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‘ Prompt diphoton production at hadron colliders I

LHC (14 TeV)

TOT

Prompt photons = photons produced directly in perturbative
scattering or via parton fragmentation (as opposed to non-
perturbative photon production in meson decays).

Main source of prompt diphoton production at hadron
colliders via QCD interactions.
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‘ Prompt diphoton production at hadron colliders I

LHC (14 TeV)
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Prompt photons = photons produced directly in perturbative
scattering or via parton fragmentation (as opposed to non-
perturbative photon production in meson decays).

Main source of prompt diphoton production at hadron
colliders via QCD interactions.
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Main background: y+jet and dijet, with one or two jets
misidentified as photons =» reducible background.
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‘ Prompt diphoton production at hadron colliders I

LHC (14 TeV)

TOT *  Prompt photons = photons produced directly in perturbative
scattering or via parton fragmentation (as opposed to non-
perturbative photon production in meson decays).

» At much smaller rate, prompt diphotons may originate from
more exotic (and exciting!) production mechanisms:
«  Higgs decay I
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‘ Prompt diphoton production at hadron colliders I

LHC (14 TeV)
i TOT

Prompt photons = photons produced directly in perturbative
scattering or via parton fragmentation (as opposed to non-
perturbative photon production in meson decays).

At much smaller rate, prompt diphotons may originate from
more exotic (and exciting!) production mechanisms:

* Higgs decay

Precise measurements of QCD yy production should |
puts us on solid footing to search for new physics:

« Validate/improve theoretical predictions for
irreducible (QCD vyy) background.

 Develop/demonstrate good control over reducible
backgrounds.

Other NP?
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‘ H—vyy at the LHC I

T T

14 TeV

o H-vy cuts

—a— Hoyy opt
—a—HZZ -4l
—— H-WW 212y .

------

1 ! l
300 400 500 Gé)

M,,,GeV/c

1 Higgs M =140 GeV (x10)
[71 Higgs M,~=130 GeV (x10)
[ Higgs M,=120 GeV (x10)
3 Higgs M,=115 GeV (x10)
[7] ee Drell Yan

J jets p,,.. > 50 GeV

1 ¢+jets (1 prompt y + 1 fake)
] r+jets (2 prompt y)

] vy box

(1 v born

14 TeV

by 27

H->vyy currently main discovery g
channel for m;<130 GeV. _é
XS = =
T
O
Inclusive analysis: S |
« 2 isolated high p; photons *% L |
»  Look for bump in M,, on top of e
steeply falling background. E 1F
« Very challenging: small S/B. Needs: - }
« Excellent photon ID 100
» Best possible energy resolution
> 600
@
+  Background predicted from © sl CMS (1)
sidebands in data. € [ Signalx10
> 400
1)
* Required luminosity for 5o discovery 300/ B q
at m,=115 GeV: 26 fb-' (CMS). mj e || L
1001 = ek
-

100 110 120 130 140 150 160 170

180
M, (GeV)
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‘ H—vyy at the LHC I

pp—hX—yXNs=14Tev PRD 76, 013009 (2007)

o _ B 0,035 T .
*  Optimize analysis by exploiting - — Signal
additional discriminant variables: 003 4 -=-' Background "
:\0.025
50_llll LI TTrTT TTTT TTTT LI LI IIII\IIII_ 5 "
45 E -=~i5c Disc with Ciit-Basefl Analypis (with syst. efr.) ’ E ;."_ 0.02
- -F9- 55 Disc with Ct-Basedl Analysis (no gyst. err) / R 1; 0015
40 F—-+- {5 Disei-with Optimized-Anatys is(wimirsyst.-elr.‘ & ~:
3 55 5o Disc with Optimized Analysis (no s‘yst.erb/ K = 001
g i / g 0.005
30—-Cut-based-analysis =
25— /- - ’
20: e \ e ! . PP — hX — WX, \S = 14 TeV Pr{yv)
15: |X3|mprOVEd 3 09:_...,...,..,,.......,..,,...,...,..,,..._:
1OE— --sensitivity Il {3 o3F . Al
SETiOptiizad analyais . _ osb f L]
1 11 llllillll 1111 1111 1111 1111 llllllll: = C ]
10 115 120 125 130 135 140 145 150 155 ; osf 1
M, (GeV) :‘2 04F ;
° osf ;
Should benefit from a precise 02f | — Signal -
theoretical prediction for oif [ Backgromnd 5
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‘ What about H—yy at the Tevatron? I

Very small SM production rate: ~3 fb at M,;=115 GeV.
=>» Even with 10 fb-"/experiment, no observation expected at the Tevatron.

= However, this channel contributes to SM Higgs sensitivity in the difficult intermediate
mass region ~125 GeV.

Event selection:
2 photons with p>25 GeV and |n|<1.1

- D@, 4.2 fb" preliminary

« y+j and dijet (~40%)
« Direct QCD yy (~60%) via
sideband fitting.

S00% * data
Use diphoton mass spectrum ool El QCD vy
Back d estimated from data: : 174l
ackground estimated from data ] Iz

Events/2.5 GeV
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‘ What about H—yy at the Tevatron? I

Very small SM production rate: ~3 fb at M,;=115 GeV.
=>» Even with 10 fb-"/experiment, no observation expected at the Tevatron.

= However, this channel contributes to SM Higgs sensitivity in the difficult intermediate
mass region ~125 GeV.

