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1977 Discovery of the bottom quark
E288 Experiment at Fermilab
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1.b: Pre-Discovery
Mass Estimates
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1) Perturbativity: Lsm Dy (tutr + hec.) ( % ) with yp = 4
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_ _ 1
2) Unitarity: ~ Unitarity bound for elastic ¢¢ — t¢ scatteringyields |Re(ao)| < 5
_ _ 3 a m?
with ao(tt — tt) = —ggMév — my < 500GeV
3) Electroweak Precision Data:
No discoveryatLEP — m; 2 100 GeV
. M3, 1 at LO
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l.c: Top Quark Pair Production
at Hadron Colliders

Bottom quark pairs Top quark pairs
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In[1]:=

l.c: Top Quark Pair Production

at Hadron Colliders

MZgg[beta , z_] = (2Pi)A2+ asn2+ 8/9 (2 - betan2 + betanr2zn2);

Flux =1/ (2#%2);
dP8 = beta/ (16 Pi);

dsigmagg[beta , z_ ] = Flux % dPS % M2gg[beta, z];
sigmagg[beta_] = Integrate [dsigmagg[beta, =], {z, -1, 1}] //. s> 4mA2/ (1L -betan2) // FullSimplify

as? beta (3 - 4 beta® + beta') »
27 m?

MZgg[beta_, 2] = (2Pi)A2Z %asn2+ (9-2+9 zn2 betanl)/((l1-zAZ2betan2)n2+ 3*2) (l-zAdbetand + Zbetan2 (1-zA2) (1-betan2));

deigmagg[beta , z ] = Flux % dP8 % MZgg[beta, z];

sigmagg[beta_] = Integrate [dsigmagg[beta, =], {=z, -1, 1}, Assumptions - {beta <1, beta>0}] //. 2+ 4mA2/(1-betanl)
as? (-1 + beta®) 7 (59 beta - 31 beta’ + (33 - 18 beta® + beta') Log[—l + ].u
: libeta |/
96 m?

az =0.11; m=173.0;

Plot [{M2gg[keta, 0.7], M2gg[keta, 0.7]1}, {keta, 0, 1},
PlotRange = {{0, 1}, {0, 3}}, PlotsStyle - {Orange, Blue},
PlotLegends - Placed[LineLegend[{"ggk", "gg"}], Right],
AxesLabel - {"keta®, " |M|AZ"}]
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// FullSimplify



l.c: Top Quark Pair Production
at Hadron Colliders

In[1:= M2gg[beta_, z_] = (2Pi)A2+ asAh2+ B8/9 (2 - betan2 + betanr2zn2);
Flux =1/ (2%=2);
dP8 = beta/ (16 Pi);
dsigmagg[beta , z_ ] = Flux % dPS % M2gg[beta, z];
sigmagg[beta_] = Integrate [dsigmagg[beta, =], {z, -1, 1}] //. s> 4mA2/ (1L -betan2) // FullSimplify
as? beta (3 - 4 beta® + beta') »
27 m?

Injé]:= M2gg[beta , 2. ] = (2Pi)A2 xasn2+ (9-2+9 zn2betan2)/ ((l-zA2betan2)n2+ 3+2) (1-zhdbetand + Zbetan2 (1-zn2) (1-betanl));

deigmagg[beta , z ] = Flux % dP8 % MZgg[beta, z];

sigmagg[beta_] = Integrate [dsigmagg[beta, =], {=z, -1, 1}, Assumptions - {beta <1, beta>0}] //. 2+ 4mA2/(1-betanl)

// FullSimplify

as® (-1 + beta®) 7 (59 beta - 31 beta’® + {33 - 18 beta® + beta') Log[—l + ].u
Out{8]= Lrbeta -
' 96 m?
In[41]:=
pbGeVmz = 0.389379 «10A8;
Plet [{pkGeVm2 * sigmaga[ketal, pbGeVmZ * sigmagg[ketal}, {keta, 0, 1},
PlotRange - {{0, 1}, {0, 32}}, Plots8tyle -+ {Orange, Blue},
PlotLegends -» Placed[LineLegend[{"ggk", "gg"}], Right], AxesLabel - {"keta", "sigmahat [pk]"}]
beta = 8qrt[l-4mn2 fesgrtshatn2];
Plot [{pkGeVm2 % sigmagg[beta], pbleVm2 * sigmagg[ketal]}, {sgrtshat, 2%173, 5000},
PlotRange = {{0, 5000}, {0, 32}}, Plot8tyle » {Orange, Blue},
PlotLegends -+ Placed[LinelLegend[{"ggb®, "gg®"}], Right], AxesLabel -+ {"Sqgrt (shat) [GeV]", "sigmahat [pb]"}]
sigmahat [pb] [pt]
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l.c: Top Quark Pair Production
at Hadron Colliders

