


Vector Bosons

1 Mass spectrum:
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Outline of the two lectures

1 Lecture one:

<> Basics of vector bosons

< Drell-Yan like production process

< Cross section with a single hard scale - precision

< Cross section with two different scales — resummation

Q Lecture two:

<> Photon production at high pT - direct vs fragmentation
<> Isolation cut — the need and its complication

<> Photons from fixed target to collider energies

< Multi-boson associated production at collider energies



Basics of vector bosons

O Electro-weak gauge bosons (physical states):
Wi

W= boson: ;
M,, = 80.4 GeV \\
d, = g, —weak coupling > =

V¢ — CMK matrox for quarks P N
couples only to left-handed I f
fermions

Z° boson: S
> =
>

M, =91.2 GeV

cos 9, — weak mixing angle A\

couples to both left- and P TN
right-hand fermions

Y — photon: Yo
M r = 0 \)
e — electro-charge Z

Q; - fraction in electro-charge A
' g f / \ f

& A//
9y T 9
cos 6, ot v
L s
gy = —5T3
1 o
_q‘f. — 3f;f \mUH.JQ,
—ieQ M



Basics of vector bosons

1 More interactions ...

Triple gauge boson interactions:
W,

P2 ,
7% (=v,Z 0 ) | |
= —igv [(p1 — P2)2Guw + (P2 — P3)uGur + (P3 — P1)v N

W, gv = gasin(fy) for v, and = g, cos(fy) for Z°

Four point interactions:
W, W,
= 195(20u 9% — GurGup — Tup9av)
W W,
More WWVYV - type four point interactions ...
O Heavy quarkonia: J/, T, ...

Not covered in these two lectures ...



Basics of vector bosons

8TeV 14TeV 33 TeV 100 TeV

0 Large production cross sections: ,_ HC LHC HELHC  VLHC

? nntE E i 5
Compare to the rate of BSM signals 10855 1o
107t : 107
0 Theoretically, L /; 10°
. e e 10°
Production — well understood 1045 et / s 5 o
Calibration — new calculations S :

o [nb]

O Experimentally,

Decay to a massive lepton pair 3
— clean & well measured final states :
E- '
Leptons, missing energy ( + jets) C :
— crucial backgrounds for new N B »: E
h . 10.5_ i : [ "'l‘f“"l"’i"}1""1”1'l"i""v" 10°
physics 10 107

\s [TeVl



Drell-Yan process

. . . . Christenson et al. 1970
1 Hadronic production of a massive lepton pair:

-3 T S j e
First experiment:
.
p+U = p"p™(Q)+ X @BNL Sl -
[“famous” Lederman experiment] o .
S~ °.
d Two features: s -l . .
é .."0.
< A shoulder-like structure s _ss | . .
near Q =3 GeV Si +
s ¢
[Discovery of J/V in 1974] ;g . . R
< A rapid fall-off of cross section -ar |- 'f+ -
as Qincreases
[Drell-Yan mechanism in 1970] =T + i
- N
39 Jd | ! 1 il

)
e 1 2 3 4 5 8 7
nm‘(c.we’)



Drell-Yan process

. S.D. Drell and T.-M. Yan
M Drell-Yan mechanism: Phys. Rev. Lett. 25, 316 (1970)

A(Py) + B(Pg) = 7' ()= ()] + X with ¢° = Q"> Ajcp ~ 1/fm”

Lepton pair — from decay of a virtual photon, or in general,
a massive boson, e.g., W, Z, HY, ... (called Drell-Yan like processes)

O Original Drell-Yan formula:

12
2
B ) i} 1_2
i g k T
- © >
A, E ¢ o1
Iy

-do ) dma
=) ‘?;(_;)BQd;H —T 3Q4 ZTWpM(IA)TB%/B( )

No color yet! Rapidity: y = 3In(z4/zp)

Right shape — But — not normalization Ta= —Sey TB=5e




Drell-Yan process

O Significance:

< First example of a calculable hadron-hadron
process in the context of the parton model

Very nontrivial in QCD!

