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Electroweak Corrections at High Energies

Kalanand Mishra, Fermilab

You are traveling through another dimension,
a dimension not only of sight and sound but
of scales much larger than the W mass .... .

Snowmass: Seattle Energy Frontier Workshop, July 2, 2013
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Introduction
-What are EWK corrections, when/where they matter

*A survey of the most abundant processes at LHC for
sensitivity to EWK corrections: at 8 TeV, 14 TeV, 33 TeV,
and 100 TeV collider energies

-inclusive jet, dijets

-inclusive W/Z

-W/Z+jets

-Diboson (WW)

eSummary table
Definition

If experimental and PDF errors are < EWK corrections, then I'll
call the measurement as being in the Sudakov zone. Typically
need a few dozen events above 1 TeV to be in this zone.
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When electroweak corrections are too strong

*EWK corrections become important in certain kinematic regimes

*At the ~TeV scale, they significantly modify production cross
sections through Sudakov logs of order aw log®(p2/M32,)

=25"aw @p=1TeV
This typically exceeds ~10% of LO when p is of order 1 TeV

*\We are now encountering LHC data where experimental
precision at the TeV scale is of order 10%

Important not only for nominally electroweak
processes, but for nominally QCD ones as well!
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How big an effect we are talking about ?

Inclusive jet production at LHC

For inclusive jet production at 14 TeV, negative virtual contribution
dominates over real emission at ~1 TeV and cross section
decreases from LO result by ~20% at 2TeV

o —— L B e I R R ]
B \ generally negative at high mass/ pt 1
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Are EWK corrections too strong for jets?

s =8TeV anti-k; R=0.7 L=10.71fb" CMS Preliminary
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[A classic example: EWK corr for dijet production

arXiv:1210.0438, e .t .
arXiv-1306.6298 l ZE: | I I N 3><
d d
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Tree-level diagrams
(+ve contribution) { : ( N )}
2Re & q X w d
d d

OoL.AS

2 2

N

( ZW )
P B L D]
Loop diagrams | )

\ /

(—ve contribution, L -

. (
virtual, Sudakov) 1 >QO< m j:r le o f

¢ A

Although negligible for integrated xsec, Sudakov corrections can reach
10-20% for TeV jets in interesting kin regimes
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Dijet expectation at 8 TeV and 14 TeV
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arXiv:1210.0438

Sudakov virtual
correction is
large, although
the net EWK
correction is small
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Dijet expectation at 8 TeV and 14 TeV
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Typically we
are interested
in low y*,
where the
correction can
be even larger.

See the paper
for plots of
individual y* bins
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Data/Theory

Too strong for jets? At today’s precision, yes!

CMmS L=4fb'1 \s=8TeV
’>-\ 10 T | LU L T T I L I L I L | g
, \'s = 8TeV anti-k;R=0.7 L = 10.71fb 8 E —+— pata djjet mass
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*Theory and experimental error for ~2(4) TeV jets(dijets) is ~10%
-Comparable to the size of EWK corrections
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So, what we expect at 33 TeV?

do® /dky 1 [nb/GeV]
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Provided by Alexander
Huss & Stefan Dittmaier
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So, what we expect at 33 TeV?

Provided by Alexander
Huss & Stefan Dittmaier
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For Mj the energy dependence is ; . .
5 y* < 0.5 :

stronger, since not probing pure Sudakov
regime (not solely described by ythe
universal Sudakov logarithms). However,
the lowest y* bins (in Sudakov regime) are
less dependent on the energy & show a
similar behavior to the pr distributions.
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At 100 TeV
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3000

Provided by
Alexander Huss &
Stefan Dittmaier

Very similar to
the 33 TeV result
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At 100 TeV

dO’O /dM12 [nb/GeV]

Provided by Alexander

Huss & Stefan Dittmaier
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Very similar to the 33 TeV result
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[What about electroweak processes

Su’

\

‘!_. \\ INT
] M

L TOTAL ™.

10°

Zykunov, arXiv: hep-ph/0702-203

M, GeV 10°*

Almost everything we
could measure in 2010
(jets, photons, W, Z) has
entered the “Sudakov
zone” in 2012.

