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© Zoltan's excitement about a clear signal of
observing a Higgs-boson of intermediate mass
(70 < my c?/GeV < 140)
- irreducible background ttyy final-state was unknown
© my first phenomenology paper signal/background
study of this channel
~ message: works with excellent resolution of photons
o ... actually achieved by ATLAS and CMS



First visit to ETH
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We compute the event rates for two potentially important background processes pp—ttyyX and pp-»bbyyX to the recently
proposed signature for Higgs production of one 1solated lepton and two isolated photons in the intermediate-mass range. We find

that the background can be suppressed assuming good ( = (2-3)%) mass resolution in the invariant mass of the two photons, and

assuming that the isolation criteria for the lepton and photons can be efficiently implemented experimentally. We reanalyse the
signal to background ratios using realistic experimental cuts and find that by measuring the inclusive production of one isolated
lepton and two 1solated photons at the LHC or the SSC we can obtain a clear experimental signal for the production of the Higgs
boson 1n the mass region 70 < My < 140 GeV.
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Higgs boson has been discovered
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© my [6eV]=125.5+0.214:+0.6syst (ATLAS 2013)
125.7.":0.351'01'i0.3sy51- (CMS 2013)

> All measured properties are consistent with SM
expectations within experimental uncertainties
~ branching ratios as predicted
~ spin zero
~ parity +
> couples to masses of W and Z (with ¢y=1 within
experimental uncertainty)
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t-quark: potential tool for discovery

~ The t-quark is heavy, Yukawa coupling ~1
m: [6eV]=173.34+0.64 (LHC+TeVatron, 2014)
(= y+=0.997+0.003)

= plays important role in Higgs physics
(more tantalizing: ms mz = (125.7+0.3)? GeV?)
© y+ cannot be measured in H — tT decay (m: > mp)



How to measure y;?

\. J

~ H — yy is sensitive to y: through t-quark loop,

but rates are small and W loop also contributes

~ gg — H is sensitive to y+ through t-quark loop

if only SM model particles contribute (so far xsec is

consistent with SM) :>

~ gg — H is sensitive to BSM physics

if y+is measured separately

9



tTH hadroproduction

\. J

~ y+ can be measured in pp — tTH through many decay

channels (all very difficult):

~ hadrons with single lepton: t — blr, t — bjj, H — bb
~ hadrons with dilepton: t — blv, t — blv, H — bb
> hadrons with hadronic tau: t — blv, t — bjj, H — 7, 7
> diphoton with lepton: t — bly, t — bjj, H— vy
> diphoton with hadrons: t = b jj, t—bjj, H—= vy
~ same sign dilepton: t — b jj, t — bjj, H— wi[v]

- 3 leptons with di, trilepton:t — blv, t — bjj, H — {[v]{[v
> 4 lepton with di, trilepton:t — blv, t — bl[v], H — vl

|0




tTH hadroproduction

\ J

~ Y+ can be measured in pp = tTH through many decay

channels (all very difficult):

© hadrons with single lepton: t — by, t — bjj, H — bb
~ hadrons with dilepton: t — blv, t — blv, H — bb
~ hadrons with hadronic tau: t — blv, t — bjj, H — 7,7,
~ diphoton with lepton: t — blv, t = bjj, H =y

_ dip :
~ same sign dilepton: t — b jj, t = bjj, H— (vlv]
> 3 leptons with di, trilepton:t — blv, t — bjj, H — L[v]{[v

© 4 lepton with di, trilepton:t — blv, t — bl[v], H — ([v]|¢[v
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The importance of being top

These require precise predictions of
distributions at hadron level for
pp ~>tT+hard X, X = HW,Zyv,j bB2j...

..with decays: the t-quark is not detected because it
decays before hadronization

Vip|? > |Vis|?, [Vial?

~
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..To distributions, full of pitfalls & difficulties

There is a long way from loops and legs
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SMC idea: use probabilistic picture of parton splitting in the
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From standard SMC to POWHEG MC

\ J

SMC idea: use probabilistic picture of parton splitting in the
collinear approximation, iterate splitting to high orders

o Standard MC first emission:

as(t) 1 P(2)O(t — ty) dPMC

rad

_J/

Jim R(®,11)/B(@,)

- POWHEG MC first emission:

o, |
R( —|—1) @(kJ_ - prJr_nn) d(I)rad

B(®,)
B(®,) + V(®,) + / [R@nﬂ) — A(q)n—l—l)} dP;aq

do = B(®,)d®,, | A(P,, pT™) + A(D,, k)

[Frixione, Nason, Oleari
3 arXiv: 0709.2092]
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POWHEG-BOX framework
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POWHEG-BOX
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PowHel framework

\. J
HELAC-NLO POWHEG-BOX
[Bevilagua et al, [Alioli, Nason,
arXiv: 1110.1499] & ( Oleari, Re,

arXiv: 1002.2581]
RESULT of PowHel:

Les Houches file of Born and Born+1st radiation
events (LHE) ready for processing with SMC followed
by almost arbitrary experimental analysis
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k NLO + PS?