< QCD factorization:
Structure of the parton model calculation preserved in the
presence of QCD corrections

< Precision SM measurements — one of the early calculations of
higher order QCD corrections

< Important roles in searches for new physics

4 Prediction - Normalized angular distribution:

dN _ (do\~' do 3 1 I + Acos2f + wsi (,’()".(b+1/..20‘-’)d)
d() ((14(1) d*qdQ) _477'(/\ + })[ Cos“¢ + psmizlf)cos Esm cos(2 )]

< Lam-Tungrelation: 1 - )—-2y=0  Transversely polarized photon!



Drell-Yan process in QCD

 Spin decomposition — cut diagram notation:

o (or 42 0P,

S 5

..................... « all v structure: v=, v*~v°,

d Factoriz;d cross section:
0(Q, ) £0(Q,—35) x (p, 5|0, A")|p, 5) £ (p, =5]O(sb, A®)|p,
d Parity-Time reversal invariance:
(p, 8104, AM)|p, =8) = (p, SIPTO (¢, AV)T P~ *|p, 5)
1 Good operators:
(0. SPTON W, AT P |p, 5) £ £p. 10 (0, 4)p, 3

“+” for spin-averaged cross section —> PDFs:

(p, S|P 0y (v )Ip, ), (p, 5|FT(0)F*7|p, 5)(—gi;)

—5)



Drell-Yan process in QCD

1 Spin-averaged cross section — Lowest order:

1
pENT ?:)_/ oyt 1 Ol —pi/pT)dz

_____________________

>]£< p — 1 1 §:(p1‘|‘p2)2:Q2

57 P =52 usP)us(p)  gqp )

O Lowest c:rder partonic cross section: a®) I"(ky)
5 |MJ? = 5| B35 HE femrsmmaka) = (] detareste
PS® = ( 2:;:“21 B, (zgg 5 2m)*6% (p1 +p2 — by — ko) = wiwdcos(f))
olgg = 1717) = {;} 4gzze§ = oy

O Drell-Yan cross section:

do , 1) 4ne? . 1.z
i = 1 [ deadendua(en)yatan) |{ 3 } 55| 6@-8) (- n(E2)




Drell-Yan process in QCD

O Beyond the lowest order:

< Soft-gluon interaction takes
place all the time

< Long-range gluon interaction
before the hard collision

m=) Break the Universality of PDFs
Loss the predictive power

O Factorization — power suppression of soft gluon interaction:

\ / 1\
r-Frame -Frame

p—s7 |
. o
/ yrzt Ea(x) = =5 Ey(2)) = — ‘ ,
/ L” 2 Ea\T) =g W= e
. > . 1 “etranolv contractod !
X~ Bet’ =3 strongly <.nn'r@




Drell-Yan process in QCD

1 Factorization — approximation: Collins, Soper, Sterman, 1988

< Suppression of quantum interference between short-distance
(1/Q) and long-distance (fm ~ 1/ /\ ocp) physics

==) Need “long-lived” active parton states linking the two
& —

1 1

d'po —— — — 00
/ pap§+zspg—zs

Perturbatively pinched at p, =0

- mmm) Active parton is effectively

o , _ on-shell for the hard collision
< Maintain the universality of PDFs:

Long-range soft gluon interaction

m2 M2 2,
has to be power suppressed on-shell: = P, pp < Q7

collinear: Par, Por < Q%
higher-power: p, < ¢ ; and
Cancelation of IR behavior Py <Kq°
Absorb all CO divergences into PDFs

< Infrared safe of partonic parts:



Drell-Yan process in QCD

0 Leading singular integration regions (pinch surface):

Hard: all lines off-shell by Q

Collinear:

< lines collinear to A and B

< One “physical parton”
per hadron

Soft: all components are soft

d Collinear gluons:

< Collinear gluons have the
polarization vector: " ~ k¥
<> The sum of the effect can be

represented by the eikonal lines,

which are needed to make the PDFs gauge invariant!



