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Outline

- Why another method for top quark mass measurement?!
- energy of bottom quark from top quark decay ¢

- Review of bottom quark/b-jet “energy-peak” for top quark
mass: (quasi-)production model-independent (already done by
CMS, but improvement using 13 TeV, NLO...)

- B-hadron decay length: “proxy” for bottom quark energy -
trade-off: avoid jet energy scale (JES) uncertainty of above, but
bring-in hadronization model/fragmentation function (done by
CDF/CMS, but assuming SM production)

- Combining above two: new (quasi-)model-independent and
JES uncertainty-free (“ of both worlds”!) proposal for
measuring top quark mass using B-hadron decay length...
...but still subject to hadronization model/fragmentation (theory
improvement possible?)



Motivation for new methods for
top quark mass measurement

(skip review of why top quark mass is crucial
parameter of SM and Beyond)




Systematics (statistics not an issue at LHC?!)

Iheoretical

- uncertainties about top quark (pair) production: Beyond
SM (BSM) contribution (e.g. light stop decaying into top:
see 1407.1043; 1909.09670); PDF’s, higher-order effects,
[e.g., top quark pP7 (mis-) 21;
hadronization of bottom quark (cf. lepton from 11/ decay)

Experimental

- JES uncertainty for 6-jet vs. using (“cleaner”?) leptonic
measurements

- each method insensitive to some systematics, but
affected by others


https://arxiv.org/abs/1407.1043
https://arxiv.org/abs/1909.09670

Bottomline

iv In ol:)inion, no “slam dunk” toP quark measurement method!
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[Full reconstruction of top quark decay on event-by-event basis not
possible due to missing v and/or combinatorics

<Cf. Higgs — di-photon or 7Z.— di-leptonﬂ




Review of energy-peak:
general

'k decay kinematics-based]







Basic set-up/assumptions

® )-body decay: one child particle

parent (B)

A

® __.other (A) don't“care” (except for its ): no need to
reconstruct it!

® unpolarized parent (all spin orientations equal)*
“quasi” (production) model-independent



Energy of child particle

® mono-chromatic and function of masses in
rest frame of parent:

Erest i 2 M%_M?A
a 2M g

@ determine Mp if M known and E™*' measured

..but (parent )-invariant



.. simple to be practical /useful?!

@ hadron collider: parent has :
varies event to event ==>> distribution in Elab

number

of events i
distribution of

boosts of

rest
Ea
NN

3 rest-frame information




“Conservation’ of invariance!

® Show analytically (in 3 back-up slides!): independent of boosts of
. . . . : . parent, hence production
(of lab. distribution) still retains this e

information... simply, precisely, robustly!

® Distribution of log of energy is symmetric
about peak

(KA, Franceschini, Kim: 1209.0772)

(see also Stecker: “Cosmic gamma rays” )

A num bey

of events



http://arxiv.org/abs/arXiv:1209.0772

Analytical result (in 3 back-up slides!) == no need really to

check via full calculation/simulation, but anywa?'. .
* (“massless™) bottom (parton-level) from 2-body top quark decay

( unpolarized) as example of general result:

bottom mass non-zero, but negligible m=g> of energy distribution in
lab frame is not expected to shift from single value in top quark rest frame:
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* ...maybe an “accident” of specific boost distribution (production
) of top quark, e.g., @ LHC7?!




" Invariant” (under boost )

0.04-

® vary collider
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'g 0.02-

® vary ISR iy
e .. but,

, even though ;
shape changes 2 oo
(broadens for oot |
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...accidents don't happen: no

such invariance for pT!

prjet>100 GeV |
PT jet >300 GeV
PT jet >700 GeV |
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® peak (and shape) change...






Review of energy-
peak:for top quark decay

[mass measurement using energy of (entire) b-jet;
main motivation: (quasi-)independent of production details]




D

Top quark mass

(almost) mass

bottom quark energy (E,) ~ energy of b-jet (inclusive)

Equate location of peak in measured )H-jet energy distribution to

bottom quark energy in top rest frame, £} (: Mf—QMj\iermi):

b-jet 2 My

assuming only top quark unpolarized, independent of boost
distribution of top quarks, hence (other) production details (BSM
contribution; higher-order effect in SM...)

