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The Fermi interaction

» The first, probably best known, effective theory is the Fermi
Interaction

E. Fermi
(Nobel Prize)

g A J
u u )/ n

d d

Holds for most relevant neutrino processes. First direct
observation of the neutrino, Nov. 1970

Bt s
"l \C “UIRY = Effective theories are ubiquitous. The Standard Model
= =a = [ is likely a low energy EFT of a theory at a much higher
2dlus |7b kY scale

= Particularly well suited to QCD, HEP and nuclear
physics




Examples of effective field

theories [EFTs]

A
DOF in FT " Full = Focus on the significant degrees
N Theory of freedom [DOF]. Manifest
3 _ power counting
DOFinEFT | Effective
Theory
Q powercounting DOFinFT DOFinEFT
Chiral Perturbation Theory (ChPT) A p/\ q,g IK,TT

Heavy Quark Effective Theory

(HQET) Mb /\QCD/mb LI)’A hV,AS

Soft Collinear Effective Theory
o Q  re YA EAA



SCET formulation

= ModesinSCET C. Bauer et al. (2001) D. Pirol et al. (2004)
Collinear quarks, antiquarks E,E Soft quarks are eliminated through
Collinear gluons, soft gluons A, A the equations of motion

modes p* = (+,—, 1) p? fields
SCET collinear QTN QPNT &, AF
” soft ( (A, A, A) (1)2/\2 ds, A{ﬁ"

D. Neill et al. (2012)

= Otherformulations, e.g. SCET, and ultrasoft particles

= Especially 5 ] | 5
suited for jet : ’
. n-collinear n-collinear
physics jet jet



= SCET is very effective in resumming in
large logarithms of ratios of energy/
mass scales using Renormalization
Group equations

Ino(r) ~

-+ In 7)

J. Collins et al. (1985) Leading  Nexvto-  NNLL  NLL
Log (LL)  Leading Log
(NLL)

* Traditional techniques such as CCS.
SCET systematizes the approach and
facilitates resummation

Resummation, RG equations and
Higgs production at the LHC
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Semi-Inclusive Jet
Calculations in SCET

-




Exclusive approach to jets in SCET

5 backs

e | 43@: = Motivated by early e+ e- annihilation, SCET assumes
: that all energy goes into a well defined number of jets

ng

Factorized expression o =Tr(HS) HB xnj

= Nomenclature: H— hard function, S — soft function, B-
beam function, J —jet function.
TAS50 (1979) » |eadsto multiplicative RG evolution

PETRA at DESY
12 GeV < CM energy < 47 GeV

The exclusive view of a process in SCET summarized as

do

— 97 _ 1[(],1,:..Ul../,)']*,l([;',\_/1).]“,2(:/1:). .]J.\(ll) nino n,\~(i\./1)
oo dE,dpr, dy;

+0(%) +O(R) .

= Define a jet energy function

Jo(Bryp) =) (01%0(0)[Xe) (Xclxw (0)[0)3(E, — E<"(X,))

Xe




Phase space for the jet energy

distribution

ho—piwn?o(1—2) 1ake as an example the jet shape (integral jet shape)

T (r) = \Lrle _ JE () /Ju(p) _ JE- ()
T BRe  IER) Tu(n) TER()

kj_

= To first non-trivial order, the phase space for
the jet shape contributions is tractable

= |Important to understand that in analytic
calculations jet observables are calculated
directly from their definition and the splitting
kinematics at FO

0

Y.-T. Chien et al. (2014)

w? tan?

r 2 2r
= Integral jet function EJC%ET(N):% 02 v oY tan

5 2 1 finite
w j j

The idea is to eliminate the large logarithms from the fixed order (FO) expression by
scale choice and put them in evolution

= Need the distribution of the average energy Jor () = /dErEr Jo(Er, )



NLL calculation of jet shapes

= We use SCET resummation techniques
and SCET .