Drell-Yan process in QCD

d Trouble with soft gluons:

(zp + k)* +ie o< k™ + ie
(1 —2)p — k)* +ie ox k™ — ie

< Soft gluon exchanged between a spectator quark of hadron B and
the active quark of hadron A could rotate the quark’s color and

keep it from annihilating with the antiquark of hadron B

{ The soft gluon approximations (with the eikonal lines) need k™ not
too small. But, k= could be trapped in “too small” region due to the
pinch from spectator interaction: i~ ~ M2/Q <k ~M

Need to show that soft-gluon interactions are power suppressed



Drell-Yan process in QCD

O Most difficult part of factorization:

0(%)

< Sum over all final states to remove all poles in one-half plane
— no more pinch poles

< Deform the k* integration out of the trapped soft region

< Eikonal approximation === soft gluons to eikonal lines
— gauge links

< Collinear factorization: Unitarity === soft factor = 1

All identified leading integration regions are factorizable!



Factorized Drell-Yan cross section

( TMD factorization ( ¢; < Q ):

do
dqu _ / ko1 Akt APk 10%(q1 — kot — ko1 — ks1)Faya(wa, ko) Foyp(zB, kot )S(ks1)
+0(q1/Q) TA = % e’ rp = % e Y

The soft factor, S , is universal, could be absorbed into
the definition of TMD parton distribution

A Collinear factorization ( ¢1. ~ @ ):

do do,
20— [ dna fosataa) [ do iy ) G (), 1)+ OO/

 Spin dependence:

The factorization arguments are independent of the spin states
of the colliding hadrons

‘ same formula with polarized PDFs for y*,W/Z, HO...



Cross section with a single hard scale

J Partonic hard parts:

Qg (kg 2A
6(0s ppspig) = las(ug)l™ &<0)+2‘—Wa<1><~+.u,f>+(2—,_) 5D gy pr) + -

LO NLO NNLO

O NNLO total x-section ¢(AB — W, Z):

(Hamberg, van Neerven, Matsuura; Harlander, Kilgore 1991)

<> Scale dependence: Z W LHC Z(x10)
a few percent :’
< NNLO K-factor is about 520 —r
0.98 for LHC data,1.04  _.f
for Tevatron data © :; Lo

15 F Martin, Roberts, Stirling, Thome, 2003
14




Cross section with a single hard scale

D NNLO differential x-section: Anastasiou, Dixon, Melnikov, Petriello, 2003-05
pp~7 +X Rapidity distribution pp - (Z,7')+X

5 LI B | UL L LI B | LI B | 1 T 71 LI | UL LI LI LI LI LI N

:I s | | | | | ] | NNLO Alekhin02 | | ]

| Vs = 38.76 GeV 80— NNLO MRSTO1 =

M =8 GeV B 1

4 MRST2001 pds ;&H@H :

M/2 < ps U ‘-’ §§§ :

S ASASAAAAAANAAATUO
LRI,
LRRRRRLRRKLRR
XL,
BRERRLIKLIKRKALRKRD
L0 SRR K
QOO0

40

by

do/4dY [pb]

L Vs = 1.8 TeV
A1~ 66 < M < 116 GeV
M/2 £ p g 2M

" 0 CDF data (3.9% lumi. error omitted) E
o e e e e IF
0

d®c/aM/qaY [pb/GeV]

