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PLAN

* The rich phenomenology of b-initiated processes
* Flavor schemes in QCD

* An Investigation: the behaviour of b-pdf and one-b-initiated processes
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UCL

BOTTOM QUARKS AT THE LHC

* b quark phenomenology plays a key role at the LHC, from flavor (B mesons) to
Higgs searches and measurements, and as a window to New Physics.

* The b is the only quark for which Aqgcp < mo << v (=mw,mzmp, my).

e Understanding their production Is a necessary Ingredient to make accurate
predictions for signals and backgrounds.

e Bottom quarks can enter in processes at the LHC in two main ways:
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strong production (let us call it “gluon splitting’’) being the dominant one.
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BOTTOM QUARKS AT THE LHC

Now, gluon splitting can take place in a s-channel kinematics (in the final state)

or In a t-channel kinematics (initial state). So take, for example, pp—Zbb
assoclated production:

b
W\\/b

/

b

Both possibilities are affected by the same theoretical worries, which are related
to the fact that mp<<s-partonic, and therefore one expects:
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BOTTOM QUARKS AT THE LHC

» At face value these logs might be large, possibly spoiling perturbation theory

. | A
ag(S)log iz ~ — log SN
m;  log A2QSCD

» Such worries can be lifted, by defining an 5 flavor QCD effective field theory
where the effects of such logs are resummed using DGLAP equations into
fragmentation function and b-pdf’s, in the final and inrtial state respectively.

* This leads to the widely employed, yet sometimes confusing, concept of Initial-

state b’s, 1.e. b's considered as partons In the protons, on the same ground as
Uheis [Elelve

B CEnCpD T Z(bb) Is seen as 2 | process, much SIMPLER to" calcll SERis

also (apparently) more accurate than the 2— 3 process In the 4k WZ
b
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HOW DOES THAT WORK?

8 5F
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4F AND 5F SCHEMES

* This results from Integrating over a t-channel propagator
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4F AND 5F SCHEMES

* This results from Integrating over a t-channel propagator

| ! q q
t—mi  pE+mp W t
\
= e e — pCZF,E | -
g b
g . Prmex gp2 TR
¢ Contribution to the cross section: /O A log ( e ) =
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4F AND 5F SCHEMES

* This results from Integrating over a t-channel propagator

1 1 q E
— (s pg)2> pf2F T pczr,E | -
g b
p% max dp2 p%—,
: : : ’ T max
Sy : —40 : + ...
Contribution to the cross section: /O R g ( m2 )
% Coeflicient of the logarithm is: q q
e P 5 matrix elements
AP splitting 944 i |44 with splitting
function | h y removed
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4F AND 5F SCHEMES

do(qg — q'tb) O dx 5
o) (o] (] ot
T, max

» But the first part resembles the evolution equation for a quark:

dfq S (O‘S)/d—aj[Pg_)qqu‘l‘Pq—wng]

» Putting 1t together:

o

d log ¢? i
* S0 when the logarithms really dominate, we can replace this description by
2
0 oy ~ Qg L4 dz
o(q9 — q'th) = o(qb — q't) b(z) ~ G log m_% [/ ?Pg%qqu]

» At all orders 5F and 4F descriptions should agree; order by order they differ:
» DGLAP evolution of b-PDF = resummation
* The exact range of integration Is not relevant at LL.

@iRiaihe large logarithm at LO goes to the PDF, differences micvea iCRiNisE
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BBAR VIA S5SF SCHEME

—_—

=

e Heavy flavour production: Ceclle LapOire

* (Can be approximately split into 3 mechanisms depending on how many heavy
quarks participate in the hard interaction

PYTHIA predictions for &
inclusive b-jet production (B-

Gluon splitting in parton
shower in initial or final

hadron pT>5 GeV — u;n;: t{:ftsh c 0.8 state. No heavy flavour
particle jets) -§ ﬂ.?_ quark in the hard interaction
8 0.6F at all
& _ _E Heavy flavour
/ﬂﬂaﬂ: excitation