2 2 %
Elab,mode my — MW 15 Ty,

Assuming My (but 1o need to it!), get M,

...we studied using simulated data, with effects of cuts, detector ete. but...



cut
@ implementation on run 1 data in CMS PAS TOP-15-002:

my = 172.29 + 1.17 (stat.) = 2.66 (syst.) GeV

) (next slide) to other methods (error~1 GeV)
® Sources of : JES uncertainty; modeling of top pr
t;se B-ll'\adrfhn / N \ higher-order
ec?:exef';g CMS = Fitb Re§u8ltsTeV) (thOFY)
Mean=4.194 + 0.008 1
s Preliminary Thmdi-0.020 ¢ Calculah?n. (KA’
+- Franceschini, Kim,
| ‘ Schulze:
L . 4 e 28 050 Gev 1603.03445; see
[1[1111%)‘ function 4 m, = 170.37 + 0.82 GeV :
: Calibrated Measurement \ CllSO RGVGSIO, JQZO,
(see later) E,.. = 67.45+ 0.71 GeV :
m, = 172.29+ 1.17 GeV . Nason, Oleari:

1801.03944 and

1906.09166)
note!

@ Can 13 TeV (with NLO)...and/or be far behind?!


http://arxiv.org/abs/arXiv:1603.03445
https://arxiv.org/abs/1801.03944
https://arxiv.org/abs/1906.09166
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For toP quark mass measurement

| advanta ge
!’s * (quasi-) independent of toP quark distri]:)ution/ Production details (only

assumption: top quark unpolarizecﬂ) :

dertr -

cf. most other methods assume SM matrix element , €.g., compute distribution

of clecag Prociuct as function of Mg, find best fit to data:

AL M bl e Ll i SOSING  in'~ « hin

prediction (m;;theory) = data, with theory = SM

| ;* (others) valid onlg if BSM in top Procluction IS negligible

3

; * even with SM (onlg) Production, our method might have reduced sensitivitg to
{ Pls, higner—-order (QCD) effects (in Procluction)
|
|
?

T * similar story with W mass (CDF anoma|9 due to SM uncertainties)?!

disadva ntage

| » (b)) JES uncertainty

R R A S R D TP STl T, e v TR TR g a—— S PR

T DT S S TP A rrtt e S sy o



Generalizations of energy-peak (a )

® Massive child particle from 2-body decay: shifts from

rest-frame value (in general), but modified
still good (KA, Franceschini, Hong, Kim: 1512.02265)

® Direct three-body decay with 2 visible (e.g., off-shell sbottom
in gluino decay): for invariant mass of 2 visible, apply 2-

body result for child particle
(KA, Franceschini, Kim,Wardlow: 1503.03836)

® (Cascade of 2-body decays: determine masses of 3 new
particles [A (invisible), B and C] via (only) (a and b)
measurements in decay chain C' — B b — A a b (e.g., gluino
decay to on-shell bottom, then neutralino)

(KA, Franceschini, Kim: 1309.4776)


http://arxiv.org/abs/arXiv:1512.02265

Using energy-peak for searches

® if background is flat or peaks elsewhere from signal

® Stops (Low: 1304.0491):

for t — by, , peak in Ej2b at (]\452 — Mé) [ (2M5)...
1 ~
can be > (M7 — M§,) / (2M;) from tt background (from SM or from ¢ — tx9)



B-hadron decay length as “proxy” for bottom
quark energy (instead of b-jet enerqgy)

(motivation: avoid JES uncertainty)




- R A M

: (Verg) Basic Idea (1): Proxy
(more details in 2 slides)

= goingmcrom (measured) B-hadron cleca9
length (LB) to bottom quark energy

decay
exponential
Lp ? legab
2P vs. 7Y 3 48P or Ep(energy of B-hadron)
hadronization
model




' 4 (Verg) Basic Idea (I1): onto m

Going from bottom quark energy to toP quark mass:

o earlier implementation (Hill, Incandela, Lamb:
| hep—-ex/ OH01045: C DFE hep-ex/ 0612061; CMS:PAS
TOP-12-0%0): relate E}, (distribution) to My bﬂ
assuming, top quarks boosts from SM Procluction:

*&M

B

SV production
> TN

B,
|
* new idea (in this talk): use above energg—-l:)eak result

instead [(qua5i~) model-i n&ependent] :

;
)
y
|

energy —peak
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Working it all out (in “reverse”: still schematic/

theory version!): from E; to £z distribution...
- Hadronization ( b — b-jet = B-hadron + X ): fixed E}, still gives
distribution of £ 5

- fragmentation function [ D (z; ;) ]: probability for to be ~ x

/d:v D (x; Ep) = 1 for any (fixed) F}

- probability distribution function (pdf’s) of two energies related by
pdf

/ \ EB

FE) — [d67(E)D(2iE)

- (recall) energy-peak result [information about f (£} )]

