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Lightning review of SM & MSSM Higgs physics

QCD corrections to bg—bh (review)
— Discussion of gg—bbh vs bg —bh

MSSM results for bg—bh

— Status of current limits

Effects of SUSY QCD (SQCD) and EW corrections on
bg—bh

— Why are these effects interesting?

— Does the effective Lagrangian approach work here?

— What about decoupling for heavy SUSY particles?



EW measurements suggest light Higgs
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GFITTER Approach

Includes direct search limits from Fermilab

Includes estimate of theoretical uncertainties
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SUSY is favorite alternative

« SUSY: No quadratic divergences, large top
Yukawa can give EWSB, dark matter candidate,
good fit to EW data ....

IIIIIIIII[]III[!IIIi LI L

- uncertainties 68% CL: '{
80-60 [ A il it
- exp.: LEP2/Tevatron e

| ——— SM fit

[ = CMSSM fit
80.50 _

L —— NUHMLE

)
[43])
= 8040+
E i
80.30
80.20 i MSSM I ]
: both models B 4
IIilIIbIlIIkI‘

140 150 160 170 _ 180 _ 190 200

Buchmueller et al, arXiv:0912.1036



Producing the Higgs at the Tevatron

o[pb] Tevatron, My /2 < p < 2Mp,

10 & g9 = h ——
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NNLO or NLO rates

M,;/2 < n < M, /4

»SM Higgs production
with b’s not relevant

> Xb=mb/ \Y%



95% CL Limit/SM

SM Higgs Searches at Tevatron
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SM Production Mechanisms at LHC

LHC, /5 = 14TeV, My/2 < p < 2M,

| e MG B 0 -~ ¢
o L NLO, gg,q7 >  o(pp— h+ X)[pb] - Bands show scale dependence
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Higgs in the MSSM
» MSSM has 2 Higgs doublets: Hy and Hy,

1
+ 0 by =—(vl+h§)
Hd :(¢%j Hu :( ¢uj \/5 tanB:V1/V2
& 0 = 7= +h0)

» Physical CP-Even Higgs bosons
h®Y) (c, —s,\h’
ORI I}

»Pscudoscalar, A, and two charged Higgs, H*
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Higgs Couplings very different in MSSM

Light Higgs
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Large tan 3 Changes Relative Importance of
Production Modes
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® production cross section [fb]

SUSY Higgs Rates at the LHC
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»For large tan 3, dominant production mechanism is with b’s
»bbh can be 10x’s SM Higgs rate in SUSY for large tan [3
osmEE(Mr=200 GeV) ~ 1.5 x 10* fb

TeV4LHC Report



gg—bbh in SUSY Models at Tevatron
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Couplings/masses with FeynHiggs




op, pPp — bbH  Enhancement in MSSM

Note log scale!

10° |
2 | wfsb=14 TeV
10 p; >20 GeV
1 &x
10 i T l<2.5
0| . :_"_"‘“~::_"“'--~,,h“=m"+M“/2
810" | — e,
o é o g -
210° | b
@ -3
107 F o  45um
10" [ e ®MSSM,tanp=10
s [ ®-—®MSSMtanp=20
107 £ o ——eMSSMtanB=40
-6 F

0 200 400
M. ° (GeV)

Can observe heavy MSSM scalar Higgs boson

600

800

D

This i1s why the
calculation is
Interesting!

-

oefr from FeynHiggs with
MSUSY:Mg: ].L:MQZITGV,
Apy=A=25 GeV




pp — bbh

 Why is bbh interesting?
— Higgs discovery mode in SUSY models at large tan 3

— Direct measurement of b quark Yukawa coupling
(enhanced in MSSM at large tan [3)

