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See Baier, Schiff, Zakharov, Ann. Rev. Nucl. Part. Sci. 50, 37 (2000).

e Energy loss of an outgoing parton with color charge fully exposed in a
medium with a large density of similarly exposed color charges (i.e. a QGP)
from LPM coherent radiation of gluons is predicted in QCD by BDMPSZ.

/// Hard scattered partons lose energy
| going through the medium so that
E.ﬁ; there are fewer partons or jet
O q [ O fragments at a given p; The ratio of
= measured AA to scaled pp cross

section which=1for no energy loss is:

j/\

Lots of evidence for jet Quenching, dzNXA /dedyNZ:l
discovered at RHIC for % and h# RAA (]?T) = e
(T,y)d07, /dp,dy

PHENIX PRL 88,022301 (2002) 985 cites
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< PHENIX Au+Au, \/s,, =200 GeV, 0-10% most central
oc 2.2~ didirecty 0-5% cent (arXiv:1205.5759) ¥ Jhp 0-20% cent. (PRL98, 232301) :
2 _ §n° (PRL101, 232301) & o 0-20% cent. (PRC84, 044902) P&I‘thl? 1D
" i (PRC82, 011902) } e, (PRC84, 044905) 1S crucial:
1.8~ # ¢ (PRC83, 024090) { K* (PRC83, 064903) .
1 Ly 1P (PRO83, 06400) different
- L] c
1 al particles
1.2 behave
1 i r}].f{“...{b ....... [}1 ............................. differently
0.8 “}“
0.6
0-2 [ . @ :
PRI R ERT SR N TR R S R | |

% 274 6 8 10 12 14 16 18 20
p (GeV/c)

Notable are that ALL particles are suppressed for p>2 GeV/c
(except for direct-y), even electrons from ¢ and b quark decay; with

| one notable exception: the protons are enhanced-(baryon anomaly)
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(1) The energy loss of the outgoing parton, —dF/dz, per unit length (x)
of a medium with total length L, is proportional to the total 4-momentum
transfer-squared, ¢*(L), and takes the form:
—dE 2
= as(q*(L)) = as p* L/ Aty = a5 G L
where p, is the mean momentum transfer per collision, and the transport

coefficient § = p©? /Amfp is the 4-momentum-transfer-squared to the medium
per mean free path, Apgp,.

(2) Additionally, the accumulated momentum-squared, (p3 ;) transverse to
a parton traversing a length L in the medium is well approximated by

(Phw) = (L) =dL (L) /2= (k) 4y~ (FT)

since only the component of (p? ) L to the scattering plane affects kr.

From R, , observed at RHIC (after 12 years) the JET Collab. PRC 90 (2014) 014909
has found that ¢ = 1.2+0.3 GeV%fm at RHIC, 1.9+ 0.7 at LHC at initial time 1,=0.6
fm/c but nobody has yet measured the azimuthal broadening predicted in (2) !
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STAR PLB760(2016) 689
pr=12-20 GeV/c, pp,=3-5 GeV/c
AuAu central, vV<k2>=1.42+0.22
p+p V<k2>=2.51+0.31 GeV/c
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v, and v, uncertainty
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STAR Jet-Jet NPA956(2016)641
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Trigger PT A pTa JET

JET —
...__j ﬁﬁﬁﬁﬁﬁﬁﬁ ._’ kT

Thanks to FFF, k is the transverse momentum of a quark in a nucleon so for a p+p or
n+n collision the two k; add vectorially at random. It is easier to understand from the
figure above where the two k are represented as:vertical, which gives the azimuthal
decorrelation of the two jets; and_horizontal which changes the py, of the trigger jet