Event selection:

90F i . .
2 photons with pr>25 GeV and [n|<1.1 oo D9 4:2 1b" preliminary
=@ L — Observed Limit
. = ‘% F e Expected Limit
Use diphoton mass spectrum. g S 6ol [ Expected Limit + 16
Background estimated from data: X % 50E- [0 Expected Limit+ 2 ¢
. v+ and dijet (~40%) °1" sk
- Direct QCD vy (~60%) via O aE
. T o~ =
sideband fitting. R S N
10F ==
bl v L b b L L
100 110 120 130 140 150

At my, =115 GeV: SM Higgs mass (GeV)

Expected limit: 18.5 x SM
Observed limit: 15.8 x SM
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‘ What about H—yy at the Tevatron? I

Very small SM production rate: ~3 fb at M,;=115 GeV.
=>» Even with 10 fb-"/experiment, no observation expected at the Tevatron.

= However, this channel contributes to SM Higgs sensitivity in the difficult intermediate
mass region ~125 GeV.

= D@, 4.2 fs" preliminary q \ H
) i.. . data /
>"F . —VH (M _=110GeV)
) - o
o % Ty, e VBF (M_=110GeV)
@107 . J
§ [ " \ ,
LI>J i +”+ "Les \\q'/
vE +++++++ k \
: i W, Z\,
g fﬁ _H
] w,Z .,
10% 150 . 20 00 ’
i Ge) e

Sensitivity could be improved
via multivariate analysis 1
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‘ Prompt diphoton production processes I

LO

/"‘\\
| \ !
,
/I
@ b

(a)

L

(&)

Direct yyproduction

CO000

(C)

T~

Bremsstrahlung

b oL

(d)

» Several classes of production
processes:

* Direct
 Fragmentation

« Leading order: qq scattering.

» Important contributions at NLO:

* Real emission (adds qg
initiated processes)

* Virtual corrections

12



‘ Prompt diphoton production processes I

Direct yyproduction

T
(a) (b) (c) (d)

-8~

TEELTT

- )

SR
(k) (1)

Fraction of gg — yy
=

102E

Several classes of production
processes:

* Direct
 Fragmentation

gg scattering: despite O(a?)
suppression relative to qq%yy, the
large gluon luminosity can make
this contribution sizable in
particular kinematic regions.

PYTHIA 6.323, CTEQ6.1L
p+>21(20) GeV, |n]|<0.9

10%

55

PRI
100

L T S R N S S T S N R SR L1
150 200 250 300 350
M,, (GeV) 13




‘ Prompt diphoton production processes I

Direct yyproduction « Several classes of production
processes:

_§ « Direct
_B  Fragmentation
(a) (b) (c) (d)

« Several sources of enhanced
logarithmic corrections:

* From initial state radiation
 From final state collinear
singularities

() «  From possible small-x logs

bl o Wl

(h) (1) )

: - Quite an interesting process to put
(k) (1)

to the test our ability to make
precise QCD predictions!

14



» Collinear singularity in final state photon
radiation off a parton can be handled e.g.

Fragmentation contributions

via fragmentation functions.

Single-photon fragmentation

-

- Fragmentation contributions can be
suppressed via:

experimental photon isolation
requirements (can only be

—

0->0
D, (z.1)

Double-photon fragmentation

g lay Pmas

Low-mass/small-angle diphoton pairs

Yo ]

Not included in any theoretical prediction!

approximated in theory)
Pr(vy)<M(yy)

g E;SO = EPT,i — Pry

partons or hadrons
within AR<0.4

15



Resummation of initial state gluons

At fixed M(yy), the differential cross section as a function of p(yy) at O(c,) given by:

/ ~
do M? . PRD 76, 013009 (2007)
2 =0 a{ln " ‘+a0 / B — 17X, VS =1.96 GeV
d nl \ p \ PP — WX, VS =1.96 GeV |
pTyy pT)/y Tyy <A \ isoE i _ —
S L EX°/E;" =007, AR, =104, AR | >03
S |’ - (P, prsot) >(21,20) GeV |
Fixed-order calculation less reliable for 2|
Pr(r7)<<M(yy) and diverges as pr(y)>0. &} Y
= E
[Also when A¢(y,y)>1T.] RN
bt ! :
2 e - =
10 ¢ :
gluon - H“‘"L,_L‘__|1
-3- i
10 ' ———— Reésummed (NNLL ';_t__:;__ .
Y E .................. - Résummed (q€_1+qg+§g) '—'L-l
- ------ DIPHOX (gq+qg+dg)
4
10 |||||||||.|||||||||||||
0 20 40 60 80 100 120 140
Pr(vv)

16



Resummation of initial state gluons

At fixed M(yy), the differential cross section as a function of p(yy) is given by:

/ ~
do | M, | - PRD 76, 013009 (2007)
dpi =0y nlp a{\n p +a0 / \ ppgwx,\/szl.%(}e\i' |
U TW TV” > I EF/E;"] =007.AR,, =104, AR | >03
S ! g (P, py 0% >{21,20) GeV |

Fixed-order calculation less reliable for B { |
Pr(y1)<<M(ry) and diverges as pr(y1)>0. g1 & '
[Also when A¢(y,y)>1T.] S A}

Y |
gluon /L%L"L\_I‘
pd Lo
»summed (NNLL ) '_['__:;____
»Y zsummed (qq+qe+qge) _'L_
[PHOX (hq+qg+qg)

Physical description of the p(yy) and A¢(y,y) NS 20 &0 60 50 100 120 140
distributions requires all-order resummation (vy)
of soft and collinear logarithms. Py

17



Resummation of initial state gluons

At fixed M(yy), the differential cross section as a function of p(yy) is given by:

d M’
(27 _o— a{ln( = ‘-l-ao
dp Tyy ‘T[I p T )/y \ p Tyy

Fixed-order calculation less reliable for
pPr(vy)<<M(yy) and diverges as p+(yy)—>0.

