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Outline

*A survey of Higgs measurements at the LHC
*The role of theory in unraveling the origin of EVWWSB

*Two issues for the future LHC program: theory predictions for
exclusive jet bins and second-generation couplings

*Theory for jet vetoes in the WW channel
*Higgs+jet @NNLO
*Measuring the Hccbar coupling at a luminosity-upgraded LHC



*We've come a long way since July 201 2:

The Higgs discovery
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The Higgs discovery

*We've come a long way since July 201 2:
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Mass measurement
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*Consistent with the global EWV fit without the
LHC measurement to better than 20

*Measurement errors are sub-GeV, and are
becoming systematic-dominated

5 ! | | | | | I | I | | | | | | ] | | | i | | | I | | il I | o
T isE Elsun :
— SM fit w/o M, measurement -

4 et A — 20
- -0~ ATLAS measurement [arXiv:1207.7214] -
3.5 ; = CMS measurement [arXiv:1207.7235] =
s E E
2.5 [ ATLAS: 125.5 GeV =
2 — CMS: 125.7 GeV r
1.5 — —]

1 [ e N " At | EEEEET T — 1o
0.5 —
0 : 1 | | | P11 1 I 1 1 1 1 IJ | I — L | 1 | - l 1 L1 1 I L1 1 l L1 L1 :

60 70 80 90 100 110 120 130 140

M, [GeV]



Events / 0.1

Events / 0.1

150
100F

50

250 :rl' 70 ‘[ LA | I’ TP [ T l’ TN [ LA B A | LA } YYYYYYYYYYY
- ATLAS Hoyy — 0* Expected -
200k \S = 8 TeV JL dt = 20.7 fb-1 * JS=0"Data ;
- Bkg. syst. uncertainty B
—— :
—— N
- — — .
- _\_*_\—H :
- e E
OF l _+ﬁ

D50 [T T
500F- \S = 8 TeV det=20.7 fb’
150}
100

50

Spin-parity analysis

=2 Expected ~
e J=2"Data

Bkg. syst. uncertainty —

|4

Ll

(f, ,=0%)

. q i
N —— N
N : — i
= + e
— — ]
N —r i
- —— ::#::————-
LLJLJ LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL 8
0 0.1 02 03 04 05 06 07 08 09 1

|cos 0*|

CMS \Ns=7(8) TeV,L = 51(122)1b'
3000:__I|I IITII TIIIIII]][ _‘:

.....

&

S

IT
I
=

~ Observed

Pseudoexperiments
=
o
(=]
T

al
(%
o
(=]
|

1000}

500

%% =20 -10 0 0 20 30

-2In(Ly /Ly?)

*Kinematic distributions in YY,
ZZ,and WWX final states prefer a

0" state
*ATLAS example: 0, 17,1, and 2
excluded at or above 97.8% C.L.
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Coupling measurement
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*Couplings proportional to
mass, as predicted in the SM
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Summary of measured properties

If it walks like a duck and talks like a duck...”




Summary of measured properties

If it walks like a duck and talks like a duck...”

If it walks like a duck
talks like a duck,
then it could be
a dragon doing

a duck impersonation.




arXiv:1101.0593v3 |hep-ph] 20 May 2011

The documentation frontier o
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ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Handbook of LHC Higgs cross sections:

1. Inclusive observables

Report of the LHC Higgs Cross Section Working Group

arXiv:1201.3084v1 [hep-ph] 15 Jan 201

Handbook of LHC Higgs cross sections:
2. Differential Distributions

Report of the LHC Higgs Cross Section Working Group

arXiv:1307.1347v1 [hep-ph] 4 Jul 2013

Uncertainties Iin inclusive cross-sections

~830 pages

Handbook of LHC Higgs cross sections:
3. Higgs properties

Report of the LHC Higgs Cross Section Working Group

Dittmaier and Schumacher (2012)

LHC @ /3 = 7TeV LHC @ /5 = 14TeV
uncertainties corrections uncertainties corrections
My[GeV] THU PU QCD EW THU PU QCD EW
goF < 500 6—10% ) 8—10% 100 5 6—147% 77 Z 100 5%
VBF < 500 1% 2—T% D/ 5% 70 3—4% 5% 5%
HW < 200 1% 3—4% 30% 5—10% 1% 3—4% 30% 5—10%
HZ <200 || 1-2% 3-4% | 40% 5% 2—4% 3—4% | 45% 5%
ttH < 200 10% 9% 5% ? 10% 9% | 15—20% ?