We calculate <k%> from p+p and Au+Au di-hadron measurements with the
same trigger particle transverse momentum, pr;, away-side prq, T = pra/pri
and pout = presin A¢. The di-hadrons are assumed to be fragments of
jets with transverse momenta pr; and pr, with ratio T, = pre/pr, where
2 ~ pr/Pre is the fragmentation variable, the fraction of momentum of the
trigger particle in the trigger jet, and jr is the jet fragmentation transverse

momentum. - 2 2y #.48
=2 \/ (P) = (1 +33) (32) /2

(21 37;2;,
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The key new idea (k’) gives an elegamt Scolutiomn

For a di-jet produced in a hard scattering, the initial py; and pp, will
both be reduced by energy loss in the medium to become p'r; and p'r, which
will be measured by the di-hadron correlations with pr; and pr, in Au+Au
collisions. The azimuthal angle between the di-jets, determined by the <k%>
in the original collision, should not change as both jets lose energy unless the
medium induces multiple scattering from ¢. Thus, without ¢ and assuming
the same fragmentation transverse momentum < ]%) in the original jets and
those that have lost energy, the p,.+ between the away hadron with pp, and

the trigger hadron with p7; will not change; but the <k’%> will be reduced

because the ratio of the away to the trigger jets &'y, = 9’7o/’ will be reduced.
Thus the calculation of k'7 from the di-hadron p+p measurement to compare
with Au+Au measurements with the same di-hadron pr; and pr, must use
the values of Z5,, and (z7) from the Au+Au measurement to compensate for
the energy lost by the original dijet in p+p collisions.

The same values of %, and (z7) in Au+Au and p+p gives the cool result:

(Pout) 44— (Pout >pP]

7y

(iL) /2 = [ﬁ]
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jet pTa
___________________________ R; Ty
<« 'l pout

Imitial configuration & di-jet with ky, and fragments with D,y -
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jet pTa
——————————————————————————————— &‘ // ]Ty /
g ¢
- 1y i 1pout
jetpTt | ot e |

Fimal configuration a di-jet with k’; and fragments with [y, -
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Find g-hat firom the STAR data

A) Bjorken parent-child relation and "trigger-bias’ proves that the
power n of the jet p distribution is the same as the power of the 7°’s

B) Calculate <z> from the quark or gluon fragmentation fn or both.
This is easy for the STAR paper who measured <z>=0.80+0.05 in
their p+p collisions for i with12< p,<20 GeV/c

C) Fit the away-side peak in the correlation fn. to a gaussian in p,,

D) \hat{x}_h the ratio of the away-jet to the trigger jet transverse
momenta can be measured by the away particle p, distribution for a
given trigger particle pr, STAR calls this z; and I call it xg from the

CERN ISR where it was discovered 40 years ago.
Table 1: Tabulations for ¢-STAR 7°-h MJT PLB(2017)

STAR PLB760(2016)689-696

Souw = 200GeV (pr) (o) Va4 (k3 (L) ¢ ((L)=Tim)
Reaction GeV/c GeV/e  GeV/e GeV/c GeV? GeV?/fm

Au+Au 0-12% 14.71 1.72 2284035 1.006*£0.18 B841+266 1.20%0.38

Au+Au 0-12% 14.71 3a0 J442=0022 10764018 1.714067 0.24:=x0.10

PP =S Office of . _ \| v
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Power Law p>3GeV/c all centralities n=8.10+0.05
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a° p, spectra in Au+Au
sy=200GeV

LI Minimum Bias x10°
O 0-5% Central x10'
® 0-10% x10°

M 10-20% x10

A 20-30% x10?2

O 30-40% x10°

[ ]40-50% x10*

A\ 50-60% x107°
60-70% x10°
70-80% x10';

. 80-92%x10% |

COOCrEAO [
COOCrEeO O
>RGN 2 K _NORN
O rH 0 O
He

PHENIX

Table 5: Fit parameters for p7>3 GeV/c

System |

A

n

*/NDF

p+p
Au+Au 0-5%
Au+Au 0-10%
Au+Au 10-20%
Au+Au 20-30%
Au+Au 30-40%
Au+Au 40-50%
Au+Au 50-60 %
Au+Au 60-70%
Au+Au 70-80 %
Au+Au 80-92%
Au+Au 0-92%