[Also when A¢(y,y)2>1T.]

gluon

do/dQ (pb/GeV)

Only small effect on M(yy) from resummation

PRD 76, 013009 (2007)
pp — 1yX, VS =1.96 GeV

10

|
[

10

10

Ezefp, =007,AR__=04,AR >03
Py, Py o8) > (21,20) GeV

—— Resummed (NNLL)
.—.— Resummed (q3+qg+qg)
--- DIPHOX (q@+qg+dg)

50



‘ Theoretical predictions I

PYTHIA ' .
* gg->yy and gg—>yy matrix elements. Direct yyproduction
» All-orders resummation to LL
accuracy via parton shower. I
* No fragmentation contributions g: I
included.
(a) (b) (d)

)

(h) ()

P

(k)

19



‘ Theoretical predictions I

Direct yy producrion
(d)
DIPHOX Eur. Phys. J. C 16, 311 (2000)

(c)
« Fixed-order NLO calculation
(except for gg—=>vy, which is at LO) Smgle-phoron

* No resummation: ) ﬁaomenmno"
=>» usually avoid divergence by

requiring asymmetric pr,4-pr,2>0.
« Single-photon fragmentation (to m
NLO) included.

UOWO

()

20



‘ Theoretical predictions I

Directyy producn'on
(d)

()
;I; :Mﬁl :IZ\: Smgle-photon

UOWU

Eur. Phys. J. C 16, 311 (2000)

(2) fragmentation
RESBOS PRD 76, 013009 (h) (1) (i)
RESDUS : (2007)

« Single-photon fragmentation
included via parameterization that
approximates rate predicted by (k) (I)
NLO fragmentation functions.

» All-orders resummation (to NNLL
accuracy) matched to NLO.

21



do/dQ (pb/GeV)

‘ Previous Tevatron measurements I

CDF publication in Run Il with 207 pb-'.

PRL 95, 022003 (2005)

Event selection: pry»=14(13) GeV, |n,5|<0.9, AR(y,y)<0.3, E{*°<1 GeV.

pp — /X, CDF Run-2, 207 pb™

Ef*=1GeV, AR, =04.AR >03
u=Q

10 20 30 40 50 60 70 80 90 100

Q (GeV)

do/dQ (pb/GeV)

10

pp — YyX. CDF Run-2, 207 pb’

AR, =04.4R >03
RESBOS

---- DIPHOX, E¥ =1GeV

——-- DIPHOX, E¥ =4 GeV, u_ = Q2

10 15 20 25 30 35 40
Q; (GeV)

* No requirement of p(yy)<M(yy).
*  pq(yy)>25 GeV region in data dominated by events with p(yy)>M(yy) and

Ad(y,y)<tr/2 =» potentially large double-fragmentation contribution.
» Large sensitivity of theoretical prediction on isolation requirement.

do/d(Ag) (pb/rad)

10 |

PRD 76, 013009 (2007)
pP — 7yX. CDF Run-2. 207 pb

[ AR, =04.4R >03

RESBOS, Ef* =1GeV

Hz = Q (lower). Q/2 (upper)
---- DIPHOX Ef°*=1GeV
-——— DIPHOX, Ef* =4 GeV, u.= Q2

2.5 3
A (rad)

o
N
—
—
n
Lo
~
Y
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do/dQ.. (pb/GeV)

o

10

10

|
12

‘ Getting more robust theoretical predictions I

Requirement p+(yy)<M(yy) significantly reduces contribution from fragmentation
processes and thus reduce dependence of predictions on tunable isolation parameters

and factorization scale.

PRD 76, 013009 (2007)

PP — 17X,V S =1.96 TeV

L —— Resummed (NNLL)

DIPHOX, E¥° =1 GeV
DIPHOX, E%° =4 GeV,
uz=Q/2 .

FETET IR
35 40
Qr (GeV)

do/dAg (pb/rad)

—
o

-1
10

pp — WX, VS =106 TeV

Resummed (NNLL).E¥ =1 GeV
Uz =Q (lower). Q/2 (upper)

DIPHOX, E* =1 GeV
DIPHOX, E&° =4 GV, pp = Q2

Qr<Q

A (rad)

=>» restricts data-to-theory comparisons to region where theory is best understood and

uncertainties are smaller.

23



o' do/dQ, (1/GeV)

‘ Predicted double differential cross sections I

distribution with increasing M(yy).

pl_) — 'YYX, \’S =196 TeV RESBOS

L L L L L L LB BB
— 30GeV<Q< 35GeV |
----- 35GeV<Q< 45GeV -

45GeV<Q< 60GeV |
----- 60 GeV < Q< 100 GeV |

2
10 3
3
10 -
I T T T B T T T
0 5 10 15 20 25 30 35 40

Q; (GeV)

Q) (GeV)

An important prediction of the resummed calculation is the broadening of the p(yy)

PRD 76, 013009 (2007)

pp — X, V'S =1.96 TeV
30 g Resummed (NNLL): Q. <Q

(S
)]

| ..................... SRR | .....
H H

O:Illlillllillllillllillll;llllillll
25 50 75 100 125 150 175 200

Q (GeV)

Prediction uses same cuts as in CDF
publication.
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‘ Scope of this measurement I