- X EB66 data, 7R < M < 8.7

|llll||III|lllI|IIII|llII

0.00 0.25 0.50 0.75 1.00 1.25 0.0 0.5 1.0 15 2.0 25
Y Y




Cross section with a single hard scale

0 NNLO differential x-section® Anastasiou, Dixon, Melnikov, Petriello, 2003-05
D@, 0.4t
20 I I L) I 1 1 1 1 L) 1 | \ .
a ! | 103 ZI" Rapidity
: sl Ly V) ' DORunll Deta
S — NNLO, MRST ¢
L
% i (2007)
B I .
- 10— ;;_
o I
s \
2| X
S L !
o I ¥
i iﬁi\kk
0

| 1 1 | 1 | 1 1 | 1 ) 1 ] 00 1 i | l
-2 -1 05 1 15 2 2% 3
Y



Cross section with a single hard scale

Fernando Febres Cordero, CTEQ SS2012

W-Boson Width [GeV|

0 W mass & width:

W-Boson Mass [GeV]
TEVATRON +  80.387+0.016
LEP2 —a  80.376+0.033
Average ¢  80.385+0.015

1/DoF: 0.1/1
NuTeV —a 80.136 + 0.084
LEP1/SLD -t 80.362+0.032
LEP1/SLD/m, -4 80.363 + 0.020
810 | 86.2 - 86.4 - 8(3.6
m,, [GeV] Mar 2012

TEVATRON —e 2.046 + 0.049

LEP2 . 2.195 + 0.083

Average —— 2.085 +0.042
yA/DoF: 2411

pp indirect = 2.141 + 0.057

LEP1/SLD h 2.091 +0.003

LEP1/SLD/m, h 2.091 +0.002
o |2 | 2'2 | | 214

r,, [GeV]

March 2012



Cross section with a single hard scale

Q Flavor asymmetry of the sea:
opy(p+d)/20py(p+p) =~ [1 + J(l’)/ﬂ(f)] /2

225 = 225
JE 7 e E-906
= 2+ _ Y/ Drell-Yan
E - (Proposed)
1.75 :— 175 m E-866
= T NuSea
1> 15 - A NASI
125 :_ 125 L MRS1t2
g - - =2 CTEQ4m
1 £ =W NIN. NlctEos 7
- @ ES66/NuSea
075 = O NAsl
- — CTEQ5M - -- CTEQ4M
05 —--- MRST — - MRS(12)
- - GRV9S P
025 Systematic Uncertainty
O :I I’INI I L1 ]NI-T’III"T\; I.I‘I‘. l I.‘I‘Llul I | I‘\TTT}I TTIF L1 L1 [ PR . VUSSR ST S T -
0 005 01 015 02 025 03 035 o o1 02 03 04 05 06

X



Cross section with a single hard scale

O Charged lepton asymmetry: ¥ — Ymax
doWJdye — do™ Jdye d(xp, Mw)/u(zp, M) — d(xa, Mw)/u(za, My)

Ach (ye) — 7
+ —
doW7dy. + doW/dye d(xg, M) /u(xg, Mw) + d(za, Mw ) /u(z 4, My)
d/u at p =85 GeV
B Er—— Solid band: CTEQ6.6 uncertainty ]
o2~ —CT10 Hatched band: CT10W uncertainty ]
B MSTWO8 1.2} 1
I . DOel(E >25GeV) ]
()| o !
N < 11 :
| © ]
A § N
< » 5 1.0 ﬁﬁ | i
0.4 - ~ \|| ]
41— o
- Tevatron data 5 :
B 09 :
0.8 .
| R. Ball et al., arXiv:1012.0836 . I
i TR TS N T T T TN T N T N T T [N T TN T [N TN Y A T MO T A =t -
-0'80 0.5 1 1.5 2 25 3
n H.-L. Lai et al., arXiv:1007.2241
0.7L, \ \ \ \ . , \ T P
105104 103 001002 005 01 02 05 0.7

The A_, data distinguish between the PDF models,
reduce the PDF uncertainty



Cross section with a single hard scale

O Charged lepton asymmetry: ¥ — Ymax
doWJdye — do™ Jdye d(xp, Mw)/u(zp, M) — d(xa, Mw)/u(za, My)

Ach (ye) — 7
+ —
doW7dy. + doW/dye d(zp, Mw)/u(xp, Mw) + d(za, Mw)/u(x s, My )

CMS 36pb! at \s=7TeV
:,0,35— LI I S B I S B B I B Y N B B B B I N B ] ] ' ' ' ' I ' ' ' ' I ' ' I_
< [ —4— Data 2010 §/5=7 TeV) i 031 &) pers25Gevic .

