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Motivation

® Electroweak corrections becoming essential
“* Fixed order adequate at present energies
* Enhanced higher orders important for FCC
® SM may be valid up to much higher energies
* Implications for cosmology and astrophysics

® Need full simulations of VHE interactions:
parton shower event generators for full SM

* First step: event generators need PDFs
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Qutline

® Electroweak effects at high energies
“* Non-cancelling large logarithms
“ Sudakov factors

® SM parton distributions
“* DGLAP and double-log evolution
“ L-R and isospin asymmetries

® Lepton pair production
% Matching to fixed order

® Conclusions and prospects
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Electroweak Effects

at High Energies
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Electroweak effects: e™e”

Consider example of g production W-
e e e
VvV -
/ W Vo W+
W_
1% 1%
et et et
W+

® For massless bosons, IR divergences in each graph,
cancel in inclusive sum over SU(2) multiplets

® For massive bosons, divergences become log(mw?/s),
generally two per power of ow
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Electroweak effects: e™e”

Consider example of g production W-
e e e
VvV -
/ W Vo W+
W_
1% 1%
et et et
W+

® owlog?(mw?/s) from each graph, cancel in
inclusive sum over SU(2) multiplets

® But we don’t have vv or ev colliders, so
cancellation is incomplete
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Electroweak effects: qq

Consider example of gg production W-

® owlog?(mw?/s) from each graph, cancel in
inclusive sum over SU(2) multiplets

® |n pp, u-quark PDF # d-quark PDF so
cancellation is incomplete
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Electroweak logarithms

20 J T T T T T T T T T T T T

1.5

Vs (TeV)

® Electroweak logs get large at high energy

® Virtual corrections exponentiate as Sudakov factor

A;(s) ~ exp {—Ci&—w log® (%)}
7

my,
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Electroweak effects in Z+jet
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do/dojo

pp = Z(— {747 )+ jet @ 13 TeV
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o ~25% at pr~I| TeV

J Lindert, PSR2017
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Parton Distribution

Functions
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PDFs as bilocal operator MEs

d
2 dy —12xNn- — -V
- L i,
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PDF Evolution

/@ qd/dgf=hRet
/ \% gd/dgf=Re®V

- qd/dqf—P@H
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Real and Virtual Contributions

® Reals have loops from one side to the other

e

® Virtuals have loops on same side

AN AN
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SU(3) Evolution (DGLAP)

® Consider evolution of u quark PDF

NN

Virtual Real
i Fulen0) = P @) gl = 22 [ qdszf< )fule /20
1—p/q 1+2
P{ (q) = —/O dz Pys(2) Pri(z) = 93—
Combination
o O l1—p/q
qa—qfu(x,Q) — F /O dz Prs(2) [fu(z/2,q) — fu(2)]

® z=| singularity cancels = single-log evolution
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SU(2) Evolution

® Consider evolution of uL quark PDF

Virtual Real
, MNmW)
0 asC 0 asC B q
5 fule.d) = LY @fue)aghulaa) = L [ e Py
/g 2
PY(q) = —/1 N dz Pys(2) X Efu(w/z,qufd(w/z,q)]
0

Combination

0, - OéQCF

l1—p/q
/O dZPff(Z) [%fu(x/z,Q)‘l‘%fCZ(m/zaQ)_fu(qu)]

® z=| doesn’t cancel =p double-log evolution
M Ciafaloni, P Ciafaloni, D Comelli, hep-ph/9809321,0001142,0111109,0505047
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SU(2) Evolution

® Consider evolution of uL quark PDF

Virtual Real
/(CF 3/4) MNmW)
0 asC 0 asC - q
5 fule.0) = ZEP @fue)agfulaa) = L [ de Py
PY(q) = — / o dz Pys(2) X Bfu(w/z,qH %fd(:v/z,q)]
0

Combination (ear--%ea( Ay 2w ) (1)

0, - OéQCF

l1—p/q
/O dz Ps¢(2) [%fu(x/z,Q)‘l‘%fCZ(m/zaQ)_fu(qu)]

® z=| doesn’t cancel =p double-log evolution
M Ciafaloni, P Ciafaloni, D Comelli, hep-ph/9809321,0001142,0111109,0505047
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General Evolution

2 (q)

i fiwa) = 3 B P S + 3 G [ de PRI/

e
I

(I1=1,2,3,..)
o 2 =1—p/qwith up=0O(my) for j — iV

® |ntroduce Sudakov factor

q d / / / ]
A;1(q) = exp / C‘Z (g )PZVI(Q)
Jqo 4 T _
® Then
0 | filx,q) ar(q) R
(Q)Qaq _ AZ(Q) _ ZI: T zj: 9,1 7,1 J
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Couplings