*Hadrons in final state
*Closer to experiments, realistic analysis
becomes feasible
*Decayed tops
Parton shower can have significant effect
(e.g. in Sudakov regions)
*For the user:

event generation is, faster than an NLO

computation
(once the code is ready!)
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Why should we care about
k NLO + PS?

*Hadrons in final state
*Closer to experiments, realistic analysis
becomes feasible
*Decayed tops
Parton shower can have significant effect
(e.g. in Sudakov regions)
*For the user:

event generation is, faster than an NLO

computation
(once the code is ready!)
..but we deliver the events on request
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One more reason for processes
with photons in the final state

*Photons have to be isolated
*Easy at LO in perturbation theory:
complete isolation in a cone around the y
*Problematic at NLO:
a completely isolated photon is not IR safe
* Three solutions:
1. use inclusive photons attractive only
2. use smooth isolation } theoretically
3. include photon fragmentation —
cumbersome theoretically and photon
fragmentation is not known well



Second paper with Zoltan
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QCD corrections to photon production in association
with hadrons in e e annihilation *
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Theoretical Physics, ETH, Zurich, Switzerland
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Accepted for publication 19 October 1992

Next-to-leading order QCD corrections for inclusive photon production in € ¥ ¢ ~ annihilation
are denived. We emphasize that in a well-defined perturbative analysis — with or without
isolation — 1t is always necessary to subtract the photon—quark collinear singularity. The
subtraction term is absorbed into the non-perturbative fragmentation functions of the photon.
The Q2%-dependence of the photon fragmentation functions is determined by inhomogeneous
evolution equations. The modification of the evolution equations due to photon isolation is
discussed. We also analyse the vahdity of the approaches where the non-perturbative contribu-
tions are neglected. Using a general purpose next-to-leading order Monte Carlo program, we
calculate various physical quantities that were measured in LEP experiments recently.
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* Problem with cone isolation at NLO:
isolation cone cuts into phase space of soft
gluons, hence not infrared safe

» Solution: isolate photon from partons with
cone radius decreasing as parton energy

inside the cone decreases s
B had = Z E| ;00— R(py,pi)) < EL ~ ( )

| 1 — cos 0y
1Etracks
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Prevailing solution:
Frixione's smooth isolation

* Problem with cone isolation at NLO:
isolation cone cuts into phase space of soft
gluons, hence not infrared safe

» Solution: isolate photon from partons with
cone radius decreasing as parton energy

inside the cone decreases 1| s
EJ_,had — Z EJ_’i@ (5 — R(p'yapi)) < EJ—KY (1 _ COS(S()>

1Etracks

» Experimenters prefer cone with fixed
radius, with reduced hadronic activity inside

the cone
FE| had = Z E1 ;0O (Ry — R(py,pi)) < ETNad

1Etracks 20




Experimental cone vs. smooth cone

21




|TTvv hadroproduction at NLO'
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PowHel can produce distributions at NLO

\

Pl oy [Ge\/]

p1 4 [GeV]
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Cross sections agree with predictions of MadGraphb5
if mp ->0: (1052+10) pb with given cuts
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PowHel can produce distributions at NLO

045 | I | I | I | I | I |
00;51 8 TeV, _
' Ry ;=

P

- —— PowHel NLO
---------- aMCatNLO NLO

-

DO

Ot
[rrrrrrrrrerp et

=S
K facto
(@»)
O DO =~ (@
o WWW‘WI’l
l.
L.