14.61+1.45

81.18+10.30

75.28+8.89
64.62£7.64
49.33+5.78
30.85+3.53
22.58+2.61
12.40+1.48
6.25+0.78
3.38+0.45
1.19+0.18
29.31+3.07

8.12+0.05
8.20+0.07
8.18+0.06
8.19+0.06
8.18+0.06
8.10+0.06
8.13+0.06
8.06+0.07
8.03+0.07
8.12+0.08
8.03+0.09
8.17+0.05

5.68/17
9.66/16
10.62/17
10.04/17
6.63/16
10.63/16
3.50/15
8.09/15
2.89/14
8.42/13
9.84/13
6.83/17

-18
10 0
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r’

* Due to the steeply falling power-law spectrum of the scattered partons, the
inclusive particle p; spectrum is dominated by fragments biased towards large z.
This was unfortunately called trigger bias by M. Jacob and P. Landshoff, Phys.
Rep. 48C, 286 (1978) although it has nothing to do with a trigger.

1 do,

th det ~ bn_l

Office of

4 Science
.S, DI JENT OF ENERGY

u. EPARTMI

2 -
d O.“A(pT %) — d?q x D%(z) Fragment spectrum given pr,
dpr,dzy dpr,
A a ; ;
= ﬁ%—l X Dﬂ'(zt) Let th — th/Zt det/det|Zt — ]-/Zt
t
2
d“c W(tha 2t _ A % Ztn_2 D ( Zt) Fragment spectrum given p, 1s
detd 2 p%_l £ weighted to high z, by z,"
Di(z) = Be™%
~ F(n — 1) AB Bjorken parent-child relation: parton and particle
p%t invariant p; spectra have same power n, etc.
9 B
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Fit the correlation function with a trigger side gaussian in A® and an
away side gaussian in sin(AP-m=x), where —t/2<x<7/2, which can

easily be converted to V <p?,, by multiplying the fit result by p,

For the away-side, —7/2 < A¢ < 37/2, let © = A¢p — 7. 1 defined a

variable opop = 0y /P1a = <Sin2 .ZL'> and fit for that instead of just fitting for
\/(;1:72) . Then after the fit, multiply opop X pra = 0y = v/ (P2ut)-
df (x) _ N, o8z - —(sin z)? (14)
dr erf(1.0/(0nopV2))  OnopV2m 2070p
Then set:
{pes) = Dre X Opop (15)

PP =5 " Office of i ) \| -
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D) The away particle p.., distribution for
a given trigger particle p, measures the

ratio of the away jet to trigger jet p;
Xg=Pr. /P (STAR calls z)

4.2 The ratio of the away jet to the trigger jet, X, = Pra/Pr¢-

d Py 1 1
=N(n—-1)

de th

Full derivation in Appendix or see
PHENIX = p+p PRD74(2006)072002
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1.00

dP/dxqg
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STAR m0-h pp pPr=12-20 GeV/c

—  STAR 70-h AuAu0012 pr=12-20 GeV/c =

E N Xn x?/dof E

[ ©3.15+0.04 0.84+0.0064 153/5 _|

| ®3.54+0.48 0.36+0.018 38.8/5 _|
fit

= Yi

[ 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1

0 0.2 0.4 0.6 0.8 1.0

Xg

n(y; + €ep0p; — Yit)?
2 Z ? — 7 5l Eg

i=1 g,

0; = O (1 + ebabi/y@-)

y; wWith sys error o,

Yi + €p0p, with errors G; and € = —1.3 £ 0.5.