— Theoretical questions about b quark parton distribution

functions (PDFs)
 Why do NLO corrections? g TTETY—— b
— Improved theoretical reliability [ h
— Often find large numerical results e



pp — bbh at NLO in QCD

* Almost identical calculation to pp—tth calculation

— Dominant contribution at both Tevatron and LHC 1s gg
initial state

— Virtual + real corrections computed numerically using
phase space slicing

— b quark mass included everywhere

— Daifferences: closed loops with top quarks, numerical
problems from large log(my,/My,)

b
& GEGEE0SE0<_ e
= b

_____ h YT b
o 1]
}———- h (8 b
¢ "GEGEGG ,\ g (8 A ¢ GGG B

This can be a top quark



General Approach

e NLO total cross section
Ono = Z Idx1dX2Fip(X1aﬂ)Fj " (X5, )05 (X5 Xy, 1)
i, ]

e NLO corrections contain:

~ NLO _ ~ L0 | O <. NLO
4r
~ NLO A Virt ~ real
éb'ij =0, +0y

virt

6‘ij : One loop virtual corrections to 49,99 — bbh

o "“&!. One gluon real emission 9799 —>bbh-+g, qg — bbhg
— Renormalize UV divergences (d=4-2¢)
— Cancel IR divergences in virtual + real contributions
— Check p dependence



Virtual Corrections

Reduce each diagram in terms of scalar integrals of the
form:

J- d"k 1
27)" [(k> =mH)((k+ p)* —=m,*)....]

— Three external massive particles (keep b mass everywhere)
— Several massive internal propagators

Finite integrals: use existing libraries/packages

UV divergent integrals: analytic (easy)

IR divergent integrals: analytic (hard)

Most challenging part: pentagons with 3 mass scales

This calculation at the limit of what can be done by brute force



Real Corrections

* Real gluon emission: IR singularities for 2—4 process

e(k)

() S
£ 266868 : b 2 rseeos66-@—C b
9
Gs@wmr\{ ®
S b ¢ FOEEEE—@— b

where s;g—0

q.q(k)

q4.9(k)

L=
=y
L=

b
e FWWEM_@B_ b

* Phase Space Slicing—1solate the region of phase space

sig=2pi'pj=2EiEg( 1 -BCOSeig )

— Two cut-off method:

o 8 (Eg<d:Vs/2) Soft singularities
* ¢ (1-c0s0;4<0,) Collinear singularities

Final result 1s independent of cut-offs




Two Cutoff Method (0s,0.):
Gy (ij > bbh+9)=6,

Vs
2

+ Ghard

N

A S
53 O-hard _) Eg >75S

Divide gluon phase space: 6. = E, <

In the soft limit (Eg—0):

d(PS),—>d(PS)3d(PS),= d(PS,) d”_«

(27)"" (2E,)

‘Areal (IJ — bt—)h + g)‘z — (472—055 )‘ALO‘2¢eik

. . Sj i m;
Eikonal factor contains soft poles: ¢, = { - m'z - sz

SigSjg Sig Sjg

Gsor computed analytically: 6. = (47a,) [ d(PS))|A| [ 1 d(PS), s



Hard gluon phase space further divided: Otard = Ohard /coll T O hard /not—coll

In collinear limit: 1—=>1'g ; pi=zpi, pe—(1-2)p;

2 2P, (2)
5,

,(lj—)bbh+g)‘ — (47a )| AL

rea

d(PS,)(ij > bbh+g) — d(PS,)(i'j - bbh)zd (PS,)

Compute hard/collinear ¢ analytically

Grargscon = [ A(PS,) [ 8(PS;) Y \ALO\

G hard/not collinear is finite: compute numerically



Use MS Renormalization

* Compute the O(a,) corrections:

2 2
rl(h—>b5)=3'v'—h(ﬂj 1429 2 3109/ Ma
8T \ Vv 37 |2 m,

e Define the running b mass

m, (1) = m{l —?—;{4+3ln{ﬁ—§}ﬂ

» Large logarithms absorbed to 2-loops

I'(h—bb) =F0{1+5.67M+(36—1.4n” )aS(Mh)Z} I,(h = bb) = (Wb(l\/lh))
T

T

2

Ry Y,




Scale and Scheme Dependence at NLO

*NLO calculations improve scale dependence

*Scale dependence enters in running of os(1) and PDFs, g(),
as well as as’log(n) contributions

*Formally, scale dependence is O(ai*) but may be
numerically large

v PP —bbh
Ty o » Large remaining scheme
006 [ HEmaM2 o dependence between OS and
' " Olone MS at NLO
» Effect = 10-20%

. e, _h“_“"} Scheme dependence

Scale dependence



Distributions for bbh production

| Mi=120 GeV |
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What is the dominant process for Higgs + b
Production?

h ——F----- h b}_\/h

g oo00yY—— b q b
______ h | "'h
4

» Answer depends on whether you tag outgoing b’s

»Is there double counting when including b initial state?