As in the case of
inclusive jet, the QCD
NLO correction (+ve)
compensates for EWK
correction (—ve).
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Observed / Expected

Too strong for Z? Yes, in some cases.

| AITLASI Pr;alin;in;ar;/ ; o Dat‘a 2012 ?
10° Z’ — ee Search Oz =
y I =
10° Ldt=201b [JDijet & W+Jets 5
4 Vs=8TeV [CJDiboson 3
10 Z(1500 GeV) g
[JZ/(2500 GeV) =
E:
=
=
=
- = . . . . L + %
062_1()0 200 300 400 1000 5000 3000
Mg [GeV]
Dozens of Z events above 1 TeV!
Statistical precision >1 TeV is ~10%.
So in the Sudakov zone.

Observed / Expected

http://cds.cern.ch/record/1525524

107 I T T T T T T T I

s ATLAS Preliminary e Daf
10 Z’ — uu Search Czn
10° Ldt=201b" L3

Vs =8TeV

10

10°

10° g

10;5

1

ol ==
10-2€| 1 1 1 1 1 1 1 I

w= '

1-?:— P PP +|+ +I 1 -
§_ .’ + .'-0- b
3 ARE

100 200 300 400 1000 20

Kalanand Mishra, Fermilab 15/ 30


http://cds.cern.ch/record/1525524
http://cds.cern.ch/record/1525524

1/0 do/dq_[GeV™']

data / theory
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Z pt distribution

in 8 TeV LHC data
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200

https://cdsweb.cern.ch/
record/1528579

Expect ~10% negative
correction in the last
few bins. However, the
effect gets diluted due
to NLO QCD
correction.
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Too strong for W? Yes

CMS Preliminary

s =8 TeV

fL dt = 20 fb™
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CMS Pre http://cds.cern.ch/record/1522476

>10’

G10f Dozens of W events >1
S10° TeV! In Sudakov zone.
=10 Cannot use NLO predictions blindly at

high mw. Empirical parametrization to
estimate W contribution.
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Inclusive W+ and W~ at 33 TeV

W™ production pp@33TeV
L N L A A R

Provided by Xavier Garcia
Tormo & Thomas Becher

For 8 TeV & 14 TeV results see f
arXiv:1305.4202 -1

1 ACY(%)

W~ production pp@33TeV —20}
T ‘I T T T T T T T T T [ T T T T T T T T

400 600 800 1000 1200 1400
pr(GeV)

Ao (%)

eAbout the same for W* & W~

eCorrections ~ same as in

200 40 00 80 1000 1200 1400  the case of 8 TeV and 14 TeV
pr(GeV)
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Inclusive Z and y at 33 TeV

Z producti 33TeV . . .
T Provided by Xavier Garcia
: ’ Tormo & Thomas Becher

@ Good

EWK corrections almost
independent of the collider energy.

““““ yproglqctjon pp‘@3‘3Te‘V‘ S

200 400 600 800 1000 1200 1400 O Y

pr(GeV) ;

{ OB I

“@ Bad S _10f """""" E' ------------------
Getting increasingly more v :
important b/c precision of B Sttt Sttt sttty
experimental data & NLO as | . :
calculation finer than EWK corr. ~ -30------------ TR LR L REEEEEEEEEEEED
Coincidental cancellation of e a0 e se iooe e 1400
worryingly large magnitude. pr(GeV)
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Z+jets at 33 TeV  as func. of My |Provided by Tobias Kasprzik
in the format of arXiv:1103.0914