We start form the natural scales that
eliminate all large logarithms in the

fixed order calculation and evolve toa g2~ (,) w? tan? & E
. = _CFrcusp(O'S,) In e — 279 (as) J,f, (1)
common scale [resumming In(r/R)] dln i i _
.g,Er , [ (JJQ te QE
L . Do ) | Oy Tensplas) n E 2T 918(ay) | T8 ()
Multiplicative RG evolution dln p i o |
Logarithms of a [In2X type
Leusp(as) = (%)To + (%)HFI +--, Order | eysp v 3
Y(arg) = (z_:‘_)a,-o_k (Z_DEAI I NLL | 2-loop | 1-loop | 2-loop
- TO resum the NLL 1-loop 2-loop
jet shape to 8 | Bo=LUCa—iTen; | Bi=RCY - RO, Tens — ACkTeny
_ _4f(e — =2\, — DT,
NLL accuracy Lo Lo =4 Oo=4[(F - 5)Ca - $Temy
g Al{{ = —:))(v[.'. Al({ . '))()




Numerical NLL results in p+p

collisions

= We can study the 100 " NLL cone ]
algorithm 50F o NLL anti-k; 1
dependence of the Lol Lo |
jet shapes (anti)k; vs | g
cone. y(r) ' : *

3t arXiv:1405.4293 ¢ |

» Significant 02/ .
improvement over 01 o CModataReo3 ]
fixed order
Ca |CU | atio N 0.00 0.05 0.10 0.15 0.20 0.25 0.30

r

| Worksreasonably 355“...,....,....,....‘,...,....,E
well, but there can of __ :
be room for Just to show that = - :;‘V‘f]
improvement. the fixed orderis ¢ =~ seaio

Different evolution?  divergent sf

I 50 SN T WS-

(] :l YR T T W W S TN W N — 1 I - -
0.00 0.05 0.10 0.15 0.20 0.25 0.30




Why may we need inclusive SCET

approach?

. (C 194 CMS Experiment at the LHC, CERN
CERN energies 0.9 TeV < CM energy < 13 TeV s

= |tis certainly not the case in hadronic
collisons (and even more energetic e+ e-)
that all the energy goes into jets and
beams

» Need to revisit the jet function evolution.

= (Conjectured that a different type of CMS (2015)
evolution may hold, namely DGLAP Experiments measure for
evolution Dasqupta et al. (2014) example

= Finally, experimental measurements are A+B— Jet+X
(semi) inclusive in nature Typically no effort to determine

what X is



Semi-inclusive jet function in SCET

= Allow for the jet to capture only a fraction of the parton shower
energy z=w,/w

~

Z.Kang et al. (2016) Jo(z = wyfw,wy,p) = =Tr [%(0.0 (w—1-P) xn(0)|JX){JX]|Xn(0)|0)
Definition is analogous s At tree |evel — JO (z,w5) = 86(1 - 2)
to the ones for FFs '
= Atone loop order Qf il Wf
i | Single logarithms!
']fgl (2,w) =Jg-sqe(2,wJ) + Ja—a(g) (2, W) + Jg—(g)g(2, W) L =1 p
as (1 A . — 2 R
=5 (‘ + L) [qu(.-'?) + qu(-’:‘)] w7 tan2 5
Ll €
ar O l l - : , iy alo I
-l [-2 (14 2%) (—“( )) +(1— :)] — 5(1 — 2)d%™= Logarithms
2m -2/ and scales

+ P,y(2)2In(1 — 2)+ Cgz », R R
gq(Z, ( / I 1y = wytan — = (2pr cosh n) tan ~ prR
2 2 coshn

e



Renormalization and evolution

of the SIJF

= Renormalization matrix to one-loop order

Absorb the remaining 1/€ divergence
= Anomalous dimensions /(..

Standard single logarithmic time-
like DGLAP evolution

d  (Jszwrmw)) _asl) (Pul=) 2N;Pu() . (Js(zswp)
dlog,u“ Jo(z,wy, p) o Pyg(z)  Pylz) S\ Jy(z,wg, )

= The semi-inclusive jet function

is evolved in Melin space
1
f(N) = /0 22" f(2) (F ®g)(N) = F(N) g(N) —52-

K
[y = wy tan Y

—_

= (2pr cosh ) tan
| 2 coshn

)

R
)%pTR

Zi (:/l) = (5 ()(1

z/“

evolved jet functions
(@}

Jik !