« Measurement of unfolded differential cross sections as functions of four complementary

observables:
Sensitive to ISR and fragmentation Sensitive to PDEs |
RN e n
ddo N do do ./ do § — %
v dAe * i ?
) ‘~~dMYV /dpr dA(pV,Y,x/ d ‘COSH \4 boost \
\::’ _________________________ - AN — . r]2
A cos6" = tanh| (1, - 1,)/2]
Sensitive to energy scale of the interaction and to New Physics!
Also measure double-differential cross sections:
2 2 2 i
d*o d*o d*o 3OSMW<50G6V

1 50=<M, <80 GeV
80 < M,, <350 GeV

aMm,dpy  dM,dA$,  dM, dicost’

25



‘ Data set I

w Run Il Integrated Luminosity 19 April 2002 - 24 January 2010
8.0
| I I I
7.5 . e
76 Many thanks to the Accelerator Division! 770 || . /
6.5
6.0
55 =Delivered
6.83 |
~ 50 == Recorded
g 4.5
> |
£ 40
=]
£ 35
£
3 3.0
25
4.2 o
o
1.5
1.0 I
05 — |
0.0 - U : L :
Apr-02 Aug-02 Dec-02 Apr-03 Aug-03 Dec-03 Apr-04 Aug-04 Dec-04 Apr-05 Aug-05 Dec-05 Apr-06 Aug-06 Dec-06 Apr-07 Aug-07 Dec-07 Apr-08 Aug-08 Dec-08 Apr-0% Aug-08 Dec-08
Aug’06 Jun’09 ¢

x20 more luminosity than previous publication!




‘ Calorimeter overview I

e oé)n; ;’gf/ &
e P 4 ,9”'7 e e
S ¥ o o
S F— 7 4
. v 4 = g
s E P
END CALORIMETER 4 / - P - »
2
Outer Hadronic 2 e
(Coarse) i}‘”\;\_. )
Middle Hadronic - = o
(Fine & Coarse) - A ™
/ = ) o o

/ . A e
l" - T - =

| - e

| \ /i CENTRAL e | i

\ \ < CALORIMETER = - et
\ ‘ = ] o ' Electromagnetic - :,

Inner Hadronic 4 f Fine Hadronic jo
(Fine & Coarse) T / Coarse Hadronic e
~ A —

Electromagnetic T

* Liquid argon active medium and (mostly) uranium absorber.

« Electromagnetic calorimeter:
* 4 layers, ~20 X,.
« Coverage: |n|<1.1 and 1.5<|n|<3.2.
« Segmentation (towers): An x A¢ = 0.1 x 0.1 (except in 3@ EM layer: 0.05 x 0.05).

« Asignificant change in Run Il:
» Added solenoid and preshower detector before calorimeter. 27



‘ Calorimeter overview I

sttacﬁvelayergii

liquid argon
A

about
3J'X0in
between|!

\J

—

Central Preshower Microstrip

Detector Tracker

|

|
0.3X,plus 1 X, of lead

|

I

Intercryostat ||
Detector
Central Fiber Tracker
Central Calorimeter
= Forward
Solenoidal Magnet 0.9 Preshower
7 = | J+ Detector
igner-qewagr—@d; = “ 7". Luminosity
. NME=====1I1 oD Monitr
RIS SSS s all NI
— Ay =1 11— Beam
~ |11 Pipe
4 End
— \ \ Calorimeter
\___ Silicon

28

Figure from DO’s W mass Fermilab JETP Seminar, Mar 20, 2009



‘ Photon identification: basic selection I

Central photons are selected from EM clusters
reconstructed within a cone with radius R=0.2

requiring:

« High EM fraction: >97%

 Isolated in the calorimeter:
I E_(R=04)-E_,,(R=0.2) -

04Cicle.

0.2 Circle X~

0.07
E,,(R=02)
* |solated in the tracker: EisoTot
sum EisoCore = |}
Prox = Ep”,k <1.5 GeV e
0.05<R<04 10 = \ .,.f"/j

« Shower width in 3" EM layer consistent
with an EM object.

Center of Gravity

o _Jofthedaitial Cluster

>

|/ FH:CH

EM

CPS

L the interaction point

Photon efficiency: ~90-95% (measured in Z->ee events).

Agreement with MC better than 1%
=» assigned as systematic uncertainty.

29



‘ Photon identification: track veto I

Track veto:

No spatially well-matched track and

No pattern of hits in the tracker in a road around the
EM cluster consistent with an e*.

Differences between data and simulation calibrated
using photons from radiative Z decays (Z->1*Iy) and
Z->ee.

q [
Zy

Y

q !

Photon efficiency: (90+2)%
Electron misID probability: ~1-4% (function of ¢).
Relative systematic uncertainty: ~15%.

EM

CPS

CFT

SMT

30



‘ Photon identification: Neural Network I

Further improve photon purity by constructing a NN discriminant using five well-
modeled variables:

DO Run Il Preliminary (4.2 fb-)
- DO, 4.2 fb5'

Tracker isolation (pSumtrk)

Events/0.05

03 o Z->I'Ty (1= ey) data
Number of EM1 cells within R<0.2 o

Number CPS clusters within R<0.1

Squared-energy-weighted width of
energy deposition in the CPS

Trained using QCD yy and dijet MC (including particle-level selections to increase
the fraction of electromagnetic jets). Excellent agreement between data and MC.

 Require NN>0.3:

* Photon efficiency: 98%. Systematic uncertainty: 1.5%.
* Rejects ~40% of misidentified jets.

