2HDM. 
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A few  i l lus t rat ive Figures.

In t he bh proc ess w e have (a lso)
det erm ined t he EW K  fac t or , def ined 
as t he rat io  of  t he c om put ed one-loop
(BORN +SUSY QCD + MSSM EW) rat e
t o t he (BORN +SUSY QCD) one. We 
have c onsidered a “ SPP2”  sc enar io 
w i t h f ix ed MA=250 GEV and input  
param et ers  show n in  nex t  Table. The 
spar t ic le  m asses and m ix ing angles 
have been obt a ined w i t h t he c ode 
FeynHiggs. The resul t s  for
Ao,Ho,ho produc t ion are show n in t he
nex t  Figure. 
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What  about  t H?

We have c om put ed t he pure ly  EW (no 
SUSY QCD) MSSM K  fac t or  in  t w o 
m Sugra sc enar ios +SUSPECT ( t ab les).

The EW ef fec t  is  m odest  for  t anbet a 
=10. For  t anbet a = 50,
i t  reac hes a re lat ive 20 perc ent  s ize
(t o be c om pared w i t h possib le 30-40
perc ent  ef fec t s for  Berger  et  a l .)
 
Again, i t  appears t hat  MSSM EW NLO 
ef fec t s c an be re levant  and should be
fu l ly  c om put ed.

 



32

As one sees f rom  t he Figure, t he NLO
MSSM EW ef fec t  is  indeed “ m odest ”
(a few  perc ent )   for  Ao and Ho. But
for  ho i t  bec om es large and negat ive
(a re lat ive 20 perc ent ) w hen t anbet a 
approac hes 40, and is  of  opposi t e  
s ign (a re lat ive 10 perc ent ) and 
apparent ly  inc reas ing 
w hen t anbet a approac hes 10 (sm al ler
t anbet a values are being c om put ed...). 

Cer t a in ly , for  bh0 produc t ion t he NLO
MSSM EW ef fec t  should not  be 
“ assum ed”  t o  be negl ig ib le.
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A reasonable quest ion t hat  ar ises at  
t h is  point , having ver i f ied t he possib le
re levanc e of  t he c om plet e NLO EW
MSSM ef fec t s, is  t he fo l low ing one:
  
Are t he EW ef fec t s of  “ non Del t ab t ype”
real ly  im por t ant ? In  ot her  w ords, c ould
one use t he (m uc h s im pler) “ Im proved 
Born Approx im at ion”  w i t h only  
resum m ed SUSY QCD and (a l l ) EW 
Del t ab t erm s, l i k e in  t he Di t t m aier  et
a l . b-fus ion paper , w here t hese 
c ont r ibut ions seem  t o be  by  far  t he 
leading ones?
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To f ind an answ er t o  t h is  quest ion, w e 
have c om pared our  fu l l  one-loop 
c alc u lat ion w i t h t he m ent ioned IBA,
k eeping in  bot h t erm s t he fu l l  
resum m ed SUSY QCD Del t ab t erm  and
al low ing as in  t he prev ious ex am ple
t anbet a t o vary  in  t he SPP2 sc enar io 
w i t h MA= 250 GEV.  The resul t s  are 
show n in t he fo l low ing Figures. 
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As one sees f rom  t he Figure, t here is
a rat her  s t rong d i f ferenc e bet w een 
t he c om plet e one-loop c alc u lat ion 
and t he IBA,  t hat  reac hes a re lat ive
25 perc ent  s ize for  large t anbet a.

In t he sam e Figures, one sees t he 
resul t  o f  a  d i f ferent  “ Reduc ed Vert ex  
Approx im at ion” , RVA, t hat  sum s at  
one loop ef fec t s of  a  larger  num ber
of   bot t om  ver t ic es and reproduc es 
m uc h bet t er  t he c om plet e c a lc u lat ion.

 So for  bh IBA seem s t o be in  t rouble.
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Whic h spec ia l  in form at ion c an be 
obt a ined by NLO MSSM ef fec t s?

As a f i rs t  ex am ple, w e c onsidered
t he rat io  of  t he MSSM and 2HDM 
rat es at  var iab le t anbet a (w i t h  anot her
param et er  e.g. MAo k ept  f ix ed). 

This  rat io  should be SM QCD 
independent , and w ould t herefore 
prov ide t he s ize of  t he “ Genuine”  SUSY
c ont ent  (inc luding SUSY QCD) of  t he 
MSSM w i t h reasonable ac c urac y.
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This  rat io  has a l ready been c om put ed 
for  t H by  Berger  et  a l . in  a c er t a in 
sc enar io and has prov ided a Figure
c ont a in ing only  a par t  o f  t he MSSM EW 
NLO w i t h  t he SUSY QCD Del t ab t erm .
(see nex t  page). 

As one sees, t he 2HDM rat e is  m uc h 
larger  for  large t anbet a (a lm ost  a 
fac t or  2 for  t anbet a =40) but  c o inc ides 
w i t h t he MSSM w hen t anbet a bec om es
sm al ler .