) “@

R = 0.99 — 0.05, /l = 250 GeV

|
ot

\ \
\ N
\\\
,,//
(0) (1)
Jg Ig
I
\\\ w/ evolution e
\ w/o evolution ——
O
,,/‘
0 1
| 70 . gy




Numerical implementation at NLO

"t

» Hard collinear factorization >m< M

F. Ringer et al. (2015)

0pp—>_|ct\ ng dla | d.Lb
= Lqg, 1 E— I L
dedn Z /mm .la fa “ 'L ) Igun '.Lb fb( s /_ )

ab,c’

= Termsthat we keep at NLO

L de. d6S,(3, pr, 1)

Zc QO op\ S, PT5 7, /_l.) |

8 y J 2 .‘v'V JIL).
./;_-,V(I'nin zg d'l.-‘d,,—,“'" C( cy W J, :L )

do X (dog® + dogy V) @ (IO + D)

= <d62l50) + dc}sb(l)) ® ‘]C(‘O) + d62b(0) & Jc('l) + O(Qg) ’ R:I(u. vlz\ < u_.al I I \IIO‘;II(;’ ——
We can perform LL; resummation. Have generalized L5
to NLL )
§ Z.Kang et al. (2016) s |
* Fixes the unphysical scale dependence of )
NLO jet
* Resummation can have up to 30% effect on ot e g <

200 400 600 800 1000 1200 1400 1600 1800

the inclusive jet cross section for small R o



Recent applications to inclusive jet

production

Is it relevant?

CMS appears to see a difference
difference between data and NLO

calculations

Resummation can explain large

part of the discrepancy between
data and NLO calculations

1.5 |

Data/MC

100 150 200 250
Jet o [GeV/c]

n| <2

300

100 200

PT

300



Jets in Soft Collinear Effective
Theory with Glauber Gluons




The big picture for hard probes

= QCD inthe medium remains Ovanesyan et al. (2011)
a multi-scale problem ! . TQCD
“1
¢+
w ,
, A SCET
oy P 0 ;
b o ']3 Medium
-
Medium

= Factorization, with modified J
(jet), B (beam), S (soft) functions

ng N

c=Tr(HS)®|]|B:® HJ + power corrections
i=1




The splitting kernels

= Whatis missing in the SCET Lagrangian is the interaction between the jet
and the medium

= Background field approach A. Idilbi et al. (2008)

G. Ovanesyan et al. (2011)
- |
' A, - —i(p—p)z [ F n . pabc AXe Avb 1 — .
['G(gn- ‘4727 fl(::) — QZ € Up—P )2 <£n_p’Ta3£n.p - 'Z-fa CAn'fp/A;;.pgw\'n p|n- rl((l;
p.p’ B

= Operator formulation for forward scattering /
BFKL physics

|. Rothstein et al. (2016)

» Splitting functions are related to beam (B)
and jet (J) functions in SCET

W. Waalewijin. (2014)

Gribov et al. (1972) G. Altarelli et al. (2977) Y. Dokshitzer (1977)



In-medium parton splittings

and medium properties

"= Directsum

dN(tot.) dN(vac.)

dN(med.)
bd’k, | dedk, | dud’k,
= Derived using
SCET,
» Factorize form the
hard part
= Gauge-invariant
= Dependonthe
properties of the

medium

G. Ovanesyan et al. (2012)

AN ag , 1+(1—2)2 [dAz [ , 1 domediom A\ B, (B, C,
2 =53CF : 5 [ FA—— v RS
dxd?k | gsqg 2T a J Ag(2) . o d*qy Al B, \B] (]}
o c, (.C, A, B, o
x (1 = cos[(Q — Q2)Az]) + = () = — = >(1—Cos[(£21 — Q3)Az])
c: \'c:? A7 B
BL CL AJ_ AL DL
+BJ_ C <1 — (()\[((22 — (Zg)A D + A—‘i <A—i Di) (()\[(24A ]
AJ_ DJ_ 1 BL AJ_ BJ_ ) ~ A/
+A2 .D cos[Q5Az] + N2 Bi(Ai — B‘i) (1 - cos[(Q —Q9)Az]) ] .

NB. x—1-x A,.D)S ..L — functions(x,k ,q,)