31



‘ Photon energy scale and resolution I

DO Run Il Preliminary (4.2 fb-1)

The presence of dead material leads to: g Dat
. ‘e +
« significant dependence of EM response and (10000 - Si?nilation
resolution on incident angle. 8000
« different energy-loss corrections between
electrons and photons. o8

4000

Capitalize on the detailed understanding achieved and | 400
tools developed for the M,;, measurement at DO

lll]lllllllllllllllllll

%
M (GeV)
=> Use parameterized simulation of electron ¢ ooz 20 Run Il Preliminary
response and resolution used in the M, F T
measurement, supplemented with dedicated g: T F
photon energy scale corrections derived using ¢
w

tuned GEANT simulation. 0.01F
2% -0o2f-

-0.03

Systematic uncertainties:

o 0L0<il<04

« Energy scale: £0.5% oo 0.4 << 0.7
. c - 0.7 << 0.9
«  Energy resolution: 5% in constant term 005 |- v s
006364080 50" 100 ‘120 140 160 180 200320 ‘340 360 380 300

Erce (GeV)
32



‘ Event selection I

Data collected using suite of calorimeter-only di-EM triggers (p thresholds vary
within 15-25 GeV).

=>» Trigger efficiency after offline selection ~100%.

Event selection: L Avoids divergence in NLO calculation

. 2 photons with p>21(20) GeV,

- -

INg4ed <0.9, |n|<0.9, away from CAL module boundaries in ¢

* AR(yy)>04 Helps suppress contribution from
* prlyy)<M(yy) fragmentation diagrams (<6.5%)

* Primary vertex with highest number of tracks required to have |z.,|<60 cm.
Photon kinematics computed with respect to this vertex.

=>» primary vertex selection efficiency: ~98%

=>» probability to match the correct primary vertex: ~65% (measured in Z->ee data)
Assign a conservative 23% relative systematic uncertainty.
Misvertexing effect implemented in parameterized simulation.

33



‘ Differential cross section calculation I

/ Estimated number of prompt diphoton events

do N :
= ' X=M_p/, A¢p,, cosb

dX - A L- A
/8 <\\ Bin width

Event selection efficiency Integrated luminosity

Event acceptance

Measurement corresponding to the following selections at the “generator level”:
« 2 photons with p;>21(20) GeV, |n|<0.9, E{°<2.5 GeV
AR(y,y)>0.4

*  prlyy)<M(yy) EM = E Dy = Ds
N Y

partons or hadrons

within AR<0.4
34



Event acceptance e N

_ 14
dX 8-@L- A

« Defined as:

Number of events with two reconstructed EM clusters passing all but photon ID cuts

Number of events with two generator-level photons passing kinematic and isolation cuts

« Estimated using RESBOS (reweighted to match data) processed through the
parameterized simulation including all relevant experimental effects (misvertexing,

reconstruction efficiency, response, resolution, etc).

DO Run Il Preliminary

80.8
.§ Dominant contributions:
80.7 * Fiducial in ¢
(&)
- —— .
ok «* ** « Photon energy resolution
* « Misvertexing
o.sp
' Systematic uncertainty: ~(3-8)%

35




‘ Event acceptance: bin-to-bin migration I

F

«  Experimental effects (photon energy resolution, Yt
misvertexing) lead to event migration outside a

given bin at the reconstructed or generated level.
The magnitude of the effect depends on the bin N

size relative to the smearing.

Purity (bin i) = N(gen bin i AND reco bin i)/N(reco bin i)

DO Run Il Preliminary DO Run Il Preliminary
2 F 1.05F
So9f- g -
a f I + a
0.8 $ i
1—
0.7 S — —+-
) ++-+- | I S
0.6
0.95 + |
0.5 L
©
% i
0-40---2'0--'4'0"'8'0"'5'0"'00 I R T T
P.(vY) (GeV) 2 23 A ¢

=>» The acceptance correction also accounts for this.



Overall efficiency

‘ Event selection efficiency

Includes only the efficiency of the photon selection criteria.

Overall per-photon selection efficiency: ~80%.

do N

vy

dX ()AL A

Estimated using full GEANT simulation and including small corrections to match
individual efficiencies measured in data.

; DO Run Il Preliminary

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

50

100 150 200 250

300 350

M, (GeV)

Systematic uncertainty: 4.1%

Per-photon uncertainties:

Source Uncertainty
Basic selection +1%
Track veto +2%

NN selection +1.5%
ely difference +1%
Total +2.9%
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‘ Backgrounds do }NYD
dX e AL A

Electrons misidentified as photons: Z/y* —e*e
=>» due to inefficiency of track veto requirement.

=>» estimated using MC normalized to NNLO theoretical cross section and suitable
data/MC scale factors to correct selection efficiencies.

Jets misidentified as photons: dijet and y+jet

=> fluctuations in jet fragmentation to leading 1 or n® meson (11°,n%->vyy)
=>» normalization and shape estimated directly from data using photon NN information.