The b quark as a parton

Phase space factorizes in collinear limut:
dE,
(PS), %(PS>2<--->jE—b
— Integration over b phase space gives large log
— Absorb log into b quark distribution
2 \edz o (X
(X, 1) =2 lr{ - j P ng,m

b yA

X

— Altarelli-Parisi evolution of PDFs sums o "In"(p1?/m,?)
— b quark PDF ~o In(p?/m,?) relative to gluon PDF



Two Schemes for PDFs:

* 4 flavor number scheme (also called fixed flavor number
scheme)

— No b quarks 1n 1nitial state

— Lowest order process involving Higgs and b’s 1s
gg—>bbh

« 5 flavor number scheme (also called variable flavor
number scheme)

— Define b quark PDFs (absorbs large logarithms)

— Higgs produced with no prat lowest order (b_b —h)
— Higgs pr generated at higher orders in expansion

g TETOY—— b b
L VS > ..... )
gf'o'omr:l-—ﬁé b




Counting Rules with b PDFs:
Reordering of perturbation expansion

b
'''' 2 2 2~
> " (o In(M*/my*))“=.4
b
b——T-----h b b
,’, 2 2 2 ~
| _. }_\ o 2In(M, 2/m, 2)~.06

g o000 —— g b

9 TEEEY—— b q b

______ hoooH >&mv~< b a~.01
g TTTO—— b q b




Re-ordering of Perturbation Theory

* (b tag process in SFNS:
— LO: bb—h O(os’Av?)
— NLO: Virtual+real corrections O(os’Ap?)
— NLO: bg —bh O(os’Ap), correction of O(1/ Ap) to tree level
— NNLO: gg —bbh O(a.?), correction of O(1/Ap?) to tree level

* 1 btag process in SENS:

— LO process 1s bg—bh: Tree level, O(as”Ap)
— NLO includes new subprocess: gg —bbh, O(1/ Ap) correction to
LO

Av=lo g(MhZ/ mbz)




Inclusive Cross Section for bb— h: 0 b tags

|||||||||||||||||||||||||||||

o(pp — bbh + X) [fb] |

Vs = 14 TeV
K= (2my+ M )/4

bb — h (NNLO)

" gg — bbh (NLO)

bb— h vs gg — bbh



Exclusive cross section for pp— bbh: 1 b tag

» Compare 5 flavor number scheme (b PDFs) with 4 flavor
number scheme (no b PDFs) for total rates

 (Consistent results in two schemes

onLo [fb]

LHC, /s = 14 TeV

100

10

T T :
NLO, gg, qG — bbh —— ]
NLO MCFM, gh — bh  -_..... 4

0.2pg < p < g
po = my + My /2

100

200

300 400
My, [GeV]

500

onLo [fb]

Tevatron, /s = 1.96 TeV

0.1

T T — A
NLO, gg.qq — bbh —— 1
NLO MCFM, gh — bh ...... 1
0.2p0 < pp < o
po =y + My /2 |

100

120

140 160 180 200

M, [GeV]

N

It doesn’t matter
which scheme
you use !