50

New physics — many-body quantum coherence effects

dp
Xx—(q—qg)
dx
~~~~~~~~ — Medium = (Can be evaluated
~ numerically

20

05

02

Vacuum

Finite x analytical

= Need numerical
implementation

""" Finite x numerical
SGA analytical
""" SGA numerical

! %
0.500 1.600

I I
0.050  0.100

I I
0.005 0.010



Calculating the jet cross section at

NLO in the medium

pp—sjet X
» Master formula doPP=7I¢ Z .
dprdn Ja® Jo® Hap ® J
= Modified jet function pr ] a,b,c
/ \ Z. Kang et al. (2017)
D \f/ o D \ \ﬁg >
' N ! x .
; . ; % B
' : | : :
(A) NG (©) (D) (E) -

The first diagram does not contribute to medium induced radiative corrections
(included only once )

One needs to consider single and B \\f - »5% 5 g;(
double Born interactions with the ! ) )
medium P : ‘

med |2 YD med vac
|ASB | + 2N {*ADB X A } M. Gyulassy et al. (2000)



Evaluating the in-medium jet

function

| Ca n we fo rmul ate the eva | Uation Of <‘\£:> <://:',/> </\\x %;g? . <f/>
the jet function in a way suitable for ! E ‘: b
numerical implementation ' | ' '
(B) (©) (D) (E)
] 1 z(1—-z)w tan(R/2) Z. Kang et al. (2017)
(B) =9d(1— ,)/ (I(z'/ dq) Pyq(x,q1)
(C) = =4(1 / / dq Pyo(z.q1) Sum Can be combined.
([O_pp—>jetX .
7 rules , ‘ :Zfa®fb®Hab®']c
(D) = / ([([J_qu( (]J_) ded’] a,b,c
z(1—z)w tan(R/2)

NB has to be understood in

L .
th f convolution
(E) / A1 Poa(z. 1) e sense o voluti
z(1—z)wtan(R/2) M
]med (l)( ,wR, 1) = [/ dqy Pyq(z,q1)
z(1—z)wtan(R/2) n
= Stable in numerical implementation "
.. - +/ ququ(:.qL).
= Similarly for gluon jets 2(1—z)w tan(R/2)



Results for jet cross sections at NLO

" |n the medium it is strictly NLO jet  _ j_jet,vac jet,med

Y dopypy, = dcrpp + dopyp,
No multiple splittings, no collisional energy doiShmed — Z o0 g Jmed
loss (to be revisited) i—q.9.9

Possibilities: better evaluation of the

splitting functions, collisional energy loss, 14 | Jol <20,g=21+0.1 O .
larger jet-medium coupling, ... ol @Jﬁﬁ; ATLAS —e— |
One possibility is cold nuclear matter N
effects in the initial state (p+A)

0.8

= [ o ATLAS —0.3<y<0.3 - 06 L , IW”T%WXXXWI
I 0—10%/60-90% I + { I
1 04 } .
1 Jg%m{(g_c; ******************* § -
] S h—%—H—%—a i 0.2 + |
I i I SCET¢g, NLO+NLLg

OI....I. P RS RSN RS S S SR R R
200 200 600 , 20 100 150 200 250 300 350 400

gl L L 0 pr GeV pr

Tn




Radius dependence of jet

suppression

® For medium-induced radiative corrections
—smaller R jets more suppressed

= For collisional energy loss - approx.
constant with R (up to R~1)

= Strong coupling models have argued
larger suppression with larger jet R

2.0 — 7 —
I VSNN = 2.76 TeV R=05 1
187 In]<2, 0-10% R=04 |-

R=03

50 100 150 200

Pr Chien, Y.T. et al.

1.4

1.2

0.8

Raa

0.6

0.4

0.2

SCETg R=0.4

T
In| < 2.0, g=21+0.1
R=03 B

A/ SNN = 2.76 TeV R=02
centrality 0 — 10% CMS R=0.4

R=03

e S RRRRRE RN !
ﬁﬁ?ﬁﬁ s S A |
NLO+NLLRg, w/ CNM

pr

Consistent within error bars. But then any
small separation ordering will be

Resolution deferred to earlier ATLAS
measurements. Sees R ordering but
weaker than predicted

(2015)



Centrality dependence of jet

suppression

Nuclei are macroscopic objects.
One can define centrality of the
collision

Changes the size of the medium
The temperature of the medium

The vacuum and medium
contribution to jet functions