In[15]= SetDirectory[" /users/pep/mechulze/lik/nCTEQ mma/"];
subDir = *./PDS";
filelist = FileNames ["#.pds", subDir];
<< "pdfParsePDS.m";
pdf[x__] := pdfCTEQfunctieon[x]s
pdfResetCTEQ:
pdfBatchCTEQparse [subDir];
proten = 3; glu=0; up=1; dn=1; Rup=-1; Adn = -2;
xmin = pdfXmin[proton];

q0 = 173.0;

1/ shadr * NIntegrate[l/sig * pdf[sig/ shadr, g0, glu, proton] * pdf[spart /sig, g0, glu, proton] , {sig, spart, shadr}, AccuracyGoal - 3, PrecisionGoal » 3, Method -> "LocalBidaptive®];

=y
&
i

Lumigg[spart_, shadr_]

t
Lumiuuk[spart_, shadr_ ] :=1/shadr = NIntegrate[l/sig * pdf[sig/shadr, g0, up, proton] * pdf([spart /si1g, g0, Rup, proton] , {sig, spart, shadr}, RecuracyGoal - 3, PrecisionBoal -+ 3, Method -> "LocalAdaptive®];

Inj26]= LegPlet [{Lumiuuk[EnAZ, 13000A2], Lumigg[EnA2, 13000A2]}, {En, 2+173, 14000}, PlotPeints - 10, PletStyle —» {Orange, Blue}, PlotLegends + Placed[LineLegend[{"uuk", "gg"}], Right],
AxesLabel -+ {"Sgrt (shat) [GeV]", "Lumi [1/GeVAZ]"}, PlotRange -+ {{2 %173, 4000}, {10A-10, 0.01}}]

fumi [1/Gev'2] “ 1

1073

uub
— 99

109}

In[36]:= pb % eVm2 * NIntegrate[ Hold[2 sgrtshat  sigmagg[ beta] * Lumigg[sgrtshat A2, 13000A2] ], {sgrtshat, 2+173, 13000}, Accuracy@oal +» 5, PrecisionGoal -+ 5, Method -> "GlcobalAdaptive®]

Out[36]=

0?}_{40(13 TeV) =537pb (g9 :qq) = (86% : 14%) [MCFM]

o8 (13 TeV) = 818 £ 43pb  — 123 Mio. ¢ pairs [ATLAS] (3.2 fbo)
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Fixed order perturbation theory:

~tt 2 (~LO ~ONLO
o = OJS (O-QCD —+ OéSO-QCD



1.d: Going beyond Leading Order

Fixed order perturbation theory:

~tt 2 (~LO ~ONLO ~ONLO
o = O (O-QCD + ds0QCD T O OQCD-EW



1.d: Going beyond Leading Order

Fixed order perturbation theory:

~tf 2 (ALO ~SNLO ~SNLO 2 ~SNNLO
6" = a; (6gcp + @sbqep. + @ GepoEw T AL6gen T T )



1.d: Going beyond Leading Order

Fixed order perturbation theory:

tE 2 (ALO A SNLO . SNLO 2 ~§NNLO 2 ~LO
0" = o (OQCD T s0QcD T X 0QeDEW T &s0QecDp T ) + " Ogpw



1.d: Going beyond Leading Order

Fixed order perturbation theory:

tt 2 LO ONLO JNLO 2 _ONNLO 2 _LO
o(10%)  OU%) O(1%) 0(0.005%)

For precision at the few percent level, NNLO QCD and EW NLO corrections are required.



1.d: Going beyond Leading Order
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do /dM [pb/GeV]

l.d: Going beyond Leading Order
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do /dM [pb/GeV]
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l.d: Going beyond Leading Order

do /dM [pb/GeV]
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l.d: Going beyond Leading Order

do /dM [pb/GeV]

T I I I 1 I 1 d | I | | I | |
. 35 | 17 MeV where 1/
LHC . : / dominates over log?
| 3 F

Vs = 14 TeV

25 F

turn over for NLO fixed order

do / diM [pb/GeV]
3]

LHC
1
Vs = 14 TeV
0.5
P PP B R B B RN : | | 1 1 1 1 |
350 400 450 500 550 O35 840 345 350 355 080 365 870 875
600 650 700 335 340 345 350 355 360 365 370 375 380

MGeV] M [GeV]



l.d: Going beyond Leading Order

do /dM [pb/GeV]

T T T T T T T ] 35 e R
n 3 F
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