Heavy Flavour quark S

excitation (HFEX) 1 heavy 0.3F | bietproduction i _

flavour parton from proton sea 0.2E Pythia 6.423 Quark Pair creation 2

heavy quarks in the hard

or from initial state shower 0.1
- interaction

scatters in the hard interaction

30 100 200 1000
b-jet P; [GeV] o

ANMIE@INIO and POWHEG give bbar the 4F scheme
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SF VS 4F : SUMMARY

BE 4F
/
q q/ q q
' W t
b t ‘ =
g b
|. It resums initial state large logs in the b pdf, |. It does not resum (possibly) large logs, vet it h
leading to more stable predictions them explicitly.
2. Going NLO (and NNLO) “easy’. 2. Going NLO WAS difficult.
BRI Yo ifcels cniter at higher orders. 5. Mass effects are there at anyoraemiisa
4. Implementation in MC depends on the gluon 4. MC at LO and NLO no problem.

splitting model in the PS.
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QUESTIONS AND PUZZLES: LEVEL 1
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QUESTIONS AND PUZZLES: LEVEL 1
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QUESTIONS AND PUZZLES: LEVEL 1

]-0 2 ' ' ' | ' ' ' | ' ' ' | ' ' ' | ' ' ' | ' ' '
o(pp—hg,+X) [pb]

Vs =2 TeV
10 M, = 175 GeV
gg—hey, CTEQ4M
1
S [
10 el
2 B
10~ B ge q@—hgytt hb_}hsm q9—sm :
3 T T
10 F g2.qq—hgybb e T 3
I
10 l .
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MhSM[GEV] Higgs Tevatron Workshop 1998

Factor of ten difference?!?! Is this the effects of the logs! How can that be!?
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QUESTIONS AND PUZZLES: LEVEL 1

1§ Two important ingredients helped In
\Ns=7TeV -

solvestinsiE e
. Inclusion of higher order corrections

) [fo]

_H_."' X
=

o(pp — bb
/LHEHHGEXSWGEWIJ

n =(2m +M,)/4

"\ bb— H (NNLO) [Harlander and Kilgore, 2003]

\ gg— bbH (NLO)

-t
o

L~ [Dittmaler; Kramer, Spira '04]
[Dawson, Jackson, Reina, Wackeroth '04]
Eelliselan & el B0 |

b,

2. Scale choices : better agreement
when smaller than naive choices M.

MSTW2008

100 200 300 400 500
M, [GeV]
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QUESTIONS AND PUZZLES: LEVEL 2

However, this plot now raises new

£ 5 ' 1% burning questions:
< \s=7TeV {3
+in2 |8 .
IE1'3 : 1 =(2m +M,)/4 § |.Why the agreement Is so goo.d around
o - _ i~ mH=100 GeV and the uncertainty band
T T ) bb— H (NNLO) 1 7
o f : - 1 comparable:
£ 0k gg—> bBH (NLO) |
- 0 3 2. It looks like one needs a 500 GeV
I £ 1 Higgs to really see the effects of the large
e d h logs! Is this the reason!?
- MSTW2008
N R T A 3. How Is the smaller scale chicic=RisEis:

100 200 300 400 900 jystified? Agreement seems ad hoc.
M., [GeV]

4. Is this behavior only properScissis
—Higgs or it Is general?
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QUESTIONS AND PUZZLES: LEVEL 2

| Oy [fD]
VS =14 TeV
Mj; = 120 GeV

10° |

Mg =Up=H M.Kraemer

102+ |
10° 1 10
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s plot now raises new

burning questions:

|.Why the agreement is so good around
mH=100 GeV and the uncertainty band

comparable!

2. It looks
Higgs to rea
logs? Is this t
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QUESTIONS AND PUZZLES: LEVEL 2
q

t-channel single top:

(230 ) o I : o A TN | I =
g2*2 at NLO (solid) and LO (dashed) in pb -
2?3 at NLO (solid) and LO (dashed) in pb -
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|. Differences at natural scales m: become

smaller at lower scales, 4 ~ mi4. VWhy!?