pp — [Tl jet + X at /s = 33 TeV

My/GeV 100 —co 200 — oo 400 —co 1000 —oco 2000 — oo 4000 — 0o
=Mz b 119.924(6)  1.6890(2) 0.28005(4) 0.022682(3) 0.0024968(4)  0.00015626(2)
of /pb | 19.849(6) 1.6482(2) 0.26618(4) 0.020604(3) 0.0021755(3) 0.00012945(2)
Stowr /% .6(1) 74(1) 26(1) 31(2) .69(3) 92(4)
| Spw’~M%/% | =5.3(1)  —3.06(1)  —5.13(1)  —10.11(2)  —16.34(3) —24.77(4)
Sy /% —9.46(8) —5.69(1) —8.14(1) —14.18(2)  —21.56(3) —31.88(6)
dpw )% —5.05(7) —2.94(1) —4.93(1) —9.93(2) —16.14(3) —24.75(6)
AL 29.(1)  14.8(2)  —0.6(1)  —29.5(1) —57.1(1) —89.5(1)
0 /% 27.9(6)  15.9(2) 2.2(1)  —23.0(1) —46.6(1) —74.8(1)
StoeD eto/ %0 50(6) —89(2) —255(1)  —54.9(1) —82.4(1) ~115.3(1)
LD veto! To 6.1(4) —7.2(2) —208(2)  —45.8(1) —69.8(1) —98.1(1)
O o] 6 0.669(1)  2.097(5)  2.409(6) 2.168(6) 1.844(5) 1.610(3)
0¥ o/ To 0.710(1)  2.298(5)  2.721(7) 2.510(7) 2.135(5) 1.822(3)
o1 oo/ PD/% | 19.32(9)  1.473(4)  0.1965(6)  0.00877(2)  0.000234(3) —0.0000365(2)
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Z+jets at 33 TeV as func. of jet pr Provided by Tobias Kasprzik

in the format of arXiv:1103.0914
pp — 171~ jet + X at /s =33 TeV

pT,jet/ GeV 50 — o0 100 —oo 200 — o0 400 — oo 1000 — oo 2000 — oo
=Mz b 1121.26(1) 33.737(4)  6.3314(7) 0.79429(9) 0.026920(2)  0.0010264(1)
oy /pb | 120.70(1) 32.654(4) 5.6403(7) 0.60157(6) 0.014491(1) 0.00038663(4)
Sew /% (1) (1) 25(1) 15(2) 25(5) 8(2)
gre =Mz yor | _3.29(3) —4.48(2) —8.50(4) —15.42(3)  —28.59(8) —41.0(1)
o /% —4.61(1) —5.31(1) —8.92(1) —15.65(2) —28.48(5) —40.5(3)
opw /% —3.16(3) —4.42(4) —8.12(2) —14.89(2) —27.62(5) —39.9(1)
St /% 56.1(2)  78.7(1) 113.0(1)  160.5(1) 240.4(2) 330.6(3)
0&GEn/ % 54.0(1)  77.4(1) 117.3(1)  186.0(1) 347.2(2) 609.0(4)
OB boto! T 13.1(1)  23.3(1)  29.7(1) 27.5(1) —2.8(1) —42.2(1)
0GED veto! 70 12.9(1)  25.6(2)  38.8(1) 49.8(1) 52.6(1) 54.0(1)
5;‘,73]&/% 0.1377(4) 0.1647(4) 0.1960(5)  0.2442(7) 0.341(1) 0.457(1)
O on/% | 0.1489(4) 0.1923(5) 0.2562(7)  0.371(1) 0.661(2) 1.095(3)
O veto/ PP/% | 130.9(2)  39.36(6)  7.342(9)  0.8091(7)  0.01808(2)  0.000443(1)

See backup slides for prediction as a function of jet pr
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Z+jets at 100 TeV as func. of My |Provided by Tobias Kasprzik

in the format of arXiv:1103.0914
pp — [T1™ jet + X at /s = 100 TeV

My/GeV  |100 —co 200 —oo 400 —oco 1000 —oo 2000 — oo 4000 — 0o
=Mz /pb | 60.70(2) 5.3194(9) 0.9142(1) 0.08462(1) 0.012762(2)  0.0016229(2)
o2* /pb 61.76(2) 5.3548(9) 0.9016(1) 0.07980(1) 0.011500(2) 0.0013850(2)
Ot /% (1) (1) —841(1) —14.28(2) 05(3) 97(5)
Se =Mz o | —5.0(1) —3.23(1) —529(1) —10.42(3)  —16.42(3) —24.34(5)
o /% —9.5(2) —5.76(1) —831(1) —14.08(2) —20.85(3) —29.87(5)
Opw /% —5.2(2) —3.07(1) —5.15(2) —10.11(2) —16.22(4) —24.09(5)
Stsen /% 36.(4)  20.8(3) 7.3(2)  —18.1(1) = —43.3(1) —73.7(1)
05D/ %o 29.3(9)  18.4(3) 6.01) —16.3(1)  —37.4(1) —63.3(1)
Ot boto! %0 50(9)  —7.0(2) —21.2(2) —46.8(1)  —71.8(1) ~102.1(1)
OGED veto! 76 3.8(7) —7.4(3) -19.6(2) —41.7(1) = —63.1(1) —88.5(2)
O e/ % 0.532(1) 1.679(4) 2.019(6)  1.988(6) 1.792(6) 1.511(4)
0¥ o/ T 0.568(1) 1.871(4) 2.363(7)  2.464(7) 2.259(7) 1.901(5)
OF eto/ PD/% | 58.6(4)  4.75(1)  0.672(1)  0.0373(1)  0.00211(2) —0.000228(3)
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Z+jets at 100 TeV as func. of jet pr  Provided by Tobias Kasprzik
in the format of arXiv:1103.0914