NLO K-factor is in the range 1.2-1.5
for fixed default scale,
improves with dynamic scale

24
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inclusive event sample with photons

NLO+PS matching makes possible (almost)

Y
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NLO+PS matching makes possible (almost)
inclusive event sample with photons

\. J

*Event generation requires generation cuts,
chosen much smaller than physical cuts =

measurable cross sections are independent
of the generation cuts

*Applicable to processes without final-state
light patrons in the Born cross section

25
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Formal accuracy of the POWHEG MC

N

J

(0) = /dCDBE _A(m min)O(PB) _I'/dq)radA(pJ_)_O(q)R)

R

B

26




4 N

Formal accuracy of the POWHEG MC

(0) = /d(DBE _A(m min)O(PB) _I'/dq)radA(pJ_)EO(q)R) —

B

\

_ [ 48a1B+VI0(@s) + [ a@rRO@) | (14 O(as)

Useful for checking l @

26



oLHE agree with ono w smooth isolation

\. J

- —— PowHel LHE ] 5 E LT — PowHel LHE E
......... PowHel NLO L 'I..._------..i__' i) we PowHel NLO
...... LO H -""r--L Lo - 1O

do/dp, + [fb/GeV]
|
|

| | I | I | L T S T I ' i Ll g T I -Ill- Ll
0O 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
P1Ly GeV] Pl GeV]

NLO and LHE predictions agree
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\
oLHE agree with ono w smooth isolation
\ J
T T T T T T T 7 T T Vo7 T T 1 T T T T
— 8TeV, u=my i i 0.4 = g TeV, p = my
Z R%]:O4 ------ E g 0032 :: Rry’j:()ll
C N = 0.25 O
- e - D 02
C —— PowHel LHE | S 015 |-
i e PowHel NLO i 0.1 :—
' 0.05 = . -
e 19 | “I ='I':I:I.:..:-::_;..I.,I,:'I'-I"I‘:-'::'i?}fﬁ I II [
“= 09 T | T T Y T ,|, |l_'
2 1 0 1 2 -3 2 1 0 1 2
In Yt

NLO and LHE predictions agree
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da/dm%w tb/GeV]

NLO
LHE
O =
OO o

oLHE agree with ono w smooth isolation
. V.

=JLI LI LI L DL L L L L L= — 1 T 1T T T T T T T 1
- e —— PowHel LHE 4 =) —— PowHel LHE
I I T P PowHel NLO A - 1F T, e PoyHel NLO —
B T PowHel LO 7 . iz
- - S,
S
< g
8 TeV, p = my i 2 = 3 _
¥ fy;=04 e il < 102 i = D
' I I I T | g | T i | |
L L LE L L LN | | = N L L L P L L=
'T'T-T'rrrfTﬂTH '-r.-r-r-r-rITT.-r TR T oo T - 8 g 10 = = : = =
:IJ""'*#"""'].""-.L J-J-lqé.l.:ll-l:l | | BT F TITIE --__ =3 . = T LI = -
< N A T A | O I A O T 07"E ¢+ 1 v oy oy =
0 50 100 150 200 250 300 350 400 450 500 0.0 0.5 1.0 1.5 2.0 2.5 3.0
My, 5, (GeV] logy(p1 ,j/GeV)

Exception:
Sudakov damping
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Message:
we can trust the LHE's, so can make

30



| Predictions '



Four possible forms of predictions

\.

J

LHE: distributions from events at BORN+1st radiation

Decay: on-shell decays of heavy particles (t-quarks),

shower and hadronization effects turned of f

PS: parton showering (PYTHIA or HERWIG) included

(t-quarks kept stable)
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Four possible forms of predictions

\.

J

LHE: distributions from events at BORN+1st radiation

Decay: on-shell decays of heavy particles (t-quarks),

shower and hadronization effects turned of f

PS: parton showering (PYTHIA or HERWIG) included

(t-quarks kept stable)

Full SMC: decays, parton showering and hadronization

are included by using PYTHIA or HERWIG

Number and type of particles are very different =>
to study the effect of SMC we employ selection cuts

to keep the cross section fixed
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do/dp, -, [fb/GeV]

Predictions after full SMC with physical
cuts are independent of generation cuts

\ J

L L LI L L L v

— SMC, PY, R, , = 0.01 ~

--------- SMC, PY, R, o = 0.05 | L2

102 | Ty SMC, PY, R, (= 0.1 1.0
0.8

0.6
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0.2

)
|

do/ dys, [fb]

— SMC, PY, R, , = 0.01

......... SMC, PY, R, , = 0.05

...... SMC, PY, R, , = 0.1
I

M F
ld i

ratio

ratio
O
oo

ratio

ratio
O
oo

I T T ' =
0O 50 100 150 200 250 300 350 400 450 500
P1 .y [Ge\/]
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do/dAR(y1,72) [tb]

ratio

ratio

Predictions after full SMC with physical
cuts are independent of generation cuts

\ J

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
13 TeV — SMC, PY, R, , = 0.01
Y T R > T R ol P SMC, PY, R, 4 = 0.05