2. At LIHC both scale depeficiehic= S s
rather mild. 4F i1s as good as Sk Where s
the need for resummation?

3. Differences are smaller  etiif= s
than Tevatron. Why! The logs should have

MOrE space Lo develop aihtnic Nl

3.What happens for a heavier top!




QUESTIONS AND PUZZLES: LEVEL 2
q

q q
Single Top production W /
- MWPDE2], me=172 5, mbed 75, LO and NLO POFs (GM and FFE-4) W
| | | | | |
]ﬂ]z'}"""'q—:____ - _________________—-—r._ b t ~ _
lm:___xT::::————__________ #F_,_-ﬂ"g’ N g b
| P | |. Differences at natural scales m: become
=T e I smaller at lower scales, M ~ mi/4.Why!?
85 - i i
) cpmem o705
o 23w ! s 2. At LIHC both scale depeficiehic= S s
L rather mild. 4F is as good as Sk Where is
E——— ] the need for resummation?

— S . — — ——————

sof- h\ 3. Differences are smaller  arsiinesinsi
e than Tevatron. Why? The logs should have

3
451 h"‘nx -
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QUESTIONS AND PUZZLES: LEVEL 3

 What about other more exclusive observables?

0050 dashed: do®*%/dp, 0.06 [

i solid: do?*3/ de E
0.020 — s normalized 0-04 : q q/
0.010 = ﬁEl—_—|: 0.02 | .

: = ' t
0.005 - =_ 0,00

- Tevatron i_'ﬁ
0.002 —LHC . -

60 80 100

This observable is NLO only in the 4F calculation.
Slightly softer in 4F (2 = 3), particularly at the Tevatron
Deviations up to ~ 20%

: stable perturbative expansion, no large corrections

A 4F calculation 1s much more EXP handy and useful in actual analyses.
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QUESTIONS AND PUZZLES: LEVEL 3

 What about other more exclusive observables!?

S-flavor scheme with Fortran Herwig 4-flavor scheme

0.500 [

0.100 |
0.050 |

0.010 |
0.005 |

0.050 _l T T ) I T T ) T I T T T T I T T ) T I T T T T I ) T T |—
[ 4—flavor t—channel single top |

0.020

0.010

0.005

“[ad] %4p,/op

0.002 aMC@NLO + HW6 =
Preliminary

0.001 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-6
eta B hadron

Not first example where leaving the shower to do gluon splitting is not
exactly a good idea.

4F calculations are easily interfaced to MC@NLO or POWHEG.
Many avallable automatically from aMC@NLO.
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QUESTIONS AND PUZZLES: SUMMARY

+ At the level of total cross section Sk predictions are in general better behaved
than 4F ones.

» However; a substantial and unexpected agreement between 4F and 5F Is found
when scales smaller than a naive choice 1s made.

g Eeamient IS folnd even In regions where the logs sholldTBerals e
exception seems to take place for very heavy object production.

* Independently of SF resultss No sign of breakdown of the perturbative
Eodnicien tor 4F In total cross sections as well as for moreNeEXXE eI
observables is found.
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THE INVESTIGATION

[FM, Ridolfi, Ubiali, arXiv: 1203.6393[hep-ph]]
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THE INVESTIGATION

[FM, Ridolfi, Ubiali, arXiv: 1203.6393[hep-ph]]

| will now argue that all the (apparent) puzzles and odd findings listed above
can be easlly merged in a simple and consistent picture, by simply taking into
account the following two main results:

Berkeley Workshop on flavor production - Jan 2013

Wednesday 16 January 2013



THE INVESTIGATION

[FM, Ridolfi, Ubiali, arXiv: 1203.6393[hep-ph]]

| will now argue that all the (apparent) puzzles and odd findings listed above
can be easlly merged in a simple and consistent picture, by simply taking into
account the following two main results:

|. The resummation effects of the inrtial state logarithms in to the b-PDF is
important only at large Bjorken-x.
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THE INVESTIGATION

[FM, Ridolfi, Ubiali, arXiv: 1203.6393[hep-ph]]

| will now argue that all the (apparent) puzzles and odd findings listed above
can be easlly merged in a simple and consistent picture, by simply taking into
account the following two main results:

|. The resummation effects of the inrtial state logarithms in to the b-PDF is
important only at large Bjorken-x.