Data 10938

vy 7307 £ 312 (stat)
v+jet 1791 £ 411 (stat)
dijet 1679 £ 281 (stat)
ZIly* —e*e | 161 £ 10 (stat)

~16%
~15%
~1.5%

JQ 2
—
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‘ Background estimation: 4x4 Matrix Method I

- Exploit different efficiency of a tighter cut DO Run Il Preliminary (4.2 fb™)

(NN>0.6), relative to NN>0.3, for photon and jet 20.35;'3@’ 4.2 fis'
: > 0.35¢
to compute a per-event weight under the £ oof . ZolTy (1= ey) data
different hypotheses (yy, y+jet and dijet): & 05E
0 25_ ......
Wi Wrr) Both photons fail 0451 |
Wir | _ F Wrp | Leading fail, trailing passes 01‘
Wy W,r | Leading passes, trailing fails Mo
0
w, w,, | Both photons pass

(1 - (’JIAHJ- - ('_]2) ll - f_]l)(]' - F“v".?_) [l - F“v'lj”\:l - Fj'.?:' (J' - (-‘11“]' - F‘('Z:'

F_]].l:‘l’ - FJQ'\ (:Jl |:1 - F"[Q) F"y'l(]‘ - FJ?;I F‘[‘l l:]‘ - F‘y'?)
€i1€:0 €51€~49 €~1€49 €~1€E~0
jl };. }1 4 (1 Ja (1 Y &
Wy 0
* Forinstance, if leading passes/trailing fails, the event weight is: Wi _ 0
W 1
« Estimated number of prompt diphoton events bin-by-bin is W, 0
given by the sum of yy weights: ~
data
I
Nw — 21 Wyy 39
1=




‘ Background estimation: 4x4 Matrix Method I

DO Run Il Preliminary

=» Small correction (<2%) based on Z>ee
=» Scale factor for e and y consistent within 1.5%. 0.91

- Relative efficiencies for photon and jet . .

estimated as a function of |ny| using MC. €, qef QCD yy MC
Photon efficiency: £,~90-95% e
« data-MC scale factor measured in Z->ee and 0.03f-

Z>1y. E

llllllllllllllllllllllllllllllllllllllll 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
calorimeter detector n
|ndet|

OrTTT

DO Run Il Preliminary (4.2 fb-1)
> 1.15F
0
_g, A +Z->ee
0 't
& - vZ->ll+y (I=e,u)
O 105
©
: —
g : : |
2 sl |
< L
- C
o 0.9
w B
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‘ Background estimation: 4x4 Matrix Method I

* Relative efficiencies for photon and jet
estimated as a function of |n4.| using MC.

Jet efficiency: £~68%

« compare data and MC in “sideband” regions:

= As a function of photon isolation.

=» For photon candidates with tracks within

AR<0.05.
DO Run Il Preliminary (4.2 fb-')
ir « ydata
0.8 —yMC
- 1 jet MC
0.6_— I
C I
0.4— |
S S
0.2 |
i ) -
oTllllllll'lllllllllll llllllllllll lllllllllllllll
0 05 1 15 2 25 3 35 4 45

# of tracks In cone 0.05

=» Data and MC consistent to within 10%.

Efficiency

e
O -

ALY

0.8
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000,01 0,02 '0.03 0.04 0.05 006 007 008 009 0.1

DO Run Il Preliminary (4.2 fb-1)
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e o ——
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ﬁ

by
44
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——y MC
—— jet data
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isolation

DO Run Il Preliminary (4.2 fb*')

1E

= o —_————
08E" o
08 |
07E- I
06F T
asE-
04F

= ——7y MC
03— .

E —— emjet data
02 .

= ——emjet MC

01:—

=FEREERE EREREEY [EREREERE EESENENY [ENENESENE ERSREERN WA (), B W
% 01 02 03 04 05 06 07 os 0.9
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‘ Background estimation: 4x4 Matrix Method I

DO Run Il Preliminary (4.2 fb-1)

—

* Relative efficiencies for photon and jet g oo
estimated as a function of |n4,| using MC. g 09F »j—H—ﬂHm}w—%H«H:}{F
£ 0.8
w =0
L 0.7 + |t
Jet efficiency: £~68% - T *}ﬂh#i ﬁ# $
TP ” . 0'6:_ 4%;
« compare data and MC in “sideband” regions: .F %
: : . ~E ——v MC
= As a function of photon isolation. 045 . jet data
=» For photon candidates with tracks within 035 . iat M
AR<0.05. Systematic uncertainties:
o * Ae, =11.5%
DO Run Il Preliminary (4.2 fbY)| | . — 4109, 004 '0.05 006 007 0.08 009 0.1
1 J - _ isolation
: =» Leading sources of systematic linary (4.2 fb)
0.8 uncertainty in this measurement
- I === Jet mC 08 I =
0.6 I 08
- | a7E- i
0'4:_ d S 0sf o
- | 05E-
0.2 | =
- 04
- | P - E ——7y MC
o I - 03:— a
oo““o's"”%""1'5“"5'“'z's"“5“"&'5““3““4'5“'5 02f- TS
' ' # of tracks In cone 0.05 a1§— —e—emjet MC
= Data and MC consistent to within 10%. T BV R T Ry S T Ty “as

|ndet|



Purity

‘ Estimated sample composition I

.o DO Run Il Preliminary (4.2 fb-) DO Run Il Preliminary (4.2 fb*1)
10°
* data * data
10? 7Y vy
Il v +jet 10? By +jet
10 Cldi-jet CIdi-jet
1 B Z/y*->ee BZ/y*->ee

10*

102
10°

10°="5%0 100 150 _ 200 10°
0 10 20 30 40 60 70 80 90 100
M, (GeV) p}”(GeV)
DO Run Il Preliminary (4.2 fb') DO Run Il Preliminary (4.2 fb')
r I - = f
il 3 o9
. 0.8
081 Jf ++ | o.7§ %ﬂ} %&%
| 0.6 %’ +
°'°—_%++ : Ny, 0.5F %}
. Purity = —— °E
B 04—
0.4 data =
L 0.3
02 02F
: Statl lelcclartalntles onIy T 0'12_8’[at uncertalntles onIy
050 100 150 200 250 300 350 T T I T R TR, R

o
o
ury
o
N
o

30 40 50 60 70 80 100
M, (GeV) W



‘ Estimated sample composition I

10°

o

DO Run Il Preliminary (4.2 fb-! DO Run Il Preliminary (4.2 fb1) _*_ data
0 v ) 10'e I ( ) L
F _* data S I 7 +jet
- - [ di-jet
B Zy*>ee
10'

10°

lf

10?