zp = 0.36 £0.05
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The result for the lower ({pr,) = 1.72 GeV /c) bin of (§L) = 8.41£2.66 GeV?
is 3.2 ¢ from zero. The result for ({pr,) = 3.75 GeV/c) bin, (¢L) = 1.71+0.67
GeV?, is at the edge of agreement, 2.4 o below the value in the lower pr,
bin, but also 2.6 ¢ from zero. If the different pr, ranges do not change the
original di-jet configuration, then the value of (¢L) should be equal in both
ranges and can be weighted averaged with a result of (¢L) = 2.11 4+ 0.64
GeV?. Taking a guess for (L) in an Au+Au central collision as 7 fm, half the
diameter of an Au nucleus, the result would be ¢ = 1.20 4= 0.38 GeV?/fm for
the lowest pr, bin, § = 0.24 4 0.096 GeV?/fm for the higher pr, bin, with
weighted average ¢ = 0.3040.09 GeV?/fm. These results are close to or lower
than the result of the JET collaboration ¢ = 1.2 4 0.3 GeV?/fm at 79 = 0.6
fm/c. However the di-jet spends 7 ~ 7 — 14 fm/c in the medium which may
affect the value of ¢ to be compared with the JET collaboration result which
used only single (trigger) hadrons for their calculation.

S = 200GeV (re) (o) V(B4 /(R . (L) g ((L)y=Tfm)
Reaction GeV/e GeV/e  GeV/e GeV/c GeV? GeV?/fm

Au+Au 0-12% 14.71 1.72 2284+0.35 1.006£0.18 841+266 1.20+0.38

Au+Au 0-12% 14.71 3.7 1424022 1076+0.18 1.714+0.67 0.244+0.10

r@‘ Office of . . \I/
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l) The di-jet spends a much longer time in the medium (~7 fm/c)
+/-0).

lor the JE'T collaboration prediction of g-hat=1.2

than the 0.6 Tm/c

3 GeV#Im which likely

allects the value of g-hat that would be observed 1n (Ii—h;ulmn correlations

2) For a given py, the <g-hatl.> decreases
Note that filled points
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(and then vanishes) with icreasing p..

are ~equal or below hollow points for p,>3 GeV/c
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e 10< P, < 15 GeV/e
m 20< p”"“"c <40 GeV/e
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STAR Jet-hadron PRL112(2014)122301
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It is important to emphasize that the calculated values of (L) are propor-
tional to the square of the value of ) derived from the measured away-side
zp (i.e. xg) distribution. Although in the literature for more than a decade
in a well-cited paper and referenced in an important QCD Resource Letter
[Kronfeld,Quigg Am. J. Phys. 78 (2010) 1081], this equation has neither
been verified nor falsified by a measurement of di-jet correlations with a di-
hadron trigger. Future measurements at RHIC will be able to do this and
thus greatly improve the understanding of di-jet and di-hadron azimuthal
broadening. See prediction of [A.Mueller, et al. Phys. Lett. B763 (2016)
208] for pr = 35 GeV/c jets at RHIC.
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Dijet Angular Correlation at RHIC | A Mueller et al PLB 763 (2016) 208

6 |— GL = 0GeV?
i --- L = 8 GeV? 1
I GL = 20GeV? .
< 4} .
Sl ; IR !<?>] [wmﬁ <p°“t>”’]
—l= [ - t "
2t :

1725 26 2.7 28 20 3.0 3.1
Ao

Does the formula give the same answer for ghatL. from <p?
the above predictions at RHIC for 35 GeV Jets?
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Appendix
Correlations
Details

For skeptics
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(1/N_ ) dN/dz
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103 ® OPAL €'e” quark jet -
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10 .
1 ~
1 ..... .?é \[\} 0-6
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£ i : 04
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@ Equal fraction of quark and gluon jets
A All gluon jets
v All quark jets

v
v
v o
v °
v Y A
v Y A
v ® A
A
Voe
A
o 4
A

2 3 4 5 6 7 8 9 10
(p,,) (GeV/c]