- %% MC@NLO, CTEQ 6.6 - - S
0.3 W MC@NLO, HERA 1.0 02lF S N
B =L - et oW e -
I it MC@NLO, MSTW 2008 | e [ ,,,/@L/E ° Wjuz ]
- W — uv . 17 £ e B anore A @aEt ]
0.25r " i ~ E 01 —  MCFM + CT10W -
_ MR 7 B = MCFM + MSTW2008NLO ]
r 2 R ® L theory bands; 0% G, |
i %@ N < N ————————+—H
0.2 RN N G 03[ p,2¥ > 30 GeVie ]
B N 5 I & S g
L a [ i
ATLAS i 2 02 .
i J-Ldt=31 pb" o 1
i i 0,1 s -
1 11 I 1 1 1 I 11 11 I 1 1 1 | 11 1 :I I 1 e :
0 05 1 15 2 = |

| 0 1 2

Lepton Pseudorapidity  n|

Sensitive both to d/u at x > 0.1 and u/d at x ~ 0.01



Cross section with two hard scales

Q7 > Q3> Ajcp, Q1 > Q3 2 Aiep
d Large perturbative logarithms:
as(p? = Q7) is small, But, o, (Q?)In(Q7/Q3) is not necessary small!

] Massless theory:

Two powers of large logs for each order in perturbation theory
s (Q%) In*(Q?/Q2%) due to overlap of IR and CO regions

0 Example — EM form factor: A< g Mé
FH((]Z? 6) — _‘ielte LL /;tl p2 (] E

) o 47 (1 —e)l(1+¢ { 1 }
5 U __( 9 _ —I__'I:
plq~,€) = o= F (q — EF) T 25) (—e)? 2(_6>

In*(¢*/1?) + . . . Sudakov double logarithms

Common to all massless theories



40

20

Drell-Yan Q;-distribution

80

60

Perturbative confributions
+power corrections

pp — (Wt = év)X
CTEQ6M

Perturbative
physics dominates

I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

0
Ot S 10 18 20 25 30

Nonperturbative Q;, GeV

dynamics ("intrinsic k¢")

Showing the
different theoretical
regions in
momentum space

Drell-Yan type
subprocess

q

Photon can
be replaced by
W, Z, Higgs, etc.




Leading double log contribution

4 LO Differential Q;-distribution as Q;—0:

Y
N
S

SN Ty
dO’2 (d_a) ><2C ( ) ( /QT) o« CqT
dy dQT LO dy Born 7T QT <
0’
dG 2 dO’ . 2 2
N fd dQ? ~ (dy) +0(as) with O* ~ M
0 T real+virutal Born

4 Integrated Q -distribution:

0* 0
0 of

o

07 do

2
0 dy dp T real+virutal

) Effect of gluon

dp; ieqi
dyde real+virutal e m ' S S ' o n

1

do ¢ 1 ( Z/PT) do a
_ 2C, dp? | =| == 1-C, =1n*(0°/0;
dy [ f p; Pr (dy )Bomxl F I(Q /QT)]
do o
~ & XCXP[-CF ;51”2( 2/QT)] «—— Assume this exponentiates
Born




Resummed Q; distribution

Q1 Differentiate the integrated Q;-distribution:

dydO; |\ dy

T

do ~(da

(3 el 2]

as QT—>O

O Compare to the explicit LO calculation:

v

2
d‘72 (dg) x2C, ( ) ( /QT) = « | Qr-spectrum (as Q;—0) i
dydO; o \ A )y, % O; completely changed!