-

This 1s SM—Note
smallness of rates



Compare Distributions: Single b Tag

do/dny (fb/GeV)
|

Tevatron
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do/dny (pb/GeV) LHC

[ | [ | |
NLOL, go.of — b H" — _
NLO MOFM, gh — b

MSSM with My=My=120 GeV, tan B=40



Single b tag

NLO

i:j, [tb/GeV] Tevatron 'l'—"" ph/GeV] LHC
7 « I'rl
| | — = | | 1 ]
o0 L 09,47 — WEIN__ | 3.5 29,9 — {B)H"
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MSSM with My=My=120 GeV, tan B=40



Tevatron Limits From bbh

Tevatron

Higgs decays:
~ bb (~90%)
— 1T (~9%)

1 ’EI'.'D 200 300 400
M,, (GeV)



MSSM limits from bg—bh and bb —h

» Larger rate than bbh process
»Extra b tag and Higgs transverse momentum improve detection

efficiency from 0-b tag process (bb—h)

T100- |
£

|
D@ Preliminary, L= 1.0-2.6 fb"

[

|
|nn pllxlng, u=-200 GeV
| \

M Observed limit -

40 — Expected limit i e
i (b) ] : =
L LEP = i ") Excluded by LEP
B ] il III x — Obs:r;ad limit
20 D031 ] 20, =Tt
L . L/ EEE Expected limit + 20
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90 100 110 120 130 140 150 160 170 180 100 120 140 160 180 200 220
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bg —hb, h —>11 bg —hb, h —1t, bb
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New CDF Limits

200 95% C.L. upper limits CDF Run Il Preliminary (2.5/fb)
180 expected limit
1o band
160
2c band
140 observed limit
120
100
80
60
40 m, " scenario, jL =-200 GeV (4 =-0.21)
20 Higgs width included
n_ 1 I 1 1 1 I I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1

100 120 140 160 180 200
2
m, (GeV/c")



A Reliable Prediction?

. bb —h at QCD NNLO

 We have bg —bh at QCD NLO
— Large PDF uncertainties

— Arise from gluons at large x

6/0ysTw2008n0" 1 [7]

607 T T T T T T I‘o
40 R
20—_‘___ [ =
M__-..------------::...-.-Ili::::::‘-: ------------ /
P 11110 I
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et L LT T iiiis_{:==:= ----- |
- CTEQ6.6,¢,=0.118 eI, -
—20? ------------- _;_i
B MSTW2008nlo, 0, =0.118, CL=90% only PDF o
-40- ]
B MSTW2008nnlo, o, =0.11707, CL=90% PDF +0,
B L L | L L L L
-60
80 100 200 300 400
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Higgs Couplings to Fermions

« Attree level, Hq couples to charge -1/3 quarks, and H, couples
to charge 2/3 quarks

t
L =-Aw Hibs -4 Htz +hc WL:(bLj
L

« Since up and down quark sectors are diagonalized
independently, Higgs interactions are flavor diagonal

 Trilinear couplings couple both Higgs to charge -1/3 and
charge 2/3 squarks

L=T"2,(AH, - &'H, Jt +b, 4, (A H, —ﬂ@S’R +hc.

Couples “wrong” Higgs



b quarks couple to both Higgs at 1-Loop

Calculate squark/gluino contributions to h—bb

I'(h > bb)= [, (1 +200¢p + 253QCD) h

!
!

Non-decoupling Effect:

O

—

1
r---
!
O
; A
’

Mg, Mg, Mg, 4 >> M, ,M,

br

)

b §

(+WF and CTs)

~

Ssoco = —SIgN( 1) ?781 ( I\';I{ng j(tanﬁ +cotar)

SUSY




h—bb

»1f M, also large, decoupling recovered

» Approach to decoupling slowed for large tan 3

~

Osocp = Slgn(,u) [,umg j(tan,é’+cota)

2
M SUSY

oM?

tan f+cota — — tan fcos2f

2
A



Decoupling very slow for large gluino mass

Mg >> Mg, Mg, 1 >> M. ,M,

~ 2
: 2, | u m
o) =—=sign(u)—| — |(tan B+cota ) 1-1o J

’ tanp=1 ——
-0.025 |
=005 ¢ ]

q oo | tan@=30 For large tan 3,
% S B | effects ~10-15%
st tanf3=40 |
0175 ¢ My = Mg = 200 GeV
560 1 Olﬂﬂ 1 5I00 QOIOO 7.5I00 3000

M,y(GeV)



Effective Lagrangian Approach

> No tree level Hybb coupling in MSSM, but it
arises at 1-loop

Amb
tan

L, =—%6R[¢3 ; ¢3*ij I I Y

> At tree level, mp =Ayvi/V2

> At one loop: mp = Apvi(1+ Amy) 2
» Yukawa coupling shifted:

L= M 1 _sina | Am, bbh’
v, L1+Am, | cosp tan S tan «




Define Effective Yukawa Couplings

2a,
Amb = m~,U| (m~ , M, m~) Assumes My << Msusy
3 9 b, b, 9
hy
l(a,b,c)=——— 21 — [azbzlna—2+bzczlnb—2+c2azlnc—2} _
(@*=b*)(b*-c*)a -c’) b c a b ! b
L _:_H R
‘; / N \
br g g br
g = m, 1 sin & i Am,
e Ve \ 1+Am, cos [ tan ftan o

Effective Lagrangian approach neglects momentum dependence of 3-pt function



Squark/Gluino Contributions to bb—h

— Just calculate 1it....

— Compare with tree level rescaled by effective Yukawa
couplings

— Squark/gluino effects almost completely described by
Improved Born Approximation (IBA)

— SQCD effects not contained in IBA are 1-2%

5]

- ].'.It'
h b
i b SR
A
- ].'Jj
b

Dittmaier et al, hep-ph/0611353



Calculate SUSY QCD Corrections to bg—bh

e Approach 1: “Improved Born Approximation”

Opop =

m,

1

VSM

|

1+Am,

|

Am,

_sina 1
cos S tan ftan o

« Approach 2: O(as?) NLO calculation

— Use gnbb as above, so subtract off double counting
— Include all contributions from squark/gluino loops

g
%l B
‘:\\ b
bi 4

j O\ga =

N =

Many contributions
not included in IBA




IBA (Effective L approach) works

0.1+

02+

-0.3

(GNLOIGLO) B

-0.4

-0.5

gb ->bH @ LHC

——

o —

——— Full SQCD

MH" =250 GeV
1 =200 GeV
M, =M, =M = A =M,

500

1000 1500 2000

Mgysy [GeVl

2500 3000

» Note slow approach to
decoupling limit for
large tanf3

Dawson & Jackson, arXiv:0709.4519 [hep-ph]
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Total Cross Section [pb]
g

Non-Decoupling of SQCD for Moderate Msysy
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i
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I

y!
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Vs =14 TeV
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Do Electroweak Corrections Matter?

 Full EW calculation

* At I-loop, there are diagrams which do NOT
vanish in my=0 limit




EW Corrections to bg—bh

['(h—bb) =T, 142850 +2s0cp + 20ew

LHC (E,, = 10 TeV)
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EW corrections 1n large My limat

Dominant contributions from bbH Vertex

— No contributions which grow with My from triangle or box diagrams

b bh) ~ 1+
o(bg — bh) ‘70( 3

LHC (E,, =7 TeV)

M,
L [13—%@])

0.24 T T T T T T T T T
==+ Total Weak Correction
v=ee Improved Bom Approximation
02 — (Total) - (Improved Born Approximation) ]
<o Large M, Limit
0.16 - ot o

Need log(My,) pieces




LHC Expectations

(b)bH, H — 17

CMS Preliminary: projection for 7 TeV, 1 fb' Mar 22 2010
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Conclusions

In the MSSM Higgs and b quarks go together at large tan 3

Higgs production with b’s 1s dominant mechanism for tan [3
> 7

Theoretical understanding of b PDFs: compatible answers in
4FNS and 5FNS for PDFs

EW corrections important at large My,
SUSY QCD corrections can be important

— Decoupling only occurs for Mp—
— SUSY QCD has slow decoupling for large tan 3



Backup



Higgs Branching Ratios

Higgs Decays also affected at large tan

 SM: Higgs branching rates to
bb and 17t turn off as rate to
W*W-turns on (My, > 160 GeV)
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New Logs In Production Processes

e AtNLO: \ 2
1+CFas{...—3log " }5(14)
2 U

_ T

a(bb — h)y = oy
M,

+ P, (2)log—5+...
M

1 ~Mj, associated with renormalization of o

LUr =my associated with PDFs

* Logs not neatly absorbed into running b mass
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