This  is  w hat  one w ould ex pec t  f rom  
t he presenc e of  t he  Del t ab t erm .
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We have per form ed t he sam e 
c om par ison for  bh, again a l low ing 
t anbet a t o vary  for  f ix ed MA at  
d i f ferent  va lues. Only t he MA=250
Figures are show n.
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As one sees f rom  t he Figures, t he 
2HDM prov ides a rat e w hose rat io
w i t h t he MSSM one fo l low s t he 
ident ic a l  t anbet a behaviour  in  a l l
neut ra l  Higgs c ases. For  large t anbet a
t he 2HDM rat e is  def in i t e ly  larger , 
m oreless l ik e in  t he Berger  p lot .

I f  t anbet a w ere k now n, i t  m ight  be
poss ib le t o  ident i fy  t he “ t rue”  Model .

 
This  leads t o t he last  quest ion of  m y 
present at ion: c ould t anbet a be 
m easured?
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A problem  t o ident i fy  SUSY
param et ers  is  t he presenc e of  s t rong
int erac t ions t hat  in t roduc e in  t he
t heoret ic a l  est im at e a “ sc ale”  
unc er t a int y  t hat  is  som et im es  as large 
as t he SUSY ef fec t  t o  be m easured.   

On t he ot her  hand, s t rong in t erac t ions 
inc rease t he value of  t he rat es, w hic h
produc es m ore s t a t is t ic s----> t hey are
“ usefu l ” .

The s i t uat ion appears t o  m e som ehow
 s im i lar  t o  t he o ld c ase of  LEP1 Hadron 
produc t ion at  t he Z resonanc e. 
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The idea w as t o def ine an observable 
t hat  w as independent  of
s t rong in t erac t ions  (Lynn, C.V.,
Phys.Rev-D35,3326-1987)                        
                   i .e .:

The Longi t udinal  Polar izat ion 
Asym m et ry  (Al r (MZ)).

 
Fi rs t  quest ion: does suc h an 
observable ex is t  in  one of  t he 
c ons idered proc esses? In pr inc ip le,
Yes for  t he t H proc ess (rat es for  t l  and 
t r  produc t ion are c er t a in ly  d i f ferent ).
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A det a i led d isc ussion of  possib le 
m easurem ent s of  t op polar izat ion 
asym m et ry  f rom  c harged s lept on 
produc t ion, suggest ing t he “ nat ural  
ex t ension”  of  t he w ork  t o t he proc ess 
of  t H produc t ion, has very rec ent ly  
been prov ided by

Arai ,  Hui t u , Rai  and Rao, 
ArXiv: 1003.4708V2, (August  2010).
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Could a c er t a in longi t udinal  
po lar izat ion asym m et ry be SM QCD
independent  (i .e . SUSY det ec t or)? 

Before t ac k l ing t h is  problem , w e 
c om put ed t he pure ly  EW NLO value of  
t h is  asym m et ry , def ined as t he rat io  
of  d i f ferenc e and sum  of  t he polar ized
rat es, s t ar t ing f rom  t he prev ious ly  
def ined t H benc hm ark  point (SPS1)
and a l low ing t anbet a t o vary w i t h 
SUSPECT .Nex t  (pre l im inary !!) Figures 
show  t he t H rat es and le f t -r ight  
asym m et ry .
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Qual i t a t ive ly  : one sees a pot ent ia l ly
re levant  feat ure in  t he low  t anbet a 
region (2<t anbet a<10) , w i t h  a drast ic
c hange of  s ign. But  SUSY QCD c ould 
be a lso re levant , and should be 
c om put ed(Bec c ar ia ,Djouadi ,Dovier ,
Mac or in i ,Renard,C.V., in  progress).

Our hope: SM QCD m ight  c anc el  in  t he 
rat io  (t o  be c hec k ed).
Then Al r  m ight  be c ons idered as a 
poss ib le“  SUSY m easurem ent ”  in  t he 
a l l  t anbet a region, i f  c om bined w i t h  
m easurem ent s of  a l l  t H and bh rat es.  
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           Conc lus ions.
The ro le of  t he NLO MSSM SUSY
c orrec t ions appears t o  be re levant
bot h at  t he QCD and at  EW level  in
t he produc t ion of  t H and bh.

I t  seem s appropr ia t e t o  c om put e t he
Del t ab QCD ef fec t  , c orrec t ly  
resum m ed, independent ly  of  t he 
c om plet e NLO EW c ont r ibut ion: no 
separat ion of  “ pr iv i ledged”  resum m ed 
Del t abEW  t erm s and “ poor people”   
rem ain ing NLO EW ones: 

DEMOCRACY MUST WIN!!!
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 A lo t  o f  w ork  on t hese 
proc esses has been done.        
  
A lo t  o f  w ork  on t hese 
proc esses has s t i l l  t o  be
(and is  be ing) done.
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