pp — (11~ jet + X at /s = 100 TeV

prjer/ GeV [100 —oco 200 —oco 400 —oco 800 —oc 2000 — oo 4000 — oo
ot=Mz/nh o 1114.29(1)  23.772(3)  3.5452(4) 0.42003(4)  0.017238(1) 0.00094403(9)
of /pb | 118.30(1) 23.762(3) 3.1922(3) 0.31583(3) 0.0091290(9) 0.00035205(3)
S 1% 62(1) —9.57(1) .86(2) 11(8) —43.5(1) 8(1)
grecon=Mz o | _465(3) —8.72(2) —16.08(2) —26.29(4)  —43.15(7) —58.5(2)
o32%, /% —5.50(1) —9.29(1) —16.38(3) —26.36(4) —43.2(2) —57.5(1)
Spw /% —4.48(2) —8.52(2) —15.62(2) —25.64(4) —42.21(7) —56.8(1)
St/ % 07.4(2) 146.0(1) 215.2(2)  288.7(2) 378.0(3) 472.6(5)
AL 85.4(2) 130.0(2)  201.7(1)  298.8(2) 487.9(3) 769.0(7)
D ato! To 35.7(2)  54.2(1)  66.7(1) 61.3(1) 13.2(2) —43.1(1)
EED eto! T 29.6(2)  47.4(1)  65.5(1) 76.4(3) 65.6(2) 51.5(1)
55;](‘){31/% 0.1218(3) 0.1400(4) 0.1681(5)  0.2114(7) 0.291(1) 0.382(1)
Y% /% | 0.1407(3)  0.1799(5)  0.2482(7)  0.365(1) 0.630(2) 1.006(5)
OF oo/ PD/% | 147.0(2)  32.86(4)  4.767(4)  0475(1)  0.01124(2)  0.0003343(7)

See backup slides for prediction as a function of jet pr

Kalanand Mishra, Fermilab
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ATLAS analysis of Z+jets
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[WW production: a curious case

See talk by T. Kasprzik at ICHEP 2012

o
0 o(%) Computed for Vs = 14 TeV EWK and QCD corrections
7| partally cancel out,
o . . .y
10 L goeo® {  resulting in net positive
5 B enhancement at high WW
O . .
2 o 1  invariant mass
0 E!_ R X % % X % X % X K % X X K X K %
+ o4+ X
+ 4 .,
=20 F (SE“' + o4+ . -
5.,.{. S
40+ Gy, - Again, coincidental
5Q.C‘.?D . Basic cut: W pt > 15 GeV cancellation of worryingly
-6 H—r-rtrnom—rt—r large magnitude.
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Too strong for VV? Yes,

CMS Preliminary, 19.3 fb'at /s =8 TeV, W—ev

200

150

100

50

40

lwwmzlﬁ
[ISingIe Top IW+jets

@ data §Uncertainty

60

100 110 120

130

IN some cases.
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WW at 33 TeV and 100 TeV Provided by Tobias Kasprzik

oLo(fb) 5(%)
100000F————————————— —— 40 ——— ;
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i H 1 1
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My My

The EWK corrections by themselves do not depend much on the collider
energy, but yy—WW increases at a much slower rate at high collider

energies. So, the sum of the two is more —ve. Need to watch out for NLO
QCD correction to understand the net cancellation effect.
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WW at 33 TeV and 100 TeV

Provided by Tobias Kasprzik

Also computed as a function of pt, w cut
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[Summary: Quick recap of Sudakov zone survey

Are we in the Sudakov zone ?