O We just resummed (exponentiated) an infinite series of soft
gluon emissions — double Iogarithms

_asr l—O(L + (XL _ O(L Loc]n(QZ/Q%)

>"'V" Vv A Soft gluon emission
treated as uncorrelated




Still a wrong Q. -distribution

do : .
0 Experimental fact: B0’ => finite [neither © nor 0!] as O, — 0
T

e Double Leading Logarithms Approximation (DLLA)
radiated gluons are both soft and collinear with strong
ordering in their transverse momenta

e Strong ordering in transverse momenta in DLLA

— overly constrains the phase space ofthe emitted gluons

— Ignores the overall transverse momentum conservation

= DLLA over suppresses small () region

Resummation of uncorrelated soft gluon emission
leads to a too strong suppression at Q= 0!



Still a wrong Q. -distribution

Q Why?

Particle can receive many finite k; kicks via soft gluon
radiation yet still have Q;=0
— Need a vector sum!

®
®
.
kT 4
k
\_»]kT T3
k 2

d Subleading logarithms are equally importantat Q;=0
d Solution:

To impose the 4-momentum conservation at each step of soft
gluon resummation ‘ TMD factorization




CSS b-space resummation formalism

. . Collins, Soper, Sterman, 1985
1 TMD-factorized cross sectlon

/ ] &k, dk, dk,_

G ( )
f/A(g k ) f/B(gb’kBT)Hﬁ‘(Qz)S(ks,T)
x &’ (0, —kAT —kBT k)

52(QT _HI_C;T) =

1 ibOr T _-ibk,

; [J<
(2.717) i

Q Factorized cross section in “impact parameter b-space™:

- D JAEAEE, (Enbm) By &b H (@)U (b1

J Resummation:  Two equations, two resummation of log’ s

ﬂrend—(f:O v da

=0
dluren " dnv




CSS b-space resummation formalism

4 Solve those two equations and transform back to Qj:

dg *dQ; [ W, (0,0) + ¥,,(0;,07) | Nolargelog's
(QJT) ™ resummed /

(Pert) (Asym)
do’,, ~ do’,

dQ’dQ; dQ’dQ;

D ROIG Of eaCh te rm. Resummed cross section for W producuon

do/dQ’dQ, dy (y = 0) for pp collisions at 8 TeV
1000 - : : : : ,

_ (z_ir)jdb J,(bQ,) bW . (b,0)+

[-- Resummed, W + Y (fixed order corrected) |
—— resummed, W only (no fixed order)
--- fixed order

implemented
in
RESBOS code

100 j

d0/dQ’dQ, dy (y=0) [pb/GeV']

10

Q, [GeV]



CSS b-space resummation formalism

4 b-space distribution:

W,,(5,0) = Y, (5,0)6,(0)

Sudakov
Form factor

O Perturbative contribution ( b < 1/Aqcp ):

Wigt(b’ Q) - Z O-i%'gv [Qba/A %Y Ca—m:} X [gb/l;/B 09 Cb—m} e 5 (0.Q)

Collinear PDFs

O Nonperturbative contribution from large b-region:

bW(b,Q) ‘

A

If the area under the curve is
dominated by samll-b region, the
role of large-b region is minimal

<> Large (), and/or
< Large,/g

=b

sp

b.

max

Qiu, Zhang, 2001



Role of the nonperturbative input

4 For the region where b > 1/GeV.:

1) Work in ()r-space directly to some approximation

The originals: Dokshitzer, Diakanov & Troyan
Revived by Ellis & Veseli Kulesza & Stirling

who re-derived it from b-space.

2) Insert a “soft landing” on the k7t integral by replacing
1/b— \/1/b2+ 1/b?

for some fixed b,. (CS, CSS “b.” prescriptin

3) Extrapolation of EY'" into NP region (Qiu, Zhang)
4) Minimal: avoid the singularity at 1/b = Aqcp

by monkeying with the b-space contour integyral
(This technique introduced in threshold resummation;
then adapted by Laenen, GS and Vogelsang,
and Bozzi, Catani, de Florian and Grazzini.)