I —————

And yet...



Sharpening our image
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*Systematic errors already approaching
statistical ones; will overtake with 14

TeV data

*Systematic error shown is the
combination of experimental and
theoretical systematics; theory is
already the dominant systematic error

*A particular issue is the division into
bins of exclusive jet multiplicity

Source

Nit=0

Theoretical uncertainties on total signal yield (%)
QCD scale for ggF, Njee 20 +13 -
QCD scale for ggF, Njee 2 1 +10 =27
QCD scale for ggF, Njee > 2 -

scale for ggl, Njer 2 -
Parton shower and underlying event +3 -10 +5
QCD scale (acceptance) -4 +4 +3

Expenimental uncertainties on total signal yield (%)
Jet energy scale and resolution 5 2 0

Ne=1 N2

Uncertainties on total background yield (%)

WW transfer factors (theory) *1 +2 +4
Jet energy scale and resolution 2 3 1
b-tagging efficiency - +7 42
frecon efficiency +4 +2
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The lost generation
ATLAS
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*Extremely difficult to access second-generation couplings at the LHC

*Only possible with high luminosity; only muon final-state considered by
ATLAS/CMS so far

°|[s an e*e” Higgs factory needed to access 2nd-generation quark couplings?



Exclusive jet bins
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Pre-selection

Two isolated leptons (¢ = e, u) with opposite charge
Leptons with pk* > 25 and pPted > |5
e+ pe: mee> 10

e+ pp: Mg > 12, | mygg = mz|> 15

Missing transverse
momentum and
hadronic recoil

5 ,e MSS NS
ep +pe: EX > 25

ee +py: EXTN > 45
ee + pyi: pre > 45

€€ + pt: frocoin < 0.05

ep + pe: EX > 25
ee +py: EX70 > 45
ee + gy pr o > 45
€€ + L frecoi1 < 0.2

e + pe: E'T“i‘“ > 20
ee +pyr: ET™ > 45

>0 , TS S
ee+pp: EXcrye> 35

General selection

| Adeemer | > 7/2
p(T’ > 30

-'\"b-Jc! =0

e+ pe: ZJy* = rr veto

"Vb-y:l =0
Py <45
e+ pe: Z|y' = rr veto

*Required experimentally in
the WWV channel due to the
background composition

eContinuum WW
broduction in the 0-jet bins;
both WWV and ttbar in the |-

jet bin; ttbar in the 2-jet bin

*Need different cuts as a
function of jet multiplicity

*Typical jet-pt choices: 25-30
GeV

*Similar divisions used in
some TT analyses
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Why are jet vetoes dangerous!?

*Imposing a jet veto leads to an interesting two-scale problem in QFT.
lllustrate with simple example of e*e"—jets

*Infrared safety: must sum both virtual and real corrections

2 2
Q PT
+ +
—— —
Virtual corrections: - 1/€r? Real corrections: |/€r%2-a%In?(Q/pTyeto)

°Incomplete cancellation of IR divergences in presence of final state
restrictions gives logarithms of the restricted kinematic variable

*Relevant term for gluon-fusion Higgs searches:
2CA(XS/TT)IN?(Mu/pTyeto)~ /2 = potentially a large correction
*Xs"In2"(Mu/pTyeto) appears at each order n in perturbation theory

13



The structure of the Higgs cross section

Transition Tall

O(as) from O(as) from

resummation fixed order
-+ fixed order

Peak

O(a;) from
resummation

Ti:ut
from arXiv:1211.7049

*Can identify three kinematic regions
for a QCD prediction when a
(dimensionless) variable T is restricted
*Peak region: O(s In?(Tcue)> |;
perturbative expansion dominated by
logarithms, predict using resummation
*Tail region: s In?(Tcut) < | ; logarithms
not large, predict using standard fixed-
order perturbation theory

*Transition region: &s In?(Tcut)<|; need
progress on both resummation and
fixed-order

*Higgs production at the LHC is in the most-difficult transition region; must
consider both resummation and fixed-order results to describe this process

*Nature (or at least experimentalists) is unkind...