7 2
location of maximum of f (E,) = E;* <_ we ZLW i~ mb>
i



...from £;to mean decay lifetime/length

- Even for E i, (exponential) distribution of decay times with mean (going from
B-hadron’s rest to lab frame):
lab rest
e nol of top quark!
s EB rest
& o e :
mpg velocity

- convert to mean decay length: \p

|
o
-
oy
X®
o
oy

- B-hadron relativistic:

2
i
&

5




...finally (!) distributions of (measured)
decay length (Lz) and £ related

+ use decay exponential to go from A3 to L 5, then
previous relations

)\lab L
G(Lg) = /CU\B[Q( = )} exXp (_ 1i>>
o AB >‘B
pdf - /dEBF (Ep) mp i Lpmp
/v CTéest CTéeSt EB
B -hadron o o
re]ativistic = /dEB /dEb f Eb <— Eb) CTéeStEB €Xp <_ CTéeStEB>
1M+ and its bo()sl <d()llb1€ CODVOIUtiOH>

G (Lg) — pdf of decay length of B-hadron, Lg
f(Ep) — pdfof energy of bottom quark, Ej

E
D (—B; Eb> —  bottom quark fragmentation function

TR — mean decay lifetime of B-hadron in its rest frame



a Earlier (CDF/CMS) SM-based
i implementation (explicitlg)
* top quark boosts, hence Pc:lC of By, (),

e A o

i 4t il

computecl using SM matrix element, with top

quark mass as a Parameter

i * SM “ﬁtting” function for cleca9 leng‘ch:

| fitting

i function top quark boosts from SM:

i observable model-dependence

, (transverse / |
; Gﬁt o LB mt /dEB /dEb fS Eb mt (—-———-— Eb) CT;Z,GBEB exXp (— CTrﬁgEBB) :
i B B *.

(unknown)

parameter




Our Proposal for B-hadron
decay length (in detail)

[same starting point, but use energy-peak result instead of
assuming SM production; main motivation: (quasi-)model-
independent]

uses full/5d decay length (cf. transverse in carlier CMS)]



|
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“Disclaimer’”

Outline/schematic of idea only

For more details (further plots, cuts used etc.), refer
to papers and/or contact my collaborator, Sagar Airen
(sairen@umd.edu)



mailto:sairen@umd.edu

General (new) idea

unchanged

- Recall relation between L g and £, distributions:

dE dEy f (Ey) D | —; F —
/ B/ b f b ( Eb 9 b) CTéeStEB exXp ( CTéeStEB>

new proposal: relate to m; using energy

peak ( of SM production |

- (twice) “de-convolve” (impossible?!) decay length distribution [G' (Lz)] to obtain
that of bottom quark [f (£} )]

— M3, + mj
th

location of peak of f (E,) —

- Or, energy-peak result [+ log symmetry of [ (£;)] materializes as “some” robust
feature in G (Lp) ?!
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“More Practica”g/ realistica”g:

ModeLincJePenclent ansatz/ ﬁt‘cing function for
bottom (bjet) quark energy (Peak abBr—

+ log—-symmetric etc.)

1 E Erest
fit,us rest b b
9 E ;E : i e |:_ ! :|
! ( 20 13) N b - (E;;eSt By )
observable parz?l(neters
1 )
fﬁt,CMS (Eb§ E(];eSt; w) o N exp {_ wlog2 <Egebst> ]

fit above function to measured bjet energy
distribution

2 2 o
best fit value of Er*s* matched to 2 _QM]\Z el

_..as in earlier CMS Elot (testecl Maﬁlﬁreacl\q on actua_lclaiéé!)




.. test” of our fitting function on

80~
60 -

40 -

Aribitrary Units

ansatz

20 -

200

| 50 I 160 I 150 |
Eb [GeV]

0

® bottom (almost) “massless”: peak does not shift,

property negligibly violated

° fit for heavier ~ top” quark

different PDF’s, boost distribution (width parameter

encompasses this variation)

quark energy

from top quark decay (@ parton-level)

no



... test” of our fitting function on b-jet energy from
top quark decay on simulated data (5/fb @ LHC7)

(one pseudo-experiment shown)

100 * . Myop=172.6+2.8
_ w x2/dof=1. dof=28
s (use only
g blue dots)
c
m 40

20

0 eoebee

0 50 100 150 200
Eb[GeV]
® measured My with input value

® fitting not spoiled by cuts or effects



Bottomline of our proposal (other ways welcome!)