2. The possibly large ratios Q2 / mg are always accompanied by universal
phase space factors that at hadron colliders lead to their suppression.
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IMPACT OF RESUMMATION

/
, q q
q q q q
b i ‘ ( .
q b b t

b-pdf has all the logs resummed i
b-pdf has only the leading log :

/dxldazg g(x1, u3)b(x1, u%)6(gb — ¢'t) /dxldxg g(z1, p2)b(z1, p2)6(gb — ¢'t)

2 1
7 Qs Y dy XL
b(x, pur) ~ P log — / ?qu (5) g(y, py)

btilde Is just the first log that one gets from a LO 4F calculation. The b-pdf
resums the full tower of such logs that come from higher orders in the 4F
calculation.
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IMPACT OF RESUMMATION

2 pl
~ Qg 14 dz
ey = gron Iy [

b Jx

Ratio between b~ and b at LO (MSTWOS)

Pyg(2)g (;a#

X

Lir-—

uiGeVv)
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) /b (, pu?)

Comparison between the first log which the
one Included in the LO 4F calculation of
single-top, and the full resummed result
given by the AP equations.

The various curves correspond to different
Bjorken Xs.

At small x the effect” 1s* posiive SENEIEER
words b~ Is a kind of bad overestimate.

At large x resummation effects are manifest.

LO approximation does not look good
enough.




IMPACT OF RESUMMATION

1
~ dz 7% g 2
b (@, 4°) ——/ —3f 5 (—,/f) ( ) assp (2, 142 /m3)

e 2 A
e 5 () e (5 st /5,1

Comparison between the first log”2 + log which

Ratlo beeween b~ and b at NLO (MSTWOS) are Iincluded in the NLO 4F calculation of single-
N — ] T top, and the full resummed result given by the AP
= o : equations at NLO.

L2 -

The various curves correspond to different Bjorken
"

At small x also now the resummation is visible yet is
very small.

06l SN N At large x resummation effects are manifest.

NLO approximation does look reasonably behaved.
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THE UNIVERSAL LOGS : DIS

S X elre’
2 R 9 [ h 21 b 2 2
op(u) = /min dy o d@) y(M?2 + Q2)? <\[1+(1—y) | B (@ Ok
. ~y’Fp (2, Q% m}) + [1 - (1 - 9)’1F3 (2, Q% m})
U=t
xS
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THE UNIVERSAL LOGS : DIS

BEu R lcchiic expression for the 4F process Y + ¢ = D + DBaraicuclINe

do ra.etagC 4z e =
2 L e + ) + non—singular terms

. 16 Q2(t — m2) 2

Integrating over t gives:

/t doo Taee;asCr Il 4= & s S+Q? Amj;
0 —— % ;
dt 4()?

. T ozeebC’F m_% m_g
ok ( 203 > o ) [log p —I—O< p ;

.e., doing it properly, one sees that the naively expected log Q?/my? is actually:

el M2
LDIS — 10g |:7C;212 : :| 10g m
b b
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THE UNIVERSAL LOGS :

DIS

The typical values for (1-z)/z lead to an enhancement of the log

at HERA and ~ | at the LHeC
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THE UNIVERSAL LOGS : DIS