14



Zero-jet resummation

* Begin in the zero-jet bin. Current status with anti-kT algorithm:

+ Banfi, Monni, Salam, Zanderighi: NNLL+NNLO 1203.5573, 1206.4998
+ Becher, Neubert NNLL+NNLO 1205.3806, partial N3LL+NNLO 1307.0025
+ Stewart, Tackmann,Walsh, Zuberi NNLL+NNLO 1307.1808

Counting in the log of the cross section

NLL' NNLL'
LL NLL - L)
NNLL NNNLL peut
. L =In-L
o oL . MK
o’L? a’L? a’L o’
ﬂi’ L* Q ”:’L - Q ::’ L? Q ? L o>

Global veto log structure
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NNLL+NNLO resummation

*Uses soft-collinear effective theory

green: NLL,, *Significant improvement in prediction from

blue: NLL! +NLO including higher-order resummation and fixed-order

T
ol o NPNLLPT+NNLO *Has not yet propagated into experimental studies

Including resummation and fixed-order uncertainties
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NNLL+NNLO resummation

Central value: scheme (a) with

PR =pur =Q = M/2

e e L e i Rt e =4
. : — H, =125 GeV A\
¢ MR and M F variations g 9 Ge O
M 1 ki 0.8 | Ms1eaom seno IR o
7 <UR MR <M > < i ~ s
' - & 0.6 [ e _,.4:.-,.. .................................................. -
- Resummation scale (()) variation L s
s SAY ;‘:‘ H '
O A s . :..,.T;:.,;.'.‘...' ............ - U ——— -
A 0 Pt 1
In- »n - > Lo
\[ Pt vete Y1 ovete ,g 0.2 " | P : a1
4 — ‘ 12 [ T : T T T
= 2N pRF = M/2 B T SR BRI
4 — — - 1.1 ;...“L, ..... : R R A AR S —
s AL R R AR AR R N —
8 1B \ ANV ;:{ L AVEVELAVAVAVEVV RVRV RV AL RVRVAL RV N IS
- L’l W :: | \ :;\, \ AL J
J SCllellle (b) alld (C) Wltll f-g Og b ok i haks '.......-..;..;..':’-E}..li.’.?’...\ ............................................... —
: - 08 : L S | s T T |
BR=pr=Q=M/2 S "o 20 50 70 100
Peveto [GEV]
- Total uncertainty «— envelope From P Monni

Banfi, Monni, Salam, Zanderighi 1206.4998

*Very different theoretical approach, but similar results for uncertainty;
reduced error estimates coming from the resummation program are robust
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One-jet resummation

*Two relevant regions of jet pT: pT~MH>>PTveto, MH>>PT~PTveto
*Currently can resum the first region at NLL'+NLO x i, Fp 1210.1906, 13034405

2N [ p—p—p———————————————
: - ® . (o)
. poes0cey | Comprises roughly 30% of the
& | | event rate at the LHC, but roughly
S 50% of the error
o 100} ) :
] *An improved treatment of this
c | region can significantly reduce
< S0 p .
| relevant errors in LHC analyses
0. X Sttt e— Al —— Sttt —
40 60 80 100 120 140
pT’( GeV)
NLO: m:/;'ll- > 30)(pb) | o(63 > /)71’- > 30)(ph) mﬁ/).'; > 063)(pb)
= my/?2 5.2+163 3.9+L01 1.3797
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o (CiIn)

Numerical results for the one-jet bin

°Integrate over entire pt range used in the ATLAS measurement

7000

2000

1000

(P 7)) min( GeV)