+ Plug fit us (Ey; Erst ) for f (£ ) sl new fitting
function (for decay length distribution now):

fitting function for /4,

E Erest
G U8 (L gy Epes / dEp / dE, exp [—w( . )
- N(w) 0 by,

)
/ \ EB mp LBmB
Dili——= i
observable ( B b) CTE’S‘J Eg L < ET éeSt /¢ )

parameters
| procedure to b-jet energy-peak method: different observable
and (double) convolution in fitting function|

G" (Lp; E}*™,w) — fitting function for observed decay length (Lp) distribution
me - ME e
2 i

best-fit value of parameter E;°"*

E
D (—B, Eb>
Ey

parameter w

N (w)

mean decay lifetime of B-hadron in its rest frame
bottom quark fragmentation function

width of fitting function (its extracted value is not relevant here)

L L

normalization factor



Neglect other uncertainties, e.g., fragmentation

function: focus on PT of top (largest systematic

in CMS analysis))



Simulating data (schematic)

@ SM production G
Ggr;fgz:i)sdata (LB;mitDPUt) -~ / dEp / d by f. (EbQWiHPUt)

) EB B mp - LB mp
£ R X YA
By, ") ersEg  C\ crtEp

for finite statistics, sample pdf’s: /54 (Eb; mitHPUt>, D (%—f, Eb) and decay exponential
'using Madgraph, Pythia...)

@ Modified top quark prdistribution:

NEW == 40

—=1+4a: (p?p — 200 GeV) for P < 400 GeV

W
original il ~ re-weighting parameter

@ M (Eb;minp“t) _y FONL (Eb;mi“p“t) due to re-weighting top

et qUCll"k D8 * modified vs. SM
new\ >

~(simulated) data - arkpuat Y SM Cosdnput
Goo statistics Lp; my e dEp dEy f Fp; my

EB mpg LBmB
oo b e —
(Eb : b) CTéeStEB & ( CTéeStEB>




INBEE= - INREEE

_z_m_g_ _7_____

! __z

5 .I_
I



Hadronization model/fragmentation
function (p): going from bottom quark to
b-jet = B-hadron + X

important for B-hadron decay length (exclusive) vs. not so
much for b-jet energy (inclusive)

effects studied by CDF/CMS: error in M+~1 GeV (?)
similar for our method

more detailed (theory) work: Corcella, Franceschini, Kim:
1712.05801 (further theory improvements possible?)

(For our analysis, D used 1in fitting function obtained from
Pythia same as 1n simulated data |


https://arxiv.org/abs/1712.05801
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Summary of néWBJﬁadron clecag
Icngth Proposal

* a&vantage: a0 JES uncertaintg (same as earlier CE/CMS
clecag length analgsis) : (quasi~) moclel~in<:lepenclence (also
for CMS b»jet energy Peak, ct. SM Procluction assumed for
earlier CDF/CMS clecay |eng‘ch analysis)

* nNew sgstematics (also for earlier CDE/CNIS clecag |ength
analgsis): hadronization modeling (theorg) . tracker
resolution [ , but (much) better than JES?1]




Conclusions

- review of (relatively new, but not really for CMS!) method for top
quark mass measurement using bottom quark/b-jet energy peak:
(quasi-)production model-independent (cf. others assume SM),

but afflicted by JES uncertainty (improvement using 13 TeV,
NLO...)

- how to “extend” it to B-hadron decay length (correlated with
pottom quark energy): circumvent JES uncertainty, “replaced” by

nadronization model/fragmentation function (theory improvement
00SsSsible?)

- ...(very preliminary) on to W mass from energy-peak of lepton
from its decay...but Wproduced polarized?!
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> W produced polarized! ancellation b
and W- not good enough.

~ top quark mass need to control (above
and other) corrections to energy-peak result

i> target precision for W mass much higher than for
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Rectangle for fixed, but boost
e In general: Eif"b = EQGSWB (1 + Bpcosb,B)

e Assume unpolarized parent: cosf,p is flat

PR T HGJB

0

number
of events

Elab

r e 1
EaeSt\/H-gg E;est\/l_gg




Rectangle vs.

@ contains Erest (for boost)
3 E'2b gets larger contribution from given boost

than does £2<
@ E2b is contained in rectangle (e.g.,05 — 0)

@ asymmetric on linear (symmetric on log...)

A

)

rest rest 1+06B
Ea Ea \/ ] -85

Eéest \/ 1;?5



(Generic) Boost distribution: “stacking” up

(KA, Franceschini, Kim: 1209.0772)
rec.l-an g les (see also Stecker: “Cosmic gamma rays” )

o distribution of E'2> has peak at E°
3 ... what is the !

@ boost distribution depends on production mechanism,
parent mass, PDFs...

A T

(to be weighted)

large OBp

N

: ] Elab
rest
Ea