Standard Model couplings
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SM Fermion Evolution

+NiPryv,g ® Jwe | Jwe
2 4
Agaql Jo| 08, pr TpPE
SU(3): 395N |, = 7[ FPr 6 ® fo+ TrPryq ® fo
! ¢:313
J Ji oy [ R )
Yukawa: Apy T4 e 7{Pff,y ® ftr + NoPray ®fHo}
| L Y
: 0 aMY
Mixed: [Qa—qffu] - QfoP]ﬁv,(;@fBW
M

(Nf = 3 for quarks, 1 for leptons)
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Mixed U(1)xSU(2) PDF

+ h.c.

spin avg.

few(z) = =—— [ == e 2" PY ptin, (p| Bua(y)Ws” (—y)|p)

® [Left-handed quarks have isospin and hypercharge,
so they can generate fagw

® This means in broken basis we have fy, fz and f,z
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Isospin (T) + CP PDFs

(fuL —|_de —|_f’L_LL +fJL)7 quL__ (fuL +de_fﬂL_fJL)a

(fuL de _I_fUL de)a qu — (fuL de_fﬂL _l_fJL)a

fur =
%z%(fw++fw—+fws>, fir = 5 Gwe = fw)s S35 =5 (e + fum — 2fwa)

0+ _
fo, =

Aklr—wlklr—*
Aklr—wlklr—*

® Double logs only appear in T#£0 PDFs

1.0

)~ oxp | ) 2 og? () \ T=1

< [Aia(g)]TTHI/2C:

0.4+

0.2
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(T, CP)

Counting PDFs

fields

10, +5
{07 _}
L +;
{17 _}
12,+}
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2ng X qr,Ng X br,ng X qr, ,ng X €y, g, W B, H
2ng X qr ,ng X g, ng X qr,,ng X {p, , H

ng X qr, ,ng X £y, , BW, H

ng X qr, ,ng X £r, , W, H
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Counting PDFs

{T,CP} | fields

{0, +} 2ng X qr,Ng X Lr,ng X qr, ,ng X b, g, W, B, H 19
{0, —} 2ng X qr,Ng X Lr,ng X qr, ,ng X €y, , H 16
{1,+} ng X qr,,ng X {r,, BW, H
{1, -} ng X qr,,ng X £y, , W, H
{2,+} 4%

8

8
1
22

® 52 SM PDFs for unpolarised proton (36 distinct)
® Only those with same {T,CP} can mix
® Only {0,*+} contribute to momentum

® Momentum conserved for each interaction
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SMevol Implementation

® |nputat |10 GeV: CTl4qged partons with LUXged photon
¢ SU(3)xU(l)em LO evolution (inc. leptons) up to 100 GeV
o SU(3)xSU(2)xU(I) LO evolution from 100 to 10% GeV

® Evolution due to Yukawa interaction of top quark

® Neglect all power-suppressed effects

Ratios to LUXqed at 100 GeV_ SMevol: Bauer, Ferland,
1.12: CT14ged_inc (0,11) va’ I 70308562
1.5§:MQS:TQOOQ<;,;) T | CT 14: Schmidt, Pumplin,
T ——— Stump, Yuan, 1509.02905
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Matching at 100 GeV

(5N [ & sk ocwsw \ [ fs )

_ 2 2
= STy Cly  —CWSW Jws

fz
\ f2 | \ —2cwsw 2cwsw ¢y — sy )\ fBw )

® At q=100 GeV: f,#0, fz=f,z=0, hence
fe=cwty, fws=swh, fow=2cwswf,

® Project back on f,, fz and f,z at higher scales

® fw=fy=0at q<100 GeV

® {=0 at q=<m¢(m¢)=163 GeV
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Results
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f/faco

f/faco

Quarks relative to QCD
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30 charm quark
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0.8

15

top quark

M — Q=10'Gev
— Q=10GeV
L3t — Q=10%GeV
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f/facp
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Bosons relative to gluon

gluon
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Leptons relative to gluon

0.0015} electron
- — Q=10%'GeV
| e -
00010 — @=100GeV
o | — Q =10°GeV
S
~—
S
0.0005F
0.0000

f11s

0.0007

0.0006
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0.0002

0.0001

0.0000

electron-neutrino

— Q =10"CGeV
— Q =10°GeV
— Q =10%CGeV
0.0 0.2 04 0.6 0.8
T

® Masses neglected = all generations equal
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Asymmetries