The overall level of suppression

(in the most peripheral collisions
expected to disappear)

Z. Kang et al. (2017)

1.4 +

1.2

0.8

Raa

0.6

0.4

0.2

SCETGg R=0.4 E

nl<20,9=21+01 -
‘ | R =0.3 B

VSNN = 2.76 TeV o R
| centrality 30 — 50% CMS B — 0.4 e _
R=0.3 —e—
R=0.2

NLO+NLLEg, w/ CNM

Central Peripheral

The centrality dependence appears to be well
captured



Jet substructure
observables in SCET

!




Many observables to access jet

substructure have emerged in SCET

Groomed jet distribution using “soft drop”

A. Larkoski et al . (2014) —

J
yJ) ‘(i”“'éi.;:‘m o bt
j ani Z’:Zf%éﬁ:’ %
A4

z _ min(pri, pro) S (ARlz)3 \
B ~cut ~
PT1 -+ PT2 Rg QGP size ~ 10fm
] 0.197 GeV fm
ih Thre || = ; , - Y ‘
The great utility of these new 24(1 — 2,) w[GeV] tan?(r,/2)

distributions:

Typical situation: E=200 GeV, r_=0.1
* Definition eliminates soft and collinear P g

divergences to the observable Branching time <2 fm for z studied

* probe the early time dynamics / splitting Y. T.Chien et al . (2016)



Accessing the hardest branching in

HIC — longitudinal modification

Calculating the soft dropped G e
distribution with =0 B

ki = wtang z(l — )

k
+ 4 xZ, ]%J_
| 0 = R /
T = Zeut rT=1—zZeyt 0005 0010 0050 0.100 0500 100
0=A P e 57—
x i |
0 1/2 1 (Zg) i CMS VSNN = 5.02 TeV

14 - Preliminary R=04,|7|<13

(o ) ko L7l =gs RL ? 140 GeV < py < 160 GeV

P: (7"9) T 1/2 kn S s 121 . o i
fz " l dr ka dk | Pz(l k_*‘) I Centrality: 0-10% ]

' 10— - ——————»i———— R PR P

Pi(z, k)= {'P‘MJ.I(@Z k1) +Pisju(l -z, "’L)} | 0. £=20(=02)

gt i w/ coll. energy loss
. .. . 06 w/o coll. energy loss 7T
NB: data is preliminary, being © B0, 2e=0.1, AR ;5>0.1 T
04— ‘

reanalyzed, pints can change 01 02 03 04 05 2,



Centrality and p- dependence

(Collisional) energy loss of
individual branches does
not help

Evolution in pT is slowish
theoretically .
Experimental data
fluctuates more but
beware of error bars

Centrality dependence as
expected — reduced effect
for peripheral collisions

Y.T Chien et al . (2016)

P(z,)

P(z,)

08
06

04 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

r CMS VSNN = 502 TeV
Preliminary R=04,|7|<1.3

14

Py s

250 GeV < pr <300 GeV
Centrality: 0-10%

10

g=20 (0. 2)
ﬂ:o, Zcutzo.l 5 AR12>01
o1 02 03 o4  os
- CMS VSNN = 5.02 TeV

} Preliminary R=04,7]|<13

140 GeV < p; < 160 GeV
Centrality: 30-50%

g=20(+02)

E ﬁZO, ZCut=0-1 ) A1112>0.1

0.1 0.2 03 04 0.5



Modification of the angular

distribution of hardest branchings

1.6 —— —
5 Vo =502 Tev Flexibility in selecting angular
i R=04Ipl<13 separationr
ol Centrality: 0-10% ] 9
: p=0. zu=0.1. AR12>02 | Found that inermediate valuesr =
] :
j ] 0.2 give the strongest p-
0.8 -
| 60 GeV < py < 80GoV | dependence. Th9ugh not nearly as
06 250 GeV < py <300 GeV ] strong as preliminary data
g=20(£02)
o 0‘.2 03 04 os P(rg) e
iy =5.02Tev
New observable proposed — measures 40 R=04,|7]<13 f
: s - : " Centrality: 0-10% p=0, Zw=0.1
the typical splitting angle modification 120 ¥ :
in HIC S
o fm” dz prz(l — z)P; (z,k1(rg,z) o8 60 GeV < pr < 80 GeV |
pi(rg) = — - f 100 GeV < py < 120 GeV f
“ i 140 GeV < py < 160 GeV ]
fwu, dx f dk1Pi(z, k1) oo 250 GeV < py < 300 GeV f
:\ I I I wg\:w 2’\.0\(_\_'_(\).2)\ I I | I I I I | I I I I | I I I I \7