NLL'+NLO
NLO

my (GeV)|py*® (GeV)|onto (Pb)|ontianto (PB)| fxio |[fiinio
124 25 5.0200% | 5:628505%  0.299150% 0.283 133
195 25 5.85134% | 5 55120 (‘).:z()(')j}g;: ozwjjjj
126 25 575 00 | 547 0% 03001357 0.284138%
124 30 5.25151% 4.83*_'3_32 0.2651 33 | 0.2447 337 |
125 30 5.19’:33% 4.77‘_“:2;_3%‘3 02667357 0.244 7337
126 30 512080 | 4725008 0.266750% [ 0.246750%

°Large uncertainty from
the high-pt region makes
this resummation very
effective in reducing errors
in the one-jet bin

*Very conservatively (turn
off resummation at
PTj=mH/2), error on |-jet
bin result is decreased by
25% relative to fixed-order

°*Has not yet propagated
into the experimental
studies

X. Liu, FP 1210.1906, 1303.4405
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Higgs plus one-jet @NNLO

*Higgs plus zero-jets known in fixed-order through NNLO
*Until recently, Higgs plus one-jet known only through NLO
*The following ingredients are needed for H+I-jet @NNLO:

SODUCLAU0 000 R TOBO0000Cs
I_—‘| o l.: ‘l ':.i ::I _
- ! & o =) - :J" -
) - 4 =) e & 1 I._.?' ;
N ATATATATATA 4 =)  SATATATATAVATATAR -i“,l'. R~ . B
:i'?%{"l"' 00005 & 300000000 166 0) B,
o - e N P ~ ’_J '{:.r_.
=) » ) = = Rep)
< e > w =
__-__)l = ;_)] )4 & |
Py = =) = e
wids R AT A e Teva AT &) __:]
CO00OCE00O0DO0 “DOOCO000! CO0000D0COUON OO 988 CIOOOOON0CHOO 000000
Gehrmann, Jaquier, Glover, Koukoutsakis (201 1) Badger, Glover, Mastrolia, Williams (2009) Del Duca, Frizzo, Maltoni;

Dixon, Glover, Khoze (2004)

® All ingredients were available, some even for a while; what prevented us from having
this calculation done before now?

e IR singularities cancel in the sum of real and virtual corrections and mass factorization
counterterms but only after phase space integration for real radiation

e A generic procedure to extract IR singularities from RR and RV before phase-space integration
was unknown until very recently
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NNLO QCD at the LHC

* After more than a decade of research we finally know how to generically

handle NNLO QCD corrections to processes with both colored initial and
final states

7000 v ,
— v . Theory (scales + pdf) 1
]

{3=8 To\ TNNLO Theory (scales)
& ooF arti-k, Re0.7 wo  J 6000 \ 200 | CMS dilepton, 7TeV v r
A e =N 4 \ ATLAS and CMS, 7TeV » ‘
C el ey 3 0000 ATLAS I_-TPV Sy
op" PR - CMS dilepton, 8TeV w———
» 0 GeV<p <97 GoV - — ) ONLO ! 250 |
60— 2o — 1000 |
E — > . 5 |
b . Bl 2 3000 0 .
U - S — > <UL
- - \\— 77 ¢
k. - o 2000 e —
: 3 - PP — tt+ X @ NNLO+NNLL
sob- ks 1000 150 | Myop=173.3 GeV
C = ' MSTW2008NNLO(68cl)
e A 2 gy 1 A 2 - 0N 2 .

[ rd 7 i Q
30 50 70 o0 110 130 1530 170 190 210 230 250 6.5 / .9 o 8.5
[i GeV 'Snlrrev},

Gehrmann-de Ridder, Gehrmann, Glover, Pires (2013) ~ Boughezal, Caola, Melnikov, FP, Schulze (201 3) Czakon, Fiedler, Mitov (2013)
dijet: gg-channel H+lj:gg-channel ttbar: all-channels

scheme

~.-
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NNLO QCD at the LHC

* After more than a decade of research we finally know how to generically
handle NNLO QCD corrections to processes with both colored initial and
final states

Theory (scales + pdf)