PHENIX PRD 74 (2006) 072002, PRD 81 (2010) 012002, give these calculations.
The method is better described in arXiv:nucl-ex/0611008v2 [PoS(CFRNC2006)001]
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The away particle p, distribution for a
given trigger particle p, measures the

ratio of the away jet to trigger jet pr
Xg=Pr, /Pty STAR calls z)

4.2 The ratio of the away jet to the trigger jet, X, = Pra/Pr¢-

d Py 1 1
=N(n—-1)

da:E th

Full derivation next pages
PHENIX = p+p PRD74(2006)072002
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2 particle Correlations

(p'* Prob. that you make a jet
dQO.“ ¢ Zt) dO' X Dq( ) with Pr, which fragments to
dprdz  dpy,

am with z=p;/ Dp

Also detect fragment with z, = pr,/Pr,
from away jet with pr, /pr, = Zp

3 o)
d aﬂ(m, zt) za) qu X Dq( ) % Dq(z ) Prob.thatA away
dpr,dzdz,  dpr, mATal et with Pr,
¢ ¢ fragments to a &t
with z =p,/ ]A)Ta

__Pra  Pra _ ZPrTa
~a IR ~ S A A SS, ~
Pra  ThPTt  ThPTH
Appears to be
d0'1|- — 1 d0q Dq Dq “tPT, sensitive to away
(1) ,\ t) ) ||
detdztdea Th PT; d(th / Zt) :L‘hth jet Frag. Fn.

P =5" Office of Wyl
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I kept going and got a neat result

do, 1 do, %pr
= — Dq Dq a
dpr,dzdpr, thPT:d(PTt/ zt) (%) (:z:hth) (1)
doy A
Take: D(2) = B exp(—bz)
d(pr,/z)  (pr,/2)™D
d(fﬂ- .’Bh :
"o d2 2" exp —bzy (1 + —=
detdea l?h th ThPTt
dor.  AB
ul —— / dzy 2y~ 2exp —bz,
det th Ty

Using: ['(a, z) = / t~ et dt  Where I'(a0)= I'(a)=(a-1) I'(a)

P=5" Office of , - iy
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d*o.,  T(n) B*> A 1

dpredpra b7 @y, p, (1+ ﬁ)"
do, TI'(n—1) AB
dpry hn—1 p,fl’;t_l
1P, Bn—-1) 1 1
e T (42)
dpral,,. bpre Ty (1 + m)n
In the collinear limit, where pr.=xgpr¢ :
1P B(n—-1) 1 1
G - (n—1) A __ (43)
drg - b Ty (1 + ;:) '

Where B/b=<m>=b is the mean charged multiplicity in the jet

~—



100-000 :L L} 1 L 1 1 1 1 ] I ] I 1 ] 1 L} I I I I L | L 1 1 ].__
10.000 =
_ A
; A
,5 1.000 = =
g = =
o — —_
[ — 1 nO
A l— —
£
\'2
} 0.100 = =
0.010 = =
0.001 L1 1 1 I ikl I [ R | l 1 1 1 l Tt i | I A1 1 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50

Xg

| 7 Office of =
(- 2y it 'BROOKHAVEN Zimanyi School '17 PHEZENIX M. J. Tannenbaum 29

U.S. DEPARTMENT OF ENERGY



* The only dependence on the fragmentation function is in the
normalization constant B/b which equals <m>, the mean multiplicity
in the away jet from the integral of the fragmentation function.

* The dominant term in the x; distribution is the Hagedorn function
1/(14+2g/%r)"™ so that at fixed py, the x;, distribution is predominantly
a function only of x; and thus exhibits xg scaling, as observed.

The reason that the xg distribution 1s not sensitive to the shape of the
fragmentation function is that the integral over z, in (1, 2) for fixed p,
and pr, 1S actually an integral over jet transverse momentum pr, .
However since the trigger and away jets are always roughly equal and
opposite in transverse momentum (in p+p), integrating over Pr,
simultaneously integrates over Pr, . The integral is over z, which
appears in both trigger and away side fragmentation functions in (1).
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