Y_-T_ Ch|en et a| : (2016) O.40.10 0.15 0.20 0.25 0.30 0.35 ﬁ.40



Semi-inclusive fragmenting jet

function

Generalize the definition to jet and a hadron, sequences of fractions

h 2W ) Wh o i st
QI_(; (2,2p,Wr, ) = — (d — 2)(.\:2 1) 0 (:h - f) <0,0 (w—mn-7P) bn*u(_()_)‘(.']h_)"\>
x ((Jh)X|B; (0)]0),
Z.Kang et al . (2016)

Derive to one loop the SIFJF

. L _ (g | i (g - _
Gq (2, 2,w g, 1) =0(1 = 2)0(1 — 2p) + — (—? — L> Pyq(zp)0(1 — 2) + .)—_L Pyq(2)d(1 — 2p)

Zil Ll

10 as [ o (In(1—2) o |
o L NLOEEE +40(1—2 )E ['2(‘1.-(1 + 2j) (—1 = ' >+ + Cr(1 — 2n) + 2Pgq(2n) In .:h]
5. (In(1—2
10° ¢ — (1 —.’.h)% [‘2(",;(_1 +22) ( n(l’ \ )> + Cr(1 - ..:)] . (2.33a)
) — 4 4
10% |
g: 10 b
= * Agrees with data within uncertainties.
1071 | * However the central values can deviate by
1072 L ppos Gett)X, vs — 2.76 Tev 20% and small z even 40%
; R = 0.4, anti-kr, |n| < 1.6
10~ . .
0.1 1 * Can be used to constrain FFs

Zh



Modification of the fragmentation

function

One can carry through the calculation for the jet function for the semi-
inclusive jet function

G2 (z, 2, wR, p) = (B) + (C) + (D) = CNM-no effect (like on all other substructure
) observables)
0(1 — zp) [/ qu(:.cu)] : \/5227'6 Tev R:'()S " CMS sys.
Jz(1—z)wtan(R/2) + 18 L 100 <p' _ 12(; Cov ' CMS stat. —e—
' r ¢ SCETg ——
_ 2n(1—2n )w tan(R/2) L6l 0-3 <lnl <2 out_of.j; /
+ O(l . :) / dQLqu(Z'h-. QJ_) . CNM / }
J Lo —_ |
+ §1.4 3
e Qut of cone contribution —this is gL
quenching —more quark jets ]
* Incone contribution — enhance
the soft particle, reduce hard 0.6 F
0.4 L 0 — 10% centrality
Still |.n.t_he process.of assessing the . . 5 : . -
sensitivity, centrality dependence, ¢ =1n(1/z)

etc F. Ringer et al . (2037)



Conclusions

Effective theories of QCD have enabled important conceptual and
breakthroughs in our understanding of strong interactions and very
significant improvement in the accuracy of the theoretical predictions

Only recently were semi-inclusive jet functions (and fragmentingjet
functions) introduced and computed to one loop. Found that they satisfy
standard time-like DGLAP evolution equations. Allowed to understand jet R
resummation to NLL, Appear to have immediate relevance to th small
radius jet measurements at LHC

Performed a consistent NLO calculation of jet production in SCET (an
effective theory for jet propagation in matter). Allows us now to afso look at
jet substructure. Found that at high p; only part of the sug%ression can be
explained. CNM or collisional energy loss of the shower TBD.

Progress in performing pQCD / SCET calculations of jet substructure

connecting splitting functions through groomed soft-dropped momentum

?harir_lg distributions. Jet shapes discussed before and jet fragmentation
unctions.

... Recently extended to heavy flavor and NLO calculations



Open heavy flavor

— s
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Electron R, ,(p,)
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Heavy quarks in the vacuum and the

medium

SCET), c— for massive quarks with Glauber gluon interactions

‘CQCD = L_‘(lﬂ — 771)'1,"" 1 DH = OH -Jr-gj-l# AF = :1‘2[ + :‘1{: + ;"‘1?3
Feynman rules depend on the scaling of m. The key choice is m/p* ~A

|. Rothstein (2003) A. Leibovich et al. (2003)