10%

10

1

Purity

1.6 1.8 22 24 26 b i 02 03 04 05
A, (rad.) cos 6*
DO Run Il Preliminary (4.2 fb*1) ; DO Run Il Preliminary (4.2 fb-1)
g £ 'F
0.9 5 0.9
= o -
0.8 ‘% 0'8;_ J.
0.7 % °-7§‘%’7+ | | l T
0sF % 0.6F T | |
0.5/ 0.5
045 0.4
°-3§_ 0.3F
0.2F 0.2F
®F Stat. uncertainties onl 01,
OZL."’.". Yncemaintes oy - Stat. yncertainties only | | |
16 18 2 22 24 26 K B ¥ B Y Sy Y-

2.8 3 1 1 1 1 1 L
0.1 0.2 0.3 0.4 05 0.6 0.7
A¢,, (rad.) cosft



‘ Experimental systematic uncertainties I

DO Run Il Preliminary (4.2 fb)

204r
£
£ 03F
S -+ Total
5 A
00.2_—'\' . .
£ R _.Tici-i=:-:-:=.=.-. = Normalization
E 0.1F
» L - - Acceptance
> [ ‘& s m R e e VR RV e e
O O e -
K )
B | N"e’
-o.2i-’ o N{Y
=)
-0.3F-
_0.4:4llllllllllllllllllllllllllllllllllllllll

50 100 150 200 250 300 350 400 450
M,, (GeV)

Total systematic uncertainty ~18%, rather flat as a function of the kinematic
variables considered.

Main source is diphoton purity, followed by overall normalization (selection
efficiency: 4.1%; integrated luminosity: 6.1%).

Full information on bin-to-bin correlations for each systematic uncertainty 45
preserved.



‘ Theoretical predictions I

RESBOS and DIPHOX use CTEQ6.6M PDFs and ug=ug=u=M.,..
PYTHIA v6.420 using Tune A (CTEQS5L).

RESBOS and DIPHOX need to be corrected for »  poorun ll Preliminary —
non-perturbative effects: underlying event and w e P, <2.5GeV

hadronization 098:«., .
o - D g o
=> lower efficiency of the isolation cut. C o o

I-l:h[—l
A — = 1 oy

C =
Correction estimated as a function of each 094
observable using PYTHIA and considering two 0.92F
different underlying event tunes (Tune Aand S0). (o , o o 0 sk
« Total correction ’.“4-5.50/(?. | 0.885_ O tune A + Hadr
« Both tunes consistent within 0.5%. oaef tune SO + Hadr

C oo by by by b by 1
20 40 60 80 100 120 140

p; (GeV)

Theoretical uncertainties:
 PDFs: 3-6%; use 44 eigenvectors from CTEG6.6M.

* Renorm/fact/fragm scales: ~10-20% depending the observable;
all scales simultaneously varied by x2 up and down.
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‘ Single-differential cross sections I

DO Run Il Preliminary (4.2 fb')

> | pg, a2t (a)
o [  data
2 107! RESBOS
a3 A\ — DIPHOX
= [ - PYTHIA
= ; 'PDF uncert.
3 1023‘ - gcale uncert.
EE
Al
10 g
S i
n 3
o >l
P 1
o 1
. 50 100 150 200 250 300 350
M, (GeV)

Good agreement between data an
RESBOS for M,,>50 GeV.

d

DO Run Il Preliminary (4.2 fb-')

> %DQ, 4.2 fb (b)
&) T
g [\
107E N
»Q.l— E
U -
% L
102
10°

T IIIIIII

N

|'f/0j‘_&J |

o

40720730 40 50 60 70 80 90 100
P, (GeV)

2

Ratio to RESBOS
Qr 0 OT N O

 Clear need for a resummed calculation.
Data spectrum harder than predicted.
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(*) Overall normalization uncertainty (7.3%) not included in data error bars.



" (pb/rad)

do/dAG_

Ratio to RESBOS

‘ Single-differential cross sections I

DO Run Il Preliminary (4.2 fb-1)

2=
10°Epg, 4.2 b (c)
-« data
- RESBOS .
10 — DIPHOX y
= -~ PYTHIA '
I PDF uncert. $
E scale uncert. ¥
1E
S
107
_| [ B A | ' | | |
4_ —
3 /7
2r ] I I A
1t s i v

A¢  (rad)

Observable basically insensitive to
experimental effects. Supports
conclusion from p;(yy) measurement.

do/d|cos | (pb)

Ratio to RESBOS

DO Run Il Preliminary (4.2 fb-1)
DO, 4.2 fb™ (d)

—
- 01 N
= :
—t—
|

o
o

%01 02 03 04 05 06 0.7
|cose |

Further insight can be gained by examining
double-differential cross sections.
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(*) Overall normalization uncertainty (7.3%) not included in data error bars.




‘ Double-differential cross sections I

DO Run Il Preliminary (4.2 fb-')

€ |bpg 42" (a)
c% 10t 30 GeV < M., < 50 GeV
& i * data
SR RESBOS
g — DIPHOX
& b - PYTHIA
B2 \ “ PDF uncert.
L 10°F \\ § scale uncert.
m 3_||||l||||l||||l||||I‘lunllunl||||I||||I||||l||||_l
2 2.5 { { .
9. 1
R
9 0.5 e .
R T
py’ (GeV)

30 < MW <50 GeV

DO Run Il Preliminary (4.2 fb-')

d?/dM, d|cos | (pb/GeV)

T [ Doa21b (b)
> 10530 GeV < M,, < 50 GeV
& t
8 r 5
01: =
<] -
T
= r $
= [
NS
© 107 .