Previous report and additional survey of 7 TeV LHC data at:
http://conference.ippp.dur.ac.uk/conferenceDisplay.py?confld=331
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Summary

[4 The size of EWK corrections for many processes at LHC are
approaching the current precision of the measurement

e Important at high mass/pr tails

[4 Extrapolations made using current LHC data and dedicated
calculations for 33 TeV & 100 TeV collider energies suggest that

e Corrections are large in kin regime accessible at higher energies

e Important for almost all abundant (background) processes
e Do not change dramatically with collider energy

Plan to write up this report & include in the Snowmass white paper
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Aside: PDF dependence of QCD (as) uncertainty

, ‘\E = 8TeV | anti‘-kT|3=‘O.‘7 ‘L‘ =10.71fb 7 . ‘\E — 8TeV | a”“"kTB=‘0-‘7 ‘L‘ —10.71fb"
18/~ - Data/Theory 0.0<lyl<05 - 18 -e Data/Theory 0.0 <lyl<0.5
1.6 - Theo. Uncertainty - 16 -~ Theo. Uncertainty
1.4?7 — Exp. Uncertainty B 1.4:7 — Exp. Uncertainty
e . 12l
ot vy oy LU 1: ..................................

Data/Theory
t —

o
o)

0.8

\s = 8TeV anti-kTF 0.6 0.6

\\\‘\\\‘\\\‘\\\5
\\\‘\\\‘\\\‘\\\‘\\

:‘ | 0.4 0.4

— - Data/Theory CMS Preliminary 02 CMS Preliminary

- 0.2 .

-~ Theo. Uncertainty ‘

L L1 ! ! Lo ! Ll L L T L
- —Exp. Uncertainty 080 100 200 300 1000 2000 80 100 200 300 1000 2000
- Jetp_(GeV) Jetp_(GeV)

%
*

MSTW2008 ) CMS Preliminary

80 100 200 300 1000 2000 Kalanand Mishra, Fermilab 32/30
Jet P, (GeV)

For more plots (other rapidity bins) see
https://cdsweb.cern.ch/record/1547589
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https://cdsweb.cern.ch/record/1547589
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Dijet @33 TeV: Dissecting into rapidity regions

1000 2000 3000 4000 5000
M2 [GeV]

0 1000 2000 3000 4000 5000
M12 [GGV]
T T T T T
L 20<y* <25 J
. 0
S|
w
—2
-3 Fk .
0 1000 2000 3000 4000 5000

Mi2 [GeV]

[ 05<y*<10 ]
0 1000 2000 3000 4000 5000
M2 [GeV]
[ T T T T T ]
| 15<y*<20 i
0 1000 2000 3000 4000 5000
M12 [GGV]
d20°/(dMi2 dy*) [nb/GeV]
10+ ' ' T <05
05<y* <10 o
102 L 10 <y* <15 oo |
- 1.5 < y* <20
<25
10°
1072
10-4
V5 =33 TeV e
107¢ pp—rjj+x T
0 10I00 20I00 30I00 40I00 50I00

Mis [GeV]

33/30



Dijet @33 TeV: differential in jet pr
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Z+jets at 33 TeV: as a function of lepton pr

pp — [Tl jet + X at /s = 33 TeV

pr -/ GeV 100 —0co  200—o0o 400 —oco 1000 — oo 2000 — 0o
=Mz /bl 12.641(2) 1.7316(3) 0.19986(3)  0.006439(1) 0.00023702(5)
o/ pb 12.011(2) 1.4856(2) 0.14747(2) 0.0037329(7) 0.00011702(2)
S % . —9.26(2) —13.57(7) —19.96(7) —31.0(2) —37.1(3)
grec =Mz o | _397(9) —6.11(4) —10.14(5) —16.12(9) —25.8(2) —31.7(2)
Y 1% . —9.08(2) —13.18(3) —19.11(6) —26.7(3) —31.(2)
Spw /% —4.12(8) —5.82(5) —9.65(4) —15.07(7) —21.8(3) —23.3(7)
St/ % 56.3(2)  49.6(2) 28.4(3) —21.4(2) —67.9(3)
0% /%o 53.2(2)  51.7(2) 42.0(2) 15.9(2) ~15.1(7)
OEeD eoto! To 22.5(3)  17.3(1)  —1.9(2) —46.4(2) —89.9(3)
LD veto! To 23.4(2)  25.5(3) 19.8(1) —1.(1) x 10 —35.4(6)
M oas/% | 0.1204(3) 0.3068(8)  0.426(1)  0.525(1) 0.683(3) 0.817(3)
v /% | 0.1284(4)  0.355(1)  0.559(1)  0.792(2) 1.200(4) 1.498(7)
oY oo/ DD/ % 13.78(2)  1.677(4)  0.1497(3) 0.0025(7)  0.000041(2)
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Z+jets at 100 TeV: as a function of lepton pr