------ SMC, PY, R, o = 0.1

DO
|

— SMC, PY, R, , = 0.01
--------- SMC, PY, R, o = 0.05
------ SMC, PY, R, , = 0.1

I TR A R B

)
|
|

da/dm%ﬁz [fb/GeV]
S

IUUL
O

ratio
O

ratio

O
oo
TTTITT1

o IUUL

05 1.0 15 20 25 30 35 40 0 50 100 150 200 250 300 350 400 450 500
AR(v1,72) My, 4, (GEV]

-
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Message:
we can trust the (almost) inclusive LHE's,
so can use experimental isolation
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| Conclusions '



Conclusions

\

> First computation of pp — ttyy at NLO + SMC accuracy

~ NLO cross sections agree with predictions of public
codes

~ Experimentally preferred cone isolation is possible on
(almost) inclusive event sample

~ Effects of parton shower, SMC can be quantified

o LHE event files for pp — 11, ttH, W, t1Z, ttjet, 11bb,
Ty, tTyy, WWbb processes available, to put into SMC
and perform experimental analyses on events with
hadrons

37



An example: pp — tt — W*W-bb

2 | — 1 T 1 T T
10 Efa) Vs=T7TeY — W*+*W-bb-PY1 =
= SE A T t t-PY1 =
5 » E - £ t+DECAYER-PY1 _
= = |m = 173.2GeV =
— 5 E | =132GeV =
1 . — {ur = ur = my, CTEQ6 . 6M -
o — —mp, > 20GeV, |n;] < 5 -
Ol g o' | R=04 Iml <3 -
o = pLe>20GeV, |nf <25 =
S El AR(,6) >04,p, >30GeV =
o3 S I T I TR N 7
= ' | ' 1 ' E
°Cr—'|> E'.'ﬁll-lr?uf..'.l-'l'l,-n.q-,,-,l.ﬂ-'l'llh.thl'l,,—”!- = == E
o 0.9 =T - oy
£ =1 - =1 _!= Rooh=
=1 | = s | —
0.7 E T —
“HEN T R T N T Y et T =
0 50 100 150 200 250

details in arXiv:1405.5859
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Processes available in PowHel

vViT [Kardos et al, arXiv:
ViT+Z 1111.0610,1111.1444,
ViT+W 1208.2665,

viT+H/A 1108.0387,

AT+ 1101.2672,

JWWbB  PoS LL2012 057, 1405.5659
V1T + bB 1303.6291

ViT+y ready to submit

VviT+yy  to be published soon]

39




Kedves Zoli

Koszonom az dtnak inditast
és
Isten éltessen sokdig erdében, egészségbenl!
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l tTy hadroproduction at NLO '



NLO vs. PS at 8TeV, y = Hy/2

| | | | | | | | | | | | | | | 9 | | | | | | | | | | | | | | | | | | |
--------- LHE ] = 0 o LETE, |
— PS, PY _ 5 — PS, PY
E = 1073 —
- =
] &
) ] S ) =
| 8TeVip=Hi2 o e ) 8TeV, u=H, /2
10 E_ R%qZO.OE) _E % 1075 = R%qZOOE’) .............. =y
I e e o e R
2 %(1) = T o et 2 %(1) L L . I .......... I ...................................... =
-+ T -+ e i e et e e e - - - - = =
= - <~ F -
= 0.9 i R B T R T T A T Mo'g—_llllllllllIllllllll_'
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
pi + |GeV] DI~ |GeV]
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NLO vs. PS at 8TeV, y = Hy/2

L J
0.25 T T [ T 1T T T VT T 7T 17 T 17 0.45 L [ N B I A N B N Y U B N B
E o 7 = Ud e LHE i
0.2 e ) - 2 0.35 — —— PS, PY i
B : 7 — 03 —
s L J
& 0.15 C ] £ 025 = =
o R 02} -
I 0.1 = — % 015 — 8TeV, u= .

S i ) .

T Ry q=0.05 < 005 =
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1073

1074

do/dp, ¢ [pb/GeV]

ratio

o =
L NG
Q1O Ot

Scale dependence after full SMC at 8TeV

\
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100 150 200 250 300 350 400 450 500
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do/dp, ¢ [pb/GeV]

ratio

e =

1073
10~
10=°
107°

1077

L NG
1O Ut

Scale dependence after full SMC at 8TeV

\
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