2.5F I .
@ 2r I { /
« 1.5 / -
2 1 i
Q05 | et
& Q518 2 2224 26 28 3

Ao_ﬂ (rad)

—h

=
-

E

Ratio to RESBOS

DO Run Il Preliminary (4.2 fb-)
- DO, 4.2 fb! (c)
t § 30GeV <M, <50GeV

‘\K
N \

N \

.
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o
T T LI ]
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|
I
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'
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T
1

e
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——t
——

|cosh |

« RESBOS correctly predicts the rate for diphoton prediction at low p+(yy) (<5 GeV), but

underestimates rate at higher pr,, by up to a factor of ~2.
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(*) Overall normalization uncertainty (7.3%) not included in data error bars.
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‘ Double-differential cross sections I

30 < MW <50 GeV

Va IO OVW

Ratio to RESBOS

H
DO Run Il Preliminary (4.2 fb-1)
" DO, 4.2 b (a) g VWA

- _{ 30 GeV <M, <50 GeV 0 arXiv:0909.2305
1 . _ 10 EIIIIIIIII\)IIII =
S\ g?—:tgsos g ! = $=1.96 TeV 3
- — DIPHOX 2 m=140GeV
B m bOE un 1t PYTHIA6.323, CTEQSAL | = 0 % E
L)\ “9PDFuncert. | . Tt e ' [ - % RESBOS+NNLOJ
: \ scale uncert. >~ C 0] ) .
: \ (I S .20 N |
- ‘\‘ o)) =10 E N =
i 3 1 u E \“\ E
T P YT Y TP TV TRV TRV T 210 ; \/S=196Tev g 3 — \\\\ —
— = R =~ - \

S B 1§ | S10°E AN =
- - '.6 B U — \\\\\ —
— : 102F -4 | RESBOS+NLO "<~
cbs 1;1_52025 30 35 40 45 "s_o 0 5000150200 250 400 50 10 B bl 073
o7 (GeV) ML (GeV) 0 50 100 150 200
Yy

Q. (GeV)

« This is the region where the gg process is dominant!

« Sizable NNLO effects were found in gg—>H at a mass ~140-170 GeV.
Potential for similarly large NNLO corrections at lower masses?
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‘ Double-differential cross sections I

50 = M, <80 GeV

DO Run Il Preliminary (4.2 fb-1) DO Run Il Preliminary (4.2 fb-1) 10DO Run Il Preliminary (4.2 fb*")
< [Do,42fb" (a) 8 - DO, 4.2 fb! (b) > [ D@, 4.2fb" (c)
3 \\i 50 GeV <M, < 80 GeV S [ 50GeV<M,<80GeV o 50 GeV < M. < 80 GeV
B 101 = \ f X’l’ Q 10 O | Y
o - * data o 3 i o [
= RESBOS s F =
2 [ — DIPHOX g [ »
= ~---PYTHIA F Ot S8 |
S102E 'PDF uncert. < | T_
B F —-scale uncert. QI <
T T = T T
i s kS
cgg - ©
3l
8 2.5: 1 1 | 1 1 | | - 3-_[ L | | | | | | | . 8 2_
m 2r { - 2.5 ,,:" . o 1.5F
Bod i I T
4 - 1.51 ./ c 1
e 1 ;\ T 1 — == : o e o5
o 0.5 T 0.5F e AR e
& %10 20 30 20 50 60 70 80 0618 2 2224 26 28 3 g% :
p';r (GeV) AQT{ (rad) lcost |

« Qualitatively same observations as in the 30-50 GeV mass bin, although overall
agreement of RESBOS to data much improved.
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(*) Overall normalization uncertainty (7.3%) not included in data error bars.
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‘ Double-differential cross sections I

DO Run Il Preliminary (4.2 fb')

Py (GeV)

80 < MW < 350 GeV

I?O Run Il Preliminary (4.2 fb-')

d?/dM., d|coso | (pb/GeV)

8 [ D@,42fb" (b)
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DO Run Il Preliminary (4.2 fb-)
| DO, 4.2 fb! (c)

{ 80 GeV < M,, < 350 GeV

2_ —
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|coss |

» Excellent agreement between RESBOS and data in the kinematic region of most
interest for Higgs and NP searches!

(*) Overall normalization uncertainty (7.3%) not included in data error bars.
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‘ Summary and Conclusions I

« We have presented measurements of single- and, for the first time, double-differential
cross sections for direct diphoton production at Vs=1.96 TeV using 4.2 fb-1.

do do do do
dM,, dp dA¢g,, dlcos®’
Lo Lo P [ 30=<M, <50 GeV

- 50=M, <80 GeV

dM, dp}  dM, dA '
wPr 2dAd,  dM, dicosO | 80< M, <350 GeV

« Our measurements are compared to state-of-art theoretical predictions such as
DIPHOX and RESBOS, as well as PYTHIA. None of the theoretical predictions fully
describes the data in all kinematic regions of the four variables considered.

« The best agreement is obtained for RESBOS, demonstrating the need to include
corrections beyond NLO and resummation of soft/collinear gluons in the initial state.
Excellent agreement in the kinematic region of most interest for Higgs and NP
searches!

 These measurement should allow further refinements to the theoretical predictions.
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