. ' TNNLO heory (scales)
g E K T NLO - 6OD0 \ 200 | CMS dilepton, 7TeV »—v—
g b A L0 -: \ ATLAS and CMS, 7TeV s
- MSTW2008nnk = =000 ATLAS, 7TeV r—e—
i =T P s r CMS dilepton, 8TeV »———
| :— POV Sy W ey —: = 1000 TNLO ' ._'50 [ :
_Ei i v o . = 5 2 3000 : ;
:'— —': < T— i 200
o R ) --‘—_——‘——__
1 ) [ PP — tt+X @ NNLO+NNLL
C s 1000 150 | Myop= 173.3 GeV
B ' ‘ MSTW2008NNLO(68c)
0 x = e %
0 50 ) 90 110 1 150 170 190 210 230 25 6.5 / /9 o
T Ge\ ~SJ'T&’\/},
Gehrmann-de Ridder, Gehrmann, Glover, Pires (2013) Boughezal, Caola, Melnikov, FP, Schulze (201 3) Czakon, Fiedler, Mitov (201 3)
dijet: gg-channel H+lj:gg-channel ttbar: all-channels

* For along time, only color singlet final
states available at full NNLO,
mostly 2 > 1 at Born level: H, W, Z, yy

« 2013 will be remembered as the year of
2 - 2 at NNLO Lance Dixon, LoopFest 2013
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Singularity structure of H+jet

* Complicated singularity structure, in particular three
collinear directions:

Subtraction terms made out of splitting
functions or eikonal factors and matrix
elements with lower multiplicities
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Building blocks

* tree-level H+3j

* tree-level H+2j up to O(¢&?)

* tree-level H+1j up to O(¢)

* one-loop H+2j (Badger et al (2011))

* one-loop H+1j up to O(g?)

* two-loop H+ || (Gehrmann etal. (2011))

* renormalization, collinear subtraction

24
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Numerical results (gg only)

7000
TL0O

ONLO | ONNLO
ONNLO 6000
mu = mMH 5000
é 1000
3000
\ e 2000
........... w00 . NNPDFs
.............

A A . {) i i - - i a . : . i
250 300 350 100 150 S00 S0 510 70 00 110 130 150 170 190 210 230 250

GeV M (;l\

Boughezal, Caola, Melnikov, FP, Schulze 1302.6216

* Partonic cross section for gg = Hj @ LO, NLO, NNLO

e Rea

e Hac

istic jet algorithm, kT with R=0.5, pt> 30 GeV

ronic cross-section pp — Hj using latest NNPDF sets

* Scale variation in the range mp/2 < 4 < 2 my, my = 125 GeV
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Numerical results (gg only)

20 mu = MmH

w000 - NNPDFs

®e
.
.
®e
.
e
®e
*e.
*eesa
......

Ge\ pn |Ge\

Boughezal, Caola, Melnikov, FP, Schulze 1302.6216

Significantly reduced OnLo/OLo = 1.6
scale dependence O(4%) ONNLO/ONLO = |.3

Large K-factor
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Measuring the Hcc coupling

*Can we measure second-generation quark couplings at the LHC?

*Recent result: it may be possible to measure the hcc coupling at a high-
luminosity LHC, using h—=]/Y+Y Bodwin, FR toynev,Velasco 1306.5770
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*Expect ~50 events after reconstruction with 3 ab-!; = 1
very small theory errors -
*+20-30% coupling measurement in SM possible
*Very sensitive to BSM deviations! 0
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*Also have h— Y (15)+Y decay mode; sensitive to sign
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Conclusions

*Theory errors are beginning to limit our understanding of the
underlying theory describing the Higgs. This will become more
urgent with the increased data from a 14 TeV run.

*Progress needed on two fronts to understand Higgs+jets

°*New resummations at NNLL+NNLO (H+0-jets) and NLL+NLO
(H+1-jet) will improve predictions in the WWV channel

e|nitial results available for H+1-jet @NNLO

*Notoriously difficult to measure 2nd-generation couplings at the

LHC. New results indicate H—}/Y+Y might provide access to the
Hccbar coupling.

*Looking forward to the |4 TeV data!
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