With the field scaling in the covariant gauge for the Glauber field there is no
room for interplay with mass in the LO Lagrangian

Result: SCET,, ;=SCET,, X SCET,

dN c Qg 1 1 —z+22/2 z2(1—z)m?
drd’ky ) 5,0, Fr2 k? + 22m? T k3 + z2m?

m  You see the dead cone effects
dN g 1 9 . 9 2z(1-— z)m?2 .
(d‘l,dg,‘,l>g - =Try s e [I +(1-z) +W] Dokshitzer et al. (2001)

= You also see that it depends on the
The processis not written Q to gQ process — it not simply x2m?

F. Ringer et al . (2016) everywhere: x*’m? (1-x)>’m?, m?



Heavy quarks splitting functions in

the medium

Kinematic variables A =k, B =k +2q,,C =k, —(1-2)q,, D, =k, —q

B2 + 12 C-'i + 2 A2 +12
(1 — o = = 0 — 3 = — -, Yy = —= -,
Pox(l—x) Pox(l—x)

New physics — many-

body quantum v o= m (9 QQ).
h ff oS (@ = Qa), F. Ringer et al . (2016)
coherence efrects V= (l—2)m (O g0).

dNmed as , [dAz [ 5 1 dofd [ (14 (1—z)? B,
drd’k Q—Q B ﬁcr Ag(2) /d q*ff_rlm x B? + 12 . .
e ‘ + = Full massive in-

B C C ' C .
X ( s — —y— _)) (1 —cos[(21 — Q)Az]) + —— 0-('2 s — A)AL - medium
BT +ve O] +v° Ci+v: \ C|+v*: A7 +v° .
' splitting
~_BL ) (1 cosf(@ — 09)A2]) + =2t FL (1~ cos[(Q — Q3)A2)) :
B 117 coslCh = h)A) + pr T 1.2 cos[((dy — (23)Az] functions now
+ .)Al . ( ‘)D* = — .‘)A* _)) (1 — cos[QyAz]) — .)AL = .)Di =(1 — cos[Q25Az]) available
Al +ve \ D] +v: A7 +v° A7 +v? D +v?
+ \{0 QB* )( ‘EA* 5 QB* -)) (1 - COS[(QI - Q‘E)A:]) . Can be
Ne Bl +v? \A] +v* Bj+v° evaluated
. o 1 1 1 ) . numericall
+2%m? [B-: 2 (Bi 7 o) +1/9> (1 —cos[(1 — N2)A2]) + ... } Y




Heavy quark energy loss limit

In the soft gluon emission (x » 0) energy loss limit only the
diagonal splittings survive (Q to Qg)
med

dNSGA > 1 , 1 do
xr ( 5 ) = a—;C-1F /dA'Z : /dzq_L Qel
ded?ky ) g 0, T . Ag(2) . oo d?q,

(ky —q,)?+ z°m?

2k -
L dL [1 — COS T

M. Djordjevic et al “Tk2 + 22m2 2 | 22m2 :
. Djordjevic et al . (2003) (k1 + 22m?][(kL — q1 )% + 22m?] rpg
10— . — 0! — , —_—
C small-r, massless - o small-r, massless
massless - - - massless - -
small-z, m = 4.5 GeV 1 small-r, m = 45 ———
m = 4.5 GeV m =45 ——
109 b e - 109 |
10-1 ¢ 10! |
' qg—qg, Q — Qg, Eqg =20 GeV - q — qg, Q — Qg, Ey = 100 GeV
102 . 1 , , \ 102 P | . " .
1 0.1
T

0.1

=

~
A~



ZMVFS open heavy flavor at NLO

* Typically assumed thatonlyctoD, bto B fragment perturbatively

e Perform an NLO calculation

B. Jager et al . (2002)

T
NLO, ZMVFEFNS I

9
107 ATLAS
108 L Vs =T TeV, pb/GeV
f 107 |
q
7100
Q,
Ry
=10° |
=
=10%
=
£ 103 F 1.5 < |n <225 (x103)
1<|n <15 (x102)
102 F os5<|n <1 (x101)
10! 0<|nl <0.5
10 100
pr

Kneesch et al . (2008)

When p;>m_, m,

d(fl’,f, 4)1 b day,
— = E fa (Ta,pt) _fb(lb 1)
([I)]d]] mm ;. J.gum lb
b
]
dz. dogy(8,p1, 7, 1t) 1
X 5 D/ (ze, 1),
- min .E'.' dl'([:
3 NLO, ZMVFNS I I
10 CMS Preliminary +——— 7
107 In <1
, V3 = 5.02 TeV
10 pb/GeV
A
ElO"
=
=104
=
103
102
101

10 100
pT

Kniehl et al . (2008)

Factorization, non-perturbative physics is long distance



Implications for heavy flavor

modification

* Avery large contribution of gluon FF to heavy flavor ~50%

D* p+pNs=7TeV 3
anti-k R=061yl<25 [

The important implication of this will affect =t
the nuclear modification factor = ok +

E 25<p,<30GeV | 30<p, <40GeV
! ‘ charm 0.08F ® ATLAS ~ I — theory
gluon 0.06 E_ + o PYTHIA _ sy - -- gluon-enhanced
0.8 E "o -t
0.04 Ty C e
=Q -