(fi-f;)/ (fi+f;)

1.0
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08—
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Asymmetries (fi-fj)/ (fi+fj)
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Lepton Pair Production

at 100 TeV Collider
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Lepton Pair Production

R e
ot Il Eem = 100 TeV d1meLt
%
<
S
=
<
S
M (TeV)
o QCED = SUB)xU(1)em
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Lepton Pair Production

SM
R
ot Eom = 100 TeV L aqeer
%
<
S
=
<
S
e SM = SU(3)xSU2).xU( 1)y
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Lepton Pair Production

100 TeV pp collider (QCED PDFs)
2000}
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% | Initial State:
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® QCED = SU3)xU(1)em
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Lepton Pair Production

100 TeV pp collider (SM PDFs)
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Matching to

Fixed Order
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Matching to O(a) EW

C Bauer, N Ferland, BV, in preparation

B . .’I ]
2t (9)

0 Q
I j v

® Define Mz, q) = 2P (z,q) + gi(, q) + O(a?)

0 a3(q) '
i 2130 (q) ]
@
3 M P () P () + 3 i [ e P ()P w0
1€1,2,M I j * i
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Matching to O(a) EW

M2, q) = 1270 (2, 9) + gi(x, q) + O(a?)

SQCED _ (QCED , QCED SM _ SM o A SM

SM CED CED N N CED
oIMexp _ GQCED | pQOED @ 6.0 0 g; + g, © 645 @ O
® Define oMoP? = UzMeXp when JSMeXp + 0, else

i]

UZ%MGXM =g, ®Gi; ® g; (e.g. WW fusion)

® Then J%M — JZ-SJMGXPQ is resummation of (IS) HO logs
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Preliminary Results
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Preliminary Results

_ 100 TeV pp collider
2000| ]
| | ® Overall HO
= PO '_ contribution is
o |
§ | Complete Result | smaller (few %)
+_ 1000¢ — QCED ]
S I |
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Conclusions and Prospects

® Rich SM structure inside the proton
% 52 parton distributions (36 distinct)

® Symmetries restored double-logarithmically,
distinct left and right-handed PDFs

“* Onset of large effects around 10 TeV
“ Significant for ~100 TeV collider
“* Matching to FO almost ready

® Next step: complete SM event generator

“* Electroweak jets, ISR, MET, ...
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Thanks for listening!
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Backup
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PDFs and Parton Luminosity

® Factorization

dCI?l dCIZQ A
Opp—s X (S Z/ i(21,9)fj(22,9)0ij—x (1728, )

® Momentum sum rule

Z/()ldxfi(fvﬂ)zl

® | uminosity
dﬁij /1 d$1 d$2
0

L1 T2

d M2 f’i(xlaM)fj(xZaM)5(M2—51313328)

i dLlij |
Opp—x (8) = Z/o dM2dM‘7207;j—>X(M2>M)
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Left-handed quarks

u quark d quark s quark

2 | | 2 [ ] 2 [ ]
10 Generation 1 10 Generation 1 10 Generation 2

Chirality —1 Chirality —1 Chirality —1

1078 -3 —2 1 0 1075 -3 —2 1 0 1075 -3 —2 ) 0
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
X X X
c quark b quark t quark
T T T T TTTT T T ||||||| T T ||||||| T T T T TTTT T T T T TTTT T T ||||||| T T ||||||| T T T T TTTT T T T T TTTT T T ||||||| T T ||||||| T T T T TTTT
2 | 2 _ 2 _
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10~6 10~6 10~6 e
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Right-handed quarks

u quark d quark s quark

2 | | 2 [ ] 2 [ ]
10 Generation 1 10 Generation 1 10 Generation 2

Chirality 1 Chirality 1 Chirality 1

10—6 7 Il L1 ||||||3 Il L1 ||||||2 Il T 0 10—6 i 3 3 1 o 10—6 i 3 3 1 o
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X X X
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R L | 2 | | 2 | |
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Higgs PDFs

| E

(}

V2

(HO— A')

® Hence, neglecting power-suppressed
symmetry breaking effects
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Riggs relative to gluon
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Luminosities at 100 TeV

® qgq relative to QCD
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Luminosities at 100 TeV

vy Luminosity at 100 TeV
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PeV Collider!
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Lepton Pair Production
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Lepton Pair Production
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Lepton Pair Production
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Preliminary Results

® Large HO contributions to VBF (note scales)
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