5) SCET, ...



Phenomenology

0 Compare with the LHC data:

—
<
T Illllllr

[1/GeV]

4
T

1/6% do'd/dp

T ||I|II|| T lIIIIIl|

T |II|I|I|

Combined ee+uu
——Data 2010

— RESBOS

--- FEWZ O(02)
PYTHIA

In'|<2.4
p'T > 20 GeV

IIIIIIII

ATLAS

IllllIII

| IlIlIllI | IllIIllI

| llIlIllI

»
1

L1

10

10°

p% [GeV]

107

1/c xdo/dq, (GeV/ic)™
= = = = =
) n S o ro
olTﬂ'l llllllﬂl T lllllﬂl T lllllﬂl | lllllﬂl T lIIllml_

—
<
-

X
DA 0.98 b cevene ReSBOS

—— ResBos+KF

— NNLO

== Rescaled NNLO
* DO data

=

llllllllllllllll

150 200 230
Iy qT(GeV/c)

llllllllll
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Phenomenology

. . Berger, Qiu, Wang, 2005
0 Upsilon production (low Q, large phase space):

820&0 lllllllllllllllll 10m )Illllllllllllllllll
o (a) vs=18TeV o L (b) vs=18TeV _
;g i y=0 y ';g-. o y=0 -
9 15000 - 9 750 | -
10000 H = 500 | -
5000 H N 250 H -
Ohlllllll | OLlllllllllllllllll
0 0.5 1 1.5 2 0 0.5 1 15 2
b(1/GeV) B(1/GeV)

Gluon-gluon dominate the production
Dominated by perturbative contribution even M, ~10 GeV



Phenomenology

L Berger, Qiu, Wang, 2005
1 Prediction vs Tevatron data:

Illllllllllllllllll ||||||||||||||IIII

_ Dé

° Y(19)
o Y(29)
" Y(@39)

(d°c/dydQ,)/c. (GeV/c)’

Y(1S)

T llllll]

1 llllllll

(d*c/dydp)/cy (GeV)"

E_—l 0<|YI<06 —g
10 -3:— + — [ o 0.6<lyl<1.2 +:
- - L o12<|yl<1.8 N
- ] -3 :
I | | I I | | I | | I I | 1 0 1 1 1 | L 111 | L 111 | L 1 1
0 5 10 15 20 0 5 10 15 20
Q(GeV) p(GeV)

CDF Run-| data DO Run-ll data




4 Higgs at the LHC:

Phenomenology

Berger, Qiu, 2003

u=c/b
u=my/ 2
u=2 my,
m,=125 GeV
vs=14 TeV
y =0

‘e
.
.
-
-
.
o
“
-
-~
.

a 0.1 : %
2 0.09 5{\ <, 02
= v o)
2 0.08 m,=125 GeV L0175 £
[
O
0.07 vs=14 TeV '_g. 015 ¢
0.06 B0.125
05 y =0 :
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Effectively no non-perturbative uncertainty!

80 100
Q; (GeV)

60



Thank you!

See you at the recitation tonight



Backup slices



Phenomenology

O Compare with the Tevatron data:
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No free fitting parameter!
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Kang, Qiu, 2012

0 Compare with the LHC data:
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Effectively no non-perturbative uncertainty!



Phenomenology

. Qiu, Zhang, 2001
1 Resummed cross section: . ]
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dg?
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d Resummed cross section: - P

max

2b2

F& 7 (b, Qs bmas) = exp{ (2202 (g1 (697 = (,0,)°)
Leading twist

Intrinsic power 92 (b - bmaw)]

corrections T~ 5 g \
— g2 (b —b ) } Dynamical power
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corrections

d Predictive power:

v Larger Q ey smaller b,, === Better prediction
< Larger S