pp — 117 jet + X at /s = 100 TeV

pry+/GeV [100 —o0 200 —oco 400 —oo 800 —oo 2000 — oo 4000 — oo
oh=Mz ph | 44.075(8)  6.865(1) 0.9684(1) 0.11379(2) 0.0045639(8) 0.00024532(5)
o /pb | 45.107(9)  6.643(1) 0.8362(1) 0.08329(1) 0.0025868(5) 0.00011752(3)
sz o | —9.68(2) —14.56(3) —22.5(3)  —31.1(1) —44.5(3) —51.8(8)
greeon=Mz o | _6.53(5) —11.17(4) —18.17(6)  —26.8(1) —39.8(2) —49.(1)
Sy /% —9.54(2) —14.22(3) —21.20(6)  —29.6(2) —41.8(8) —41.8(6)
greevar jor | _6.32(6) —10.81(4) —17.38(6)  —25.1(1) —39.(1) —35.4(8)
Stocn” /% 73.6(3)  TT.A4(2)  68.2(2)  41.1(2) —20.5(6) —75.2(8)
05/ % 60.1(4)  62.5(2)  58.2(2)  44.9(2) 12.(2) —24.4(4)
SEaD Loto] T 34.7(2)  40.5(2)  33.4(2) 10.0(3) —49.1(4) —99.6(4)
SSED veto! T 26.9(2)  33.2(4)  32.7(1) 23.4(3) —7.5(3) —45.1(4)
Loz /% | 0.2264(7) 0.3036(9)  0.368(1)  0.441(1) 0.564(3) 0.667(3)
0% /% | 0.2562(7)  0.385(1)  0.538(1)  0.743(3) 1.093(5) 1.32(1)
SUNEE/% | 0.2264(7)  0.3036(9)  0.368(1)  0.441(1) 0.564(3) 0.667(3)
0% o/% | 0.2562(7)  0.385(1)  0.538(1)  0.743(3) 1.093(5) 1.32(1)
o1 o/ PD/% | 53.1(1)  T.93(2)  0.937(1) 0.0788(3)  0.00134(2)  0.0000169(9)
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Events / 50 GeV
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W+j€tS with at least 1 b-tag arXiv:1208.0956

CMS, 5.0 fb" at (s =7 TeV CMS, 5.0 fb'at Vs =7 TeV
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Dozens of events above 1 TeV Already in Sudakov zone!
e Better than 5% precision expected in 8 TeV data

Validate W+jets shape using data: compare 0 b-tagged sample Iin
data with W+jets MC; take difference as systematics.
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Events / 20 GeV

ZZ (leptonic) invariant mass in 8 TeV data
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Events / 75 GeV

[Diboson at 7 TeV: WZ/ZZ—¢¢+j (boosted)

http://cdsweb.cern.ch/record/1444879
. QM.S.'Tr.e.'iF‘]iT‘?FX .2‘??1' .

SEPRRRARRAN "1 T T3 4The other boson (W or Z)

[ Jra=s0m? * Datd cee | decays hadronically into a
e s=71ev M Wl Z+dets 3 ecay ary

ot —ms7s0 w0 ]  single (merged) jet
e 3 -anti-kT 0.7 jet
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GeV
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15 1 4Plot invariant mass of the
M T VZsystem.

ko

00 1400 1600 1800 2000 2200 2400
uu

M, (GeV)

400 600 800 1000 12

A dozen events beyond 1 TeV. Will be in the Sudakov zone in 2012.
Fit the smoothly falling spectrum to set limit.

Kalanand Mishra, Fermilab 39/30


http://cdsweb.cern.ch/record/1444879
http://cdsweb.cern.ch/record/1444879