DIS bottom production (HERA)
NNPDF2.1, mb=4.75 GeV, LO and NLO PDFs (GM and FFN-4)
' | I I
— = SFLO (dashes) -
1200 |~ - —  5F NLO, mb =0 (dot dashed) - -
—— 5FNLO, mb=4.75 {solid} ____..-"
— - 4FL{) (dashes) -
gop L —— 4FNLOfsolid) - B
_,..-‘!
-
..-".—' o
- ——
- — — =
- Sm I ‘.‘; — — - =
& d =T
o !"'f - T
2l
300 - - FJ ]
=
4
ol ——
W0~ — T T T ——— -
2t T
150 —
i | | |
0.5 n3s 1.0 1.5 20
k
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DIS bottom production (LHeC)
NNPDF2.1, mb = 4,75 GeV, LO and NLO PDFs (GM and FFN-4)

I ] T
FF L0 (dashes) i
5F KLO, mb =0 {dot-dashes)
5F KLO, mb = 4.75 (solid)
4F L0 (dashes)
AF WLO (solid)
................... —
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b(k1) +u(ks) —s W(k)

g(p1) +u(pa) — bps) + W(pa) ol ()
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The typical values for (1-z)%/z and t lead to a suppressed Lpy
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THE UNIVERSAL LOGS : DY

Bl e =ioos sott or collinear ™!

1
0.9
0.8

— Soft Median

0.7 K
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THE UNIVERSAL LOGS : DY
([ ]
Bottom-mitiated W production Bottom-imtiated W production Bottom-initiated W production
NHPDF2.1, Mw = 804 GeW, LO and MLO PDF: (GM and FFH-4) NNPDF2.1, Mw = 400 GeV, LO and NLO PDF: (G and FFN-0) WNPDFL1, Mw = B0D GeW, LD and WLO PDFs (GM and FFN-2)

aiph)

aiph)

2

MW = 80GeV . ﬁF [04, 05] MW
My =400GeV ,  jir ~[0.3,0.4] My
e RI0CV: . i = [0:25 0.35] Wiy
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THE UNIVERSAL LOGS : SINGLE-TOP

q q Q? > 0= Drell-Yan

Wik —e iy = LS

Sl

g

The same procedure followed before leads to:

/tmax dtdff%F i 3as9:Cr 22 + (1 — 2)? o G 7) o W e ()7
ey G ({5 (92) 2 = A 5+ Q2
P e 1
0%(z) = (M2 + @)L =2 2
Ce el Y,
M2_|_Q2
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THE UNIVERSAL LOGS : SINGLE-TOP

[l [ i :
1|:|I'J:| I g
- | -
R
I

| |
| |
I I
| |
| B
. l wero |
= E | gmré— s E |
I I
| |
| |
| |
I I

19

|
|
Ly |
|
|

13

I!III!LE- 1 18 * 285 & #3E 4 45 £

as 1 18 2 28 & &E 4 458 £ o o0& 1 18 2 28 & &E 4 45 £

L EEEEEEE

.t EEFEEES

illll

L L L Ll IIII L L IIIIIII L L IIIIIII
il il 1|.'l"'.,ﬁ.. i

n: 1 1 IIIIIII 1 1 IIIIIII 1 1 LI LL
10 W 1 1

The typical values for Q2 and t lead to a suppressed Logarithm
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UPSHOT

VWe have shown that a large set of TH results obtained in the 4F and 5F schemes
at higher order can be consistently understood, taking into account that:

|. The resummation effects of the inrtial state logarithms in to the b-PDF s
important only at large Bjorken-x.

2. The initial state L =log @*(2)/m; associated to a generic one-b-initiated
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SUMMARY AND QUESTIONS

* A substantial and justified agreement between 4F and 5F calculations for a
given process means that both calculations can be used In different contexts.

* When avallable SF calculations at NNLO clearly give very useful predictions for
total cross sections and should be certainly used in that case. Sk calculations
should also be used for processes involving very high Bjorken-x.

* For exclusive final states 4F calculations are (currently) easily and more reliably
obtained at NLO In the form of an event generator and can provide a wider
spectrum of observables at NLO accuracy.
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SUMMARY AND QUESTIONS

* An analogous study for final state gluon splitting at high pt, and in particular 4F
vs 5F approaches in the context of ME+PS merging and NLOwPS not yet
available (to be done!).
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