$20.6 0.02F
S Vﬂf r
=
= C C
o - L
S04 L 0.12F -
S o C
= L L
0.1 40<p,<50GeV [ 50 <p, < 60 GeV
0.2 . 008 | =
VE=7TeV, [n] < 0.5 0.065— “ f_ +
0 : C I X +
10 100 0.04F _ . ,
pT 0.02F ~ g
1 r
bottom =
gluon 0.12 :_ 2
0.8 C -

0-]:_ 60<p,<70GeV |

0.08F . -
>< 006F 1 -
| 0.04F qu; -

b+g
[ doxto

o

o

=3
e"bz().él N C
= 0.02F 3
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Cross section calculation in the QCD

medium

. L 4! y 1
Hmed _ “ nH [~ med Hy, Jpmed /7
Medlgm | Dy (2, p) = — Dy (?,;L) pq—>qg( i) — Dg (2, 1) / A2 Py—sqq(2', 1t)
contribution - o - 70
. + / - D;{ (—,u) Pgﬁgq( Ny |
Z ~(0) 2 P med DH Jz 2 2
g; ®P i—jk - N 1
J Hmed/, _ med (,/ ,l med 5,1
- O,l((]) ® DH.med D (' ,U) - g (7 ) Pg—;gg( ,L /(; dz Pg—;gg s 1 ]
i WL z 2
d‘s
med 6,/ H med ~/
+2N PRl (. / % (—,,u) pued (op).
T T T ) 2 qq
1.4 + In] <1, /5 =5.02 TeV -
centrality 0-10%
1 . 2 ~ O—IIIeSOl’lS = L) L [
R For numerical implementation one can

Lo 1 rewrite these expression in the +
prescription and finds that the
correction is negative

Can lead to larger cross section
suppression at smaller p;

Prr



Combined uncertainty

Includes both production mechanism and e-loss vs NLO

1.4

1.2

F w/ CNM effects In] <1, /s =5.02 TeV A 1.4  w/ CNM effects Inl <1, /s =5.02 TeV o
centrality 0 — 10% centrality 0 — 10%
o D9%-mesons = 1.2 + B-mesons -
g=19+0.1 g=19+0.1
b il e .
- - < (. » 4
3 0.8
=
. 1 0.6 | .
i ] 0.4 ]
I 1 0.2 ]
Energy loss I Energy loss
SCETMm,c 0 SCETMm,¢ B2
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
pr pT

The pure scale uncertainty largely cancels in the ratio

At high pT there is at least 20% combined uncertainty. Did not increase
much since gluon fragmenatation in H is softer and offsets the difference
between quark-gluon enegry loss.

At low PT th eucertainties can grow to 30% D and 50+% B.



Suppression of open heavy flavor in

the medium

1.4

T T T T T T
1.4 + w/o CNM effects In| <1, v/s =5.02 TeV

For D mesons works reasonably well. L VR ORI
centrality 0 — 10%
Below 10 GeV room for some 1.2+ prmesons 1
g = 2. .
additional effects: collisional energy Ll -
loss, dissociation <08 | o
= — SRS
Z.Kangetal . (2016) 0.6 i I y
0.4 - i
- w/o CNM effects | < 2.4, /s =2.76 TeV - 092 L i
centrality 0 — 100% ’
u non-prompt J/ . 0 | | |
g=20x01 0 20 40 60

* B mesons thereisimprovement but
not sufficient. Even more room for
other nuclear effects

CMS [

SCETM,q, central EEEEEEH

SO Tatg, mid-peripheral S * Nice to extend the approach to

0 1I0 2I0 30 40 50 60 70 80 . o
- include collisional energy losses




ki

Medium-modified jet shapes at NLL

ki =pftan? z(1 — 2) _
fmbe = One can evaluate the jet energy

= pij tan (1~ 2) functions from the splitting functions
]i, 1t) Z/ drdk) Pijr(z, k1 )Er(z, k) )

T, (1) = I, (1) + T5 (1)

16 I T T T T I T T T T I T T T T I T T T T I T T T T I T T T
- Vsnn =2.76 TeV CNM only
14 R=0.3,0.3<| n [<2 CNM+R A
~ pr>100GeV All effects
12+ centrality 0-10% 1
0 p(l")Pbe i :
I e I { 777777777777
. \ pp I ]
E}‘(;l'. I\'*) —_ JMI + J‘\/t? + J’\/[3 + J’M4 p(r) 08; { 1
Measurement operator - tells us il CMS
how the above configurations Y
. . . 0.00 0.05 0.10 0.15 0.20 0.25 0.30
contribute energy to J (jet function) .

= First quantitative pQCD/SCET description of jet shapesin HI



